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Abstract�Kinetics of the reaction of cubic boron nitride with a melt of sodium hydroxide in the temperature
range 380�480�C was studied. Kinetic parameters of the reaction were determined.

Intermediate products of the synthesis of cubic
boron nitride (CBN), so-called cakes, are polydisperse
mixtures of two polymorphic modifications of hexag-
onal graphite-like boron nitride (HBN) and CBN [1].
Crystals of cubic boron nitride are extracted from
intermediate products in two stages. In the first stage,
a cake is treated with an acid to remove compounds of
the metal initiating the synthesis, after which the resi-
due of nonrecrystallized HBN is removed by treat-
ment with a melt of alkali [2]. The CBN extraction in
the second stage is based on the difference in rates of
reactions of CBN and HBN with a melt of alkali. The
degree of CBN decomposition in this reaction, yield-
ing ammonia and the corresponding metal borate, in-
creases as the sample grain size decreases. For exam-
ple, at 400�C and process duration of 30 min, a CBN
micropowder with the particle size from 5 to 3 �m
(5/3) decomposes to 55%, and that with the particle
size of 250/200, only to 6%. At 700�C, a 5/3 micro-
powder and also samples with the main fraction par-
ticle size from 50 to 40 �m decompose completely,
whereas CBN with the particle size of 100/80 and
250/200 decompose to 90 and 88%, respectively.
Thus, the treatment with a melt of alkali, which is
used to remove HBN during enrichment of the primary
product of the synthesis with CBN, even at low tem-
peratures results in considerable losses of this expen-
sive material, especially of its small-size fractions [3].

Furthermore, the following data on the reaction of
CBN with alkali melts are available in the literature.
According to [4], edges of CBN crystals with nitrogen
atoms on the surface have a higher activity in reac-
tions with a KOH melt than edges with boron atoms.
However, quantitative characteristics of CBN chemi-
cal stability were not given in that work. Mishina and
Filonenko [5] have correlated the observed cracking of
CBN bicrystals on etching by a KOH melt with the

presence of a mass defect on grain boundaries; how-
ever, it seems more probable that this phenomenon
results from the chemical decomposition of impurities
segregating on interfaces. Thus, according to [6], the
degradation of CBN crystals on their etching by an
alkali results from the chemical decomposition of
HBN inclusions contained in the crystals and of im-
purities captured during their growth. At the same
time, it is known [2] that the content of impurities
(in particular, of carbon and oxygen) on the surface of
LO-grade CBN crystals is higher than in LKV-grade
crystals having a more perfect structure and also
higher strength and crack resistance. Therefore, we can
conclude that the chemical stability of CBN toward
an alkali melt depends on both the shape of crystals
and the state of their surface.

Such conclusion seems to be important, because
wearing of tools equipped with CBN crystals depends
on their chemical interaction with a material under
treatment and with the environment [7]. Klimenko
et al. [7] have found that chemical compounds con-
sisting of elements of contacting materials and en-
vironment arise in the region of the contact between
CBN and the material under treatment. It is probable
that the parameter of CBN chemical inertness to oxi-
dants can serve as one of criteria in selection of a type
of CBN to be used as a tool material.

We failed to find in the literature a quantitative
description of the kinetics of CBN reactions with
melts of alkalis. At the same time, the knowledge of
the kinetic relationships of the process is required to
improve the process for the enrichment of primary
products of the CBN synthesis.

The aim of this work was to determine the rate
constants of the CBN reaction with an NaOH melt.
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Fig. 1. Particle-size distribution of B-3 28/20 CBN powder.
Mean size 24.48 �m; number of particles 97; specific sur-
face area 200.03 m2 kg�1. (Z) Proportion of particles and
(d) equivalent diameter.

EXPERIMENTAL

We used the following CBN samples: LKV-40
grinding powder and LM micropowder [OST (Branch
Standard) 2MT 79-2�88]; B-5 grinding powder
(amber) and B-3 micropowder synthesized using lithi-
um and magnesium initiators, respectively (Borei cor-
poration, St. Petersburg); Borazon V-500 and Bora-
zon-I grinding powders (General Electric, the United
States); and EBN 20-30 micropowder (EID Ltd, the
United Kingdom). The samples were treated with
NaOH [GOST (State Standard) 4328�77].

A preliminary study of products of the reaction
between CBN and an NaOH melt (1 : 1 by weight) by
the X-ray phase analysis has shown that they contain
residual CBN and the borate Na3BO3, which agrees
well with the data of [3, 4]. This allows us to state
that this reaction is described by the equation

BN + 3NaOH � Na3BO3 + NH3�.

We studied the chemical reaction of CBN with
an NaOH melt on an installation allowing continuous
recording of variation in time of the total weight of
an NaOH melt and a CBN sample under isothermal
conditions. Before the measurements, the melt of
alkali was heated to the required temperature in an
SShOL-1.1.6/12-M3-U42 shaft furnace, then a CBN

sample was placed in the crucible with the melt, and
the weight variation during the reaction was recorded
with an ADV-200M analytical balance arranged
over the furnace. The temperature was determined
with an accuracy of �1�C with a TL-3 thermometer
(GOST 21593) arranged over the melt surface. The
reaction time was measured with a stopwatch; the
treatment duration was 1 h. The weight of the non-
decomposed CBN residue was determined in each
experiment.

To determine the rate constants of the reactions of
various CBN types with NaOH, we used the generally
accepted initial-rate method, according to which the
slopes of the initial portions of the concentration vs.
time plots correspond to the initial rates at certain
initial concentrations and reaction surface areas [8].

The rate constant K (kg s�1 m�2) of the boron ni-
tride reaction with an NaOH melt was determined
using the main equation for topochemical processes
given in [9�11] in various forms:

d�/d� = KSspcn
NaOH, (1)

where � = (m0 � m�)/m0 is the degree of conversion;
m�, CBN weight (g) to an instant �; m0, initial CBN
weight (g); Ssp, specific surface area of CBN powder
(m2 g�1); cNaOH, NaOH concentration (g g�1); and
n, reaction order.

Provided that the NaOH concentration is constant,
Eq. (1) in an integral form for spherical particles is
converted to the form

K� cn
NaOH

1 � (1 � �)1/3 = ��������, (2)
R0�

where R0 is the initial particle radius (m), and � is the
particle density (g cm�3).

In all the experiments, we took NaOH in a 50-fold
excess as compared to the stoichiometric amount of
CBN (the weight of NaOH exceeded the weight of
a CBN sample by a factor of 50 and more). Therefore,
when calculating the degree of conversion by Eq. (2)
in the whole range of its variation (from 0 to 1), we
accepted CNaOH � 1 in the case of the reaction with
pure NaOH and as a constant value for the reaction
with NaOH containing Na3BO3.

The initial specific surface area was determined by
the Video-Test method [12] from the size distribution
of powder particles (Fig. 1).

The reaction conditions and rate constants with the
corresponding errors are given in the table. The ex-
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perience of using this technique for studying the kinet-
ics of reactions of other BN modifications with an
alkali melt has shown that the error in the rate con-
stants is caused mainly by the temperature variation
during the experiment [13]. Therefore, we estimated
the error taking into account the known temperature
dependence of the rate constant

K = K0 exp (�Ea/RT).

For the reaction of B-5 CBN with a melt as an
example, we show the characteristic kinetic curves in
Fig. 2 together with the kinetic curves calculated by
Eq. (2) with the constants obtained. It is seen that the
experimental and calculated data on the degree of
CBN sample transformation in the reaction with a
melt coincide within the limits of the experimental
error; therefore, this process is limited by the reaction
on the interface.

To determine the reaction order in Eq. (1), we
found experimentally the rate of the reaction of LM
28/20 CBN with an NaOH melt containing 10 mol %
Na3BO3 (CNaOH = 0.738 g g�1) at 440�C. Using these
data (the rate was 1.5�10�4 s�1) and also the known
rate constant of the CBN reaction with a pure NaOH
melt at the same temperature, we have calculated the
reaction order to be 3.5.

The apparent activation energy of the reaction was
determined by the Arrhenius equation. The Arrhenius
plot for the grinding powder is linear. The coefficients
of the Arrhenius equation for B-5 were found to be
as follows: K0 = 8.2�0.6 kg s�1 m�2, Ea = 92.3�
12.9 kJ mol�1. The obtained value of the apparent
activation energy additionally proves the fact that the
reaction is kinetically controlled.

The dependence of lnK on 1/T for a B-3 micro-
powder is shown in Fig. 3. The fracture of the curve
can be accounted for as follows. The relatively high
specific surface area of the powder contacting with the
melt determines the high reaction rate. As the process
is exothermic, the steady-state heat removal from the
reaction zone is not ensured. The heat evolution leads
to a considerable heating in the zone of the melt�
particle contact, and the actual reaction temperature
appears to be higher than the temperature detected by
a thermometer arranged above the melt surface. There-
fore, the determination of the activation energy for
micropowders is possible only in the region of tem-
peratures lower than 420�C and requires additional
experiments to be carried out.

The data obtained on the degree of CBN decom-
position in its reaction with an NaOH melt are in good

Experimental and calculated rate constants of the reaction
of CBN with an NaOH melt
����������������������������������������

Sample
�

m0, g
� S0�103, �

T, �C
� K�107,

� � m2 � �kg s�1 m�2

����������������������������������������
B-5 100/80 �0.959� 50.3	3.4 �420	1� 9.1	0.1

�0.500� 26.3	1.8 �446	1� 16.5	1.7
�0.500� 26.3	1.8 �456	1� 19.7	2.1
�0.500� 26.3	1.8 �460	1� 22.2	2.4

B-3 28/20 �0.93 � 186	12.5 �393	1� 1.8	0.2
�0.93 � 186	12.5 �420	1� 3.0	0.3
�0.50 � 100	6.7 �460	1� 20.2	2.2
�0.58 � 116	7.8 �480	1� 54.7	6

LM 28/20 �2.00 � 410	27.5 �380	1� 10.1	1.1
28/20 �2.00 � 410	27.5 �420	1� 16.2	1.7

�2.00 � 410	27.5 �440	1� 22.1	2.4
�2.00 � 410	27.5 �460	1� 32.7	3.5

EBN 20-30 �0.672� 141	9.5 �415	1� 7.7	0.8
LKB-40 100/80�0.99 � 52	3.5 �420	1� 5.8	0.6
Borazon B-500�0.236� 9.9	0.7 �455	1� 15.6	1.7

124/105 � � � �
Borazon-I �0.35 � 12.6	0.8 �458	1� 12.8	1.4

145/124 � � � �
����������������������������������������

agreement with the data of [3], where the degree of
decomposition of CBN with the particle size of
100/80 upon treatment with NaOH at 400�C for 1 h
was 11.2%, and at 460�C and the treatment time of
30 min it was 25%. According to our data, the degree
of the decomposition of B-5 grinding powder at
420�C and the treatment time of 50 min was 13.7%,
and at 460�C and the treatment time of 30 min it was
20.6%. The degree of the decomposition of an LKV-
40 100/80 powder upon treatment with a melt at
420�C for 1 h was 11.1%.

�, min

Fig. 2. Degree � of CBN B-5 100/80 conversion upon
fusion with NaOH as a function of time � at various tem-
peratures. Temperature (�C): (1) 420, (2) 446, and (3) 460;
(4) data of [3] for 460�C. Points are experimental; straight
lines correspond to calculation by Eq. (2).
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Fig. 3. Rate constant K of the reaction of B-3 28/20 CBN
with an NaOH melt as a function of temperature T.

It should be noted that the rate constants of the
reactions of various types of CBN with an NaOH melt
allow us to judge their chemical inertness at the same
temperature. The powders can be ranked in the fol-
lowing order with respect to the chemical stability at
low temperatures (less than 420�C): B-3 > LKV-40 >
B-5 > LM. The difference in the inertness of various
CBN types toward an alkali melt seems to be as-
sociated with variations in the defectiveness of their
structure, in the development of a microrelief, and in
the chemical composition of their surface. It was im-
possible to determine within the framework of this
study what factor was of crucial importance in each
particular case. It is probable that such a parameter of
chemical stability as the rate constant of the reaction
with a corrosive medium can serve as one of criteria
for the selection of a CBN type to be used as a tool
material. The values of the constants obtained can be
used to simulate mathematically the enrichment of
intermediate products in the synthesis of abrasive
CBN grains using, e.g., the algorithm from [14].

CONCLUSIONS

(1) Rate constants of reactions of various types of
cubic boron nitride with an NaOH melt at various
temperatures were estimated. The apparent activation
energy of the process was determined.

(2) The lnK�1/T dependence for micropowders
deviates from linearity. This phenomenon was attri-
buted to the pronounced exothermic effect caused by
a high specific surface area of the powders.

(3) Various types of cubic boron nitride differ
from each other in the stability to an NaOH melt.
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Abstract�A set of physicochemical analytical methods was applied to study fusion and crystallization of
magnesia�alumina spinel, aluminum titanate, mullite, and their binary and ternary formulations. The feasibility
of elucidating phase transformations that occur when phases containing ions with variable oxidation level are
fused in an inert gas medium was analyzed.

Of particular interest in developing heat-resistant
refractory formulations are materials based on phases
of the system MgO�Al2O3�TiO2�SiO2, in which a
triangle formed by three refractory phases stands out.
These phases are magnesia�alumina spinel, aluminum
titanate, and mullite, each of which possesses unique
properties. In particular, magnesia�alumina spinel
combines high melting point (2135�C) with enhanced
resistance to the action of slag melts and high-tem-
perature strength [1, 2]. Owing to the shape of its
crystals and low thermal expansion coefficient, mul-
lite improves the heat resistance and makes higher the
softening onset temperature of refractories under
mechanical load [1, 3]. Aluminum titanate is one of a
few materials with negative thermal expansion coef-
ficient, which makes it promising as a base for struc-
tural ceramics [3, 4]. However, data on fusibility and
phase relationships in the above-mentioned three-
component system are virtually lacking.

The aim of this study was to establish the mini-
mum temperature at which a melt appears in the tri-
angle MgAl2O4�Al6Si2O13�Al2TiO5 and to determine
how the melting occurs.

The melting points of solid phases and crystalliza-
tion temperatures of melts were determined by high-
temperature differential thermal analysis (DTA) [5].
The high-temperature DTA can be performed either in
a vacuum or in an inert gas. In this study, the analy-
sis was carried out in helium. To reveal the extent of
the reducing influence exerted by the inert gas medi-
um on the behavior of the basic phases in melting�
crystallization, a thermodynamic analysis of the stabil-
ity of the spinel, mullite, and aluminum titanate under
partial oxygen pressure of 0.1 Pa at 730�2130�C was

made using the thermodynamic characteristics of solid
and liquid phases represented in the IVTANTERMO
database and reported in [6]. It was found that the
magnesia�alumina spinel is stable over the entire tem-
perature range studied, mullite is unstable in the inert
medium at temperatures above 1730�C and decom-
poses into the constituent oxides, and aluminum tita-
nate is unstable below 1300�C and above 1700�C and
decomposes into TiO2 and Al2O3. The results ob-
tained are in agreement with the data of [7, 8].

In view of the aforesaid, it was necessary, to attain
the formulated goal, to verify the adequacy of high-
temperature DTA in an inert gas as applied to oxide
compounds containing ions with variable oxidation
level. For this purpose, the process of melting of the
individual phases (spinel, mullite, and aluminum tita-
nate) and binary systems delimiting the triangle under
consideration was studied.

The tetrahedrization of the system MgO�Al2O3�
TiO2�SiO2 was given by Berezhnoi in [9]. Data on
the structure of the phase diagrams of the systems
constituted by spinel and aluminum titanate, spinel
and mullite, and mullite and aluminum titanate were
reported in [10�13].

The section from spinel to aluminum titanate in the
system MgO�Al2O3�TiO2 is quasi-binary with a
eutectic containing 45 wt % MgAl2O4 and eutectic
temperature of no less than 1730�C [10, 11].

The system constituted by the spinel and mullite
has a eutectic that contains 24.7 wt % spinel and melts
at 1810�C [12].

The section from aluminum titanate to mullite in
the ternary system Al2O3�SiO2�TiO2 is not quasi-
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Table 1. Synthesis conditions and properties of the com-
pounds obtained*
����������������������������������������

Mate- � Tmax, � Time of � �true, � ��106, � H�,
� � � � �rial � �C �keeping, h�g cm�3� K�1 � MPa

����������������������������������������
MgAl2O4 � 1600 � 2 � 3.59 � 8.46 � 15 200
Al2TiO5 � 1500 � 4 � 3.89 � �0.4 � 6100
Al6Si2O13� 1650 � 4 � 3.27 � 5.15 � 8800
����������������������������������������
* �true is the true density; �, coefficient of linear thermal

expansion; H�, microhardness.

binary because of the presence of corundum, but has
eutectic nature [13]. The minimum temperature of the
melt appearance corresponds to the melting tempera-
ture of the reaction point (1710�C) [13]. The eutectic
contains 48 wt % mullite.

The position of the eutectic in the ternary sys-
tem constituted by the spinel, aluminum titanate, and
mullite was estimated theoretically to be at (mol %)
37 spinel, 55 aluminum titanate, and 8 mullite, using
the method developed on the basis of geometric ther-
modynamics, taking into account changes in the
Gibbs energy of a mixture of components [14, 15].

The high-temperature DTA was performed on a
VTA-981 derivatograph calibrated against the melting
points of well-known substances in helium of A brand
[TU (Technical Specification) 6-21-12�94], with tem-
perature raised at a rate of 80 deg min�1. The samples
studied were melted in molybdenum crucibles. The
temperature corresponding to the onset of a thermal
effect was determined at the bending point of a curve.
In those cases when the bending of the differential
curve was smooth, the beginning or end of an effect
was determined as the point of intersection of the
baseline with the tangent to the corresponding branch
of the peak.

X-ray diffraction patterns were obtained at room
temperature on a DRON-3 installation with CuK�
radiation at scanning rate of 2 deg min�1. The X-ray
phase analysis consisted in phase identification by
comparing the interplanar spacings d /n, measured in
the X-ray diffraction patterns, and the corresponding
relative intensities I /I0 of diffraction peaks with the
reference values from the ASTM database, using the
Ident 4 software package.

The microstructure and microhardness of samples
were studied on polished sections. Images of the mi-
crostructure of the samples, obtained in reflected light,
were analyzed on an EPIQANT automated image
analyzer connected to a video camera, which made

it possible to view images on the monitor screen. The
microhardness of the formulations was measured with
a PMT-5M microhardness meter equipped with an
FOM-2 photoelectric ocular micrometer. The thermal
expansion coefficient was determined on a DKV-5A
quartz dilatometer, using sintered samples in the form
of 45 � 5 � 5-mm prisms. The pycnometric density
was measured in accordance with GOST (State Stan-
dard) 2211�65.

As starting materials for solid-state syntheses of
the spinel, mullite, and aluminum titanate we used
powdered technical-grade alumina (TU 6-09-3916�75),
basic magnesium carbonate mMgCO3 �Mg(OH)2 �
nH2O (TU 6-09-01-353�78) (characterized by calcina-
tion loss of 57.28%), TiO2 (TU 6-09-05-03-37�75),
and quartz glass (GOST 9428�73), taken in amounts
corresponding to the stoichiometry of the desired
products. Aluminum titanate was synthesized using
corundum obtained by firing of technical-grade alu-
mina at 1750�C.

Mixtures of starting compounds were subjected to
joint grinding in a vibration mill with corundum balls
at balls : material ratio of 4 : 1 to particle size of 4�
6 �m. The powders obtained were used to prepare
briquettes, which, after drying at room temperature for
48 h, were calcined in air in an electric furnace with
molybdenum disilicide heaters at heating rate to the
final temperature of 10 deg min�1. Data on the heating
modes used are listed in Table 1.

The calcined briquettes were crushed, ground, and
recalcined under the same conditions. The complete-
ness of synthesis was judged from XPA data.

Samples for measuring the thermal expansion co-
efficient and microhardness and preparing polished
sections were obtained by compacting powders with
particle size of 4�6 �m, which were moistened with
a 5% aqueous solution of polyvinyl alcohol to 4%
moisture content under a pressure of 50 MPa, with
subsequent drying at room temperature for 24 h and
calcination at 1600�C for 1 h.

The characteristics of the compounds synthesized,
which are listed in Table 1, are in good agreement
with published data on the properties of the phases
under study [1, 16, 17].

Mixtures of the compounds synthesized, taken in
prescribed ratios (Tables 2, 3), were used for DTA.
The phase transformations that occurred in melting
were judged from the results of XPA (Figs. 1, 2).

Derivatograms of the compounds synthesized are
shown in Fig. 3. The fact that the onset temperatures
of the effects that can be interpreted as melting and
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Table 2. DTA data for binary formulations
����������������������������������������

Composition, mol % �
Phase transformation

�������������������������
MgAl2O4 � Al2TiO5 �Al6Si2O13�

temperature, �C

����������������������������������������
25.0 � � � 75.0 �1805, 1865
50.0 � � � 50.0 �1815, 1835
75.0 � � � 25.0 �1825, 1915
� � 25.0 � 75.0 �1695, 1860, 1880
� � 50.0 � 50.0 �1740, 1840
� � 70.0 � 30.0 �1720, 1800, 1850
� � 75.0 � 25.0 �1730, 1755, 1830
� � 80.0 � 20.0 �1700, 1750, 1810

25.0 � 75.0 � � �1760, 1860
30.0 � 70.0 � � �1760, 1790
50.0 � 50.0 � � �1730, 1750
75.0 � 25.0 � � �1750, 1900

����������������������������������������

Table 3. DTA data for ternary formulations
����������������������������������������

Composition, mol % �
Phase transformation������������������������

MgAl2O4� Al2TiO5 �Al6Si2O13�
temperature, �C

����������������������������������������
47.0 � 37.0 � 16.0 �1640, 1720, 1800, 1870
33.3 � 33.3 � 33.3 �1630, 1710, 1775, 1850
47.0 � 39.0 � 14.0 �1640, 1690, 1800
7.5 � 70.0 � 22.5 �1660, 1760, 1800, 1870

15.0 � 70.0 � 15.0 �1630, 1700, 1870
22.5 � 70.0 � 7.5 �1660, 1775, 1860
30.0 � 30.0 � 40.0 �1640, 1695, 1760
37.0 � 55.0 � 8.0 �1600, 1750
12.0 � 53.0 � 35.0 �1710, 1785

����������������������������������������

crystallization do not coincide in a single heating�
cooling cycle, which is characteristic of some of the
formulations under consideration, can be attributed
either to overheating of the mixture in melting or to
overcooling of a melt in crystallization. It is known
[7] that oxide melts tend to be overcooled, and, there-
fore, preference was, as a rule, given to onset tempera-
tures of the melting effects. To obtain more reliable
results, two heating�cooling cycles were performed
for each formulation. Visual inspection of the samples
after DTA revealed that crystalline samples containing
aluminum titanate turned black. The color of the other
crystallized melts was light gray.

In melting of the magnesia�alumina spinel, com-
plete melting could not be achieved. The onset tem-
perature of melting, recorded in the thermogram, was
2090�C, with no other effects revealed.

(a)

(b)

(c)

�, deg
Fig. 1. X-ray diffraction patterns of binary formulations.
Composition (mol %): (a) 75 Al2TiO5 and 25 Al6Si2O13;
(b) 50 Al2TiO5 and 50 Al6Si2O13; (c) 25 Al2TiO5 and
75 Al6Si2O13. (I) Intensity and (�) angle of slide; the same
for Fig. 2. (1) Al2TiO5, (2) TiO2, (3) Al6Si2O13, and
(4) SiO2.

�, deg
Fig. 2. X-ray diffraction pattern of a ternary formulation.
Composition (mol %): 7.5 MgAl2O4, 70 Al2TiO5, and
22.5 Al6Si2O13. (1) Al2TiO5, (2) TiO2, (3) Al6Si2O13,
(4) MgAl2O4, and (5) SiO2.

In melting of mullite, the endothermic peak has a
rather complex structure (Fig. 3a). The onset of melt-
ing is recorded at 1845�C; a clearly pronounced super-
position of two endothermic effects that begin at 1885
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(a)

(b)

�

�

�

�

T

Fig. 3. Thermograms of the synthesized samples of (a) mul-
lite and (b) aluminum titanate. (T) Temperature and
(�T) difference between the temperatures of the sample and
reference. (1, 2) First and second heating and (1�, 2�) first
and second cooling, respectively.

and 1910�C is observed. In a second heating, the
general pattern was preserved, but the peaks were
broadened somewhat and the onset temperature of the
high-temperature effect slightly decreased (to 1890�C).
In cooling, most part of heat is released in both cycles
in a narrow temperature range (about 20�C). This is
presumably due to the occurrence of crystallization
by the reaction mechanism, according to which the
primarily formed aluminum oxide reacts with the melt
to give mullite [13]. XPA data for a melted sample
confirm the assumption made.

In the first heating of aluminum titanate, an endo-
thermic effect that is a superposition of three effects
with onset temperatures of 1850, 1870, and 1910�C
was recorded (Fig. 3b). However, already the sub-
sequent cooling reveals a group of exothermic effects
at lower temperatures. This indicates that the phase
composition of aluminum titanate changes significant-
ly in melting�crystallization in an inert gas medium,
which is confirmed by the results of XPA indicating
that oxides of the general formula TiO2�x, corundum,
and anosovite solid solution based on aluminum tita-
nate are present in the crystallized sample. The experi-
mentally obtained phase transformation temperatures

of 1690 and 1850�C are in agreement with published
data [18].

The results of DTA for two- and three-component
formulations are listed in Tables 2 and 3; XPA data,
in Figs. 1 and 2; and results of microstructural studies,
in Fig. 4.

It follows from the results obtained that the tem-
perature at which a melt appears in the mullite�spinel
system is 1815�10�C, with the minimum difference
between the solidus and liquidus temperatures ob-
served for a mixture composed of 50 mol % spinel
and 50 mol % mullite. Only two phases can be seen in
polished section images [19]. The presence of a pro-
nounced dendrite structure in a sample containing
equal amounts of spinel and mullite also gives reason
to state that this composition is close to the eutectic
composition. An X-ray phase analysis of melted for-
mulations and microhardness measurements (15200
and 8800 MPa) did not reveal any phases except
mullite and spinel.

The solidus temperature in the system constituted
by aluminum titanate and spinel is 1745�15�C. An
X-ray phase analysis of melted samples did not reveal
any foreign phases. Presumably, aluminum titanate
does not decompose in the first heating in the pres-
ence of spinel (under the experimental conditions)
because of its stabilization by the spinel [20]. A mi-
crostructural analysis of the formulations revealed
eutectic colonies in a sample with 25 mol % spinel,
on which a fine spherical porosity, characteristic of
eutectics, and colonies with dendritic structure can be
seen [18].

The DTA curves of the formulations constituted by
aluminum titanate and mullite contain three groups
of peaks each, for all the compositions studied. The
low-temperature effects correspond to the minimum
temperature of appearance of a melt, equal to 1715�
20�C for the given system, which is close to the tem-
perature reported in [13]. The intermediate heat effects
are, in all probability, associated with reactions bet-
ween solid phases and the melt. The X-ray diffraction
patterns of the formulations under study (Figs. 3a and
3b) show, in addition to the initial phases, the pres-
ence of corundum in all the samples (reflections with
d /n 0.208 and 0.255 nm). Measurements of the micro-
hardness of the formulations also revealed the pres-
ence of corundum (21000 MPa), mullite (8800 MPa),
and aluminum titanate (6100 MPa). Thus, it was con-
firmed that the system in question is not quasi-binary.
Analysis of the microstructure of the formulations
under consideration shows that eutectic colonies are
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(a) (b)

(c) (d)

Fig. 4. Photographs of the microstructure of melted samples. Composition (mol %): (a) 70 Al2TiO5, 22.5 Al6Si2O13, and
7.5 MgAl2O4; (b) 70 Al2TiO5, 15 Al6Si2O13, and 15 MgAl2O4; (c) 70 Al2TiO5, 7.5 Al6Si2O13, and 22.5 MgAl2O4;
(d) 57 Al2TiO5, 34 Al6Si2O13, and 9 MgAl2O4. Magnification: (a) 300, (b, c) 100, and (d) 400.

present in the sample containing 25 mol % mullite
[19]. This formulation is close in composition to
that corresponding to the point of intersection of the
conode passing through the apex corresponding to
corundum and the reaction point with the tie line con-
necting aluminum titanate and mullite in the system
Al2O3�SiO2�TiO2.

The satisfactory agreement between published data
on the fusibility of the individual phases and the
binary systems constituted by spinel and mullite, alu-
minum titanate and spinel, and aluminum titanate and
mullite in helium gave reason to expect that the given
technique would be applicable to ternary formulations.

As points to be studied in the ternary system under
consideration were chosen those corresponding to the
calculated eutectic composition and to the composi-
tions of the equimass, equivolume, and equimolar
formulations, with the first two of these latter being so
close that they can be regarded as virtually the same
composition (Table 3). In addition, compositions with
70 mol % aluminum titanate and varied content of
spinel and mullite were studied, and also some others.
The results of DTA of the ternary formulations are
listed in Table 3.

It follows from the data obtained that the minimum
temperature of appearance of a liquid phase in the
system under study, 1645�15�C, is virtually com-
position-independent. An X-ray phase analysis of
multiple-phase formulations (Fig. 2) demonstrated the
presence of mullite, aluminum titanate, and spinel
in all the compositions, and indications of the pres-
ence of corundum in samples with high content of
aluminum titanate and mullite.

It can be seen from the microstructures of melted
samples, shown in Fig. 4, that these samples have
structure characteristic of eutectic colonies. Combined
with the results of DTA and XPA, this gives reason to
believe that the composition completely fusible at the
above-mentioned minimum temperature lies near the
point corresponding to the composition (mol %)
55 Al2TiO5, 8 Al6Si2O13, and 37 MgAlO4.

At the same time, the fact that the DTA curves
obtained for compositions in the region adjacent to the
Al2TiO5�Al6Si2O13 side contain more than two ther-
mal effects associated with melting�crystallization
processes, taken together with the results of XPA,
indicates that the plane constituted by aluminum tita-
nate, mullite, and spinel in the system MgO�Al2O3�
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SiO2�TiO2 cannot be regarded as strictly quasi-
ternary.

CONCLUSIONS

(1) The applicability of high-temperature differen-
tial thermal analysis in an inert medium to systems
containing metal oxides with variable oxidation levels
was demonstrated in an experimental study of fusibil-
ity of refractory phases in the system MgAl2O4�
Al6Si2O13�Al2TiO5.

(2) A set of physicochemical analytical methods
was used to establish that the minimum temperature at
which a melt appears in the system under study is
1645�15�C.

(3) The plane constituted by aluminum titanate,
mullite, and spinel in the system MgO�Al2O3�SiO2�
TiO2 is not quasi-ternary.
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Abstract�The possibility of obtaining dispersed powders of cobalt and zinc�nickel ferrites with particle size
of 1�4 �m by thermal treatment of the corresponding oxalates was analyzed. Changes in porous character-
istics of the ferrites obtained in their thermal treatment were studied.

Sorbents and supports with magnetic properties
have their specific application fields, with the isola-
tion and purification of substances of this kind, in-
cluding those biologically active, carried out using
a magnetic field. The use of sorbents and supports
depends on whether soft- or hard-magnetic is a given
material.

The sorption properties of sorbents and supports
are determined by functional groups deposited onto
the surface of one or another layer (of either organic
or inorganic origin). Sorbents and supports with mag-
netic properties are commonly obtained using finished
magnetic materials with certain unchanging magnetic
characteristics.

In some cases, it is appropriate to use semifinished
magnetic materials and, in particular, powders of vari-
ous ferrites whose thermal treatment is not completed
(as shown below, such materials show a certain extent
of porosity), which is due to specific features of
methods used to deposit a protective coating or a layer
with necessary functional groups onto the surface of
ferrites. This poses the question of control over the
properties of the starting magnetic materials. In the
authors’ opinion, synthesis of magnetic materials to be
used as a magnetic component of magnetic sorbents
and supports may become a key issue.

Up to now, magnetite of both natural [1] and syn-
thetic origin [2] has been most frequently used as the
magnetic constituent of the systems mentioned above.

Commonly, magnetic sorbents and supports are
synthesized by embedding magnetic materials in vari-
ous macromolecular compounds: agarose and poly-
amide gel [1, 3], ion-exchange resins [4], etc. In some
cases, coatings of organic origin restrict the possible
application field of such systems. Therefore, magnetic

supports with inorganic coatings become the most
promising [5].

The possible promising magnetic materials for ob-
taining sorbents and supports with magnetic properties
are dispersed ferrite powders. The magnetic properties
of ferrites are widely diverse and can be controlled
in the course of synthesis. Moreover, ferrites may be
soft- or hard-magnetic.

In some cases, it is important to know what struc-
tural transformations occur in ferrite particles in their
thermal treatment. Ferrites of various metals, which
are of interest mainly as magnetic materials, are com-
monly obtained by sintering of metal oxides at high
temperature (about 1000�C and more) [6, 7].

EXPERIMENTAL

Dispersed powders of cobalt(II) ferrite and mixed
zinc�nickel(II) ferrite were obtained by thermal treat-
ment of powders of the corresponding oxalates under
the process conditions listed in the table. Similar
results are obtained in precipitation of mixed oxalates
of iron(II) and cobalt(II). The oxalates were syn-
thesized by adding concentrated solutions of Me2+

(M = Fe, Co, Ni, Zn) to a dilute (0.2�0.4 N) solution
of oxalic acid under continuous agitation. After the
solution became turbid, the agitation was stopped, the
suspension was kept for additional 40�50 min, and
then the oxalate powder was separated from the
mother liquor by filtering and dried with acetone
on the filter.

A silica layer was deposited onto the surface of the
ferrite powders obtained by a procedure described in
[5]. Powdered cobalt(II) ferrite was suspended under
continuous agitation in distilled water heated to the
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Basic process parameters in obtaining iron(II) and zinc�nickel(II) oxalates. Volume of oxalic acid solution 800 ml
������������������������������������������������������������������������������������

Run � Oxalic acid concen- � M2+ volume, �
M2+ concentration, M

� Particle size,
no. � tration, M � ml � � �m

������������������������������������������������������������������������������������
1 � 0.1 � 62.5 �Fe 0.80, Ni 0.20, Zn 0.20 � 1�2
2 � 0.2 � 500 �Fe 0.40, Ni 0.10, Zn 0.10 � 4.0
3 � 0.2 � 250 �Fe 0.40, Ni 0.10, Zn 0.10 � 2�3
4 � 0.2 � 206 �Fe 0.5, Ni 0.125, Zn 0.125 � 2.0
5 � 0.2 � 155 �Fe 0.667, Ni 0.167, Zn 0.167 � 1�3
6 � 0.2 � 125 �Fe 0.80, Ni 0.20, Zn 0.20 � 2.0
7 � 0.4 � 300 �Fe 0.667, Ni 0.167, Zn 0.167 � 2�3
8 � 0.4 � 250 �Fe 0.80, Ni 0.20, Zn 0.20 � 2.0

������������������������������������������������������������������������������������

boiling point. To the resulting suspension was added
dilute water glass (2.0 wt % in terms of SiO2, silicate
ratio M � 3), with the volume of the initial suspension
maintained constant. After the whole calculated
amount of the water glass solution was introduced, the
heating was terminated, and the suspension obtained
was cooled to room temperature and washed with
distilled water on the filter. The resulting powder was
dried at 150�C and subjected to thermal treatment at
800�1000�C.

The sorption volume of pores in ferrite samples
obtained under various thermal treatment conditions
was found from benzene sorption [8].

The porous characteristics of the materials obtained
were determined by the BET procedure on a Micro-
meritics Accusorb 2300A instrument.

It is known [9] that, in obtaining highly dispersed
materials, it is necessary to mix reagents in the fol-
lowing order: more concentrated solutions are to be
added to a dilute solution. The tendency toward a
decrease in the particle size of the resulting powdered

Vs, cm3 g�1

T, �C
Fig. 1. Sorption volume Vs of pores in (1) cobalt and
(2) zinc�nickel ferrites vs. thermal treatment temperature T.

oxalates is observed with increasing concentration of
oxalic acid and decreasing concentration of solutions
of bivalent metals (see table).

The oxalates obtained in run no. 4 (see table) and
a mixed oxalate of iron and cobalt, synthesized fol-
lowing the same scheme, were used to study the in-
fluence exerted by the temperature of thermal treat-
ment on the porosity of ferrites obtained on their base.

Figure 1 shows how the sorption volume of pores
in samples of cobalt ferrite (curve 1) and zinc�nickel
ferrite (curve 2) depends on the temperature of their
thermal treatment. It can be seen that the maximum
pore volume is observed in samples of these ferrites
upon their thermal treatment at 400�500�C. With in-
creasing temperature, the pore volume falls steeply.

A sample of zinc�nickel ferrite has virtually no
porosity upon thermal treatment at 600�C, whereas
cobalt ferrite behaves somewhat differently. In this
sample, residual porosity is still preserved at a tem-
perature of 800�900�C. It is assumed that the presence
of zinc oxide ensures fast particle sintering and, as a
result, the porosity of zinc�nickel ferrite particles
disappears rapidly.

Of particular interest is the fact that thermal treat-
ment of oxalates yields porous ferrite powders (at
400�500�C) that can provide a good adhesion of a
film being deposited to the surface. Ferrites with a
silica coating were calcined at 800�1000�C for 4�5 h.
The presence of silica in the ferrite powder prevents
total shrinking of the skeleton, with the result that the
samples obtained show a certain amount of porosity.

Deposition of thin inorganic coatings on the surface
of magnetic powders makes it possible to obtain mag-
netic sorbents and supports with a minimum amount
of ballast and completely shielded surface.

Ferrites subjected to thermal treatment at 400�C
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(a)

d, nm

�V/�d, %

Vn, ml (b)

Fig. 2. (a) Pore distribution �V/�d with respect to size d and (b) isotherm of capillary condensation of nitrogen, Vn, on porous
cobalt ferrite.

(a)

d, nm

�V/�d, %

Vn, ml (b)

Fig. 3. (a) Pore distribution �V/�d with respect to size d and (b) isotherm of capillary condensation of nitrogen, Vn, on porous
cobalt ferrite coated with 15 wt % silica.

were used to produce magnetic supports coated with
layers composed of silica.

In contrast to the case of silica deposition onto the
surface of nonporous ferrite particles, that onto the
surface of porous ferrite particles proceeds at a higher
rate. It was demonstrated experimentally that about
20 wt % silica can be deposited onto the surface of
the above ferrites thermally treated at 400�500�C.
The porosity of the ferrite particles makes it possible
to vary the amount of silica deposited onto their
surface.

Figures 2a and 2b show isotherms of capillary con-
densation of nitrogen on porous cobalt(II) ferrite and
the pore size distribution for this ferrite sample.

Figure 3 shows isotherms of capillary condensation

of nitrogen on cobalt ferrite coated with silicon di-
oxide (15 wt %) and the pore size distribution for this
material.

The pore size distributions were calculated from
the desorption branch of the hysteresis loop in the
isotherm of capillary condensation.

Interestingly, the initial cobalt ferrite sample shows
biporosity, with average pore sizes of 9 and 26 nm.
The average pore diameter in cobalt ferrite coated
with 15 wt % silica is 9 nm.

It follows from Fig. 3 that the biporosity virtually
disappears upon deposition of silica onto the cobalt
ferrite surface. It seems strange that the number of
coarse pores decreases to a greater extent than that
of fine pores. Presumably, the fine pores become in-
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accessible to the silica being deposited, since, in
a solution with silicate ratio M = 3.25, sodium silicate
is hydrolyzed to give colloid varieties of silica, which
have limited access into fine pores. Therefore, the
major part of silica being deposited remains in coarse-
ly porous regions of the porous ferrite.

CONCLUSIONS

(1) Thermal treatment of mixed oxalate yields
porous ferrite particles. The largest pore volume
(0.40�0.45 cm3 g�1) is observed in the case of ther-
mal treatment of oxalates in the temperature range
400�500�C.

(2) It is shown that a silica coating can be depos-
ited onto the surface of porous ferrites. In this case,
the biporosity of the initial porous ferrite disappears,
with the coarse parts of pores diminishing to a greater
extent.
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Abstract�Nickel(II) oxide was deposited on the surface of a porous glass in the amount of 0.5�7.0 mmol g�1

by impregnation of the glass with an aqueous solutions of Ni(NO3)2, followed by decomposition of the salt
at 673 K. The size features of the formation of the oxide structure were characterized by the data of optical
and X-ray photoelectron spectroscopy and by measurements of density and electrical conductivity.

Transition metal oxides are used for preparing a
wide range of electrical materials, from high-ohmic
dielectrics to high-temperature superconductors. The
intensive development of the chemistry and physics
of nanosized functional components and devices for
electronics poses a problem of directional synthesis
and study of special properties of oxide systems
devoid of a formed band structure [1�5]. Of special
interest is the specificity of electron exchange and
transfer in the case of a small number of atoms (1015�
1016 at cm�2) making up oxides of d elements in
the initial stage of filling a surface of typical dielectric
supports [1�3, 6, 7]. Apart from its own importance,
the study of the electrical conduction should reveal
forms of existence and size features of the supported
oxides.

To continue our previous studies [6�11], in this
work we have studied in the same context the state and
electrical conduction of nanosized nickel(II) oxide in
porous glass (PG). The technique of the nickel oxide
deposition by impregnation of PG with Ni(NO3)2
aqueous solutions, followed by removal of water and
decomposition of the salt at 673 K, appeared the most
accessible and reliable. The many-time repetition of
these operations using solutions of various concentra-
tions allowed us to smoothly control the oxide content
in the glass. The changes in the oxide state in a series
of NiO/PG systems were monitored by optical and
X-ray photoelectron spectroscopy and by measure-
ments of the density and electrical conductivity.

EXPERIMENTAL

To find specific features of early stages of filling of
the PG silica surface with nickel oxide, we carried out

experiments using glasses obtained by known tech-
niques [12�14] as laminas of the size 10 � 10 � 1 mm
with the following structural parameters: pore radius
rp = 10 nm, porosity � = 0.30 cm3 g�1, and specific
surface area Ssp = 46 m2 g�1. For the aim of this
work it was essential that the developed surface and
porosity of the glass provided a possibility for reliable
control of the weight of an oxide synthesized in it.
The impregnation of PG with Ni(NO3)2 solutions was
intended to ensure the maximal and reproducible fill-
ing of the pore space with the electrolyte. The actual
molar amount of the salt introduced in a PG (and con-
sequently of nickel oxide Q) per gram of the glass
linearly correlates with the concentration of the
impregnating solution c and volume of pores in the
glass �:

Q = c � �, (1)

where � < 1 is a coefficient reflecting the deviation
from an ideal filling.

We determined the actual � value as the ratio of the
nickel oxide content introduced in the PG, which was
measured by the gravimetric method, to its limiting
value calculated by Eq. (1) under the condition � = 1.
Numerous experiments have shown poor efficiency of
the impregnation of glass laminas by immersing in
solutions, as in this case � values did not exceed 0.6�
0.7. The impregnation of the glass at the expense of
capillary rise of a liquid in through pores appeared to
be much more complete and reproducible. In this case,
the solution was taken up through one of parallel plate
surfaces of a lamina, providing free displacement of
air through another surface. This mode provided an
average value � = 0.9 describing in essence the frac-
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Q, mmol g�1

Fig. 1. Dependence of the nickel oxide content in PG Q on
the number of deposition operations k using (1) 0.5 and
(2) 1.5 M Ni(NO3)2 solutions.

Rd, %

�, nm

Fig. 2. (1) Electronic diffuse reflection spectrum of PG im-
pregnated with 1.5 M Ni(NO3)2 solution and (2�5) its vari-
ation on subsequent calcination in air at 673 K. (Rd) Dif-
fuse reflection coefficient and (�) wavelength. Heat treat-
ment duration (h): (2) 0.5, (3) 1.0, (4) 2.0, and (5) 3.0.

tion of the total pore volume in which an Ni(NO3)2
solution was distributed during the capillary impreg-
nation.

Gradual building up of nickel oxide mass in PG
can be achieved by repeated impregnation�thermolysis
operations using Ni(NO3)2 solutions of various con-
centrations (Fig. 1). A series of NiO/PG systems with
nickel oxide content Q from 0.5 to 7.0 mmol per gram
of the porous glass (hereinafter, mmol g�1) was ob-
tained by this technique.

Samples of NiO/PG were insufficiently transparent
to be studied in transmitted light. The optical elec-
tronic spectra in the visible range (400�800 nm) were
obtained using powders of specially prepared NiO/PG
samples; the spectra were recorded in the diffuse
reflection mode on an SF-10 double-beam spectrom-
eter with a spherical photometer using the initial PG
as a reference. The X-ray photoelectron spectra were
taken on an ES-2401 instrument using MgK� excita-

tion radiation with the energy of 1253.6 eV in a band
of removal of inner Ni2p electrons.

Electrical measurements were carried out on direct
current using the circuit and instruments described
earlier [6�11]. Plates of NiO/PG were placed between
pinching (with a constant pressure of 200 g cm�2)
electrodes having the form of massive copper disks
with polished silver-coated surfaces. In this way we
measured the currents passing across the laminas, i.e.
along the walls of PG channels with NiO distributed
on their surface. The specific electrical conductivity
was calculated for the NiO/PG systems taking into
account actual sizes of the laminas without recalcula-
tion to the nickel oxide content and corrections for
the porosity.

The data on the weight loss during the thermal de-
composition of Ni(NO3)2 in PG at 673 K reliably
pointed to the formation of NiO on the surface. Char-
acteristic changes in the diffuse reflection spectra ac-
companying the thermolysis are shown in Fig. 2.
The spectrum of the deposited salt is well resolved;
the absorption maximum at � = 710 nm corresponds
to one of three bands characteristic of Ni2+ cations in
the octahedral oxygen surrounding. The maximum
corresponds to the spin-allowed electronic transition
3A2g � 3T1g(F) [15]. The band shape suggests that
the second maximum corresponding to the transition
3A2g �

3T1g(P) is close to 400 nm, which also agrees
with the published data (� = 395 nm [15]). We failed
to observe the third d�d transition 3A2g � 3T2g(F)
with �>1000 nm because of the limited working
range of the spectrometer. The octahedral nickel(II)
coordination with oxygen atoms is retained in all
stages of the salt thermolysis (Fig. 2). However, in
the process, the absorption in the central part of the
visible range rapidly progresses. Thus, even upon
depositing the first �portions� of NiO, a broad struc-
tureless band covering the whole visible range is
formed. Nevertheless, we can judge the presence of
nickel(II) in the composition of [NiO6] polyhedra by
a weak maximum at 700 nm. The nature of the ob-
served spectrum broadening is not quite clear and may
be due to both strengthening of vibronic coupling
in the solid phase and partial 3d��2p� conjugation of
electrons along Ni�O�Ni bonds in small nickel oxide
clusters.

The measured pore volume and density of depos-
ited nickel oxide in the series of NiO/PG systems
(Fig. 3) suggest that the free volume would monoton-
ically decrease as the NiO content in the glass in-
creases. This trend is, indeed, observed experimental-
ly; however, it is clearly seen that the rate � of the
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decrease is not constant, and bends in the ��Q depen-
dence are clearly seen. The data of reliable measure-
ments of the NiO weight and volume allow us to
make a physically justified estimation of its density

� = Q/(�0 � �), (2)

where �0 and � are the volumes of pores of pure and
oxide-containing glasses, respectively.

Thus, in the case of a particular sample we obtain
the value of density averaged over all types of vari-
ously sized oxide formations actually existing in
the sample. Building up NiO to the content Q =
2 mmol g�1 takes place with preservation of a low
density (approximately 4 g cm�3); in the range 2�
4 mmol g�1, the density increases to 6.5 g cm�3, after
which it continues to increase less noticeably, gradual-
ly approaching the reference value of � = 7.45 g cm�3

for bulk NiO. The results obtained suggest that the
state of deposited NiO considerably changes when its
content increases.

Measurements of the electrical conductivity 	
(Fig. 3) furnish important information on the character
of filling of the PG surface with nickel oxide. The
shape of the log	�Q dependence is in good agree-
ment with trends in variation of the free volume and
density, clearly confirming the presence of stages of
oxide growth. In the initial stage, separate nickel-
containing polyhedra and(or) their small ensembles
(clusters) are fixed on the silica surface. The lowest
measurable conductivity appears only when the con-
tent of nickel oxide Q = 1.5 mmol g�1 is reached,
causing origination of primary �channels� of through
conductivity. The subsequent small increase in the
oxide content to Q =2.0 mmol g�1 is accompanied
by a jump of 	, which in general agrees with the con-
cept of electrical conduction of small-size systems
[1�3, 6�10, 16] and characterizes a high probability
of the layer-by-layer filling of the silica surface with
nickel-containing polyhedra. It should be noted that,
in this case, the content of poorly conducting oxide
is low, so the detection of a clear step on the log	�Q
plot is rather indicative. The preferential two-dimen-
sional structure of the forming oxide layer is con-
firmed by an estimate of its effective thickness, which,
to a first approximation, can be represented as

h = Q/�Ssp. (3)

Thus obtained value h = 8 
 (at Q = 2.0 mmol g�1)
closely corresponds to the size of the nickel-con-
taining polyhedron [NiO6]. The prolongation of

�, g cm�3

log � [S cm�1]

Q, mmol g�1

�, cm3 g�1

Fig. 3. Variations of the pore volume �, specific electrical
conductivity � of modified PG, and density 	 of syn-
thesized nickel oxide with increasing nickel oxide content
Q in the glass.

supermonolayer growth ensures slow rate of the con-
ductivity growth in the middle segment, Q = 2�
3.5 mmol g�1, corresponding to a considerable in-
crease in the density of the synthesized nickel oxide;
this is followed by the second jump of 	 in the narrow
range of oxide content 3.5�4.0 mmol g�1. Further on
(Q > 4 mmol g�1), � and 	 grow monotonically.

The following explanation of the observed experi-
mental relationships seems to be the most probable.
The conventional monolayer of nickel-containing
polyhedra formed in the first stage is fixed directly on
the walls of through channels of a glass and actually
is surface nickel silicate. This is responsible for a low
�packing density� of the polyhedra and their separa-
tion in space, determining the extremely low electrical
conductivity. Formation of the second layer of [NiO6]
polyhedra is accompanied by a considerable density
increase, which corresponds to the possibility of
gradual formation of a structure with the parameters
(bond length and bond angles) approaching those for
NiO. The completion of this process in the range Q =
3.5�4.0 mmol g�1 is accompanied by strengthening of
collective electronic interactions in the dense oxide
layer and, correspondingly, by a sharp growth of the
conductivity. The results obtained allow us to rule out
formation of the island (three-dimensional) oxide
structure, as at the achieved PG surface filling the
islands would inevitably remain separate, remote from
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Position of maxima in the X-ray photoelectron spectra of
NiO/PG systems in the band of ionization of nickel inner
2p levels
����������������������������������������

Q, mmol g�1
� Eb, eV
����������������������������
� 2p1/2 � 2p3/2

����������������������������������������
1.54 � 876.3 � 859.5
2.10 � 876.0 � 859.0
2.96 � 875.8 � 858.7
4.10 � 875.4 � 858.2
5.20 � 875.1 � 858.0
6.00 � 874.9 � 857.9

����������������������������������������

each other, which contradicts the well pronounced
steps in the log	�Q plot in the region of the forma-
tion of conventional oxide monolayers. Most likely,
the formation of multiple �bridging� Ni�O�Ni bonds
in the course of joining of polyhedra in a tangential
direction appears energetically preferential as com-
pared to the normal (relative to the surface) direction
of the growth.

The dimensional features of changes in the steric
and electronic structure of nickel oxide in the course
of �step-by-step� increase in its content in a PG are
reflected in the X-ray photoelectron spectra. The
strongest bands of electron removal from filled shells
of nickel atoms correspond to its 2p electrons [17].
It should be noted that, according to the published
data [17], in the case of NiO the binding energy of
2p electrons varies within relatively wide limits of

[�A]
ln I

104/T,
K�1

Fig. 4. Temperature dependence of current I measured at
the voltage of 10 V across laminas of PG containing nickel
oxide. NiO content (mmol g�1): (1) 4.1, (2) 4.5, (3) 5.2,
(4) 5.6, and (5) 6.0.

Eb(2p1/2) = 871�874 eV. Hence, when studying spec-
tra of NiO/PG systems, the most informative is the
binding energy variation with increasing content of
the deposited component, rather than the absolute
value of the energy. In particular, the increase in Eb is
definitely treated as an evidence of the increase in the
positive effective charge of metal atoms [17]. The
spectra obtained contain two bands of the 2p3/2 and
2p1/2 states in the region of removal of nickel inner
2p electrons with a distance of about 17 eV between
their maxima (see table). The maximal binding ener-
gies Eb are observed in the first stage of filling of the
glass surface with the oxide (Q�2 mmol g�1), which
is caused by a considerable positive effective charge
of nickel atoms in the structure of the surface silicate.
An increase in the oxide content over the conventional
monolayer is accompanied by a noticeable and uni-
form shift of the 2p-electron maxima to lower ener-
gies. In spite of significant shifts of the spectra, they
remain two-component, suggesting the electron density
redistribution inside the oxide layer as a whole in the
direction of lower effective charges of nickel atoms.
Thus, the spectral manifestation of the electron-
acceptor effect of silica [18, 19] becomes weaker as
the weight of the deposited component increases.

Returning to the results of electrical conductivity
studies, we note that it has a clear electronic character.
In fact, if nickel or oxygen ions took part in the elec-
tricity transmission, the samples would be polarized
owing to the appearance of an internal field directed
against the applied field. In none of the experiments
we have observed the emergence of polarization po-
tentials or residual currents after cutting off the exter-
nal voltage. The linearity of the voltammetric charac-
teristics of all NiO/PG samples in a wide voltage
range also suggests the absence of ion transfer. On the
whole, relatively low values of 	 (Fig. 3) allow us to
rule out metal�metal exchange interactions by overlap
of the 3d orbitals of nickel atoms [6, 7]. The above-
mentioned 3d��2p� electronic conjugation through
Ni�O�Ni �bridges� seems to be the most probable
conduction mechanism.

The temperature activation of currents I measured
across laminas of modified glasses with the density of
deposited oxide � = 6.4�6.9 g cm�3 is shown in
Fig. 4. In the range of low temperatures, 293�473 K,
the ln I�T plots are of the same shape, which confirms
similar structures of the conducting layers and similar
features of the electricity transfer. The presence of
two activation segments I and II can result from the
fact that, in the vicinity of 380 K, the amplitudes of
thermal vibrations are reached, ensuring accelerated
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Q, mmol g�1

Ea, kJ mol�1

Fig. 5. Influence of NiO content in PG Q on the activa-
tion energy Ea calculated for two segments of temperature
dependences of conductivity.

growth of the conductivity at the expense of increased
electronic conjugation of Ni�O�Ni bonds. The activa-
tion energies Ea calculated for the two linear segments
of the ln I�T plots are shown in Fig. 5. It is evident
that a small decrease in Ea is practically completed in
the range of the deposited oxide content Q = 4�
6 mmol g�1. This result agrees well with the trends in
the density variation (Fig. 3) and confirms the gradual
formation and stabilization of structural parameters of
a nickel oxide layer on the PG silica surface.

CONCLUSIONS

(1) Variations in the density, electrical conductiv-
ity, and optical and X-ray photoelectron spectra of
nanosized nickel oxide, accompanying increase in its
content on a silica surface, were studied. Based on
the results obtained, a probable model of step filling
of the porous glass surface was suggested. The proc-
ess involves formation of a monolayer of nickel sili-
cate in the first stage and uniform building up of pre-
dominantly two-dimensional NiO layer in further
stages.

(2) Spectroscopic features of nanosized nickel
oxide and well-pronounced jumps of the electrical
conductivity, corresponding to the phases of its
growth on the silica surface, reflect the manifestation
of 3d��2p� electron conjugation through Ni�O�Ni
bonds.
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Abstract�Gas-sensitive properties of SnO2 thin-film materials doped with antimony(III) with respect to the
reducing gases CO, CH4, and H2 were studied. The materials were obtained from film-forming solutions of
Sn(II) and Sb(III) complexes with acetylacetone.

Environmental protection is one of global prob-
lems. First of all it concerns atmosphere pollution,
which is determined by emission levels of carbon,
sulfur, nitrogen, and heavy metal oxides, radionu-
clides, and cancerogenic polyaromatic hydrocarbons
[1]. Thin-film materials based on SnO2 with semicon-
ductor properties [2] are widely used as gas-sensitive
components for the determination of these combust-
ible and toxic gases in air. It is known that these ma-
terials are mainly produced by sputtering; however,
these coatings have some drawbacks [3]. Therefore, it
is appropriate to perform studies aimed to enhance the
SnO2 sensitivity to gases, which depends on the film
structure and composition. Thus, it is necessary to
search for new methods of synthesizing film-forming
systems, allowing preparation of films with specified
structure and composition.

Here we consider the gas-sensitive properties of
thin films of tin dioxide doped with antimony. The
films were obtained from film-forming solutions of
Sn(II) and Sb(III) complexes with acetylacetone as
an organic ligand.

EXPERIMENTAL

Film-forming solutions based on complex com-
pounds (FFSCCs) were prepared by dissolving tin(II)
chloride (0.297�0.273 M), antimony(III) chloride
crystal hydrate (2.9�10�3

�2.63�10�2 M), acetylace-
tone (0.6 M), and hydrochloric acid (0.4 M) in alcohol
(96 wt %). The antimony content (1, 6, and 9 at. %) in
SnO2 films was chosen on the basis of the published
data [4]. Antimony-free FFSCC compositions and the
processes occurring in these FFSCCs were considered
in detail in [5].

Films of SnO2�Sb were obtained by centrifugation
on an MPW-340 centrifuge (4000�4500 rpm), dried
for 1 h in a desiccator at 333 K, and annealed in a
muffle furnace at 873 K. Three 1-h annealings were
performed to stabilize the electrophysical parameters.
Single-crystal silicon was used as support.

The electrical resistance of the films was measured
with an E6-13A teraohmmeter in air and in CO and
CH4 atmospheres at 299�673 K. Platinum contacts
were used. The ratio of the resistance in air and resist-
ance in a gas was taken as the value of adsorption
response Ra/Rg to the action of the CO, CH4, and
H2 gases. The activation energy of charge carriers
Ea was calculated by the procedure described in [6].
The film thickness and refractive index were deter-
mined by ellipsometry (LEF-3M). The film composi-
tion was determined by X-ray phase analysis on a
DRON-3M diffractometer (CuK

� radiation, Ni filter).

The X-ray patterns, interpreted as in [7], show
that introduction of antimony(III) into an SnO2 film
results in a shift of interplanar spacings (Table 1), but
the rutile-type structure of SnO2 is preserved. The
shift can be caused by formation of a solid solution
based on SnO2.

Table 1. X-ray diffraction parameters of SnO2�Sb films
����������������������������������������

cSb = 1 at. % � cSb = 9 at. % � SnO2 [7]
����������������������������������������

d, � � I/I0 � d, � � I/I0 � d, � � I/I0
����������������������������������������

3.54 � 100 � 3.48 � 100 � 3.34 � 100
2.77 � 88 � 2.76 � 90 � 2.64 � 63
1.81 � 56 � 1.81 � 80 � 1.75 � 18

����������������������������������������
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The films obtained from these film-forming solu-
tions are conducting. Their thickness is 46�68 nm.
Table 2 shows that the electrical resistance and activa-
tion energy of charge carriers regularly decrease as
the concentration of antimony dopant increases from 1
to 9 at. %. As shown in [4], the rise of the electrical
conductivity owing to dopant transition from lattice
points to the grain surface is caused by the lifting of
the compensation effect of oxygen donor vacancies
in SnO2 by Sb(V) impurity centers.

The conductivity of the films depends not only on
the activation energy of charge carriers and their con-
centration, but also on the structure, which can be
judged from the refractive index n. Films containing
1 at. % Sb have the lowest n value of 1.69. The refrac-
tive index of SnO2 films obtained from antimony-free
FFSCC is 1.89 [5], and that of Sb2O3 is 2.05 [8]. Such
a low n value of the SnO2 film containing 1 at. % Sb
antimony suggests its defectiveness. Such films have
a fairly high surface resistance of 106

�. Samples
containing 9 at. % Sb have higher n = 2.13 and a rela-
tively low surface resistance of about 10�3

�.

To study the behavior of the films in CO, CH4, and
H2 atmospheres, we have chosen samples with sharply
different physical properties. As seen from Fig. 1, the
Ra /Rg ratio increases with temperature. The Ra /Rg
curves for SnO2 film containing 1 at. % Sb have two
maxima in CO (curve 1) and CH4 (curve 2) atmos-
pheres: in the low-temperature region at 393 K and in
the high-temperature region at 573 K. The low-tem-
perature maximum is caused by surface reactions of
oxygen adsorbed on the film with reducing gases,
which results in delocalization of electrons [4]. The
second peak in the Ra/Rg curves is related to the for-
mation of new chemical bonds corresponding to
double-charged tin (SnO) [9]. In contrast to SnO2,
SnO is a narrow-band-gap semiconductor, and, con-
sequently, its presence can lead to a significant change
in the electrical conductivity. This film shows no
response to hydrogen.

As seen from Fig. 2, Ra/Rg for the SnO2 film
doped with 1 at. % Sb depends on the gas concentra-
tion. Its maximal sensitivity corresponds to the CH4
concentration of 10 vol % (T = 574 K). The tempera-
ture dependences of Ra/Rg of SnO2 films doped with 9
and 1 at. % Sb are different (Fig. 1, curves 1 and 2).
No pronounced peaks are observed in the CH4 atmos-
phere (Fig. 1, curve 3). An insignificant sensitivity
peak was found for CO concentration of 5 vol %
(493 K). It becomes better pronounced after keep-
ing the film for 2 days at the CO concentration of
40 vol % (Fig. 3). The low sensitivity of SnO2 films

Table 2. Properties of SnO2�Sb* films
����������������������������������������
cSb, at. % � Ea, eV � n � R, �
����������������������������������������

1 � 0.50 � 1.69 � 106

6 � 0.27 � 2.00 � 106

9 � 0.19 � 2.13 � 103

����������������������������������������
* (n) Refractive index and (R) surface conductivity.

T, K

Ra/Rg

Fig. 1. Temperature dependence of the adsorption response
Ra /Rg of SnO2�Sb films to (1) 5 vol % CO and (2,
3) 5 vol % CH4. Sb concentration (at. %): (1, 2) 1 and
(3) 9.

Ra/Rg

c, vol %
Fig. 2. Adsorption response Ra /Rg of SnO2 films doped
with 1 at. % Sb as a function of concentration c of
(1, 2) CH4 and (3) CO. Temperature (K): (1) 574 and
(2, 3) 393.

Ra/Rg

T, K
Fig. 3. Temperature dependence of the adsorption response
Ra /Rg of SnO2 films doped with 9 at. % Sb to CO. CO
concentration (vol. %): (1) 40 and (2) 5.

doped with 9 at. % Sb is attributable to blocking of
the surface states of adsorbed oxygen by a large
amount of antimony [5].

CONCLUSIONS

(1) High-resistance thin SnO2 films doped with Sb
(1, 6, and 9 at. %) were prepared by centrifugation on
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silicon supports from film-forming solutions based
on tin(II) and antimony(III) complexes with acetyl-
acetone.

(2) The sample containing 1 at. % Sb shows the
greatest adsorption response to the reducing gases CO
and CH4. The low-resistance sample containing
9 at. % Sb does not show such a behavior. The films
are stable and are able to operate at relatively low tem-
peratures. Their gas-sensitive properties compare well
with those of thin-film materials prepared by more
laborious and expensive techniques. It is proposed to
use the films obtained as components sensitive to CO
and CH4 in the presence of H2.
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Abstract�Iteration schemes for highly reliable prediction of physicochemical properties of molecular in-
organic compounds were proposed.

The most reliable prediction of physicochemical
properties of molecular liquids is achieved using
methods based on the thermodynamic similarity
theory. These methods use relationships between the
physicochemical properties expressed in the dimen-
sionless form. Passing to dimensionless values re-
quires data on the critical parameters of substances.
Therefore, the above methods employ critical param-
eters as input data. Because the experimental data on
the critical constants are rather limited, the calculation
methods of their determination have became practical-
ly significant. First, this concerns the molecular in-
organic compounds that have found wide practical
application [1] but are, however, little studied.

Reliable data on the critical parameters can be ob-
tained by the iteration methods. These methods in-
volve successive approximations to obtain the closest
agreement between the required parameter and other
previously known physicochemical properties of a
substance. The fact that not only the critical param-
eters but also other physicochemical properties of a
substance can be determined in the course of iteration
is a significant advantage of the iteration methods.

In this study we developed an iteration scheme for
highly reliable prediction of the critical parameters of
molecular inorganic compounds. It is based on rela-
tionships employing the determining criterion, which
reliably describes the thermodynamic similarity of any
molecular inorganic compounds. The latter is referred
to as the factor of the complexity of intermolecular
interaction (or �-factor) and is considered in detail
in [1].

Let us list the equations used in the iteration
scheme proposed (iteration 1). For the critical tem-
perature and critical pressure, we used the equation
obtained by integrating the Clausius�Clapeyron equa-

tion between the boiling and critical temperatures [2].
In this case, the pressure varies from a value at the
boiling point Pb to a value at the critical point Pcr. In
the literature [3], this equation is known as the van der
Waals equation

ln (Pcr/Pb) = f(Tcr/Tb � 1). (1)

The parameter

f = �Hb/(RTcr) (2)

is referred to as the generalized constant, because its
variations from substance to substance lie within very
narrow limits. �Hb is the enthalpy of vaporization
at the boiling point.

To leave only one unknown parameter (critical
temperature) in Eq. (1), the known relationship for
the critical pressure is used:

Pcr = RTcr/(8b), (3)

where b is the van der Waals constant.

Then, Eq. (1) becomes

ln [RTcr/(8bPb)] = f(Tcr/Tb � 1). (4)

The critical temperature appearing in the expres-
sion for f can be calculated by the equation [1]

Tcr = Tb + 0.89(Tb)0.92+0.2�, (5)

where � is the factor of the complexity of inter-
molecular interaction.

The � factor is the determining criterion of thermo-
dynamic similarity, which extends the applicability of
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Error in predicting critical parameters by iteration methods
����������������������������������������

Calculation method
� Error, %*
�������������������
� Tcr � Pcr � Vcr

����������������������������������������
Iteration 1 (set of data for � 0.9 � 2.2 � 1.1
60 substances)** � � �
Iteration 2 (set of data for � 1.6 � 2.4 � 2.0
50 substances)*** � � �
����������������������������������������

* Averaged (in the absolute value) for the whole set of sub-
stances.

** For any molecular inorganic compounds.
*** For nonpolar and weakly polar substances.

the correlations obtained using the similarity theory
[1]. After that, f can be calculated by the equation

f = �Hb/{R[Tb + 0.89(Tb)0.92+0.2�]}

and considered constant in Eq. (4).

Taking into account the dimensionalities of b
(cm3 mol�1) and Pb (MPa), we obtain the following
expression for the critical temperature:

Tcr = Tb[(1/f) ln (10.255Tcr/b) + 1]. (6)

We start the iteration from calculation of the com-
plexity factor

� = 0.1ln Tb � 0.122ln Vb + 0.006

and the van der Waals constant [1]

b = mVb + n,

where m = 1.27 and n = �6 if � � 0.1; m = 1 and
n = 11 if � � 0.1; Vb is the molar volume at the boil-
ing point (cm3 mol�1).

The van der Waals constant b (cm3 mol�1) can be
calculated from the given values of m and n.

The critical temperature, to a first approximation, is
calculated by Eq. (5) and, as a second approximation,
by Eq. (6).

If the difference between the obtained Tcr values is
less than the preset accuracy (e.g., 0.001), then we go
to calculating the other critical parameters. Otherwise,
we return to Eq. (6) using the specified Tcr value.

After the critical temperature is determined, the
critical pressure should be calculated from Eq. (1):

Pcr = Pb exp [ f (Tcr/Tb � 1)]. (7)

The critical volume can be calculated by the Ben-
son equation [4]:

Vcr = Vb(2.4 + 0.1833 ln Pcr]. (8)

The iteration is suitable for calculating critical
parameters of any molecular inorganic compounds,
from nonpolar to strongly polar substances.

The accuracy of the method proposed in this work
(iteration 1) was verified on a set of data for 60 sub-
stances, including hydrides (B2H6, CH4, GeH4, SnH4,
NH3, and N2H4), fluorides (CF4, PF3, MoF6, WF6,
UF6, and PtF6), chlorides (CCl4, SiCl4, GeCl4, SnCl4,
TiCl4, BCl3, PCl3, PCl5, BiCl3, SbCl3, S2Cl2,
MoCl5, and HCl), bromides (BBr3, SnBr4, GeBr4,
PBr3, AsBr3, and SbBr3), iodides (BI3, SiI4, and
SnI4), mixed halides (SiCl3F, SiCl2F2, SiClF3,
CBr2F2, CBrF3, PCl2F, PClF2, SiBr2Cl2, SiBrCl3,
and NClF2), hydrohalides (CHClF2, SiHCl3, SiHBr3,
and NHF2), oxohalides (PCl3O, PBr3O, SCl2O, SOF2,
SeCl2O, WCl4O, VCl3O, and ClO3F), and oxides
(CO, SO2, OsO4, and H2O). Among these compounds
are 10 strongly polar substances (SO2, NH3, H2O, and
others).

All the input data were taken from [1]. The calcu-
lated and experimental values of the critical param-
eters (critical temperature Tcr, critical pressure Pcr,
and critical volume Vcr) are given in Table 1 to dem-
onstrate the accuracy of the iteration method proposed.
The data presented show that the iteration method
proposed is highly reliable for predicting the critical
parameters.

It should be noted that the method proposed has
two essential advantages. First, it employs only ac-
cessible input data (boiling point of a substance, its
molar volume, and the enthalpy of vaporization at the
boiling point). Second, it is suitable for any molecular
inorganic compounds, from nonpolar and weakly
polar substances to strongly polar substances and as-
sociated liquids.

The iteration method based on the minimal number
of the experimental input data is important for little
studied substances. We developed the iteration scheme
(iteration 2) using the boiling point as the only experi-
mental input parameter. The molar volume and the
enthalpy of vaporization at the boiling point, apart
from the critical parameters, can be determined by this
method.

This iteration employs the following relationships
between the physicochemical properties of molecular
inorganic compounds [1]: (1) �Sb = 88 (Trouton rule),
(2) � = Tb /Tcr = 0.772 � 12.27/�Sb, (3) Tcr = Tb /�,
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(4) Vb = 116�1/2/Tb
0.3 + 0.5, (4) b = 1.27Vb � 6,

(5) Pcr = 1.039Tcr /b, (6) Vb (second approximation) =
85TcrPcr + 2, (7) �Hb = Tb [73 + 2.09ln (TbM /Vb)],
and (8) �Sb (second approximation) = �Hb /Tb.

If the difference between the calculations of �Sb by
steps 1 and 8 is smaller than a preset accuracy (e.g.,
0.001), then the calculation is finished. Otherwise,
the calculation by step 1 is performed again, with the
new value assigned to �Sb.

The iteration converges sharply (the number of
steps does not commonly exceed three). The iteration
can be applied to nonpolar and weakly polar sub-
stances. To judge whether the compound under study
belongs to such substances, it is sufficient to compare
its boiling point and parachor �. For nonpolar and
weakly polar substances, the following inequality [1]
is fulfilled:

Tb < 100�.

The iteration was verified with 50 molecular in-
organic substances. It employs the minimal number of

easily accessible input data (boiling point) and ensures
quite reliable prediction of the critical parameters (see
table). Moreover, the iteration can predict the in-
creased number of properties. Apart from the critical
parameters, it can also determine (with the mean aver-
age error given in parentheses) the molar volume of
a liquid at the boiling point (1.7%) and the enthalpy
of vaporization at the boiling point (2.2%).
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Abstract�The kinetics of xylitol crystallization from aqueous-ethanolic solutions as a function of the initial
solution supersaturation, solvent composition, and temperature was studied. The effect of solvent composition
on the rate of the xylitol bulk crystallization was considered.

Among sugar substitutes, an important role belongs
to pentahydric aliphatic polyol, xylitol, prepared by
reductive transformation of D-xylose [1]. Inclusion of
xylitol in the list of food additives (E 967) [2] and
confirmation of its anticarious properties extended ap-
plications of this polyol. The main branches of xylitol
use are food production, perfumery, pharmaceutics,
and chemistry.

The technology of food xylitol production consists
of the following main stages: hydrolysis of hemicel-
lulose polysaccharides of pentosan-containing plant
raw materials (birch wood, cotton husk, corn cob
shanks); pentosan hydrolyzate preparation for hydro-
genation; hydrogenation of xylose solution; purifica-
tion and concentration of xylitol solution; and xylitol
crystallization. Crystallization is an important stage
of xylitol production, since in many respects it deter-
mines the yield and quality of the target product.
The possibilities of increasing the xylitol yield and
quality by optimization of the known technology of
xylitol crystallization from concentrated aqueous solu-
tions are practically exhausted.

The method of xylitol separation including pre-
liminary crystallization from supersaturated aqueous
solution and subsequent crystallization in the ethanol�
water mixture is more efficient [3]. The optimum
mode of xylitol crystallization can be determined from
the data on the process statics and kinetics. Previous-
ly, on the basis of the solubility data, we developed
a model of the statics of xylitol crystallization from
aqueous-ethanolic solutions [4]. In this work, we
studied the kinetics of polyol crystallization.

EXPERIMENTAL

The xylitol crystallization from aqueous-ethanolic
solutions was studied as a function of the degree of

solution supersaturation (characterized by supersatura-
tion coefficient S), solvent composition, and tempera-
ture at a constant stirring rate of 100 rpm. Xylitol
crystallization was studied under the isothermal condi-
tions at 5, 25, and 40�C. The compositions of water�
ethanol mixtures were taken with regard to probable
values of the liquid-to-solid ratio M [i.e., the ratio of
95.3% ethanol weight to the weight of dry substances
of the crystallizate (massecuite)]. It was 60�90 vol %
(or 53.9�87.5 wt %) with respect to ethanol, which
corresponds to the 0.10 < M < 0.50 range used in in-
dustrial xylitol crystallization. The initial supersatura-
tion was reached by heating. The degree of super-
saturation was selected with regard to polyol solubil-
ity [4] by the formula S = cin/cs, where S is super-
saturation coefficient and cin and cs are the xylitol ini-
tial concentration and solubility (g per 100 g of the
solvent), respectively.

Food xylitol used [TU (Technical Specifications)
64-10-04�89] was preliminarily recrystallized and
dried to the moisture content of 0.03%. The xylitol
purity determined by GLC [5] was 99.9%, mp of crys-
tals 93.5�94.0�C. The solvent was prepared by mixing
of ethanol (rectificate) with distilled water at 20�C.
The refractive indices of water�ethanol mixtures pre-
pared agree with data of [6]. Xylitol crystallization
was performed in a three-necked flask equipped with
a stirrer and thermometer. The temperature was con-
trolled with 0.1�C accuracy.

Crystallization was monitored through a change in
the refractive index of a liquid phase sample. Pre-
liminarily, the nD

T
�cet calibration plots were built for

each ethanol concentration and temperature. A linear
dependence nD

T
�cet was observed for the concentration

range corresponding to supersaturated metastable state
of the solution. This is characteristic also for other
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substances [7]. The error in determination of xylitol
concentration in aqueous-ethanolic solution by the
refractive index was 0.05 g per 100 g of the solvent,
which corresponds to the interval from �0.25 (in 60%
ethanol) to �2 rel% (in 90% ethanol) at 5�C.

The crystalline products obtained were examined
microscopically to estimate the granulometric com-
position. Linear dimensions of a large number of par-
ticles (>60) were measured under a microscope
equipped with a special scale. Each crystal was meas-
ured along two mutually perpendicular directions, and
the average value L was taken as its linear size. Micro-
scopic analysis allowed determination of the size
distribution of particles in the fraction (%) [8].

The data on xylitol crystallization under various
conditions in the form of typical kinetic curves are
shown in Fig. 1. The xylitol solubility cs at fixed
temperature and solution composition is shown by a
dashed line. The analysis of the kinetic curves showed
that the increase in the ethanol concentration cet in
the intercrystallite liquor of the xylitol suspension
accelerates xylitol separation into the solid phase. For
example, at 25�C, xylitol crystallization proceeds
by a factor of 11 faster in 90% than in 60% ethanol
(Table 1). The time of decrease in the degree of solu-
tion supersaturation from 1.86 to 1.10 was taken as
the time of xylitol crystallization.

The initial period of xylitol crystallization is satis-
factorily described by the equation [9]

J = KN cn
in, (1)

where J is the nucleation rate; KN, nucleation rate
constant; cin, initial xylitol concentration (g per 100 g
of solvent); and n, nucleation order.

When the crystallization has an induction period,
Eq. (1) transforms into Eq. (2):

log tind = Kind � nlog (cin/cs), (2)

where tind is the induction period (min); Kind, induc-
tion period constant; and cs, xylitol solubility (g per
100 g of solvent).

The slope of the linear dependence of log tind on
log (cin /cs) is equal to the nucleation reaction order n;
the latter changes for xylitol from n = 7 at cet =
60 vol % and 5�C to n = 30 at cet = 90 vol % and
40�C.

The rate of xylitol nucleation increases with in-
creasing temperature and cet, especially at M > 0.3,
which is connected with changes in the mixed solvent

(a)

t, min

t, min

(b)

Fig. 1. Kinetics of xylitol crystallization in aqueous�
ethanolic solutions at 5�C. (S) Degree of supersaturation
and (c) xylitol concentration (g per 100 g of the solvent).
Initial c: (a) (1) 55.0 and (2) 50.2; (b) (1) 5.0 and (2) 4.6.
cet (vol %): (a) 60 and (b) 90.

structure. Extrapolation of the linear dependences
described by Eq. (2) to the range of greater super-
saturation, where tind = 1, allows evaluation of maxi-
mum supersaturations Slim characterizing the upper
boundary of metastability and determination of the
region of stability of xylitol solutions as a whole. In

Table 1. Duration of xylitol crystallization t from aqueous-
ethanolic solutions*
����������������������������������������

cet, vol %
� t, min, at indicated temperature, �C
�������������������������������
� 5 � 25 � 40

����������������������������������������
60 � 285 � 345 � 930
70 � 110 � 122 � 380
80 � 70 � 80 � 117
90 � 25 � 32 � 85

����������������������������������������
* cet is the ethanol concentration in water�ethanol mixture;

the same for Table 2.
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Table 2. Fractional composition of xylitol crystals at various crystallization temperatures
������������������������������������������������������������������������������������

cet, vol %

� Content, %, of crystals of indicated size, mm
�������������������������������������������������������������������������
� >0.15 � <0.15 � >0.15 � <0.15 � >0.15 � <0.15
�������������������������������������������������������������������������
� 5�C � 25�C � 40�C

������������������������������������������������������������������������������������
60 � 82 � 18 � 58 � 42 � 54 � 46
70 � 66 � 34 � 50 � 50 � 41 � 49
80 � 40 � 60 � 42 � 58 � 18 � 82
90 � 0 � 100 � 0 � 100 � 5 � 95

������������������������������������������������������������������������������������

60% ethanol, Slim changes from 2.99 at 5�C to 2.12
at 40�C, and in 90% ethanol, from 2.40 at 5�C to 1.86
at 40�C. The decrease in the width of the metastable
zone with increasing cet satisfactorily agrees with the
theory connecting a decrease in Slim with decreasing
solvent permittivity (�H2O = 82.1 and �C2H5OH = 25.0
at 20�C [11]).

The second stage of bulk xylitol crystallization
from aqueous-ethanolic solutions involves direct for-
mation of crystalline precipitates. At fairly high solu-
tion supersaturation, when the rate of back dissolution
from the surface of growing crystals can be neglected
and the surface area after attaining the maximal rate
of the process changes insignificantly, the expres-
sion derived from the chemical kinetics equation for
heterogeneous reactions [9]

�t = A � B log (c/cs), (3)

is valid. Here �t = t � tind, A = (1/K1) log (cin /cs), B =
1/K1, t is the total time of observation (min), and
K1, the rate constant of xylitol crystal growth (min�1).

The applicability of Eq. (3) to xylitol crystalliza-

�t, min

log (c/cs)

Fig. 2. Logarithm of the degree of supersaturation of xylitol
aqueous-ethanolic solutions c /cs as a function of crystal-
lization time �t at various temperatures. cet (vol %): (1,
2) 60, (3) 70, and (4, 5) 80. Temperature (�C): (1, 5) 25
and (2�4) 5.

tion from aqueous-ethanolic solutions is confirmed by
the linear dependence of log (c /cs) on the crystalliza-
tion time �t (Fig. 2).

The first order of the crystallization reaction under
isothermal conditions shows that the xylitol crystalli-
zation rate is limited by the rate of diffusion of polyol
molecules to the surface of growing crystals.

It was found that, as the ethanol concentration in
the mixed solvent is increased, e.g., from 80 to
90 vol %, the xylitol crystallization rate increases by a
factor of approximately 3 (K1 increases from 1.7 �

10�3 to 4.9 � 10�3 min�1). For cet = 80�90 vol %, the
linear dependence of log (c /cs) on �t keeps at S 1.1�
1.3, and for cet = 60�70 vol %, at S = 1.2�1.5.

These S values characterize the width of the first
zone of metastability in the xylitol�ethanol�water
phase diagram. In this region of supersaturation,
already existing crystals grow without formation of
new crystallization centers, which is very important
for the technology of xylitol crystallization.

A microscopic estimation of the fractional com-
position of xylitol crystals prepared in kinetic experi-
ments showed that the crystal size substantially
depends of cet and T (Table 2). At cet < 80 vol %,
larger crystals are formed.

Under industrial conditions, massecuite crystals
should be capable of further growth in the ethanolic
solution characterized by supersaturations correspond-
ing to the first metastable zone.

To prevent the secondary nucleation, ethanol
should be introduced into the crystallizing system
gradually. To obtain larger crystals, the cet value in
the intercrystalline liquor should not exceed 80 vol %
(Table 2).

CONCLUSIONS

(1) A study of xylitol crystallization as a function
of the degree of the initial solution supersaturation,
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solvent composition, and temperature revealed the
main kinetic characteristics of this process: maximal
supersaturation of solutions in the form of the first
and second metastability boundaries, induction period,
nucleation reaction order, and the rate constant of
xylitol crystal growth.

(2) The data obtained were used to choose the
optimum mode of xylitol crystallization on the labora-
tory and semicommercial scale and were taken into
consideration when designing the crystallization
apparatus.
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Abstract�A method for modification of a natural zeolite, a clinoptilolite-containing tuff, with compounds
based on titanium phosphate is suggested. The results obtained in a comparative study of sorption of heavy
metal ions on the initial and modified clinoptilolite are presented. The modifying effect of an additive is
discussed on the basis of IR and X-ray fluorescence spectroscopic data.

The selectivity of a natural zeolite, clinoptilolite,
toward ions of heavy and transition metals makes
promising its use for recovery of these elements from
aqueous solutions, industrial wastewater, and potable
water. However, the clinoptilolite-containing material
is rarely used in practice in its natural form, being,
as a rule, subjected to additional chemical pretreat-
ment to improve its sorption, mainly ion-exchange
properties [1].

The most widely used method for directed modi-
fication of a zeolite sorbent is cation-exchange modi-
fication, which consists in that the polycationic natural
material is transformed into a monocationic (H+,
Na+, Ca2+, NH4

+, etc.) form [2].

In contrast to the commonly accepted approach [2],
in this work we examined the possibility of improving
the performance of natural clinoptilolite by chemical
grafting of a modifying agent with good sorption and
selective properties. We believe that the most promis-
ing in this regard are compounds based on titanium
hydroxophosphates [3].

EXPERIMENTAL

As starting sorbent we took samples of a clinoptilo-
lite-containing tuff from the Sokirnitskoe deposit
(Transcarpathia). The modification was performed by
impregnating the polycationic matrix with a 1 M aque-
ous solution of TiCl4 in 1 M HCl (pH 0) with sub-
sequent drying and further treatment with a 1 M
H3PO4 solution. The resulting sorbent was washed
with distilled water to remove excess acid and salts
and dried at 100�110�C.

An analysis of the elemental composition of the
surface layer of the modified clinoptilolite samples by
X-ray fluorescence spectroscopy (VG ESCA-3 spec-
trometer with reference for determining the core elec-
trons, C1s line 284.4 eV) demonstrated that the Ti : P
ratio is within the range (1 : 3)�(1 : 1). The observed
scatter is probably due to inhomogeneity of the start-
ing natural material.

Sorption experiments were carried out under
dynamic conditions on a filtering column 0.8 cm in
diameter with the sorbent bed height of 10 cm (0.5�
1.0-mm fraction) and sorbent charge volume [1 c.v.
(column volume)] of 5 cm3. The filtration rate was
chosen to be 2.0 m h�1 (100 cm3 h�1, i.e., 20 c.v. h�1).
Model solutions containing 1�2 mg dm�3 of cop-
per(II), lead(II), and cadmium(II) ions were prepared
from potable tap water with total hardness of 3.7�
4.2 mg-equiv dm�3, which contained (mg dm�3) 60�
65 Ca2+ ions, 10�15 Mg2+ ions, and 0.3 iron ions;
pH 6.8�7.1. Preliminary studies revealed that no pre-
cipitation of heavy metal ions occurs in the working
range of concentrations (�10�5 M) and pH values
(6.8�7.1). The results obtained are in agreement with
the data of [3�5].

A comparative analysis of the output curves of
sorption of copper(II), cadmium(II), and lead(II) ions,
which were obtained on natural and modified clinopti-
lolite under the same conditions, demonstrated that
the degree of recovery of these elements with a modi-
fied sorbent is 2�2.5 times that with the natural ma-
terial. Data on the influence exerted by modification
on the sorption of Cd2+, Cu2+, and Pb2+ ions in the
dynamic mode are presented in Fig. 1. It can be seen
that, even on the background of a manyfold excess
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(by a factor of 50�100 for Ca2+ only) of alkaline-
earth elements present in tap water, the degree of re-
covery of the ions under study is sufficiently high. In
this case, as also in the case of titanium hydroxophos-
phates, the ions can be arranged in the order of in-
creasing degree of recovery as follows: Cu � Cd < Pb.

To reveal how the modifying agent is bound to the
natural zeolite, at what centers the modification oc-
curs, and what is reason for higher sorption of heavy
metal ions on the sorbent obtained, we examined the
IR spectra of the starting clinoptilolite and its modi-
fied form before and after sorption of ions. Samples
were in the form of KBr pellets or a mull in mineral
oil. The weighed portions taken for preparing KBr
pellets were chosen so that the bands under study
were peaked at 80�20% transmission. The spectra
were recorded on a Carl Zeiss Specord M80 instru-
ment in the spectral range 4000�400 cm�1. Since the
spectral manifestation of the processes that occur on
the surface is diffuse, the method of baseline and
internal reference [6] was used to ensure the adequacy
of the analysis performed. As the internal reference
we chose the band associated with bending vibrations
of water (� �1635 cm�1) [7]. Its shape, position, and
intensity are virtually the same for all of the samples
studied (Fig. 2).

It is known [7] that the strongest absorption in the
IR spectrum of clinoptilolite is observed in the range
900�1300 cm�1. This absorption is due to intra- and
extratetrahedral asymmetric stretching vibrations of
O�Si(Al)�O bonds. The absorption bands in the range
400�8500 cm�1 range are attributed to symmetric
stretching and bending vibrations of structural groups
of the aluminum�silicon�oxygen framework. An iso-
lated absorption band peaked at � �1635 cm�1 is
due to bending vibrations of sorbed water, and a
broad medium-intensity band of complex shape at
� �3400 cm�1 is associated with stretching vibrations
of hydroxy groups [7].

The results obtained in mathematical processing of
the spectral data in the region of absorption associated
with stretching vibrations of the O�H bonds (2900�
4000 cm�1) and the main absorption band of the zeo-
lite framework (850�1550 cm�1) are shown in Figs. 3
and 4, respectively. As seen from Fig. 3, modification
of clinoptilolite with titanium hydroxophosphate leads
to a decrease in the intensity of the high-frequency
(3600�3800 cm�1) wing of the absorption band as-
sociated with stretching vibrations of hydroxy groups
possessing basic properties [8�10].

The modification of clinoptilolite also manifests
itself in an increase in the intensity and halfwidth of

c, mg dm�3

Fig. 1. Output curves of sorption of (1, 1�) Cu2+, (2,
2�) Pb2+, and (3, 3�) Cd2+ on (I) natural and (II) modified
clinoptilolite. (c) Concentration of Cu2+, Pb2+, and Cd2+

in solution; (V) number of column volumes.

�, cm�1

Fig. 2. Absorption associated with bending vibrations of
water in (1) natural clinoptilolite and in its modified form
(2) before and (3) after sorption of Pb2+. (D) Optical
density and (�) wave number; the same for Figs. 3 and 4.

�, cm�1

Fig. 3. Range of absorption associated with stretching vib-
rations of OH groups in (1) natural clinoptilolite and that
modified with titanium hydroxophosphate, (2) before and
(3) after sorption of Pb2+.

the main absorption band of O�Si(Al)�O bonds,
peaked at � �1075 cm�1 (Fig. 4). Figure 4 also shows
the difference of the optical densities of the modified
and unmodified forms of clinoptilolite, which is a
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�, cm�1

Fig. 4. Absorption bands of aluminum�silicon�oxygen
framework of (1) natural and (2) modified clinoptilolite and
(3) difference of these two.

curve with two clearly pronounced peaks. The low-
frequency peak at � �1020 cm�1 is related to absorp-
tion of the modifying agent, since the main absorption
band in the IR spectrum of amorphous titanium hy-
droxophosphate is recorded in this spectral range. The
high-frequency peak (with � �1150 cm�1) arises in
the spectral range of absorption by strong aluminum�

silicon�oxygen bonds of the zeolite framework. The
appearance of additional O�Si(Al)�O bonds upon
modification indicates that the bonding between clino-
ptilolite and the modifying agent is covalent.

The decrease in the amount of hydroxy groups of
basic nature (Fig. 3, 3600�3800 cm�1), with simul-
taneous appearance of additional O�Si(Al)�O bonds
(Fig. 4, � �1150 cm�1), points to the active role of
these groups in the formation of covalent bonds bet-
ween the modifying agent and the starting zeolite.

Figure 3 also shows that the intensity of the low-
frequency wing of the absorption band associated with
OH groups with pronounced protonogenic properties
increases substantially in the course of modification.

After the modified clinoptilolite is used as sorbent
for ion recovery, the intensity of the low-frequency
wing of the absorption band associated with the OH
groups responsible for the acid properties of the sur-
face decreases. This decrease is shown for the exam-
ple of sorption of lead(II) ions in Fig. 3, curve 3. The
decrease (compared with the modified sample before
sorption) in the intensity of the low-frequency com-
ponent responsible for the acid properties of the sur-
face points to the cationic mechanism of sorption.
Here, only the following detail of interest should be
noted: the stronger the hydrogen in the protonogenic
OH group is covalently bound to oxygen (3500�
3150 cm�1 range), the lower its reactivity toward
cations [curve 3 occupies an intermediate position
between the absorption curves of the starting clinopti-
lolite (1) and its modified form (2)]. With increasing
ionic component in the bonding between hydrogen
and oxygen (2700�2500 cm�1 range), all the protono-
genic groups acquired in modification are �consumed�
for sorption of lead(II) ions (curve 3 coincides with
curve 1 of the starting clinoptilolite). It should also be
noted that OH groups are not involved at all in cation
sorption: the high-frequency wing (3800�3600 cm�1

range) of the absorption band of OH groups of modi-
fied clinoptilolite before sorption of lead(II) ions
(curve 2) completely coincides with that upon sorp-
tion of these ions (curve 3).

The following should be taken into account when
analyzing the reaction of the modifying agent with the
surface of clinoptilolite: (a) IR data (role of basic
hydroxy groups in grafting of the modifying agent);
(b) the fact that titanium tetrachloride even at pH 0 is
hydrolyzed in aqueous sulfuric acid solutions to give
hydroxochlorides and hydroxo complexes [11], which
form poorly soluble titanium hydroxophosphates in
their subsequent reaction with phosphoric acid [3];
(c) elemental ratio Ti : P in the surface layer. Then this
reaction can be represented as the following scheme:

������������
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���Al(Si) Al(Si)� ��O�Ti�

��OH
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�����
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where n = 0, 1, 2, and 3.

Additional sorption of cations on modified clino-
ptilolite is due to protons of grafted dibasic groups of
phosphoric acid, with different dissociation constants

[5]. The ionization of phosphoric acid groups mainly
by the first step at working pH values of 6.8�7.1 pre-
determines the involvement of three equivalent proto-
nogenic groups in the ion exchange.
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CONCLUSIONS

(1) A new, highly efficient sorbent for heavy metal
ions, with sorption characteristics exceeding those of
the initial sorbent, was obtained by modifying a na-
tural zeolite, clinoptilolite, with titanium hydroxo-
phosphate.

(2) The results of IR studies, X-ray fluorescence
spectroscopy, and sorption measurements led to a
conclusion that the modification of clinoptilolite con-
sists in grafting to its surface of titanium hydroxo-
phosphate compounds with increased concentration of
OH groups, which can exchange their protons for
cations of heavy metals. It is the additional contribu-
tion of this cation exchange to the ion exchange com-
monly observed in natural zeolites that gives rise to
improved sorption properties of modified clinoptilolite
samples.
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Abstract�A technology for manufacture of a high-strength catalyst for decomposition of spent sulfuric acid
is presented.

One of the most difficultly utilizable industrial
wastes is spent sulfuric acid (SSA), which is mainly
composed of H2SO4 and organic or inorganic impuri-
ties and water. More than one third of spent sulfuric
acid is produced by oil refining and petrochemical
industries.

The domestic and foreign experience demonstrates
that the most efficient method for SSA utilization is
thermal decomposition of sulfuric acid wastes to SO2
in a fluidized bed of a thermally stable wear-resistant
catalyst [1, 2]. This method is versatile, since it can be
used to decompose SSA of various qualitative and
quantitative compositions. The catalyst operation
under the process conditions is affected not only by
the fluidized bed mode, but also by temperature and
high corrosive activity of the medium. Therefore,
stringent requirements are imposed upon catalysts for
SSA decomposition. This, in the first place, refers to
such a constituent of the catalysts as supports.

It has been shown [2, 3] that the most effective
catalysts for thermolysis of sulfuric acid are Fe2O3,
V2O5, CuO, and Cr2O3. The activity of a catalyst is
determined not only by its chemical composition, but
also by the surface area accessible to reagents, i.e.,
by its pore structure.

It is virtually impossible to directly use metal
oxides in high-temperature processes such as ther-
molysis of sulfuric acid. This is due to the fact that
their initially not-too-large specific surface area de-
creases rapidly because of the agglomeration of fine
particles to give coarser aggregates. As a result, the
activity of such catalysts decreases in the course of
time. The performance of a catalyst and its thermal
stability can be raised by distributing a metal oxide
over the surface of an appropriate porous support.

In [3], SiO2 (silica gel, diatomite, Aerosil) and �-
Al2O3 were tested as supports for iron oxide catalysts.
These supports are not inert toward decomposition of

sulfuric acid. It has been demonstrated that silica gel
is the most active in the process in question, apparent-
ly because of its more developed surface. For exam-
ple, the activity of the Fe2O3 catalyst on SiO2 is ap-
proximately 3 times that of Fe2O3 on �-Al2O3. How-
ever, after 45 h of operation, the specific surface area
of the catalyst on silica gel decreased by a factor of
approximately 12, and that of the catalyst supported
by aluminum oxide, by a factor of only 4. The pre-
dominant pore radius changed from 6�10 to 80�
400 nm in the first catalyst, and from 8�10 to only
10�30 nm in the second. Apparently, the higher melt-
ing point of �-Al2O3 results in that its microstructure
changes in catalyst operation at a considerably slower
rate, compared with that of silica gel, i.e., the thermal
stability of �-Al2O3 is higher.

It should be remembered here that phase equi-
librium conditions may change in objects including
small-size particles. One of manifestations of this ef-
fect is the depression of the melting point of dispersed
particles, which can be described by the equation [5]

T = Tm(1 � 2���/R�m), (1)

where Tm is the melting point of a bulk sample; �,
volume per particle; ��, change in the surface energy
across the interface; R, particle radius; and �m, heat
of melting.

It follows from Eq. (1) that the smaller the particle
radius, the stronger the depression of its melting point.
In a real catalyst, which contains particles of various
size, finer particles will undergo melting earlier, the
melt will fill spaces between coarser particles, and
solid�liquid agglomeration will begin [5�7].

According to H�uttig [5], the onset temperature of
agglomeration is about 0.45 of the melting point:

Tonset aggl. � 0.45Tm. (2)
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Table 1. Parameters of aluminum oxide
������������������������������������������������������������������������������������

Fraction, mm
�

�bulk, kg m�3
�

Ssp, m2 g�1
�

�wear, %
�

Vw, cm3 g�1
� Na2O � Fe2O3

� � � � ���������������������
� � � � � wt %

������������������������������������������������������������������������������������
1.5�2.0 � 640 � 128 � 0.1 � 0.48 � 0.05 � 0.05
0.8�1.0 � 710 � 250 � 0.2 � 0.90 � 0.02 � 0.05

������������������������������������������������������������������������������������

To synthesize thermally stable catalysts, it is advis-
able to use substances whose agglomeration onset
temperature exceeds the process temperature. When
considering silica gel (Tm = 1725�C) and aluminum
oxide (Tm = 2050�C) in this regard, preference should
be given to the latter.

Thermocatalytic decomposition of SSA, and espe-
cially that in a fluidized bed, imposes specific require-
ments upon a catalyst to be used, with account of the
very severe operation conditions (corrosive medium,
high temperature, collisions and friction of grains).
Therefore, it is the support and only the support that
can ensure high stability of a catalyst under these
conditions. Such a support should possess, in addition
to the necessary macrostructure, high mechanical
strength that is preserved during a long service life.

Silica gel, whose porous structure is transformed
significantly, fails to meet this requirement even in
the initial period of its operation. As for other alterna-
tive supports of silicate nature, such as diatomite,
Aerosil [6], aluminosilicate, and zeolite [6], all of
these show the same shortcomings as silica gel. Under
the reaction conditions, they undergo intensive ag-
glomeration, lose their strength, and their active com-
ponent is carried away, with the resulting loss of
activity. All this gives no way of considering silicate
materials to be promising supports of catalysts for
thermal decomposition of SSA.

As regards the strength and thermal stability of
aluminum oxide, it may be stated that they depend on
a variety of factors, which can be combined in a single
notion of preparation conditions. These include both
the synthesis of Al2O3 itself and its further modifica-
tion to obtain the required properties.

EXPERIMENTAL

Fabrication of a support for a catalyst for SSA de-
composition was based on the best, for the case in
question, properties of aluminum oxide and silica gel.
As starting material was taken spherical granulated
�-Al2O3 whose main parameters are listed in Table 1

(bulk density �bulk; specific surface area Ssp; wear
resistance 	wear; pore volume for water Vw; content
of Na2O and Fe2O3 impurities).

Since aluminum oxide rapidly loses its strength in
SSA decomposition under the action of water and SO3
vapors, it was of interest to protect its surface from
the influence of these factors. In this case, SiO2 may
prove to be a good modifying agent because of its
chemical stability under the conditions of SSA de-
composition. There have been several reports [8, 9] on
the strengthening, hydrophobizing, and protective
action of film coatings based on polyorganosiloxanes.
Among monomeric oxygen-containing organosilicon
compounds, the most widely used in practice are pure
esters of orthosilicic acid, especially tetramethoxy-
silane and tetraethoxysiliane (TEOS). Organosilicon�
aluminum compounds containing an Si�O�Al group
are of particular interest, since they are models of
highly stable compounds, aluminosilicates, which
widely occur in the Earth’s crust.

The binding of hydrophobic films to materials is a
result of their interaction with the reactive groups of
the surface. For example, treatment of inorganic ma-
terials that contain a surface Al�OH group with sili-
con-functional organic compounds yields a firmly
adhering film that covers the surface being treated as
a monomolecular layer. The film is so thin that it does
not close even the finest pores of the material [8].

Silicon dioxide was deposited by treating the start-
ing spherical �-Al2O3 with ethyl ester of orthosilicic
acid, TEOS. A weighed portion of aluminum oxide
was placed in a glass reactor with a reflux condenser
and a thermometer. A calculated amount of TEOS and
a diluent were charged into the same reactor to liquid
to solid ratio l : s = 1.15�1.20, so that aluminum
oxide was completely covered with the solution. Since
TEOS undergoes deep hydrolysis in water, to the
point of formation of a sol of silicic acid, ethanol,
which can be mixed with TEOS in any ratio, was used
as diluent. The presence of a solvent favored more
uniform deposition of SiO2 onto the support surface.
The filled reactor was heated on a sand bath to 80�
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p, MPa

SiO2, wt %

Fig. 1. Crushing strength P of a support calcined in an air
flow vs. the amount of deposited modifying agent SiO2.

SiO2, wt %

�, h
Fig. 2. Amount of deposited SiO2 vs. the treatment dura-
tion �.

85�C and kept at this temperature for 1�3 h. After
the siliconizing was over, the support was discharged
and dried at room temperature in the course of 8�10 h.
The dried support contained in its pores a small
amount of diethyl ether, which was completely burned
out in the subsequent calcination of the sample in an
air flow at 500�550�C.

The necessary amount of TEOS was approximately
determined with account of the amount of SiO2 (%) to
be deposited:

VTEOS = mSiO2
/mAlO3

= mSiO2
MTEOS GAl2O3

/(100 � mSiO2
)MSiO2

�TEOS, (3)

where VTEOS is the calculated volume of TEOS (ml);
mSiO2

and mAl2O3
, amounts of substances (%);

MTEOS and MSiO2
, molecular masses of TEOS and

silicon dioxide; GAl2O3
, weighed portion of aluminum

oxide (g); and �TEOS, TEOS density (g cm�3).

To determine the amount of the actually deposited
SiO2, siliconized samples were subjected to chemical
analysis. To find the optimal amount of the modifying
agent, a set of �-Al2O3 samples with varied content of
SiO2 was prepared. Tests demonstrated that modifica-
tion markedly improves the strength characteristics of

the support, with its crushing strength increasing vir-
tually in direct proportion to the amount of the modi-
fying agent deposited (Fig. 1). It was found that, in
the case of calcination of samples treated with TEOS
in a muffle furnace, their strength is 2�3 MPa lower
than that in calcination at the same temperature in
an air flow.

This can be explained by taking into account the
fact that the ether is oxidized with an increase in
volume. In calcination in an air flow, most part of the
ether, which is highly volatile, is carried away from
its pores at the very beginning of heating, when the
oxidation rate of the ether is low and its combustion
actually occurs outside a support grain. In the case
of the 
stagnant� zone of a muffle furnace, some part
of diethyl ether has enough time to be oxidized direct-
ly within the support pores. The products formed in
the process exert a disjoining effect on its structure, so
that some contacts of the structure disintegrate and
the strength of the support decreases. Thus, to obtain
catalysts with the highest strength, it is advisable to
use supports calcined in an air flow. The results of
experiments demonstrated that it is impossible to
deposit more than 16�18 wt % SiO2 by the procedure
suggested. Attempts to raise the content of SiO2 by
longer treatment of aluminum oxide with TEOS failed
to produce any significant results. As seen from
Fig. 2, the greatest amount of SiO2 is deposited in the
first 1.5�2 h of treatment. Extending the duration
of siliconizing to 3�3.5 h made it only possible to
deposit additional �0.5 wt % SiO2.

Originally, this fact was attributed to the possible
consumption of the whole amount of TEOS. There-
fore, one of samples was subjected to three successive
treatments (for 1.5 h each), every time in a fresh
TEOS solution in ethanol.

This method made it possible to raise the content
of SiO2 in the sample to a somewhat greater extent
than in the case of a longer single treatment. However,
in this case also, the gain was too small in relation to
expenditure. For example, the first siliconizing run
produced 11 wt % SiO2 on the Al2O3 surface, whereas
the contributions of the second and third runs were
only 3.3 and 1.9 wt % SiO2, respectively.

The limitations on the amount of deposited SiO2
can only be attributed to the presence on the surface
of Al2O3 of a limited number of functional groups
that can react with TEOS by the molecular layer
deposition mechanism [10]. A certain increase in the
content of SiO2 upon several successive siliconizing
runs can be accounted for by the fact that, after all the
available surface OH groups are spent, there remains
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a fraction of unshielded Al2O3 surface containing
aluminum ions with unsaturated coordination. These
ions are Lewis acid centers [1]. Thus, the limit on the
amount of SiO2 directly bound to the Al2O3 surface
depends on specific features of the surface of alumi-
num oxide, which, in turn, is a function of process
parameters of Al2O3 synthesis.

A study of the silicon distribution in a siliconized
sample by X-ray fluorescence microanalysis demon-
strated that this distribution is uniform across the
entire grain. Figure 3 shows typical concentration
profiles of aluminum and silicon along the grain diam-
eter, obtained with an electron-beam microprobe.

However, this method tells nothing about how sili-
con is distributed with respect to the Al2O3 phase.
Comparison of the concentration ratios cSi/cAl of sili-
con and aluminum, calculated using results of chemi-
cal analysis and data on elemental composition, fur-
nished by X-ray photoelectron spectroscopy (XPS),
confirms the surface distribution of silicon on Al2O3
(Table 2).

The XPS technique yields information about the
qualitative and quantitative elemental composition of
the surface layer (with thickness of several nano-
meters, usually 2�5 nm) of the sample, whereas the
conventional chemical analysis determines the content
of an element related to the whole bulk of the sample
under study. The clearly overestimated XPS data,
compared with the results of chemical analysis
(Table 2), suggest that silicon is concentrated just
in the surface layer of the sample. This fact, in com-
bination with the data of X-ray fluorescence spectros-
copy (Fig. 3), demonstrates that silicon is rather uni-
formly distributed over the entire external and internal
surface of Al2O3.

The whole body of the data obtained suggests
that the increase in the sample strength is due to
strengthening of a number of individual contacts via
deposition of SiO2 at connection points of grains with
Al2O3.

To make a final choice of a support, catalysts were
synthesized both on the initial and on the siliconized
�-Al2O3. Iron and copper oxides were used as active
components of the catalyst for SSA decomposition.

The catalysts for carrying out this process in a
fluidized bed were prepared by impregnating a sup-
port with solutions of salts of the active components
at 90�C in the course of 3 h with intermittent agita-
tion. The liquid to solid phase ratio was taken to be
1.5. The samples obtained after the impregnation and
separation of the solid phase from the liquid were

dg

Fig. 3. Aluminum and silicon concentration profiles c along
the diameter dg of a siliconized support grain.

dried at 110�C and then calcined at 700�800�C for
3 h. The calcination temperature was chosen with
account of the working temperature of the catalyst.

It is known that finely grained catalysts should be
used to obtain an effective fluidized bed. The experi-
ence of numerous researchers shows that, with a cata-
lyst supported by 0.8�1.0-mm Al2O3 fraction, thermal
decomposition of SSA is kinetically controlled. Since
virtually the entire surface of the catalyst works in this
case, its composition should be uniform across the
whole grain to improve its performance to the maxi-
mum possible extent. Such a uniformity is also im-
portant in connection with the abradability of the
catalyst in the fluidized bed. Therefore, it is important
to reveal how the distribution of active components is
affected by siliconizing.

To determine the influence exerted by the support
and method of its impregnation on the distribution
of the active components in a catalyst grain, two
sets of samples were fabricated: set 1 on the starting
�-Al2O3 and set 2 on siliconized �-Al2O3. In both
sets, aqueous solutions of iron and copper nitrates,
Fe(NO3)3 
9H2O and Cu(NO3)2 
3H2O, with concen-
trations of 150 and 100 g l�1, respectively, were used
as impregnating media. The methods of impregnation

Table 2. Content of silicon in siliconized aluminum oxide
����������������������������������������

Sample
� cSi/cAl ratio
���������������������������������

no. � surface � bulk
����������������������������������������

1 � 0.25 � 0.10
2 � 0.42 � 0.17

����������������������������������������
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Table 3. Methods of impregnation and content of active components, CuO and Fe2O3, in catalyst samples
������������������������������������������������������������������������������������

Set 1, support 	-Al2O3 �

Order of impregnation

� Set 2, support 	-Al2O3 + 15 wt % SiO2
������������������������ �������������������������������

sample
� CuO � Fe2O3 � �

sample
� CuO � Fe2O3

������������������ � �����������������������
no. � wt % � � no. � wt %

������������������������������������������������������������������������������������
1-1 � 5.42 � � �Cu(NO3)2 � 2-1 � 5.40 � �

1-2 � � � 5.85 �Fe(NO3)3 � 2-2 � � � 5.00
1-3 � 2.82 � 5.30 �Simultaneously from a solution of � 2-3 � 3.46 � 4.15

� � �Fe(NO3)3 and Cu(NO3)2 � � �
1-4 � 4.17 � 5.63 �Successively (1) Fe(NO3)3, (2) Cu(NO3)2� 2-4 � 4.20 � 4.86
1-5 � 5.36 � 4.23 �Successively (1) Cu(NO3)2, (2) Fe(NO3)3� 2-5 � 5.32 � 3.71

������������������������������������������������������������������������������������

and the results of a chemical analysis of the samples
obtained are listed in Table 3.

Measurements of the strength of the samples ob-
tained demonstrated that it corresponds to the strength
of the supports used, being equal to 13.0�14.2 MPa
for samples of set 1 and 20.5�22.0 MPa for samples
of set 2.

The results of chemical analyses are very close for
the samples of both sets and give no way of making
choice in favor of one of the two supports. However,
a study of these samples revealed the following re-
markable pattern. The distribution of copper in cata-
lysts 1-1 and 2-1 is virtually uniform across a grain
of each of the supports, whereas the concentration
profiles of iron along the grain diameter are strongly
different in samples 1-2 and 2-2 (Fig. 4). In 
pure�
�-Al2O3, this distribution is of typical 
crust� nature,
whereas in the siliconized sample it is nearly uniform.
The same characteristic features are observed for the
distribution of active components in binary catalysts
(Fig. 5).

The nonuniform distribution of iron is, in contrast
to that of copper in pure �-Al2O3, a consequence of

dg dg

Fig. 4. Iron concentration profiles c along catalyst grain
diameter dg (Table 3).

the ability of iron(III) hydroxide, which appears in
the impregnating solution through hydrolysis of
Fe(NO3)3, to form a colloid system. In this case, the
size of aggregates of Fe(OH)3 sol particles is in the
range 1�100 nm [12]. If account is taken of the fact
that the predominant pore radius of the Al2O3 used is

dg dg

Fig. 5. Iron and copper concentration profiles c along
catalyst grain diameter dg (Table 3).
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6�10 nm, it becomes understandable why iron hy-
droxide cannot penetrate inside a grain. The finest col-
loid particles penetrate into the accessible pores and
block the way for other, coarser particles. The situa-
tion is aggravated by a sol�gel transition that occurs
as a result of heating in the course of impregnation. In
this case, the main part of Fe(OH)3 deposited is con-
centrated in the surface layer of grains in the form
of a ring (Fig. 4, sample 1-2). If the impregnating
Fe(NO3)3 solution is sufficiently concentrated, a thick
layer of Fe(OH)3 is accumulated on the outer surface
of a support grain. In thermal treatment of the sample,
this layer is converted to an Fe2O3 layer which is
poorly bound to the substrate and is easily lost even
in charging into apparatus, not to mention the opera-
tion in a fluidized bed.

In the case of binary samples fabricated by impreg-
nation with a solution that contains two salts simul-
taneously, formation of coarse colloid particles of
Fe(OH)3 hinders uniform distribution of copper
(Fig. 5, sample 1-3). In this case, the total content of
CuO in sample 1-3 is lower than that in samples 1-1,
1-4, and 1-5 (Table 3), in which the copper compound
is deposited from solutions that contain no other
cations. If a support is first impregnated with an
Fe(NO3)3 solution and calcined, after which cop-
per(II) nitrate is deposited, then, in the absence of
Fe(OH)3, copper is distributed uniformly (Fig. 5,
sample 1-4), as in the case of a 
pure� support. If
impregnations are performed in reverse order, the iron
concentration profile changes somewhat (Fig. 5,
sample 1-5), but its distribution is still far from being
uniform.

To obtain a uniform distribution of iron, it is, ap-
parently, necessary to preclude formation of a colloid
solution, i.e., to suppress hydrolysis occurring by
the reaction

Fe(NO3)3 + H2O = Fe(OH)3 + HNO3.

This equilibrium can be shifted to the left by intro-
ducing a strong acid into the reaction zone. However,
this may exert disintegrating influence on aluminum
and thereby impair its strength. The problem was
resolved by siliconization of the support.

An IR study of pyridine adsorption onto the surface
of pure and siliconized �-Al2O3 made it possible to
establish the nature of acid centers present on the sur-
face. Only Lewis acid centers are present on the sur-
face of Al2O3. Siliconizing leads to appearance of
additional Brønsted centers, whose amount is the

dg

Fig. 6. Iron concentration profile c along the diameter
dg of �-Al2O3 grain.

greater, the larger amount of SiO2 is bound to the
surface of Al2O3.

Comparison of the iron concentration profiles in
catalysts based on pure and siliconized �-Al2O3
(Figs. 4 and 5) suggests that it is the presence of
Brønsted acid centers on the support surface in sam-
ples of set 2 that is responsible for the uniform distri-
bution of iron across a grain.

This conclusion is confirmed by the iron distribu-
tion on porous corundum �-Al2O3 (Fig. 6). The
corundum was obtained by calcination of the starting
�-Al2O3 at 1300�C for 3 h. Similarly to pure �-Al2O3,
�-Al2O3 has no Brønsted acidity. Of interest is the
fact that, despite the very large pore size in this sam-
ple (100�1000 nm), only trace amounts of iron can be
introduced inside its grains in the form of a thin con-
centrated ring on the grain surface. Such a distribution
of iron is favored by the visually observed process of
coagulation of the Fe(NO3)3 sol, which occurs in
�-Al2O3 impregnation with exceedingly high intensity
and leads to clogging of even so coarse pores.

In impregnation of siliconized �-Al2O3, nothing,
apparently, prevents the occurrence of Fe(OH)3 hy-
drolysis in the bulk of the impregnating solution.
However, the forming Fe(OH)3 aggregates approach
the surface exhibiting a Brønsted acidity and experi-
ence there its peptizing effect. In this case, coarse col-
loid particles of Fe(OH)3 disintegrate into finer par-
ticles, which freely penetrate into the support pores.

Thus, the advantage of siliconized �-Al2O3 over
a pure support is not limited to an increase in mech-
anical strength. One more important advantage is
that active components can be uniformly deposited
throughout the catalyst grains.

To find the optimal impregnation method, kinetic
characteristics of the catalysts of set 2 were studied on
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, %

T, �C
Fig. 7. Degree � of sulfur trioxide SO3 decomposition on
various catalysts vs. temperature T. Catalyst: (1) platinum,
(2) 2-3, (3) 2-4, (4) 2-1, (5) 2-5, and (6) 2-2 (Table 3).

a laboratory installation in a process that models the
thermocatalytic decomposition of SSA. The results
obtained are presented in Fig. 7. For comparison, the
activity of a platinum catalyst is shown in the same
figure.

As for single-component samples, contrary to the
existing opinion, the catalyst based on copper oxide
much exceeded in activity the iron oxide catalyst
(Fig. 7, samples 2-1 and 2-2).

Among the binary catalysts, the highest activity
was observed for sample 2-3 fabricated by simultane-
ous impregnation with a solution of salts of both
metals. Catalysts 2-4 and 2-5, which contain an even
greater amount of active components than sample 2-3
(Table 3) and are characterized by a similar distribu-
tion of these components across a grain (Fig. 5), but
were fabricated by successive impregnation have
lower activity than catalyst 2-3 (Fig. 7, samples 2-3,
2-4, and 2-5).

An XPS study of the samples demonstrated that the
active components are formed in the form of copper
ferrite, with a minor amount of free oxides CuO and
Fe2O3.

The enhanced activity of ferrites, compared with
that of individual oxides, is known [6]. Taking into
account this fact, it can be assumed that the highest
activity of sample 2-3 is due to the existence of the
optimal conditions for formation of the copper ferrite
phase in simultaneous impregnation of the support
with a solution of two salts.

CONCLUSIONS

(1) A catalyst for utilization of spent sulfuric acid
with low content of organic impurities was developed.

It was established that it is advisable to use copper
and iron oxides supported by siliconized �-Al2O3 as
active components.

(2) Electron microprobe analysis was applied to
study the distribution of the active components in
a catalyst grain.

(3) The optimal method for depositing active com-
ponents consists in simultaneous impregnation of a
support with a solution of iron and copper salts. In
this case, copper ferrite, which exhibits enhanced
catalytic activity, is formed in the final stage of cata-
lyst fabrication, its calcination.
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Abstract�The procedure for cleaning polycrystalline fibers of electrolytic silver used as a catalyst for gas-
phase oxidation of ethylene glycol to glyoxal was developed with the aid of X-ray photoelectron spectroscopy.

Unsupported compact metals are used as catalysts
of some important industrial reactions. The typical
feature of the catalytic reactions performed under rigid
conditions is segregation of impurities on the catalyst
surface. These impurities can partially or completely
poison the catalyst. As a result, the behavior of the
catalytic system at varied external parameters (tem-
perature and pressure of reactants) becomes irre-
producible. As a rule, the catalyst is contaminated by
the impurities contained in the initial material used for
the catalyst production or by impurities introduced in
the course of the catalyst production. The problem
of the surface cleanness arises for both pilot and in-
dustrial catalysts. Measurements of physicochemical
properties of contaminated compounds can be incor-
rect. Purification of these samples under rigorous con-
ditions (calcination, etching, etc.) can also make their
properties worse.

Silver is one of widely used metallic catalysts for
preparing ethylene oxide [1], formaldehyde, acetalde-
hyde, and glyoxal [2] by heterogeneous oxidation.
Practically important vapor-phase oxidation of ethyl-
ene glycol into glyoxal is catalyzed by both compact
and supported silver [3].

The best catalyst for glyoxal synthesis is polycrys-
talline silver fiber prepared by electrolysis of a silver
chloride melt [4]. This catalyst has a unique nano- and
microstructure stable to reactive chemical media at
800�900 K. The results of the study of these silver
catalysts prepared by the electrolytic procedure make
a great contribution to the theory of heterogeneous
catalysis with metals. Fibrous silver catalysts should
be free of process and other impurities. However,
investigation of their surfcae by surface-sensitive
methods shows the presence of various impurities.

In this work, the states of surface atoms and the
chemical composition of the surface of silver fiber
samples taken in different steps of their preparation,
purification, and application as catalysts were studied
by X-ray photoelectron spectroscopy (XPS). Based on
the experimental data, a nondestructive procedure for
cleaning the surface of silver crystals with preserva-
tion of their morphological and structural features was
proposed. As determined by XPS, the surface of the
silver catalyst treated under actual catalytic conditions
is almost free of impurities.

EXPERIMENTAL

Filamentary silver crystals were prepared by elec-
trolysis of an AgNO3 melt in an open electrolysis bath
with a rotating cathode (T = 543�560 K, 32�34 wt %
AgNO3 in a KNO3�NaNO3 melt) [4]. A scanning
electron microscopic (SEM) study shows that these
samples consist of silver needles with a smooth sur-
face (Fig. 1), which are formed by topochemical proc-
esses occurring in the course of electrolysis of the
melt of metal nitrates. Silver crystals formed under
these conditions have a developed dendrite structure
with a great number of surface defects [4].

The chemical composition of the surface of silver
catalyst was studied by XPS using a VG ESCALAB
spectrometer. The spectra were recorded by the proce-
dure described in detail in [5�7].

Electrons were emitted from the samples under the
action of soft AlK� X-ray radiation. The free path
of the electrons � was in the range 20�30 � depend-
ing on their energy, which allowed the study of the
sample surface to a depth of 3�, i.e., 60�90 �.

The samples were fixed in air in a holder with a
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1 �m

10 �m

Fig. 1. Surface morphology of silver crystals prepared by
electrolysis of AgNO3 melt (SEM pattern).

conducting two-side scotch tape stable in a vacuum.
Prior to recording XPS spectra, the samples were
evacuated in a pretreatment chamber to a residual
pressure of P = 10�2 mPa. Then they were moved into
the analyzer chamber and evacuated to the residual
pressure of about 10�4 mPa. The main background
gases were CO, CO2, and H2O.

The spectral data were treated with the aid of the
conventional graphical packages and CALC special
original software. To estimate the chemical composi-
tion quantitatively, the precision spectra of the most
intense bands of the elements were recorded. The con-
centration ratio of the elements in the samples was
determined from the integral intensities of the bands
of definite atomic levels, taking into account the
tabulated empirical factors of atomic sensitivities [8].

Silver samples (2 cm catalyst bed) were treated in a
flow catalytic reactor with a mixture of EG (ethylene
glycol), O2, N2, and H2O in different molar ratios.

The reactor made from stainless steel tube 15 cm long
and 2 cm in diameter was connected with a contact
condenser arranged below the catalyst bed. The reac-
tion products were analyzed chromatographically [9].

The total XPS spectra of one of the silver fiber
samples is shown in Figs. 2Ia, and the detailed spec-
tra, in Figs. 2Ib and 2Ic. The spectrum of the initial
sample prepared by the electrolytic procedure contains
the bands of bismuth, zinc, chlorine, and copper im-
purities along with the major bands of silver, carbon,
and oxygen.

Carbon and oxygen are present in all the silver
samples and are not considered as impurities for
catalytic oxidation of organic molecules. Chlorine can
be removed by preliminary heating of the catalyst in
an oxygen atmosphere, or it disappears in the course
of the catalytic process. Other impurities, Bi, Cu, and
Zn, cannot be removed by the redox treatment. In the
course of the catalytic processes, their concentration
on the silver surface increases owing to diffusion of
these elements from the bulk of the catalyst (Fig. 2I,
curve 2). In addition, sodium appears on the catalyst
surface.

The concentration ratios of these elements were
determined by XPS assuming that they are uniformly
distributed in the catalyst (Table 1). As seen from
Table 1, these ratios are relatively high. It should be
noted that the metal impurities are accumulated on the
silver surface owing to their segregation and under
the action of the oxidative media promoting capture of
metal atoms and their oxidation. As a result, the
impurity/silver concentration ratio on the surface in-
creases by a factor of 5�6. Thus, as seen from Table 1,
large area of the surface of the initial samples is coated
by impurity metals. In the course of the catalytic reac-
tion, almost the whole surface can be coated with
these impurities, and the catalyst can be partially and
completely deactivated.

Thus, effective cleaning of the crystal surface with
preservation of the unique morphological and defec-
tive structure of silver fiber is an urgent problem. In
this case, etching of the surface with nitric acid does
not furnish the desired result, since the impurities are
present not only on the surface but also in the bulk of
the sample.

To remove impurities from the sample, we treated
its surface with hydrofluoric acid. This acid does not
react with silver and selectively dissolves the impuri-
ties. The treatment was performed as follows.

(1) Filamentary silver crystals are sintered with an
organic filler at 923 K for 3 h in an air flow to form
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(I)(b) (c)
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Fig. 2. (a) Total XPS recorded and (b, c) fragments of these spectra containing characteristic bands of the surface impurities.
(Eb) Binding energy. (I) (1) initial silver crystals and (2) silver treated with an O2 : N2 : EG : H2O = 1.0 : 10.0 : 1.0 : 3.4 reaction
mixture; (II) (1) initial silver crystals, (2) silver surface treated with hydrofluoric acid (40 wt %, 1 h, T = 353 K), and (3) silver
treated with HF and then O2 : N2 : EG : H2O = 1.0 : 10.0 : 1.0 : 3.4 reaction mixture.

granules of equal size. As noted above, on heating, the
impurities are segregated on the catalyst surface,
which favors their more complete removal from the
sample.

(2) Granulated silver catalyst is treated with 40%
aqueous HF at 353 K for 1 h with continuous stirring.

(3) The cleaned catalyst is washed with double-
distilled water and calcined at 873 K for 3 h.

We used various acids (HCl, CH3COOH, and HF)

to remove the metal impurities. All the examined
acids remove Zn and Cu. However, appreciable
amount of Bi is present on the surface after treatment
with HCl and CH3COOH (Table 1). In addition, the
content of sodium atoms (common impurity in HCl)
and chlorine increases after the treatment with hy-
drochloric acid probably owing to formation of dif-
ficulty soluble AgCl.

Treatment with hydrofluoric acid meets to the
greatest extent the requirements to silver cleaning. The
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(II)
(b) (c)

KLL

(a)

Eb, eV Eb, eV

MVV

Eb, eV

Fig. 2. (Contd.)

Table 1. Relative atomic concentrations of elements on the surface of fibrous silver
������������������������������������������������������������������������������������

Silver sample
� Relative atomic concentration*
��������������������������������������������������������
� Bi � Cl � C � O � Cu � Zn � Na

������������������������������������������������������������������������������������
Initial � 0.10 � 0.25 � 1.26 � 0.59 � 0.00 � 0.11 � 0.00
Treated with the reaction mixture with- � 0.15 � 0.16 � 2.37 � 0.85 � 005 � 0.23 � 0.20
out cleaning the surface � � � � � � �
With cleaned surface � 0.00 � 0.08 � 1.15 � 0.56 � 0.00 � 0.00 � 0.07
Treated with the reaction mixture after � 0.00 � 0.00 � 2.6 � 0.64 � 0.00 � 0.00 � 0.10
cleaning the surface � � � � � � �
������������������������������������������������������������������������������������
* Per silver atom.
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Table 2. Main parameters of partial oxidation of ethylene
glycol to glyoxal in the presence of cleaned fibrous silver
����������������������������������������

T, K
�

EG : O2 : N2 : H2O
� EG con- � Selectivity

�
molar ratio

� version, � of glyoxal
� � % �formation, %

����������������������������������������
227 �1.0 : 1.0 : 10.0:3.4 � 81.4 � 49.9
277 �1.0 : 1.0 : 0.0 : 3.4 � 89.3 � 62.8
227 �1.0 : 1.12 : 30.0 : 5.2 � 87.7 � 38.65
277 �1.0 : 1.12 : 30.0 : 5.2 � 89.0 � 58.7

����������������������������������������

XPS spectrum recorded in a wider energy range after
the treatment with hydrofluoric acid (Fig. 2II, curve 1)
contains neither fluorine bands nor bands of new
impurity elements. The bands of zinc and bismuth vir-
tually completely disappeared after the treatment. As
seen from the XPS spectra (Fig. 2II), the impurities of
the above elements were not accumulated on the sur-
face of the treated sample after its use as a catalyst
of vapor-phase oxidation of ethylene glycol (723�
923 K, 4�5 h).

The activity and selectivity of cleaned fibrous silver
catalysts (Table 2) are high and are comparable with
those reported in [10].

CONCLUSION

Precision analysis of the chemical composition of
the surface of compact silver catalysts was performed
by surface-sensitive X-ray photoelectron spectroscopy.
A number of impurity elements were detected. To re-
move these impurities, the procedure involving treat-
ment with hydrofluoric acid and preserving the unique
defective and morphological structure of filament
silver crystals was developed. The cleaned catalysts

are thermally stable and exhibit high activity and
selectivity in glyoxal synthesis.

ACKNOWLEDGMENTS

This work was financially supported by the Federal
Research Program �Basic Research of Higher School
in the Field of Natural Philosophy and Humanities.
Russian Universities� (project no. 015.05.01.008).

The authors are grateful to A.N. Salanov for as-
sistance in obtaining SEM patterns.

REFERENCES

1. Van Santen, R.A. and Kuipers, H.P.C.E., Adv. Catal.,
1987, vol. 35, pp. 265�319.

2. Brailovskii, S.M., Temkin, O.N., and Trofimova, I.V.,
Probl. Kinet. Katal., 1985, vol. 19, pp. 146�175.

3. Vodyankina, O.V., Kurina, L.N., Boronin, A.I., and
Salanov, A.N., Stud. Surf. Sci. Catal., 2000,
Vol. 130B, pp. 1775�1781.

4. Samoilenko, V.N., Petrov, L.A., Boronin, A.I., et al.,
Zh. Fiz. Khim., 2001, vol. 75, no. 10, pp. 1759�1766.

5. Practical Surface Analysis by Auger and X-ray Photo-
electron Spectroscopy, Biggs, D. and Seach, M.P.,
Chichester: Wiley, 1983.

6. Boronin, A.I., Bukhtiyarov, V.I., Vishnevskii, A.L.,
et al., Surf. Sci., 1988, vol. 201, pp. 195�203.

7. Bukhtiyarov, V.I., Boronin, A.I., and Savchenko, V.I.,
J. Catal., 1994, vol. 150, pp. 262�267.

8. Moulder, J.F., Stickle, W.F., Sobol, P.E., and Bom-
ben, K.D., Handbook of X-ray Photoelectron Spec-
troscopy, Eden Prairie, MN: Perkin�Elmer, 1992.

9. Vodyankina, O.V. and Galanov, S.I., Zavod. Lab.,
1995, no. 8, pp. 12�13.

10. Deng, J., Wany, J., and Xu, X., Catal. Lett, 1996,
vol. 3, pp. 207�214.



1070-4272/04/7701-0046�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 1, 2004, pp. 46 �50. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 1,
2004, pp. 48�53.
Original Russian Text Copyright � 2004 by Yudina, Savel’eva, Ivanov, Korotkova, Lomovskii.

CATALYSIS����������������������������������� �����������������������������������

Catalytic Properties of Mechanically Activated Humic
Substances in Electroreduction of Oxygen

N. V. Yudina, A. V. Savel’eva, A. A. Ivanov, E. I. Korotkova, and O. I. Lomovskii

Institute of Petroleum Chemistry, Siberian Division, Russian Academy of Sciences, Tomsk, Russia
Institute of Solid State Chemistry and Mechanochemistry, Siberian Division, Russian Academy of Sciences,

Novosibirsk, Russia

Received July 21, 2003

Abstract�Effect of mechanical treatment of peat on the yield of the major fractions (polysaccharides, poly-
phenols, water-soluble compounds, and humic acids) and catalytic activity of humic substances in oxidation
processes is studied. Conditions of formation of substances with the maximal antioxidant and initiating activi-
ties are determined. The antioxidant and initiating activities of the polysaccharide and humic fractions is
studied, in relation to the structure and iron content.

Humic substances obtained from peat, coals, and
sapropel are bioactive. Their physiological action is
associated with the effect on the photosynthesis and
oxygen, protein, and carbohydrate exchange kinetics
[1, 2]. Attempts were made to link the bioactivity
of humic substances to their reactivity toward free
radicals and also to their structural features, e.g., the
hydrophilic to hydrophobic group ratio in humic acid
macromolecules [3]. However, results obtained by
various authors are not always consistent, most likely,
because of an inhomogeneity of the chemical com-
position of preparations studied, which depends on the
starting raw material and preparation, isolation, puri-
fication, and bioactivity characterization procedures.

It is clear that study and application of bioactive
humic compounds cannon be realized without solving
such problems as recovery of humic substances from
raw materials, their separation into fractions, and
physicochemical characterization. One of the most
efficient methods for preparation of humic substances
at the maximal yield of water-soluble fractions is
mechanical activation of peat in the presence of
chemicals. The composition of the resulting products
with respect to the major classes of bioactive agents
depends on the mechanochemical conditions [4]. The
catalytic properties of the products may be charac-
terized using oxygen electroreduction. The inhibiting
activity of a compound in this reaction can be con-
sidered as a measure of such a performance character-
istic as the antioxidant activity, which is important in
view of application of the compound as a protector
against oxidative degradation of polymers, asphaltiza-
tion of fuel, rancidity of fats, and, maybe, aging of

living organisms and tumorogenesis. The activity of
growth stimulants depends on their ability to initiate
oxidation. Expansion of the spectrum of compounds
used as inhibitors of promoters of oxidation is a
topical scientific and practical problem.

In this work we studied the catalytic effect of
humic substances obtained using mechanochemical
activation on oxygen electroreduction.

EXPERIMENTAL

Humic substances were extracted from two kinds
of peat collected from the Tomsk oblast: valley wood
peat of the Tagansk deposit (degree of degradation
5%; ash content 3.7%) and high-moor dust peat of the
Temnoe deposit (ash content 25.5%). Effect of the
mechanochemical treatment procedure on the com-
position and properties of the resulting humic sub-
stances was studied using a VTsM-10 flow planetary
mill activator with 10-mm steel balls developed by
the Institute of Solid State Chemistry and Mechano-
chemistry, Siberian Division, Russian Academy of
Sciences, Novosibirsk. The ball acceleration was
180 m s�2 and treatment time, 2 min. The samples
studied in this work were as follows. Sample nos. 1,
6: initial peat; nos. 2, 7: peat mechanically activated
(dispersed) in the absence of chemicals; nos. 3, 8: peat
mechanically activated in the presence of the cellu-
lolytic enzyme celloviridine (CV) (0.5%); nos. 4, 9:
peat mechanically activated in the presence of 3%
NaOH; and nos. 5, 10: peat mechanically activated
in the presence of 3% NaOH + 0.5% CV.
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Table 1. Evolution of peat composition upon mechanochemical activation
������������������������������������������������������������������������������������

Sample
�

Additive, wt %
� HA content, wt % � Content in peat, wt %

� ���������������������������������������������������������������
no. � � Fe � Ti � polysaccharides � polyphenols � WS � HA

������������������������������������������������������������������������������������
1 (initial)� � � 0.18 � 0.059 � 0.2 � 1.1 � 1.3 � 3.1
2 � � � 0.93 � 0.043 � 2.4 � 3.4 � 5.8 � 8.7
3 �0.5CV � 0.29 � 0.040 � 3.0 � 6.1 � 9.1 � 10.5
4 �3NaOH � 0.13 � 0.055 � 4.4 � 2.8 � 7.1 � 6.3
5 �0.5CV + 3NaOH � 0.19 � 0.040 � 0.7 � 4.3 � 5.0 � 7.4
6 (initial)� � � 0.84 � 0.018 � 0.1 � 0.4 � 0.5 � 6.4
7 � � � 2.27 � 0.041 � 0.4 � 1.8 � 2.2 � 12.0
8 �0.5CV � 1.37 � 0.062 � 1.0 � 1.5 � 2.5 � 12.0
9 �3NaOH � 2.42 � 0.062 � 0.7 � 8.1 � 8.8 � 3.7

10 �0.5CV + 3NaOH � 1.63 � 0.060 � 0.6 � 8.3 � 15.4 � 2.3
������������������������������������������������������������������������������������

From the initial and activated peat samples we
extracted water-soluble compounds (WS), polysac-
charides, polyphenols, and humic acids (HA). Chemi-
cal transformations in the separated HA fractions were
monitored by 13C NMR. Metals were determined by
X-ray fluorescence spectroscopy.

The catalytic activity of the fractions with respect
to oxygen electroreduction was determined voltam-
metrically [5]. Current-voltage curves were obtained
over the voltage range 0�2.0 V on a polarograph in
alkaline solutions at pH 10�12 (direct-current or
differential pulse voltammetry mode; scan rate
20 mV s�1). To determine the initial peak current of
oxygen, corresponding to its solubility in a given
solvent, we measured the voltammogram of the sup-
porting electrolyte in the absence of a humic sub-
stance. Then the electrolyte was purged with an inert
gas under pressure to remove oxygen from the solu-
tion, and the voltammogram of the supporting elec-
trolyte was registered in the absence of oxygen in the
solution. A solution containing a humic substance was
added to a fresh portion of the electrolyte, and the
proportional change in the oxygen electroreduction
current was measured. The differential pulse voltam-
metry allows determination of the concentration at
a level of 10�6

�10�7 mg l�1 to within 10%.

Mechanical activation in a planetary mill alters
the content, physicochemical properties, and reactivity
of the major components of peat. The degree of the
observed transformations and their trends depend on
the botanical type of peat and activation conditions.
The yields of humic components at various mechani-
cal activation conditions are given in Table 1. Analy-
sis of the group composition of the initial and ac-
tivated peat samples revealed that, irrespective of

the type of peat and activation conditions, the content
of water-soluble compounds increases by a factor of
6�15. Similar trends were observed also in the yield
of humic acids from various types of peat: mechanical
activation in the absence of the reagent increases and
the reaction with NaOH decreases the HA content.

The carbohydrate and polyphenol fractions and
humic acids representing polyconjugated systems with
a wide spectrum of functional groups [4] are expected
to be highly reactive. Being introduced in the model
system, they act as initiators or inhibitors, changing
the oxygen electroreduction rate. The direction of
oxygen electroreduction depends on pH, metal salts,
structural features of the components, and inter-
molecular interactions between them.

We plotted the difference of the oxygen reduction
current density I/(Ilim � Ires) as a function of the con-
centration of a humic component in the solution. The
resulting curves (Fig. 1) mostly consist of two sec-
tions corresponding to groups of different activity.
The activity factors of these groups K1 and K2 can
be evaluated from the slopes of the corresponding
sections:

�I/(Ilim � Ires)K = ������������,
�c

where �I is the difference of the running oxygen
reduction current density with addition of an organic
additive; Ilim, limiting oxygen reduction current in the
absence of additives; Ires, residual current in the
deoxygenated solution at a constant potential; and �c,
difference of the organic additive concentration.

The results show that the polyphenol, polysacchar-
ide, WS, and HA fractions differently affect the cath-
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(a)

c, mg l�1

(b)

c, mg l�1

(c)

c, mg l�1

Fig. 1. Current density I of oxygen reduction as a function
of the concentration c of (a) polysaccharides, (b) poly-
phenols, and (c) humic acids. Samples: (1) initial, (2) dis-
persed (mechanically activated in the absence of reagents),
(3) activated in the presence of celloviridine, and (4) initial
sample of polysaccharides treated with EDTA.

odic current. The polysaccharide fractions separated
from the initial peat and that treated with NaOH
(Fig. 1a, curves 1, 3) and all the HA fractions (Fig. 1c)
increase the reduction current, while the polyphenol
(Fig. 1b) and WS fractions decrease it. The initiating
and inhibiting effects are most clearly pronounced at
the humic fraction concentration of 0.01�0.02 mg l�1.
The cathodic current decreases with increasing c.
Evidently, at low c, the degree of association of humic
substances is low, and free active group can contribute
to redox reactions.

The catalytic activity factors of humic components
separated from the initial and mechanically activated
peat samples are given in Table 2. For polysacchar-
ides, activation increases the K values. Among the
fractions separated from the initial samples, the maxi-
mal initiating activity is observed in polysaccharides

from valley peat. The activity of polysaccharides
depends on the mechanical treatment procedure. Dis-
persion and mechanical activation in the presence of
celloviridine produce structural transformations in
polysaccharides, increasing the antioxidant properties.
In this case, the antioxidant activity of polysacchar-
ides from disperse high-moor peat considerably ex-
ceeds that of polyphenols. Base hydrolysis enhances
the initiating properties of the polysaccharide fractions
from both valley and high-moor peats. The change in
their catalytic activity seems to be associated with
redistribution of WS components: base hydrolysis
results in a strong increase in the polyphenol fraction,
whereas the polysaccharide fraction decreases.

It is well known that most of native antioxidants
are of the phenolic nature (substituted phenols, poly-
phenols, flavonoids, etc.). Among the mechanically
treated samples, the total of the WS and polyphenol
fractions separated from both kinds of peat inhibits
oxygen electroreduction (antioxidant activity is higher
in polyphenols from high-moor peat). Mechanical
activation decreases the antioxidant activity of poly-
phenols, irrespective of the mechanical treatment con-
ditions, except for mechanical activation with the
enzyme in the presence of NaOH (sample nos. 5 and
10). The combined WS fractions (total of polysacchar-
ides and polyphenols) demonstrate a synergistic ef-
fect, i.e., under various treatment conditions, their
antioxidant activity is higher as compared to poly-
phenols. The WS fraction from high-moor peat shows
higher antioxidant activity that that from valley peat.
Base hydrolysis considerably increases the activity
of the latter.

The HA fraction demonstrates the initiating proper-
ties in all cases, regardless of the mechanical activa-
tion conditions. The maximal catalytic activity of
humic components was observed at their concentra-
tion of 0.001�0.003 wt %. With increasing concentra-
tion above the indicated value, the cathodic current
changes only slightly (Fig. 1c). In all cases, except
base hydrolysis, we observed an increase in the activ-
ity factors of humic acids. The maximal activity was
shown by humic acids from disperse peats.

Catalytic properties of humic components are prob-
ably due to the presence of some metals, particularly
iron, in them. The X-ray fluorescence analysis re-
vealed (Table 1) that iron dominates in the HA frac-
tion as compared to Mn, Ti, Ca, and Si compounds.
Mechanochemical treatment results in redistribution of
iron among the fractions (Table 1). However, as we
demonstrated previously [6], a decrease in the iron
content by a factor of 2�10 through acid treatment has
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Table 2. Activity factors of polysaccharides, polyphenols, and humic acids in oxygen electroreduction
������������������������������������������������������������������������������������

Sample no.
� Polysaccharides � Polyphenols � WS � HA
����������������������������������������������������������������������������(Table 1) � K1 � K2 � K1 � K2 � K1 � K2 � K1 � K2

������������������������������������������������������������������������������������
High-moor peat

1 � �6.0 � � � +23.0 � +1.0 � +6.0 � +1.2 � �5.1 � �2.6
2 � +33.0 � +19.0 � +9.7 � +2.1 � +12.0 � +7.4 � �40.0 � �6.6
3 � +14.0 � +2.8 � +8.5 � +2.6 � +10.0 � +2.8 � �9.7 � �5.0
4 � �7.2 � �2.1 � +11.0 � � � +12.0 � +2.9 � �5.0 � �1.2
5 � �4.0 � �1.5 � +22.0 � +6.7 � +8.0 � +1.4 � �6.5 � �2.8

EDTA* � +7.4 � +2.8 � �5.0 � �1.7

Valley peat

6 � �15.0 � �5.0 � +5.6 � +2.7 � +5.6 � +1.1 � �2.5 � �1.5
7 � +3.0 � +1.4 � +5.5 � � � +22.0 � +0.2 � �15.0 � �0.2
8 � +15.0 � � � +4.9 � +3.5 � +26.0 � +1.6 � �7.7 � �1.7
9 � �67.0 � �12.0 � +4.6 � � � +20.0 � � � �7.7 � �3.2

10 � �12.0 � �1.7 � +26.0 � 12.0 � +6.6 � +3.3 � �8.1 � �3.5
EDTA � +70.0 � +6.0 � � � � � �2.6 � �1.3

������������������������������������������������������������������������������������
* Ethylenediaminetetraacetic acid.

Table 3. 13C NMR analysis of humic acids
������������������������������������������������������������������������������������

Sample
� Relative intensity of signals of carbon atoms in indicated structural fragments, %
�����������������������������������������������������������������������������

no. � C=O, � CarO, � CarC,H, � CalkO, �C�,��O4, CalkO,�CalkO, CH3O,� Calk, �
(Table 1) �220�160 ppm�160�140 ppm� 140�113 ppm�106�93 ppm� 93�66 ppm � 66�54 ppm � 54�0 ppm� Fa

������������������������������������������������������������������������������������
1 � 12.0 � 2.3 � 18.5 � 6.5 � 14.1 � 11.3 � 35.1 � 21
2 � 12.9 � 4.7 � 16.1 � 6.1 � 20.8 � 14.6 � 27.5 � 21
3 � 11.0 � 2.1 � 16.9 � 11.0 � 17.4 � 12.0 � 29.6 � 19
4 � 8.9 � 2.2 � 19.0 � 6.4 � 18.8 � 12.2 � 32.5 � 21
6 � 11.0 � 4.5 � 30.8 � 3.5 � 5.5 � 7.7 � 37.4 � 35
7 � 13.2 � 5.6 � 30.1 � 3.9 � 4.0 � 12.1 � 29.1 � 35
8 � 13.7 � 4.8 � 31.6 � 5.3 � 4.5 � 12.8 � 27.3 � 36
9 � 10.5 � 5.8 � 29.5 � 4.0 � 4.5 � 8.5 � 35.2 � 35

������������������������������������������������������������������������������������

no effect on the catalytic activity of humic acids.
Furthermore, Table 2 shows that the highest catalytic
activity is shown by humic acids from high-moor peat
having lower iron content.

To elucidate the contribution of iron to the catalytic
activity, humic components were treated with EDTA.
It was suggested that EDTA as a strong complexing
agent for Fe(III) should suppress its catalytic activity.
After treatment with EDTA, polysaccharides demon-
strated a clearly pronounced inhibiting action. There-
fore, removal of Fe(III) decomposes the associates in
the polysaccharide fraction, making free functional
groups with the inhibiting activity. As for HA frac-
tions, their initiating activity remained practically
unchanged after treatment with EDTA (Table 2).

Catalytic properties of humic acids depend on the
features of their structure which includes carboxy
groups, phenolic hydroxy groups, and quinoid frag-
ments. In alkaline solutions, it is typical of humic
acids to form a great amount of semiquinone radicals
highly active in oxidation reactions [7]. The 13C NMR
analysis (Table 3) shows that mechanochemical ac-
tivation of peats alters the structural characteristics
of humic acids. For peat of both kinds, we observed a
decrease in the fraction of alkyl carbons and increase
in the amount of oxygen-containing fragments CalkO
of various natures, which is most clearly pronounced
in high-moor peat after mechanical dispersion and
treatment with the enzyme. In the samples after base
hydrolysis, the dealkylation is less pronounced. The
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composition of oxygen-containing groups in humic
acids depends on the treatment conditions. The
amount of carbohydrate fragments increased in all
the mechanically activated samples, which can be at-
tributed to break of the glycoside bonds. The amount
of the methoxy groups remained virtually unchanged,
as well as the aromatic core structure (Fa) in both
types of peat. Dispersion and mechanical treatment
with celloviridine increase the amount of the carboxy
groups in humic acids, except for the case of base
hydrolysis (sample nos. 4, 9). In the latter case, we
observed a considerable decrease in the fraction of
carboxy groups at the expense of formation of the
carboxylate ions.

Finally, removal of iron strongly affects the catalyt-
ic activity of the polysaccharide fractions, but only
slightly, that of the HA fraction.

CONCLUSIONS

(1) The fraction composition of peat can be altered
by mechanochemical treatment. The content of poly-
saccharides can be varied from 0.2 to 4.4%; that of
polyphenols, from 1.1 to 6.1%; that of water-soluble
compounds, from 1.3 to 9.1%; and that of humic
acids, from 3.1 to 10.5%.

(2) Base hydrolysis enhances the antioxidant ac-
tion of the polyphenol and water-soluble fractions.

(3) The polysaccharide fraction separated from
valley peat, after removal of iron by treatment with
EDTA, demonstrates the highest inhibiting activity.

Base hydrolysis eliminates the antioxidant action of
this fraction because of redistribution of functional
groups among the water-soluble fractions.

(4) The inhibiting activity of humic acids is in-
dependent of treatment conditions and removal of
iron, being controlled by the structural features of
their macromolecules.
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Abstract�Selective oxidation of cyclohexane with ozone in the presence of chromium(0) hexacarbonyl and
sodium naphthenates�Cr(III) mixtures was studied.

Since cyclohexane is an intermediate of caprolac-
tam oxidation, an increase in the selectivity of cyclo-
hexane oxidation to cyclohexanone [1] is an urgent
problem.

Previously we showed [2] that noncatalytic oxida-
tion of cyclohexane to cyclohexanone with ozone is
more selective that industrial oxidation of cyclohexane
with atmospheric oxygen to form a mixture of cyclo-
hexanol and cyclohexanone.

The selectivity of oxidation of alkanes and cyclo-
alkanes to the corresponding carbonyl compounds
appreciably increases in the presence of catalysts of
heterolytic decomposition of hydroperoxides, such as
chromium(III) and chromium(VI) compounds [3�5].
The catalytic effect in the course of high-temperature
liquid-phase oxidation of alkanes and cycloalkanes in
manifested mainly in the step of hydroperoxide de-
composition. When the process is performed at low
temperature in the presence of a strong oxidizing
agent (O3 and O2), variable-valence metal compounds
can appreciably affect the mechanism of chain initia-
tion, propagation, and termination and the contribu-
tion of radical and nonradical pathways. To control
the selectivity of these processes, the features of the
mechanism of these steps should be determined.

The procedures for oxidizing cyclohexane and for
analyzing the reaction products were described pre-
viously [2, 3].

Cyclohexane ozonolysis was performed at 20�
60�C in the presence of 2 �10�2

�2 �10�3 M stearates,
naphthenates, and acetylacetonates of Co(II), Co(III),
Cr(III), Mn(II), and Cr(CO)6 as catalysts. The typical
kinetic curves of accumulation of the oxidation prod-
ucts are shown in Fig. 1. The classes of compounds
formed in this reaction are identical to those formed
in oxidation of cyclohexane with ozone�oxygen mix-

tures. The kinetics of the overall cyclohexane con-
sumption is of the first order irrespective of the cata-
lyst (Figs. 2, 3). This is confirmed by the constancy of
the accumulation rates of cyclohexanol, cyclohexa-
none, cyclohexyl hydroperoxide, and the acids in
cyclohexane ozonolysis in the presence of cobalt(II)
stearate (Fig. 1). Hence, the selectivity of formation of
the target product (cyclohexanone) is almost constant

(a) (b)c, M

�, h �, h

Fig. 1. Kinetic curves of accumulation of (1) cyclohexa-
none, (2) cyclohexanol, (3) cyclohexyl hydroperoxide,
(4) acids, and (5) esters in catalytic oxidation of cyclo-
hexane with ozone in the presence of (a) Cr(CO)6 and
(b) Co(St)2. 40�C, [O3] = 4 vol %, [cat] = 2 �10�4 M; the
same for Fig. 2. (c) Concentration of reaction product and
(�) time.

�, h

ln (c/c0)

Fig. 2. Kinetic curves of cyclohexane consumption. (c0,
c) Initial and current cyclohexane concentrations and
(�) time; the same for Fig. 3. (1) Cr(CO)6; (2) Co(acac)2;
(3) no catalyst; (4) Cr(St)3; (5) [Cr(CO)6] = 2�10�5 M;
(6) Mn(acac)3; (7) Co(St)2; (8) Cr(CO)6, [O3] = 3 vol %;
(9) Cr(CO)6, [O3] = 2 vol %; (10) cyclohexane; and
(11) cyclohexanol ([Cr(CO)6] = 2�10�4 M).
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�, h

ln (c/c0)

Fig. 3. Kinetic curves of cyclohexane consumption {[O3] =
2�4 vol %; [Cr(CO)6] = 2 �10�5

�2�10�3 M}. [O3], vol %:
(1�9) 4 and (10, 11) 20. T, �C: (1�3, 7�10) 60 and (4�6,
11) 2. [Cr(CO)6], M: (1, 6, 7) 2�10�3, (2, 5, 8, 11) 2�10�4,
(4, 9) 2 �10�5, and (3, 10) 0.

�i, % (a)

�ci, M

�i, % (b)

�ci, M

Fig. 4. Total selectivity �i of formation of cyclohexane
oxidation products as a function of cyclohexane conversion.
40�C; [O3] = 4 vol %; (a) [Cr(St)3] = 2�10�4 and (b)
[Cr(CO)6] = 2�10�4 M. (�ci) Total concentration of the
oxidation products.

in the examined conversion range (�10%). In the
presence of Cr(CO)6, the accumulation rates of the
hydroperoxide, alcohol, and ketone are also constant
in the first oxidation steps (Figs. 1�3). The kinetic
curve of accumulation of the acids is nonlinear. How-
ever, since the content of these acids in less than
0.05 M, the contribution of this pathway is insig-
nificant and has small effect on the kinetic curve of
cyclohexane consumption.

Chromium hexacarbonyl catalyzes the oxidation,
whereas CoSt2, Mn(acac)3, and CrSt3 appreciably
inhibit the cyclohexane ozonolysis. Clearly, this is not
due to homolytic or heterolytic catalytic decomposi-
tion of cyclohexyl hydroperoxide. First, at 20�40�C
cyclohexyl hydroperoxide is relatively stable to ther-
mocatalytic decomposition [4, 5]. Second, the steady-
state concentration of cyclohexyl hydroperoxide in the

course of cyclohexane ozonolysis is low owing to its
fast consumption in the reaction with ozone (catalysis
of this reaction is possible). The inhibiting effect is
most likely due to reaction of the peroxy radicals with
the catalyst. The rate constant of the reaction between
the peroxy radicals and 3d-metal compounds is high
[6]. The catalysis with Cr(CO)6 and Co(acac)3 can be
related to their reaction with ozone, cyclohexane, and
its oxidation products.

The selectivity of cyclohexanone formation is
maximal in the presence of Cr(CO)6. We studied the
rate and selectivity of cyclohexane ozonolysis as
influenced by the temperature, ozone concentration,
and catalyst. The apparent activation energies of the
overall cyclohexane consumption and cyclohexanone
formation, determined by varying the reaction tem-
perature in the range 20�60�C, are 34.5�3 and 27.5�
2.5 kJ mol�1, respectively, and are close to those of
the noncatalytic process. The noticeable difference in
the activation energies under conditions of consecu-
tive and parallel reactions suggests a strong tempera-
ture effect on the reaction selectivity, which is con-
firmed experimentally (Figs. 4a, 4b).

The experimental kinetic curves measured at dif-
ferent concentrations of ozone and the catalyst and at
different temperatures are shown in Figs. 2 and 3,
respectively. The ozone concentration and the tem-
perature have the strongest effect on the reaction rate.
As the ozone concentration increases by a factor of 2
(from 2 to 4 vol %), the cyclohexane consumption ac-
celerates by a factor of 2.4 {20�C, [O3] = 2�4 vol %,
[Cr(CO)6] = 2 �10�4 M}. Hence, bimolecular non-
chain reaction of cyclohexane with ozone [1] is ac-
companied by chain oxidation of cyclohexane or de-
composition of ozone with acceleration of initiation
and progress of cyclohexane ozonolysis. The depen-
dence of the rate of cyclohexane (RH) oxidation with
ozone in CCl4 at 22�C on [RH], [O3], and [O2] is
described by the equation [7]

v = 3.2 �10�3[RH][O3] + 0.3[RH]1/2[O3]3/2

+ 0.75[RH][O3]2/[O2]gas.

The third component of this equation is responsible
for chain decomposition of O3 [7] under the action of
cyclohexyl radicals. The chain propagates by the
equation R� + O3 � RO� + O2, RO� + RH � ROH +
R� and is terminated by the reaction R� + O2� RO�

2
provided that the reaction between two cyclohexylper-
oxy radicals is faster than the reaction of RO2 with
ozone. In this case (no solvent, bubbling reactor,
[RH] >> [O3] � [O2]), cyclohexyl radicals are almost
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quantitatively oxidized to cyclohexylperoxy radicals.
However, in the first steps of cyclohexane ozonolysis
[7], the major oxidation product, cyclohexanol, is
rapidly converted into cyclohexanone by the nonchain
mechanism. The reaction of cyclohexylperoxy radicals
with ozone and quadratic chain termination with the
peroxy radicals should be taken into account in the
kinetic equation of cyclohexane consumption by the
chain mechanism. The experimental kinetic curves of
cyclohexane consumption in ln (c/c0)�� coordinates
(c0 and c are the initial and current cyclohexane con-
centrations, respectively; � is the reaction time), meas-
ured in the first reaction step at low cyclohexane con-
version (up to 8%) and small contribution of the chain
pathway, are almost linear (Figs. 2, 3). The effect
of Cr(CO)6 concentration is significantly weaker.
As [Cr(CO)6] increases from 2 �10�5 to 2 �10�3 M
(20�60�C), the rate of cyclohexane consumption
increases by more than 30% as compared to the non-
catalytic reaction. As shown above, the mechanism of
ozonolysis of saturated hydrocarbons is radical chain.

Catalytic oxidation of cyclohexane with ozone
occurs also by the radical chain pathway. To gain in-
sight into the mechanism of this process, we studied
accumulation of the main reaction products. To deter-
mine the influence of various catalysts [mainly
Cr(CO)6] on the yield of each product, we measured
the dependence of the selectivity of its formation on
the hydrocarbon conversion. The reaction selectivity
was taken as the ratio of the concentration of a defi-
nite reaction product to the total concentration of
the reaction products.

The dependences of the total selectivity of forma-
tion of each product on the hydrocarbon conversion in
catalytic ozonolysis of cyclohexane at [O3] = 4 vol %,
40�C, and the catalyst concentration of 2 �10�4 M
are shown in Figs. 4a and 4b. As the conversion in-
creases, the selectivity of formation of the hydroper-
oxide and cyclohexanol linearly decreases, as a rule,
and that of cyclohexanone formation increases owing
to conversion of cyclohexanol and cyclohexyl hydro-
peroxide into the ketone. When the conversion is
lower than 10%, the selectivity of cyclohexanone for-
mation ranges from 69 to 73% without catalyst and
reaches 81% in the presence of Cr(CO)6. In addition,
in the presence of Cr(CO)6, the yield of cyclohexyl
hydroperoxide and cyclohexanol decreases more
sharply with increasing cyclohexane conversion.
Hence, Cr(CO)6 catalyzes the conversion of these
compounds into cyclohexanone. An ozone�chromi-
um(III) stearate system also exhibits high catalytic ac-
tivity with respect to cyclohexanone (Fig. 4a). In this

case, the ketone yield is as high as 70% at 6.5% con-
version. When chromium(III) acetate poorly soluble
in the reaction mixture is used, the selectivity of the
ketone formation does not exceed 31%, but the selec-
tivity of the hydroperoxide formation reaches 48%.

The catalytic effect of ozone�CoSt2, ozone�
Co(acac)3, and ozone�Mn(acac)3 systems on the selec-
tivity is considerably lower than that of the ozone�
chromium(III) and ozone�chromium(0) systems. In
the presence of Mn(acac)3, cyclohexane is rapidly
converted into the acids and �-caprolactone and the
total yield of peroxides grows with increasing cyclo-
hexane conversion. This dependence passes through
a maximum.

Although the selectivity of cyclohexanone forma-
tion is maximal in the presence of the ozone�Cr(CO)6
catalytic system, the selectivity and rate of the reac-
tion considerably change in the examined tempera-
ture range (20�60�C). Cyclohexane ozonolysis with
ozone�air mixtures containing 2% ozone is slow.
In 4 h, the hydrocarbon conversion is as low as 2.2%,
and the selectivity of cyclohexanone formation reaches
42�51%. Under these conditions, the catalyst affects
the ratio of the main classes of the ozonolysis prod-
ucts. The selectivity of the cyclohexanone formation
in the presence of 2 �10�5 M Cr(CO)6 is relatively
high (up to 65%). The total yield of the hydroper-
oxides slightly grows with increasing catalyst concen-
tration.

This is the case at elevated temperatures (60�C).
Under these conditions, the selectivity of cyclohexa-
none formation is no higher than 60%. At 60�C, the
conversion of cyclohexanol and cyclohexyl hydroper-
oxide into cyclohexanone and parallel conversion
of cyclohexanone into the acids and lactone are ac-
celerated. The almost optimal conditions of catalytic
ozonolysis of cyclohexane are as follows: [O3] =
4 vol %, 40�C, [Cr(CO)6] = 2 �10�4 M, cyclohexane
conversion 7�10%. The ketone yield reaches 81%.
Ozone�sodium naphthenate, chromium(III) naphthe-
nate, and ozone�chromium(III) naphthenate catalytic
systems [8, 9] provide 85�90% selectivity of the
ketone formation at the cyclohexane conversion of
5.3�6.5%.

Thus, as the cyclohexane conversion increases, the
selectivity of formation of the main reaction products
(R�C=O, ROOH, and ROH) is constant, decreases, or
increases depending on the reaction conditions (tem-
perature, concentrations of ozone and the catalyst). At
low temperature (20�C), the selectivity of formation
of these products decreases with increasing ozone
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concentration owing to acceleration of the consump-
tion of the alcohol and hydroperoxide. The selectivity
of the ketone formation grows with increasing cyclo-
hexane concentration. At 60�C, cyclohexanone oxida-
tion is accelerated and the selectivity of its formation
remains constant in the whole examined conversion
range. The selectivity of formation of acids and esters
increases. In the course of cyclohexane ozonolysis
at 40�C in the presence of the ozone�Cr(CO)6 catalyt-
ic system, the total selectivity of cyclohexanone for-
mation regularly increases, the selectivity for the hy-
droperoxide and alcohol decreases, and the selectivity
for the acids is constant. In the presence of ozone�
NaNph�Cr(Nph)3 (Nph is the naphthenate anion) cata-
lytic system, the total selectivity of formation of
cyclohexanol and cyclohexanone mixture is high [10].
To gain deeper insight into the mechanism of cyclo-
hexane oxidation, let us consider the transformation of
the catalyst, hydroperoxide, alcohol, and ketone under
these conditions.

The rate constant of reaction of ozone with Co(II),
Fe(II), Mn(II), and Cr(III) acetates is higher by 2�
3 orders of magnitude than that of reaction of ozone
with cyclohexyl hydroperoxide [1, 3, 11]. Ozone
reacts with the catalysts by the reaction [12]

O3 + M(II) � M(III) + O2 + O� (or O�

3).

Negatively charged oxygen atom rapidly reacts
with a proton of the acid present in the reaction mix-
ture to form �OH radical. In addition, the reaction of
a saturated hydrocarbon with ozone [1] yields R� and
�OH radicals. Hydroxy radicals oxidize the reduced
form of a variable-valence metal:

.OH + M(II) � M(III) + �OH.

The oxidation potential of Me(III)/Me(II) is suffi-
cient for Me(III) to oxidize hydroperoxides, al-
cohols, and ketones. If the activation energy of the
reaction of the initial or intermediate compound with
the oxidized form of the catalyst is high, more active
�OH radical can initiate the oxidation. In addition, in
the course of cyclohexane oxidation with an ozone�air
mixture, variable-valence metal carboxylates in the
oxidized or reduced forms coordinate the oxygen-con-
taining reaction products (ROOOH, ROH, R�C=O).
The overall rate of catalytic ozonolysis of cyclohexane
should depend on the stability of these complexes,
and the selectivity of ketone formation, on the ratio
of the rates of formation and consumption of these
complexes. The main sources of cyclohexanone in
noncatalytic ozonolysis of cyclohexane are unstable

hydrotrioxide, cyclohexanol, cyclohexyl hydroperox-
ide, and RO2

� radical [1].

Let us consider the influence of Cr(CO)6 catalyst
on the conversion of the above intermediates of cyclo-
hexane ozonolysis. In the presence of chromium com-
pounds, cyclohexyl hydroperoxide is selectively con-
verted into cyclohexanone mainly by the nonradical
mechanism [4]. Indictor et al. showed [5] that Cr(III)
is oxidized with the hydroperoxide to Cr(VI). Anto-
novskii suggests [13] that the O�O bond of the peroxy
ester is homolytically ruptured to form the ketone

L3(RO2)2Cr�O�O� C � L3(RO)2CrOH + C=O.

�H
�����
��,,,, ��L3(RO2)2Cr�O�O� C � L3(RO)2CrOH + C=O.

�H
�����
��,,,, ��

As found in [4], decomposition of tert-butyl hy-
droperoxide in the presence of Cr(III) acetylacetonate
is described by the scheme

Cr(III) + yt-BuOOH �
� Complex,

Complex � Cr(III + l) + y(t-BuO� + �OH),

Cr(III + l) + Cr(III) � Cr(VI) + Cr(l),

where y is the stoichiometric coefficient, and l is
an integer equal to the change in the chromium oxida-
tion state.

Bibichev [14] also suggests that the selective con-
version of a secondary hydroperoxide into the ketone
in the presence of chromium(III) stearate also passes
through formation of the complex Cr(St)3 	nROOH,
where n > 1. When a hydroperoxide molecule is coor-
dinated to the Cr(III) atom, the electron density from
the 
-oxygen atom of the hydroperoxide is transferred
to the d orbital of Cr(III). As a result, the O�O bond
of the hydroperoxide is weakened and then homo-
lytically ruptured to form alkoxy and hydroxy radicals.
The liberated OH radical, without escaping into the
bulk of solution, can attack the C�H bond of the
coordinated hydroperoxide to form the ketone and
water by the molecular (cryptoradical) mechanism.

The apparent rate constant of cyclohexyl hydroper-
oxide decomposition in the presence of 2 �10�4 M
Cr(CO)6 is 7.6 �107 exp (�67000�2000)/RT min�1.
If the steady-state concentration of ROOH is 0.1 M,
the rate constant of cyclohexanone formation from
hydroperoxide at 40�C is 0.0046 mol l�1 h�1. Hence,
the contribution of the catalytic decomposition of
cyclohexyl hydroperoxide to cyclohexanone formation
is no higher than 2 and 8.2% at 40 and 60�C, respec-
tively, i.e., is low.
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The steady-state concentration of hydrotrioxide at
20�C is 2.2 �10�3 M. The strength of the O�O bond
in this compound is close to that in cyclohexyl hydro-
peroxide. Hence, the contribution of the catalytic
decomposition of the hydrotrioxide to the overall
process can be neglected. Both inner- and outer-sphere
coordination of cyclohexyl hydroperoxide is typical of
3d transition metals [15]; however, coordination-
saturated Cr(CO)6 can form only outer-sphere com-
plexes with ROOH [Cr(CO)6 	ROOH]. Chromium
hexacarbonyl is stable up to 120�140�C. Since car-
bonyl groups in Cr(CO)6 are substituted by the dis-
sociative mechanism with a high activation energy
(�Ea = 163 kJ mol�1), occurrence of these reactions
under our conditions is unlikely.

Carbonyl ligands are strongly bonded to the chro-
mium atom in Cr(CO)6. The donor�acceptor � bond in
carbonyls is formed by interaction of the d orbital of
the metal, e.g., dx2

�y2, with n electrons of CO on the
sp-hybrid �n orbital. The carbonyl group donates the

-electron pair localized on the carbon atom. The
dative 
 bond in carbonyls is formed by donation of
the electron density form d orbitals of the metal, e.g.,
dxy, to unoccupied antibonding 
 orbitals of CO.

However, zero-valent chromium in Cr(CO)6 is
rapidly oxidized with ozone to Cr(III) and Cr(VI).
A sharp band at 336 nm typical for Cr(III) appears in
the electronic absorption spectra of Cr(CO)6 solutions
in CHCl3 and cyclohexane (1.2 �10�3 M) after bub-
bling of an ozone�oxygen mixture for 0.5�1 min
([O3] = 4 vol %, 25�C). As determined by ESR, the
steady-state concentration of Cr5+ [18] is very low.
Hexavalent chromium was qualitatively determined by
the reaction with diphenylcarbazide [19].

The overall process of Cr(CO)6 oxidation with
ozone can be described by the following reactions:

Cr(CO)6 + mO3 ������� Cr(III)L3 + 3O��,
�CO, �CO2, �O2

Ke
O�� + H+ �

�
�OH, Ke = 1012 [3],

.OH + Cr(III) � Cr(IV) + �OH,

�OH + H+ �
� H2O,

Cr(III) + RO.
2 � Cr(IV) + RO�

2,

Cr(IV) + O3 � Cr(V) + O� + O2,

Cr(III) + O3 � Cr(IV) + O� + O2,

Cr(V) + O3 �� Cr(VI) + O�,
�O2

RO2
� + H+

� ROOH.

It is known [20] that Cr(VI) selectively oxidizes
alcohols to carbonyl compounds:

Cr(VI) + ROH � R=O + Cr(IV).

Probably, Cr(IV) is reduced to Cr(III) with cyclo-
hexanol hydroxy hydroperoxide or the hydroxyperoxy

radical�
�
�

OH
OO

.

exhibiting redox properties [6]. In addi-

tion, reactions between chromium atoms in different
oxidation states are also possible. The steady-state
concentration of cyclohexanol in the products of cata-
lytic ozonolysis of cyclohexane is low (Fig. 4). The
cyclohexanol yield in the course of the ozonolysis
decreases owing to its conversion into cyclohexanone
[21, 22].

Probably, the fact that the total yield of cyclohexa-
nol and cyclohexanone and the concentration ratio of
these products vary a wide range (Fig. 4) is due not
only to the catalysis of the alcohol oxidation to the
ketone with Cr(VI). Special experiments show slow
consumption of cyclohexanol and cyclohexanone in
the course of cyclohexane ozonolysis catalyzed with
Cr(CO)6 in a bubbling reactor. Slow consumption of
cyclohexanol is caused by its self-accociation. We
suggest that the increased cyclohexanol yield in the
presence of chromium-containing catalysts is due to
a change in the reactivity of the peroxide and alkoxy
radicals in the chromium(III) coordination sphere. The
transformations of these radicals in the course of
cyclohexane ozonolysis are discussed in [1].

CONCLUSION

Ozone�chromium(0) hexacarbonyl, ozone�chromi-
um(III) naphthenate�sodium naphthenate, and chromi-
um(0) hexacarbonyl�cyclohexyl hydroperoxide sys-
tems are catalytically active in cyclohexane oxidation.
In the presence of these catalysts, the selectivity of
formation of cyclohexanol�cyclohexanone mixture
and of the target product, cyclohexanone, is high.
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Abstract�The cathodic deposition of copper onto stationary and smooth rotating disc electrodes from dilute
aqueous solutions [copper(II) concentration up to 100 mg l�1] was studied.

In extraction and dressing of polymetallic sulfide
ores, a large amount of stripping rock dumps, lean
ores, and dressing tails containing heavy metal sul-
fides are formed. In the course of prolonged exposure
to atmospheric oxygen, sparingly soluble heavy metal
sulfides are gradually oxidized with formation of well
soluble compounds, sulfites and sulfates, which enter
subdump, pit, and mine waters as a result of natural
leaching. The volumes of their formation at each plant
are between (50�100) �103 and (5�6) �106 m3 yearly
and depend on seasonal and weather conditions. The
content of heavy metals in subdump waters is also
dependent on seasonal and weather conditions and
varies from a few milligrams to 1 g and more per liter,
which exceeds by several orders of magnitude the
maximum permissible concentration (MPC). The ap-
proximate composition of the subdump, mine, and pit
waters is given in Table 1. Presently, most of mining
plants have no water treatment facilities, and the
above waters enter natural reservoirs without any
purification.

The sewage from mining plants can be purified by
chemical, physicochemical, and biological methods
[1�5]. However, all the above methods have draw-
backs impeding their application.

A promising method is direct electrolysis (cathodic
deposition), which allows recovery of metals from
aqueous solutions in the form of target products. It is
also important that the electrolysis involves no chemi-
cals. This makes it possible to develop low-waste and
wasteless processes [6]. However, the electrodeposi-
tion of metals from the sewage from mining plants
involves a number of problems caused by complex
composition of the wastewaters and low concentration
of target components. Among the main problems is
intensification of the electrolysis, since electrodeposi-
tion of metals from dilute solution is limited by the
transport processes.

One of the simplest methods to intensify the elec-
trodeposition of metals is the use of a fast flow of
electrolyte in the interelectrode space [7�10]. Porous
and cellular cathodes made of carbon fibers also make
the process more intense owing to increased deposi-
tion area [11�15]. One more way to intensify the elec-
trolysis is the use of fluidized cathodes [15]. How-
ever, ensuring fluidization conditions requires special
expensive equipment and involves additional power
consumption.

We believe that the most efficient method for in-
tensifying cathodic deposition of metals from dilute
solutions is the use of a smooth rotating cathode,
which makes it possible to lift diffusion restrictions
and recover metals at a rate sufficient for commercial
application.

Table 1. Content of ions in subdump and mine waters
from UOMPP*
����������������������������������������

Component
� Content, mg l�1

������������������������������
� subdump water � mine water

����������������������������������������
Cu � 83 � 10
Zn � 582 � 105
Co � 1 � 1
Ni � 1 � 0
Mn � 76 � 18
Pb � 0 � 1
Cd � 2 � 1
Ca � 391 � 310
Mg � 1136 � 217
Sulfates � 4730 � 2131
Chlorides � 64 � 93
Nitrates � 5 � 11
pH � 3 � 5

����������������������������������������
Note: * Uchaly Ore Mining and Processing Plant.
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Fig. 1. A setup for studying cathodic deposition of metals
on a rotating disc electrode: (1) stabilized current source,
(2) electric motor, (3) tachometer, (4) electrolyzer,
(5) smooth rotating cathode, and (6) insoluble anodes.

In this work, the influence of various factors on the
cathodic deposition of copper onto a smooth rotating
electrode was studied to estimate the potentialities of
this method.

EXPERIMENTAL

The features of the cathodic deposition of copper
on a stationary electrode were studied by taking chro-
nopotentiometric curves in a YaSE-2 temperature-
controlled three-electrode cell with separated electrode
compartments. A platinum plate was the working elec-
trode, a silver chloride electrode was reference, and a
platinum wire, auxiliary electrode. The study was per-
formed in the galvanostatic mode with the use of an
automated potentiostatic-galvanostatic device.1 The
current efficiency (CE) of the cathodic deposition of
copper was determined from the ratio of the lengths of
the plateaus corresponding to deposition and dissolu-
tion potentials of copper in the cathodic and anodic
chronopotentiograms.

The features of copper deposition on a smooth
rotating electrode were studied in a specially designed
cell (Fig. 1). The electrolyzer was polarized in the
galvanostatic mode with a stabilized B5-49 voltage
and current source. The voltage and current values
were controlled with a B7-27 A/1 digital voltmeter.
The time of the cathodic deposition of the metal was
measured with a stopwatch. The rate of rotation of
the disc cathode was measured and adjusted with a
������������
1 The device was developed at the laboratory of electrochemis-

try, Institute of Organic Chemistry, Ufa Scientific Center, Rus-
sian Academy of Sciences.

CE, %

i, mA cm�2

Fig. 2. Current efficiency CE by copper in deposition on
a stationary electrode vs. current density i at various initial
concentrations of Cu2+ in solution. Supporting electrolyte
0.5 M Na2SO4, pH 3. Copper(II) concentration, g l�1:
(1) 0.001, (2) 0.1, and (3) 1.

tachometer. The cathode was a stainless steel disc, and
the anodes were made of the lead�antimony alloy.
The cathode area was 160 cm2. Prior to the test, the
cathodes were trimmed with an emery paper (no. 0)
and washed in the electrolyte to be studied. The
amount of copper deposited on the cathode, CE, and
the degree of recovery (DR) were calculated from dif-
ference in the copper content in the electrolyte before
and after the electrolysis.

The electrolysis time was always chosen so that the
amount of the electricity passed corresponded to
100% of the initial copper content.

The model solutions of subdump and mine waters
were prepared from chemically pure grade reagents
and distilled water. The copper concentration in
solutions was determined by direct complexometric
titration.

Because copper is an electropositive metal, the rate
of the copper deposition will be determined by the
ratio of the rates of only two processes: copper deposi-
tion and hydrogen evolution. The dissolution of cop-
per from the electrode surface under the action of cor-
rosion is virtually absent.

The preliminary tests showed that, in electrodeposi-
tion of copper on a stationary electrode from dilute
solutions (Fig. 2), the current efficiency strongly
depends on the density of the polarizing current. The
acceptable level of CE for solutions containing 0.1 and
1.0 mg l�1 copper(II) is attained at a current density
of about 0.1 mA cm�2. For the solution containing
0.01 mg l�1 copper(II), the acceptable current effi-
ciency in electrodeposition of copper was attained
at the current densities as low as 0.01�0.05 mA cm�2.
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�, rad s�1

CE, %

Fig. 3. Current efficiency CE vs. cathode rotation rate �.
Supporting electrolyte 0.5 M Na2SO4, i = 0.5 mA cm�2,
cCu2+ = 100 mg l�1, pH 3.

CE, %

i, mA cm�2

Fig. 5. Current efficiency CE by copper in deposition onto
a rotating cathode vs. current density i. Supporting electro-
lyte 0.5 M Na2SO4, � = 52.3 rad s�1, cCu2+ = 100 mg l�1,
pH 5.

It should be noted that, owing to alkalization of the
near-electrode layer upon hydrogen evolution at the
cathode, copper(II) hydroxide flakes always appeared
on the cathode upon copper deposition. Therefore, the
copper deposition from dilute solutions onto a sta-
tionary electrode can occur in a quantitative yield only
at a very low rate ( i < 0.1 mA cm�2), unacceptable for
commercial applications.

The current efficiency of the copper deposition on
the rotating electrode is considerably higher than on
the stationary electrode (Fig. 3). With increasing rota-
tion rate, CE increases to virtually 100%, which for
solutions containing 100 mg l�1 Cu2+ is achieved at
a rotation rate of 105 rad s�1. As shown above, copper
can be deposited in the form of hydroxides without
stirring and at a low rotation rate owing to alkalization

CE, %

cCu2+, mg l�1

Fig. 4. Current efficiency CE vs. the concentration of cop-
per ions cCu2+ in electrolyte at various rates of rotation of
the electrode. Supporting electrolyte 0.5 M Na2SO4, i =
0.5 mA cm�2, pH 3. Electrode rotation rate, rad s�1:
(1) 10.5, (2) 26, (3) 52.3, and (4) 105.

CE, %

cCu2+, mg l�1

Fig. 6. Current efficiency CE of copper cathodic deposition
vs. copper(II) concentration in solution cCu2+ at various
pH. Supporting electrolyte 0.5 M Na2SO4, i = 0.5 mA cm�2,
� = 52.3 rad s�1. Electrolyte pH: (1) 3 and (2) 5.

of the near-electrode layer of the electrolyte. As a
result, the Cu2+ concentration on the electrode surface
decreases, and the ratio of rates of the copper deposi-
tion and hydrogen evolution changes. Increasing the
rotation rate decreases the concentration of the cath-
odically formed alkali. Therefore, Cu(OH)2 is formed
to a lesser extent or is not formed at all, which results
in increased CE.

With decreasing copper(II) concentration in the
solution, the current efficiency decreases also (Fig. 4).
For example, at CCu2+ decreased by an order of mag-
nitude, CE decreases by 50%.

The current efficiency of the copper deposition on
the rotating electrode, as on the stationary electrode,
strongly depends on the polarizing current density
(Fig. 5). For example, at the Cu2+ concentration in
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Table 2. Composition of subdump, mine, and pit waters before and after electrolysis
������������������������������������������������������������������������������������

Object
�

pH
� Content of metal cations, mg l�1

� �����������������������������������������������������
� � Cu � Zn � Fe � Mn

������������������������������������������������������������������������������������
Mine water (UOMPP): � � � � �

before electrolysis � 6.0 � 2.45 � 3.83 � 0.25 � 2.06
after electrolysis � � 0.74 (70)* � 2.33 (39) � 0.04 (84) � 0.04 (98)

Subdump water: � � � � �
before electrolysis � 2.5 � 83 � 582 � � � 76
after electrolysis � � 0.1 (99.98) � 582 (0) � � � 42 (45)

������������������������������������������������������������������������������������
Note: * The degree of recovery (%) is given in parentheses.

solution of 100 mg l�1, pH 5, and rotation rate of
52.3 rad s�1, as the current density is increased from
0.1 to 2 mA cm�2, CE sharply decreases from 82 to
22%; as the current density is increased further, CE
decreases insignificantly.

The solution pH plays an important role in electro-
deposition of metals. On the one hand, it is respons-
ible for the form in which the metal exists in a solu-
tion, and, on the other hand, CE by hydrogen is higher
at lower pH. Upon cathodic deposition of copper from
neutral solutions of copper(II) sulfate, a sharp increase
in pH in the near-cathode layer is observed even at
low current densities, which leads to the precipitation
of copper hydroxides [16]. As expected, as pH is
decreased from 5.0 to 3.0, CE by copper increases by
10�20% on the average in the case of a rotating elec-
trode also (Fig. 6).

In all cases, precipitation of copper hydroxide
flakes was not observed on the rotating cathode,
though the cathodic deposits obtained at various cur-
rent densities, pH values, and rotation rates markedly
differed in quality.

It can be readily seen from the comparison of the
data obtained on stationary and rotating electrodes that
the use of a rotating cathode allows the rate of copper
electrodeposition to be increased by a factor of 5�10,
with CE increasing by 70% in the process.

The data obtained were confirmed in tests on the
copper deposition from subdump and mine waters
of the Uchaly Ore Mining and Processing Plant
(UOMPP). The experimental results show that the
degree of copper deposition from subdump and mine
waters is 98 and 70%, respectively.

CONCLUSIONS

(1) It was shown by an example of the cathodic
deposition of copper that the current efficiency

achieved with a rotating electrode is higher than that
with a stationary electrode.

(2) The use of a rotating cathode allows the rate of
copper electrodeposition from dilute solutions to be
increased 5�10-fold, with the high current efficiency
retained.
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Abstract�Electrolysis of silver in 95�84 wt % sulfuric acid with addition of 40 g l�1 of silver sulfate was
studied at electrolyte temperature of 40�C. The optimal conditions of silver electrolysis in 84�85 wt % sul-
furic acid were determined. Semicommercial tests of the electrochemical recovery of silver from silver coat-
ings on copper, brass, aluminum, and steel articles were performed.

The market demand poses an acute problem of re-
covery of noble metals from scrap and electronic
waste by new economically efficient and environ-
mentally clean technologies. It is known [1] that the
electrochemical recovery of noble metals from solu-
tions of complex composition is one of the most
economically efficient techniques. However, the exist-
ing schemes for processing of secondary raw materials
are not always effective because of the low noble
metal recovery, high power consumption, and, oc-
casionally, poor environmental characteristics. For
example, electrolytic recovery of silver from a silver
coating on copper base [2] involves two stages of
electrolytic processing. In the first stage, the solder is
dissolved in a sulfamic electrolyte, with lead, tin, and
zinc deposited at the cathode in the form of powders.
In the second stage, the copper-containing base is dis-
solved in a sulfuric acid electrolyte, with copper
powder obtained at the cathode and copper concen-
trated in the anode slime. The disadvantages of this
technique are high power consumption and impos-
sibility of obtaining high-purity silver.

In electrolytic recovery of silver from a silver coat-
ing on iron base [3], silver is anodically dissolved in
an electrolyte containing 86 vol % concentrated sul-
furic acid, 12 vol % ethanol, and 2 vol % mononitro-
benzene at 40�C, voltage of 8 V, and current density
of 12 A dm�2. The disadvantages of this technology
are the presence of strongly toxic aromatic compounds
(mononitrobenzene, in particular) and the necessity for
subsequent recovery of silver from the electrolyte
solution.

The aim of this study was to examine selective
recovery of silver from electrotechnical scrap by elec-

trolysis in concentrated sulfuric acid to give high-
purity silver metal as the final product.

EXPERIMENTAL

As starting materials we used 95 wt % H2SO4 and
Ag2SO4, both of pure grade, and 6 cm2 plates of met-
allic silver, St.3 steel, 1Cr18Ni9Ti stainless steel, and
glassy carbon. The electrochemical cell had the form
of a glass vessel 50 mm in diameter and 80 mm high,
charged with 50 cm3 of sulfuric acid and Ag2SO4
additive. The cathode and anode were placed at a dis-
tance of 40 mm and connected to an unconventional
dc power supply providing current of 0�30 A, with
voltage continuously variable in the range 0�5 V.
To maintain the electrolyte temperature at 40�50�C,
the cell was placed in an electric furnace. The phase
composition of the products obtained was determined
by X-ray phase analysis on a DRON-2 diffractometer
with CuK� radiation and graphite monochromator.

Initially, a plate of metallic silver was used as the
anode, and a glassy carbon plate, as the cathode. The
voltage across the power supply terminals was 1.5 V
under no-load conditions; the electrolyte temperature,
40�C; and the concentration of Ag2SO4 in sulfuric
acid, 40 g l�1. On applying voltage to the cell, the cur-
rent changed stepwise to 0.6�0.7 A and then de-
creased to a constant value of 0.4�0.35 A. A silver
deposit of black color was formed at the cathode, with
small gas bubbles seen on the surface of this deposit.
After 3�5 min, the cathode silver turned lighter, and
a lilac cloud appeared in the electrolyte near the upper
part of the cathode and then, gradually, occupied the
whole volume of the electrolyte.
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It was established that the amount of silver ob-
tained at the cathode is 17�18% relative to that dis-
solved at the anode, with the quantity of electricity
passed through the electrolyte being equivalent to the
mass of silver dissolved at the anode, i.e., there are no
side processes at the anode. The electrolysis product
contained, in addition to metallic silver, a black sub-
stance. This substance was isolated by dissolving
metallic silver in 20% nitric acid. An X-ray phase
analysis demonstrated (Fig. 1) that this substance is
a mixture of Ag8S3SO4 and Ag2S. The compound
Ag8S3SO4 can be represented as 3Ag2S �Ag2SO4. The
formation of these compounds in electrolysis can be
explained as follows. It is known [4] that silver used
as the cathode material reduces hot concentrated sul-
furic acid to SO2, which is readily reduced electro-
chemically to the sulfide ion S2�. S2� ions react with
silver cations to give Ag2S. In this case, freshly
deposited cathodic silver exhibits high chemical activ-
ity and partly reacts with concentrated sulfuric acid
at relatively low temperature. This reaction yields
silver sulfide at the cathode as follows:

2Ag + 2H2SO4 = Ag2SO4 + SO2 + 2H2O, (1)

SO2 + 2e = S2� + O2�, (2)

2Ag � 2e + S2� = Ag2S. (3)

When combined, these reactions constitute the overall
reaction

4Ag + 2H2SO4 = Ag2S + Ag2SO4 + 2H2O + O2�. (4)

The forming silver sulfide is partly dissolved in the
electrolyte via reaction with silver sulfate, which is
readily soluble in concentrated sulfuric acid, to give
double compounds nAg2S �Ag2SO4, where n = 1�3.
At n = 3, the compound precipitates and is mixed with
peeled-off cathodic silver.

By gradual dilution of sulfuric acid, it was found
that, at its concentration c � 85 wt %, electrolysis of
silver proceeds without any change in the color of the
electrolyte, with white deposit of silver formed at the
cathode. The mass of the cathodic silver corresponds
to the mass of silver dissolved at the anode. The cath-
odic silver contains no Ag2S impurity, i.e., reac-
tion (4) does not occur. All the subsequent studies
were performed with 84�85% H2SO4.

It is inappropriate to use glassy carbon, which is an
excellent catalyst for reduction of H2SO4, as cathode
material in electrolysis of silver. To select a cathode
material, plates of Cr18Ni9Ti stainless steel, St.3

Fig. 1. X-ray diffraction pattern of the black product
obtained in electrolysis of silver in concentrated H2SO4:
(1) Ag2S and (2) Ag8S3SO4.

steel, and silver were tested. The best result was ob-
tained with metallic silver: a dense layer of finely
crystalline silver was formed on the cathode. With
St.3 steel used as the cathode material, silver cementa-
tion occurred on the steel surface, with simultaneous
formation of iron sulfate, which is insoluble in H2SO4
of the given concentration and results in that the cath-
ode silver has the form of a very loose, readily peeling
layer. In the case of stainless steel, silver cementation
also occurred, but a rather dense layer of cathodic
silver was formed in the course of electrolysis. The
stainless steel cathode is nearly as good as that made
of metallic silver. The disadvantages of this cathode
are the partial consumption of Ag2SO4 dissolved in
sulfuric acid and the possible contamination of the
electrolyte with iron and alloying components.

With a stainless steel cathode and silver anode, the
optimal conditions of silver electrolysis in 84%
H2SO4 were determined. The intensity of electrolysis
was evaluated by the current flowing through the
electrolyte. Figure 2a shows the current as a function
of the Ag2SO4 content in the electrolyte at a working
voltage of 1.5 V and electrolyte temperature of 40�C.
It was found that a loose, X-ray amorphous deposit
of silver is formed at an Ag2SO4 concentration of
15 g l�1, and a dense finely crystalline deposit of
silver, at 30 g l�1. At Ag2SO4 concentration of 40 g l�1,
the current is lower and, on cooling the electrolyte to
room temperature, Ag2SO4 partly precipitates. The
recommended Ag2SO4 concentration in the electrolyte
is 30�5 g l�1.

The dependence of the electrolysis intensity on the
electrolyte temperature was studied at a working volt-
age of 1.5 V and Ag2SO4 concentration in the electro-
lyte of 30 g l�1. It was found that electrolysis virtually
does not occur at all at room temperature, since the
current strength is 0.05�0.06 A. The plot of the cur-
rent strength vs. the electrolyte temperature has an
inflection point at 40�C (Fig. 2b). Taking into account
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Fig. 2. Current strength I vs. (a) Ag2SO4 concentration c in the electrolyte, (b) electrolyte temperature T, and (c) initial
voltage U.

the fact that the probability of reaction between the
cathodic silver and H2SO4 increases with temperature,
the optimal electrolyte temperature was taken to be
40�5�C.

The dependence of the electrolysis intensity on the
working voltage was studied at the optimal electrolyte
temperature and Ag2SO4 content (Fig. 2c). As the
voltage increases from 1.5 to 1.85 V, the dc current
grows proportionally, and at 1.9 V the current starts
to rise more steeply and gas evolution begins at the
cathode and anode. This can be attributed to electro-
chemical decomposition of water at voltages of 1.9 V
and higher. Consequently, the working voltage should
not exceed 1.85 V.

The silver-containing electronic scrap is composed
of various articles with silver coatings on copper,
brass, bronze, aluminum alloys, and stainless steel.
A study of the behavior of these materials as an anode
yielded the following results. On submerging a copper
plate in the electrolyte, silver cementation occurs.
On switching on the voltage, the current increases
stepwise to 0.2 A and then, after 10�15 s, falls to
zero. This can be accounted for by the anodic dissolu-
tion of cemented silver, which terminates when the

I, A U, V

�, min
Fig. 3. (1) Current I and (2) working voltage U vs. elec-
trolysis duration �.

plate is completely coated with a thin layer of copper
sulfate, which is insoluble in the electrolyte. With
brass and bronze, the process occurs in a similar way.
In the case of stainless steel, its surface is also coated
with a protective layer, whose composition was not
determined. With plates of aluminum alloys, there is
no silver cementation and the current is zero on apply-
ing voltage to the cell, since the surface of these al-
loys is coated with a protective film of aluminum
oxide from the very beginning.

Since some of silver-plated articles are partly
coated with POS 61 solder, its behavior in electrolysis
was also studied. For this purpose, a copper plate was
completely coated with the solder. On submerging this
plate in the electrolyte, there is no silver cementation,
and, on switching on the voltage, the current is zero.
A similar result was obtained with Sn and Pb plates.
This means that the surface of the solder, Sn, and Pb
is coated with protective films of the corresponding
oxides.

Thus, the presence of Cu, Sn, Pb, Fe, and Al has
no effect on the electrolysis of silver, since these
metals are passivated.

In studying the electrochemical recovery of silver
from silver coatings, the articles to be processed, sus-
pended on a copper wire, were used as the anode. The
voltage across the power supply terminals was 1.8 V
under no-load conditions. Figure 3 shows typical
dependences of the current and working voltage on
electrolysis duration. It is noteworthy here that the
current rises steeply and the voltage falls on closing
the electric circuit. Then, during 1 min, the current
decreases and the voltage increases somewhat and
remains constant until the article surface starts to be
freed of the silver coating. After that, the voltage
starts to increase, and the current, to decrease steeply.
The electrolysis was terminated when the current
reached a value of 0.01 A. The articles were with-
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Process conditions and results obtained in electrolysis of silver coatings*
������������������������������������������������������������������������������������

Substrate material
�

Ag content in
�

Charge
� Current, A �

�, h
� Mass of �

Ag recovery,� � ����������������������� � �
� articles, wt % � mass, kg � initial � final � �

cathodic
�� � � � � � Ag, g � %

������������������������������������������������������������������������������������
Copper � 0.65 � 2.985 � 12.2 � 0.1 � 0.81 � 9.25 � 99.2
Brass � 1.18 � 2.740 � 11.8 � 0.1 � 1.4 � 32.00 � 99.0
Aluminum alloy � 1.4 � 1.434 � 8.1 � 0.1 � 1.25 � 19.9 � 99.1
Stainless steel � 0.73 � 1.370 � 8.5 � 0.1 � 0.6 � 9.89 � 98.9
������������������������������������������������������������������������������������
* Article surface after electrolysis shows no traces of silver coating and no signs of corrosion.

drawn from the electrolyte, washed with water, and
dried in air. An inspection with an MBS-1 microscope
(25�magnification) revealed that the silver coating
was completely removed and there were no indica-
tions of corrosion on the article surface. The cathodic
silver was easily detached from the cathode. The
studies performed demonstrated that, with the param-
eters chosen, electrolysis provides selective dissolu-
tion of the silver coating, with simultaneous deposi-
tion of metallic silver from the electrolyte at the
cathode.

Semicommercial tests of the electrochemical re-
covery of silver from silver coatings were carried out
on an electrolyzer shown schematically in Fig. 4. The
electrolyzer casing, which is a metallic (Cr18Ni9Ti
stainless steel) tank 180 mm in diameter and 260 mm

V

Fig. 4. Scheme of the electrolyzer: (1) casing-cathode,
(2) fluoroplastic anode basket, (3) copper rod, (4) copper
current-leading disc, (5) silver-containing scrap, and
(6) electric hot plate.

high, served as the cathode. Silver-plated articles,
taken in amount of 1�3 kg, were placed in the anode
basket suspended within the casing on a copper rod.
As the anode basket served a fluoroplastic vessel
115 mm in diameter and 155 mm high. The cylindri-
cal surface and the bottom of the vessel were per-
forated (aperture diameter 10 mm) so that the open-
ings occupied 75�80% of the surface. The silver ob-
tained was scraped off the cathode and separated from
the electrolyte by decanting and then by centrifuging
on a TsLS-3 centrifuge. The results listed in the table
demonstrate that the duration of electrolysis is 0.6�
1.4 h, depending on the type and amount of the charge
with articles; silver coatings are anodically dissolved
completely and selectively, which is indicated by their
total absence on the article surface after electrolysis;
the whole amount of silver dissolved is deposited at
the cathode, which is confirmed by the 99% recovery
of silver into the final product. It was found that the
silver powder obtained is composed of metallic silver
with purity of 99.9 wt % and impurity content (wt %):
Cu 0.03, Sn 0.01, Pb 0.01, Fe 0.006, and Al 0.02.

CONCLUSIONS

(1) A study of silver electrolysis in sulfuric acid
with concentration of 95 wt % and addition of 40 g l�1

Ag2SO4 at electrolyte temperature of 40�C demon-
strated that the electrolysis proceeds with metallic
silver and Ag2S deposited at the cathode.

(2) It was shown that Ag2S is not formed at the
cathode at sulfuric acid concentrations c � 85 wt %.

(3) The optimal silver electrolysis conditions in
sulfuric acid with concentration of 84�85 wt % were
determined: Ag2SO4 content in the electrolyte 30�
5 g l�1, initial voltage 1.85 V, and electrolyte tempera-
ture 40�C.

(4) It was established that Cu, Sn, Pb, Fe, and Al
are passivated under these conditions at the anode
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because of the formation on their surface of protective
films composed of the corresponding sulfates or
oxides.

(5) Semicommercial tests of the method suggested
for electrochemical recovery of silver from silver coat-
ings on copper, brass, aluminum, and steel articles
were carried out. Metallic silver with 99.9 wt % purity
was obtained with the average degree of recovery of
99.0%.
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Abstract�The range of variation of the barometric parameters of a sealed nickel�zinc battery with nickel
oxide electrode made of spherical nickel hydroxide was studied under the conditions of cycling and exposure
in charged and discharged states.

Interdependent functioning of nickel oxide (NOE)
and zinc electrodes in a nickel�zinc (NZ) system is
complicated by the oxygen and hydrogen evolution
occurring on the electrodes, when their potentials are
in the region of thermodynamic instability of water.
Unbalance of main and side processes on the counter-
electrodes leads to unbalance between the degrees of
their charging. The balance can be maintained for
a long time only in a sealed battery owing to efficient
methods of recombination of released gases.

Formation of a sealed nickel�zinc (SNZ) battery is
based on positive results achieved in study and exploi-
tation of sealed nickel�cadmium (SNC) and sealed
lead�acid (SLA) batteries. The most efficient method
of the recombination of accumulating gases in NZ bat-
tery, which has found practical application, involves
the ionization of oxygen on the zinc electrode and the
oxidation of hydrogen on the NOE [1].

Presently, SNZ batteries based on this principle use
a porous zinc electrode with gauze or a foamed-metal
support and a metal-ceramic nickel oxide electrode
(MC NOE), which ensure insignificant gas evolution
and necessary gas recombination.

The oxygen ionization in chemical alkaline power
sources is well studied for the case of a sealed nickel�
cadmium battery. It was established in [2, 3] that the
rate of the electrochemical recovery of oxygen on the
cadmium electrode reaches 5�8 mA cm�2. At limited
rate of its delivery into the pores of cadmium elec-
trode, this process is diffusion-controlled. The most
important result of these works is a conclusion that
the ionization current can be increased considerably
by creating conditions for displacement of a part of

electrolyte from the electrode pores under the pressure
of gas penetrating through separator pores.

The rate of the oxygen ionization on zinc (0.1�
0.2 mA cm�2) [4] is less than that on cadmium.
A study of the current variations on a half-immersed
electrode showed that the dependences typical of dif-
fusion mode are not implemented on the zinc elec-
trode. Apparently, the process occurs by the mixed
mechanism.

The conditions of gas delivery to the counterelec-
trode are more complex in SNZ battery than in SNC
battery, which apply microporous separators to im-
pede growth of zinc dendrites. At the same time,
though the rate of oxygen ionization on the zinc elec-
trode is low, the balance between the evolved and
absorbed oxygen at a low internal gas pressure can be
ensured during each cycle (charging, pause, discharge,
and pause) by optimizing the battery design and ap-
plying efficient charging methods [5]. In this case, in
batteries with MC NOE, 60�70% of oxygen is ab-
sorbed during charging, and the rest, during the sub-
sequent periods of a cycle.

The interaction of hydrogen with NOE was mainly
studied in a nickel�hydrogen battery and at a pressure
higher than that in SNZ battery. The voltammetric
method was used to show that hydrogen is oxidized at
a marked rate only on the charged NOE, whereas on
the discharged NOE the oxidation rate is virtually
zero [6].

A study of the dynamics of hydrogen accumulation
in the SNZ battery showed that the pressure can be
stabilized depending on the ratio of the rates of its
evolution on the zinc electrode and absorption upon
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Charging Pause Pause
Charging

t, h

kPa
P � 10�2,

Fig. 1. Variation of the gas pressure P in sealed NTs-25
batteries of types (1, 2) I and (1�, 2�) II during cycling.
(t) Time; the same for Figs. 2�4. (1, 2; 1�, 2�) successive
cycles for types I and II, respectively.

t, h

P � 10�2, kPa

Fig. 2. Variation of the gas pressure P in sealed NTs-25 bat-
teries of types (1�3) I and (1��3�) II, when (1, 1�) charged,
(2, 2�) discharged, and (3, 3�) charged again.

interaction with NOE [7]. With hydrogen pressure in
the gas volume of the battery increased from 1 � 102

to 2.5 � 102 kPa, the rate of its oxidation on the MC
NOE increased by a factor of more than 3, in funda-
mental agreement with the conclusions of [2, 3].

In view of recent development of new materials
such as spherical nickel hydroxide and foamed metal
supports, it seemed appropriate to use the compacted
electrodes fabricated from these materials in NZ bat-
teries [8].

EXPERIMENTAL

To determine the internal pressure appearing in
using such electrodes, we studied in this work the gas
absorption and evolution in a sealed NTs-25 nickel�
zinc battery, in which NOE on foamed nickel (FN)
support was used instead of MC NOE. The battery
design, including electrode thickness, zinc electrodes,
number of electrodes, set of separators, and electrolyte
volume, was the same as in a battery with MC NOE.
The electrolyte used had the volume V = 90 cm3 and
contained (M) KOH 7 and LiOH 1. At the same time,

because the active paste of the FN-supported NOE
was denser, the ratio of theoretical capacities of the
negative and positive electrodes in a battery with
FN-supported NOE was 2.2 : 1 instead of a 3 : 1 ratio
in a battery with MC NOE (theoretical capacity of
negative and positive electrodes is 112 and 50 A h,
respectively).

We studied two types of NTs-25 batteries contain-
ing different corrosion inhibitors: 1% HgO and 0.25%
PbO (type I) and 2% CdO and 1% PbO (type II).

The batteries were formed during two cycles in
the modes recommended in [9]. The discharge capac-
ity imparted in the first and the second cycles was 18
and 35�36 A�h, respectively, and the coefficient of
utilization of the active paste was 54�58%. Later on,
manometers or valves with an opening pressure of
2 �102 kPa were mounted on the cycled batteries. The
charging capacity was 26�24.5 A h, which corre-
sponds to the rated capacity of sealed NTs-25 battery
with MC NOE. The discharge was done with a current
of 0.2C = 5 A and sometimes with a current of 1C =
25 A (C is rated capacity).

The obtained data on the barometric parameters of
the sealed NTs-25 batteries were recalculated to the
volumes of evolved and absorbed gases, based on the
internal gas volume of the battery (80 cm3). The
proportions of oxygen and hydrogen were determined
from pressure drops in various periods of the cycle
using previously obtained data on hydrogen evolution
on the zinc electrode in batteries with MC NOE hav-
ing the same negative electrodes and containing the
same corrosion inhibitors [4, 7].

The peculiar features of the processes in the bat-
teries studied can be judged from variations of the gas
pressure in them in cycling (Fig. 1) and during the
pauses (Fig. 2).

The barometric data presented in Fig. 1 belong to
the steady-state conditions, which are well reproduced
from cycle to cycle. The value and character of pres-
sure variations in batteries of types I and II differ
essentially. This is associated with the different hy-
drogen evolution, because, except for the inhibitor
composition in the zinc electrode, the oxygen evolu-
tion on the NOE and the conditions of oxygen absorp-
tion on the zinc electrode were the same in both cases.

In type I batteries containing the HgO and PbO
additives, the pressure increases only slightly with
charging and does not exceed a value of 1 �102 kPa
even when the subsequent charging is done in the
intense mode with a current of 1.0C (Fig. 3). In this
case, the gas evolution in the different cycles is 45�
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Evolution and absorption of oxygen and hydrogen in sealed NTs-25 batteries during different periods of the cycle
������������������������������������������������������������������������������������

Cycle

� Oxygen volume, cm3 � Hydrogen volume, cm3

�����������������������������������������������������������������������������

period
� types I and II � type I � type II
�����������������������������������������������������������������������������
� evolved � absorbed �accumulated � evolved � absorbed �accumulated � evolved� absorbed � accumulated

������������������������������������������������������������������������������������
Charging � 80�120 � 40�70 � 40�60 � 15�25 � � � � � 80�100 � � � �

Pause � � 30�35 � � � � 10�15 � � � 60�80 � � � �

Discharge� � 15�20 � � � � 5�10 � � � � � 40�70 � �

Pause � � 5�10 � 0 � � 0�5 � 0 � � � 0�5 � 80�100
������������������������������������������������������������������������������������

70 cm3, including 15�25 cm3 of hydrogen (see table).
The oxygen evolution in charging (80�100 cm3)
minus the oxygen absorption during this period (50�
60%) is less by 20�25% than gas evolution in a bat-
tery with MC NOE charged under the similar condi-
tions [5]. In the subsequent periods of each cycle, in-
cluding pause, discharge, and pause, the oxygen is
ionized virtually completely, which is confirmed by
the gas analysis.

Hydrogen released in charging is absorbed during
the time of residence of the battery without current
(pause) and during the discharge, but absorption is
incomplete. Its residual pressure (of about 0.4 �

102 kPa) corresponds to a value established when
batteries of this type reside without current in both
charged and discharged states (Fig. 2).

The hydrogen accumulation in charging is larger by
a factor of 4�5 in the type II batteries containing CdO
and PbO than in the type I batteries (see table, Fig. 1).
Figure 1 shows that the hydrogen evolution also in-
creases during the pause between charging and dis-
charge, since the gas evolution in the course of this
period exceeds the volume of ionizing oxygen. This
result is also consistent with the data of Fig. 2.

A main decrease in the hydrogen pressure, con-
siderably dependent on its value in the battery, occurs
in the course of discharge. The gas pressure increases
from cycle to cycle to a constant value, with the maxi-
mum pressure established within (2.7�2.8) �102 kPa
(Fig. 4). This corresponds to a value established in
this type of batteries without current in both charged
and discharged states (Fig. 2).

Thus, the value of the maximum pressure in a
cycled SNZ battery is determined by hydrogen ac-
cumulation, which depends on the efficiency of in-
hibitors in the zinc electrode and on the structure of
active paste of NOE, which determines the surface
area accessible to hydrogen oxidation.

The effect of the NOE structure on hydrogen re-

combination can be estimated by comparing the char-
acter of pressure variations in cycling for sealed
NTs-25 battery of type I and for batteries with MC
NOE and a zinc electrode containing the same in-
hibitors (1% HgO and 0.25% PbO) (Fig. 5). Whereas
in the type I battery studied here the pressure initially
increases, then decreases to a value of 1 �102 kPa
after cycling for a short time, and then varies within
(1�0.4) �102, in a battery with MC NOE both the
maximal and the final (minimal) pressures increase
gradually to a constant value of (2.3�2.7) �102 kPa to
the 50�60th cycle.

Charging Pause Pause
Discharge

t, h

P � 10�2, kPa

Fig. 3. Variation of the gas pressure P in sealed NTs-25
batteries of types (1) I and (2) II during cycling at the
discharge current of 1.0C.

P � 10�2, kPa

Charging
Pause Discharge

Pause

t, h
Fig. 4. Variation of the gas pressure P in sealed NTs-25
batteries of type II in succesive cycles (1��4�), as compared
to the type I battery (1).
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P � 10�2, kPa

Fig. 5. Variation of the (1, 2) maximal and (1�, 2�) minimal
gas pressures in the sealed NTs-25 type I batteries (1,
1�) with NOE on FN support and (2, 2�) with MC NOE elec-
trode during cycling. (P) Pressure and (N) number of cycles.

The pressure increase in the start of cycling of a
battery with MC NOE is associated with insufficient
value of the internal surface area of those gas sections
of a dosed NOE which are accessible to hydrogen
oxidation. As the gas pressure increases, the displace-
ment of electrolyte from the MC NOE, which has the
gradual porometric characteristic, is observed starting
from coarser pores. As a result, the NOE reveals the
properties of a self-dosing electrode. In this period,
the rate of the hydrogen oxidation increases and at
a certain pressure reaches the evolution rate.

In the NOE with an FN support, unlike MC NOE,
small closed pores formed in compacting 1�10-�m
spherical particles prevail. The displacement of the
electrolyte from these pores is made difficult, espe-
cially in the initial cycles, while the electrode surface
after compaction is smooth. Therefore, the battery
pressure increases stepwise during several cycles,
reaches a value of 2�102 kPa, at which a valve opens,
and after 20 cycles, as active paste becomes loosened,
decreases to a constant value, depending on the rate of
hydrogen evolution, which is determined by the perfor-
mance of the corrosion inhibitor in the zinc electrode.

With hydrogen evolution as large as 2�3 cm3 per
1 A h during one cycle, most of hydrogen can recom-
bine. Apparently, the residual amount giving a pres-
sure of (0.4�0.6) �102 kPa corresponds to the equi-
librium concentration established in a contact with
nickel(III) hydroxide without current.

If corrosion inhibitors are less efficient (as in
type II batteries), only a part of hydrogen, released
during the cycle in an amount of 5�8 cm3 per A h, re-
combines, and hydrogen accumulates in the battery. In
this case, the pressure increase associated with the
specificity of NOE structure is sharper than in the
battery with MC NOE (Figs. 4, 5). The pressure sta-
bilizes in the range (2.2�2.7) �102 kPa, which corre-

sponds to the steady-state value for the open-circuit
state of the discharged or charged battery (Fig. 2).

CONCLUSIONS

(1) A sealed nickel�zinc battery with a nickel
oxide electrode fabricated from spherical nickel hy-
droxide on a foamed nickel support has the barometric
parameters dependent on the performance of corrosion
inhibitors in the zinc electrode.

(2) The oxygen evolution in charging is 4�5 cm3

per 1 A h of rated capacity, of which about 60% is
absorbed during charging and the rest, during the
cycle (discharge and pause). The maximum value of
the oxygen pressure does not exceed 1 � 102 kPa.
At hydrogen evolution as large as 2�3 cm3 per 1 A h
during one cycle, most of it is absorbed at the total
gas pressure varied within (1.2�0.4) �102 kPa. At
larger hydrogen evolutions, the pressure increases to a
constant value of (2.3�2.8) �102 kPa, at which a bat-
tery with nickel oxide electrode passes from the dosed
state to the self-dosing state.
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Abstract�The conditions of electrolytic deposition of molybdenum oxide from aqueous solutions at room
temperature were studied and the optimal parameters of electrolysis, which provide deposits with necessary
physical and structural characteristics, were chosen.

Previously, we demonstrated the possibility of syn-
thesizing molybdenum oxide quantitatively with
rather high current efficiency by cathodic deposition
from aqueous solutions of ammonium molybdate
(NH4)6Mo7O24 �4H2O at 80�85�C [1]. The deposits
obtained, which were tested in a secondary lithium cell
in the form of ballast-free and composite (�pasted�)
cathodes, were distinguished by satisfactory discharge
characteristics and cyclability, which indicates that the
materials obtained by the method under consideration
are promising [2]. However, the issues concerning the
electrolytic deposition of molybdenum oxide from an
aqueous solution of its salt at low temperature, i.e.,
under common electrolysis conditions, remained un-
considered. The low-temperature conditions are rather
attractive, as considerably simplifying the electrolysis.

Here we report the results of studies in this area.
We found no data of this kind in the literature. The
electrochemical characteristics of the materials in
question, which are an independent issue, were
beyond the scope of this study.

The investigation was performed using the proce-
dure described in [1]. As object of the study we used
0.005, 0.01, 0.02, 0.04, and 0.08 M (NH4)6Mo7O24 �
4H2O solutions with pH 6.0 and 9.0. All the experi-
ments were conducted at 22�2�C. The efficiency of
the cathodic process was evaluated by the conditional
current efficiency (CEcond) calculated with account of
the results of X-ray diffraction analysis. According to
these data, the phase composition of the deposits is
mostly described by the formula of nonstoichiometric
molybdenum oxide Mo4O11 �nH2O, which contains
2.75 atoms of oxygen per atom of molybdenum, i.e.,
is an intermediate oxide compound between the penta-
valent, Mo2O5, and hexavalent, MoO3, molybdenum

oxides. To a first approximation, it can be regarded as
doubled molybdenum pentoxide 2Mo2O5 in which the
atoms of molybdenum and oxygen are structurally
bound in the above ratio. The reaction of Mo2O5 for-
mation at the cathode can be represented as

2MoO4
2� + 6H+ + 2e � Mo2O5 + 3H2O.

Hence,

E = [Mo2O5]/2�26.8 = 272/2�26.8 = 5.07 g (A h)�1.

Since dehydration at 250�C for 7�10 h affects the
weight of the deposits only slightly, compared with
the initial weight after electrolysis (0.15�0.2 mg per
2.0�2.5 mg of deposit), the water component was
disregarded, which is quite acceptable for CEcond cal-
culation.

The CEcond�Ic dependences are shown in Fig. 1 for
different ammonium molybdate concentrations and
solution pH values. The dependences exhibit extrema
at the points corresponding to current densities of 2.5
and 2.0 mA cm�2, respectively, for the solutions with
pH 6.5 and 9.0. The conditional current efficiency
grows with the concentration of ammonium molyb-
date in solution increasing from 0.005 to 0.02 M and
markedly decreases in solutions with higher concentra-
tions (Fig. 1, curves 1�5 and 1�, 3�, and 5� for pH 6.5
and 9.0, respectively). All the curves are characterized
by descending portions gradually falling to a certain
minimum value, which depends only slightly on the
current density, with the corresponding portions of the
curves nearly merging together for solutions with con-
centrations higher than 0.01 M (pH 6.5). The same
behavior is observed for the dependences of the limit-
ing values of CEcond on the solution concentration
at different pH values, shown in Fig. 2.
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Ic, mA cm�2

CEcond, wt %

Fig. 1. Conditional current efficiency CEcond by moybde-
num oxide vs. the current density Ic in electrolysis of
(NH4)6Mo7O24 �4H2O solutions at 20�C. Solution concen-
tration, M: (1, 1�) 0.005, (2) 0.01, (3, 3�) 0.02, (4) 0.04, and
(5, 5�) 0.08. pH: (1�5) 6.5 and (1�, 3�, 5�) 9.0.

c, M

CEcond, wt %

Fig. 2. Maximal value of the conditional current efficiency
CEcond vs. the solution concentration c at 20�C. pH: (1) 6.5
and (2) 9.0. Ic, mA cm�2: (1) 2.5 and (2) 2.0.

Thus, the shape and relative positions of the curves
are largely determined by the concentration and pH
value of the solutions used. The rise in CEcond with
increasing solution concentration at its relatively low
values (0.005�0.02 M) is due to enhanced diffusion of
molybdate ions toward the cathode and higher hy-
drogen overvoltage. This overvoltage is lower in solu-
tions with higher pH (9.0), in agreement with the data
of [3]. This results in the corresponding increase in
the rate of hydrogen evolution and lowering of the
CEcond by the cathode deposit, which to a certain
extent accounts for the fact that the CEcond decreases
at high ammonium molybdate concentrations in solu-
tion (�0.04 M) (Figs. 1, 2). Apparently, the parallel
rise in the concentration of ammonium ions in solu-
tion is responsible for their accumulation in the near-
cathode layer and to its corresponding alkalization,
which, in the end, results in leading acceleration of

the hydrogen evolution. As for the equalization of the
values of CEcond at high current densities and their
coincidence for the solutions with high ammonium
molybdate concentration (pH 6.5), this is presumably
due to the attainment of close, and independent of
electrolysis parameters, ratios of the rates of hydrogen
evolution and cathodic deposit formation.

The data presented are in satisfactory agreement
with the current�voltage characteristics of the process
under study (Fig. 3). The overall Ic�E dependences
have the form of steeply ascending branches of a con-
cave parabola, whose position with respect to the
cathode potentials depends on the concentration and
pH value of the solution and the type of substrate. At
the same pH values, the cathodic polarization marked-
ly increases as the salt concentration in solution be-
comes lower (Fig. 3, curves 1 and 2). Correspond-
ingly, at the same concentration and pH of the solu-
tion, the potential on the cathode surface preliminarily
coated with a solid oxide layer is considerably higher
than that of the initial steel surface (Fig. 3, curves 1, 1�
and 3, 3�). Raising the solution pH (all other condi-
tions being the same) leads to a decrease in the cath-
odic polarization of the initial surface of the stainless
steel support and, contrariwise, to an increase in the
polarization of the surface preliminarily coated with
an oxide layer (Fig. 3, curves 1, 3 and 1�, 3�).

Comparison of the overall and partial curves of
cathodic deposit formation and hydrogen evolution
(Fig. 3, curves 1" and 1�") shows that hydrogen evolu-
tion is the potential-determining process in the overall
cathodic process. This is also indicated by the run of
the partial curve of oxide deposition. This curve
reaches the limiting plateau, which is independent of
the cathode potential, at relatively low current densi-
ties. This results in that, with increasing polarizing
current, the relative rates of oxide deposition and
hydrogen evolution change continuously in favor of
the latter, which also follows from the CEcond�Ic
dependences considered above. Hence, the lower the
overvoltage and the higher the rate of hydrogen evolu-
tion, the lesser the extent of polarization of the cath-
odic process. For example, the hydrogen overvoltage
on the initial surface of the cathode is relatively low
and the corresponding overall curves are arranged in
the order of decreasing cathode potentials for proc-
esses with higher hydrogen evolution rates. This is
clearly seen when curves for solutions with higher and
lower pH values and salt concentrations are compared
(Fig. 3, curves 3 and 1, and 1 and 2). These curves are
characterized by higher current efficiency by hydrogen
in the former case. On a surface preliminarily coated
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E, V

Ic, mA cm�2

Fig. 3. Cathode potential E vs. the current density Ic in
electrolysis of (NH4)6Mo7O24 �4H2O solutions at 20�C.
Cathode: 12Cr18Ni9Ti steel. Solution concentration, M:
(1, 1�, 1", 1�") 0.04 [(1�) on a film of molybdenum oxide;
(1", 1�") partial curves of hydrogen evolution and molybde-
num oxide deposition, respectively], (2) 0.02, and (3,
3�) 0.04 [(3�) on a film of molybdenum oxide]. pH: (1, 1�,
1", 1�", 2) 6.5 and (3, 3�) 9.0.

with a solid molybdenum oxide layer, the hydrogen
overvoltage increases substantially, which leads to an
adequate enhancement of the cathodic polarization
(Fig. 3, curves 1, 1� and 3, 3�).

Nearly irrespective of the electrolysis conditions,
the resulting molybdenum oxide deposits are obtained
on the smooth surface of a stainless steel support as
compact semilustrous black coatings with bluish tint,
without any deviations in the external appearance.
Oxide coatings up to 25 �m thick, dried at room tem-
perature, exhibit satisfactory adhesion to the support
surface and good mechanical stability (they sustain
sample bending by 180� without cracking at the bend-
ing line). On being heated in air to 180�250�C, coat-

ings thicker than 5�7 �m tend to undergo brittle fail-
ure and are easily removed when touched with hand.
At the same time, thermal treatment at this tempera-
ture removes the crystallization water and makes more
ordered the structure of the material, which may exert
positive influence on its electrochemical character-
istics. According to X-ray diffraction analysis, the
phase composition of the deposits mainly corresponds
to the formula Mo4O11 with inclusions of the Mo9O23
phase. On heating in air to above 60�C, the phase
composition of the deposits changes fundamentally,
with transition to single-phase MoO3.

CONCLUSION

High-quality molybdenum oxide deposits are
formed as compact uniform coatings up to 25 �m
thick and more, exhibiting satisfactory mechanical sta-
bility and adhesion to the base, with sufficiently high
current efficiency on a substrate made of 12Cr18Ni9Ti
stainless steel from ammonium molybdate solutions
with concentration of 0.005 to 0.08 M at 20�2�C,
pH 6.5�9.0, and cathode current density of 1.5�
7.5 mA cm�2. Dispersed deposits may also be formed.
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Abstract�Selective recovery of transition metals (Ni2+, Cu2+, and Cr2+) with weakly basic anion exchangers
from aqueous solutions simulating naturally mineralized water was studied. The exchange capacity of anion
exchangers for these cations was determined. The technique for efficient resin regeneration was developed.

Due to corrosion of construction materials of atom-
ic reactors, the wastewater formed in operation of
nuclear power plants can contain traces of radionu-
clides, in particular, radioactive isotopes of transition
metals (Ni2+, Co2+, Cr3+, etc.) [1, 2]. These low-level
wastes (10�4�10�5 Ci l�1) must be concentrated to
obtain small volumes of solid or liquid waste. The
ionic contaminants can be efficiently removed and
concentrated with ion-exchange resins, in particular,
cation exchangers [3�5]. Ion exchangers were widely
used also for neutralization of wastewater and wash
waters from electroplating production, in which the
metal content varies from tens to thousands of milli-
grams per liter [6�9]. However, in the presence of
cations of natural mineralization (in particular, Na+,
K+, Ca2+, and Mg2+), the exchange capacity of resins
for target metals sharply decreases, and conditioning
of regeneration solutions is hindered. Therefore, we
must choose such ion exchanger which would allow
selective recovery of the transition metals. The com-
parative analysis of the complexing power of resins
was published in [10]. It was noted that anion ex-
changers containing electron-donor groups sorb cat-
ions of transition metals due to formation of coor-
dination bonds.

In this work we examined the possibility of re-
moval of transition metals from aqueous solution con-
taining cations of natural mineralization with com-
plexing anion exchangers. The main attention was
given to the choice of such a resin that would have
sufficiently high sorption capacity and could be regen-
erated with obtaining highly concentrated solution
of the target metals (radionuclides), from which the
target metals could be quantitatively recovered in
the form of metals or their appropriate compounds.

EXPERIMENTAL

In our experiments, we used the model solutions
prepared by dissolution of copper(II), nickel(II) and
chromium(III) salts in distilled and tap water. The
water hardness was varied from 4 to 6 mg-equiv l�1.
The metal concentration was varied from 50 to
2000 mg l�1.

The metal ion content in solutions was determined
spectrophotometrically on an SF-46 spectrophotom-
eter. Before determination, the transition metal ions
were converted into colored complexes with the fol-
lowing reagents: lead diethyldithiocarbamate for
Cu2+, diphenylcarbazide for Cr3+ (after preliminary
conversion of Cr3+ into chromate anion), and dimeth-
ylglyoxime (in the presence of bromine as oxidant) for
Ni2+ [11]. The water hardness was determined by
complexometric titration [12]. The acidity of solutions
was measured on an EV-74 ionometer.

The spent anion exchangers were regenerated by
metal elution with 30�40% aqueous H2SO4. After
removal of the metals, the anion exchangers were
treated with alkali and then washed with water.

Under static conditions, the sorption experiments
were carried as follows. A weighed sample of an
anion exchanger was placed into a flask (250 ml), and
an aqueous solution of a transition metal salt was
added. This mixture was kept for 2�4 days at inter-
mittent stirring. After the equilibrium was attained,
the residual metal concentration was determined.

The sorption of transition metals under dynamic
conditions was studied by passing of their model solu-
tions through a column packed with the anion ex-
changer until the transition metal concentration be-
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Table 1. Sorption of Cu2+ and Ni2+ from model solutions.* c0 = 100 mg l�1, pH 5.5
������������������������������������������������������������������������������������

Sorbent
� Distilled water � Tap water
��������������������������������������������������������������������������
� ce, mg l�1 � g, mg-equiv g�1 � �, % � cr, mg l�1 � g, mg-equiv g�1 � �, %

������������������������������������������������������������������������������������
Cu2+ cation

AV-17 � 32.7 � 0.15 � 59 � 31.25 � 0.15 � 61.1
AN-31 � 16.98 � 0.20 � 79 � 12.66 � 0.21 � 84.2
AM-7 � 3.39 � 0.242 � 95 � 3.08 � 0.243 � 96.2
AN-221 � 2.48 � 0.245 � 97 � 2.74 � 0.245 � 96.5

Ni2+ cation

AV-17 � 94.34 � 0.0213 � 6.26 � 85.57 � 0.0185 � 6.01
AN-31 � 52.68 � 0.162 � 47.6 � 43.98 � 0.159 � 51.7
AM-7 � 35.98 � 0.219 � 64.2 � 25.78 � 0.221 � 71.7
AN-221 � 18.53 � 0.278 � 81.6 � 10.97 � 0.271 � 87.9

������������������������������������������������������������������������������������
* c0 is the Cu2+ and Ni2+ concentration in solution, ce is the residual (equilibrium) Cu2+ and Ni2+ concentration, g is the sorption

capacity, and � is the degree of metal recovery.

came equal at the inlet and outlet of the column. In
these experiments, the height of the anion exchanger
bed was 12.2 cm, and the volume of the swollen
resin was 46.4 ml. The metal content in the eluate
at the outlet of the column was determined at regular
intervals.

In order to choose an anion exchanger ensuring
both the selective sorption of the transition metals
under consideration in the presence of salts of natural
mineralization and the maximal sorption capacity for
them, the sorption of the metals at their concentration
of 100 mg l�1 was studied under static conditions.
The results of these experiments are listed in Table 1.

The sorption capacity of the resin for metals g
(mg-equiv g�1 of dry resin) was calculated by the
equation

g = V(c0 � ce)/(Em), (1)

where V is the sorbate volume (l), E is the metal
mg-equivalent (31.75 and 29.5 mg for Cu2+ and Ni2+,
respectively), and m is the dry resin weight (g).

The degree of metal recovery � (%) was calculated
by the equation

� = (c0 � ce)/c0. (2)

Among anion exchangers tested by us, the maximal
sorption capacity for transition metals under con-
sideration is exhibited by weakly basic AM-7 and
AN-221 polyfunctional resins. These resins were used
in all the experiments. We found that, under identical
experimental conditions, Cr3+ cations are identically

sorbed on both weakly and moderately basic anion
exchangers. For example, in sorption of Cr3+ from its
solutions in both distilled and tap water with the ini-
tial concentration c0(Cr3+) 250 mg l�1 on AM-7,
AN-221, AN-31 resins, their sorption capacity was
0.9 mg-equiv g�1. The strongly basic AV-17 anion
exchanger does not noticeably sorb Cr3+.

Table 1 shows that the salts of natural mineraliza-
tion do not noticeably affect the sorption recovery of
Ni2+ and Cu2+. The degree of sorption of Cu2+ and
Ni2+ on weakly basic resins reaches 97 and 88%,
respectively. These data show that the resins tested
ensure selective recovery of the transition metals
concerned.

We believe that transition metal cations are sorbed
on weakly basic anion exchangers by coordination of
the electron-donor groups of the resin (�NH2, =NH,
and �N) with metal cations by the donor�acceptor
mechanism [10]. Thus, in sorption of transition met-
als, the anion exchanger acts as macromolecular
complexone:

M
n+

�N:��
�
���M�N: + .

n+
M

n+
�N:��

�
���M�N: + .

n+

In order to determine the maximal sorption capac-
ity of the anion exchangers for metal cations, the sorp-
tion of the metals was studied as a function of their
concentration. Aqueous solutions of the transition
metals were prepared in both distilled and tap water.
All the sorption experiments were carried out under
static conditions. An accurately weighed sample of the
anion exchanger was placed in an aqueous solution of
the transition metal salt and kept for approximately
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g�1 [mg-equiv g�1]

c�1 [mg l�1]e

Fig. 1. Sorption of transition metal cations on weakly basic
anion exchangers under static conditions as a function of
the reciprocal equilibrium metal concentration in the solu-
tion. (g) Sorption capacity and (ce) equilibrium metal con-
centration in the solution. Solvent: (1�3) tap water and (1��
3�) distilled water. Metal ion: (1, 1�) Cu(II), (2, 2�) Ni(II),
and (3, 3�) Cr(III). Solid lines are approximation of the
experimental results for tap water.

V, ml

c, mg l�1

Fig. 2. Sorption of Cu(II) ions from (1) distilled and (2) tap
water on AN-221 anion exchanger under dynamic condi-
tions. (c) Cu(II) concentration in the eluate and (V) sorbate
volume.

48 h. Thereafter, the equilibrium metal concentration
in the sorbate was determined. From these data, the
static sorption capacity of the resin for transition
metals was calculated by Eq. (1). The experimental
results on sorption of Ni2+, Cu2+, and Cr2+ depending
on the equilibrium metal concentration were analyzed
in terms of the Langmuir theory [13]

g = �ce /(1 + �ce), (3)

where g is the sorption capacity of the resin
(mg-equiv g�1 dry resin), ce is the equilibrium metal
cation concentration in the solution (mg l�1), and �
and � are the empirical constants.

Equation (3) shows that sorption in the coordinates

1/g vs. 1/ce is a straight line:

1/g = �/� + 1/�ce. (4)

Figure 1 shows that the experimental data on sorp-
tion of transition metals on anion exchangers are fairly
well fitted to the Langmuir equation. These data show
also that, in the limits of the determination error, the
cations of natural mineralization do not interfere with
sorption of the transition metals, i.e., the transition
metals can be selectively removed from the initial
solution. In sorption of the transition metals from
tap water, the maximal sorption capacity of anion
exchangers for these metals calculated by Eq. (4) at
ce � � was as follows (mg-equiv g�1 resin): Ni2+

(AN221) 2.05�0.20, Cu2+ (AM-7) 3.5�0.30, and
Cr3+ (AM-7) 2.86�0.25.

These calculated maximal sorption capacities
reasonably agree with their experimental values: Ni2+

(AN-221) 1.9, Cu2+ (AM-7) 3.42, and Cr3+ (AM-7)
3.12 mg-equiv g�1 resin. Comparison of the experi-
mental and calculated sorption capacities shows that
the maximal sorption capacity of the resins for transi-
tion metal cations can be calculated from the data of
sorption experiments by the Langmuir equation.

In sorption under static conditions, the equilibrium
metal content in the sorbate was attained within three
days. Under these conditions, the selective recovery of
the transition metals was reached. In sorption under
industrial conditions, the equilibrium sorption of
metals must be attained within a period required for
passing purified water through ion-exchange column.
This time is considerably shorter then the time of at-
tainment of the equilibrium sorption. Therefore, we
studied the selectivity of sorption of the transition
metals [by example of copper(II)] under dynamic con-
ditions. In these experiments, Cu2+ solutions in tap
and distilled water were passed through a column
packed with AN-221 anion exchanger in the OH form.
The elution velocity was 1.08 m h�1. Figure 2 shows
the output curves (Cu2+ content in eluate vs. eluate
volume). The characteristics of Cu2+ sorption under
dynamic conditions are listed in Table 2.

Table 2 shows that the sorption capacity of AN-221
anion exchanger for Cu2+ under dynamic conditions is
considerably less than that under static conditions.
We believe that this decrease in the sorption capacity
is caused by the fact that the time of the sorbate�resin
contact is insufficient for attainment of the sorption
equilibrium. Therefore, we can suggest that, on op-
timization of the sorption column length, the sorption
capacity can significantly increase. Our experimental
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Table 2. Characteristics of Cu2+ sorption from its solutions in distilled and tap water on AN-221 anion exchanger*
������������������������������������������������������������������������������������

Water
�

c0, mg l�1
�

Vb, ml
�

�m, mg
� m � g � m � g

� � � ��������������������������������������������
� � � � mg cm�3 swollen resin � mg-equiv cm�3 swollen resin

������������������������������������������������������������������������������������
Distilled � 1150.5 � 330 � 1025.9 � 8.2 � 22.1 � 0.26 � 0.70
Tap � 1139.3 � 340 � 1089 � 8.3 � 23.5 � 0.26 � 0.74
������������������������������������������������������������������������������������
* (c0) Cu2+ concentration in the initial solution, (Vb) eluate volume by the moment of Cu2+ breakthrough, (�m) Cu2+ weight in the

resin saturated with Cu2+, (m) sorption capacity of the resin for copper(II) by the moment of Cu2+ breakthrough, and (g) sorption
capacity of resin at complete resin saturation with Cu2+, respectively.

data show that the efficiency of copper(II) recovery
from both tap and distilled water is virtually identical
(within the limits of determination error). This fact
shows that salts of natural mineralization do not
interfere with copper(II) sorption under dynamic
conditions.

In order to regenerate the anion exchanger, aqueous
H2SO4 was passed through a column at a flow veloc-
ity of 1.05 m h�1 and the metal concentration in the
eluate was determined at a certain intervals. We found
that the optimal regeneration is reached in washing
the column with aqueous H2SO4 of the concentration
c 	 30 wt %. The degree of regeneration was deter-
mined as the ratio of the weight of copper(II) con-
tained in the regeneration solution �mr to the total
weight of copper(II) sorbed on the anion exchanger
�m (Table 2). After completion of regeneration, the
anion exchanger was washed successively with water
and alkali to convert the resin to the OH form. Fig-
ure 3 shows the degree of resin regeneration �, the
copper(II) content in the regeneration solution �mr,
and the copper(II) concentration in the regeneration

V, ml

c, mg l�1
�mr

�

�, % �mr, mg

Fig. 3. Regeneration parameters of AN-221 anion ex-
changer as functions of the sulfuric acid volume V passed
through column. (�) Degree of regeneration, (�mr) cop-
per(II) content in regeneration solution and (c) copper(II)
concentration in the regeneration solution.

solution c as functions of aqueous sulfuric acid
volume passed through the column.

Figure 3 shows that the degree of regeneration
� > 90% is reached on passing approximately one
volume of 30% H2SO4 through one volume of resin.
Under these conditions, the regeneration solution con-
tains more than 40 g l�1 of copper(II). Owing to such
a high copper concentration, the utilization of the
regeneration solutions becomes expedient from prac-
tical and economical viewpoints. Copper can be re-
covered from this regeneration solution by electroly-
sis. In our experiments, the regeneration solution
(250 ml) was electrolyzed at the current strength of
5 A and voltage of 3 V. On electrolysis for 2 h, 7.4 g
of copper was recovered (current efficiency 62%) and
the copper concentration in the regeneration solution
decreased from 30 to 0.1 g l�1. After such a treatment,
the regeneration solution was repeatedly used for
regeneration of the anion exchanger saturated with
copper(II).

Thus, our sorption experiments under dynamic
conditions showed suitability of anion exchange for
wastewater treatment to remove copper(II). This tech-
nique allows the selective recovery of copper(II) and
obtaining of highly concentrated copper-containing
solutions suitable for utilization.

CONCLUSIONS

(1) The sorption of copper(II), nickel(II), and chro-
mium(III) from model solutions on anion exchangers
was studied under static conditions. In sorption re-
covery of the nonferrous metals, the AN-221 and
AM-7 weakly basic anion exchangers in the OH form
exhibit the highest selectivity, and the salts of natural
mineralization do not interfere with sorption.

(2) The sorption of copper(II) on AN-221 weakly
basic anion exchanger under dynamic conditions and
regeneration of this resin with aqueous H2SO4 were
studied. The salts of natural mineralization do not in-
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terfere with sorption. On treatment of copper-contain-
ing solutions with the anion exchanger, the residual
copper content does not exceed the maximum permis-
sible concentration.

(3) The weakly basic anion exchangers can be
used for selective recovery of nonferrous metals from
industrial wastewater.

REFERENCES

1. Corrosion and Wear. Handbook for Water Cooled
Reactors, Paul, D.J., Ed., New York: McGraw�Hill,
1957.

2. Ampilogova, N.I., Simanovskii, Yu.M., and Trapezni-
kov, A.A., Dezaktivatsiya v yadernoi energetike
(Decontamination in the Nuclear Power Engineering),
Sedov, V.M., Ed., Moscow: Energoizdat, 1982.

3. Khonikevich, A.A., Dezaktivatsiya sbrosnykh vod
(Decontamination of Wastewater), Moscow: Atom-
izdat, 1966.

4. Richardson, J.A., Nucl. Eng. Int., 1974, vol. 19,
no. 212, pp. 31�37.

5. Gerasimov, V.V., Kasperovich, A.I., and Martyno-
va, O.I., Vodnyi rezhim atomnykh elektrostantsii

(Water Operation of Atomic Power Plants), Moscow:
Atomizdat, 1976.

6. Izmailova, D.R., Voitovich, V.B., and Kurolap, N.S.,
Vodosnabzh. Sanit. Tekh., 1980, no. 4, p. 709.

7. JPN Patent no. 55-39 993.
8. JPN Patent no. 55-32 796.
9. Kolodyazhnyi, V.A. and Chelnakova, P.N., Abstracts

of Papers, Vserossiskaya nauchno-prakticheskaya kon-
ferentsiya �Laboratornoe delo: Organizatsiya i
metody issledovanii� (Russian Scientific and Practical
Conf. �Laboratory Practice: Organization and Inves-
tigation Techniques	), Penza, 2001, p. 49.

10. Saldadze, K.M. and Kopylova-Valova, V.D., Kom-
pleksoobrazuyushchie ionity (kompleksity) (Complex-
ing Ion Exchangers (Complexites)), Moscow: Khi-
miya, 1980.

11. Unifitsirovannye metody analiza vod (Standardized
Methods for Water Analysis), Lur’e, Yu.Yu., Ed.,
Moscow: Khimiya, 1971.

12. Lur’e, Yu.Yu. and Rybnikova, A.I., Khimicheskii ana-
liz proizvodstvennykh stochnykh vod (Chemical Analy-
sis of Industrial Wastewater), Moscow: Khimiya,
1978, 4th ed.

13. Daniels, F. and Alberty, R.A., Physical Chemistry,
New York: Wiley, 1975, 4th ed.



1070-4272/04/7701-0079�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 1, 2004, pp. 79�82. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 1,
2004, pp. 83�86.
Original Russian Text Copyright � 2004 by Lupeiko, Gorbunova, Bayan.

ENVIRONMENTAL PROBLEMS
���������������������� ����������������������

OF CHEMISTRY AND TECHNOLOGY

Deep Purification of Aqueous Solutions To Remove Iron(III)
with Carbonate-Containing Industrial Waste

T. G. Lupeiko, M. O. Gorbunova, and E. M. Bayan

Rostov State University, Rostov-on-Don, Russia

Received June 13, 2002; in final form, June 2003

Abstract�The possibility of using a carbonate-containing industrial waste in purification of aqueous solutions
to remove iron(III) ions to below the maximum permissible concentration was analyzed. The sorbent capaci-
ties were calculated for iron(III) solutions with various initial concentrations. The influence exerted by the
time, temperature, anionic composition of iron(III) salt solutions, and other factors on sorption was assessed.

The problem of purification of industrial waste-
water that contains metal ions has always been, and
still is rather topical in view of their adverse effect on
the environment and human health. Of particular
interest in this regard is the possibility of using solid
industrial wastes as sorbents for heavy metals. To
advantages of this method can be referred the ready
availability and low cost of the sorbent (waste) and
the environmental expediency of its use.

Previously, the composition and physicochemical
properties of wastes formed in water treatment at heat
and power plants have been studied for the example of
the Rostov Heat and Power Plant no. 2 (TETs-2); it
was shown that the slime mainly contains calcium and
magnesium carbonates, is homogeneous and finely
dispersed, has relatively constant composition, and is
chemically and radiologically safe [1]. It has also been
shown that the waste under study exhibits sorption
capacity and can be successfully used to purify aque-
ous solutions to remove toxic ions of copper [2] and
chromium [3].

This study is concerned with the possibility of
purification of aqueous solutions to remove iron(III)
ions, which can be found most frequently in industrial
wastewater. The sorbent suggested is based on cal-
cium and magnesium carbonates. When it is placed in
the water medium, an excess amount of OH groups is
formed because of the partial hydrolysis of the anion,
which is confirmed by the fact that the pH of solu-
tions of the waste is 8.7 [3]. Industrial wastewater
from electroplating shops, including iron-containing
solutions, is acidic and contains anions of strong acids
(Cl�, SO4

2�, NO3
�), i.e., Fe3+ is present in wastewater

in the form of aqua hydroxo complexes formed in

hydrolysis of the cation. Therefore, addition of the
industrial waste to acid solutions of iron must enhance
the hydrolysis, with iron hydroxide, which is the least
soluble under the given conditions, formed and carbon
dioxide evolved, by the scheme

HOH HOH HOH
Fe3+ ��� Fe(OH)2+ ��� Fe(OH)2

+ ��� Fe(OH)3�,
�H+

�H+
�H+

HOH HOH
CO3

2� ��� HCO3
� ��� H2CO3 ��� H2O + CO2�.

�OH� �OH�

Thus, it would be expected that the carbonate-
containing waste will allow deep purification of aque-
ous solutions to remove iron ions. In this case, the
low solubility product of Fe(OH)3 (6.3 �10�38 [4])
will result in that the residual concentration of iron
will not exceed the maximum permissible concentra-
tion (MPC) equal to 0.5 mg l�1 [5].

EXPERIMENTAL

In this work we studied the sorption capacity of
a carbonate-containing waste in sorption of iron(III)
from solutions with various initial concentrations
and analyzed the influence exerted by the sorption
time, temperature, and other factors on the degree of
iron(III) recovery and sorbent expenditure.

The concentration of iron(III) was determined com-
plexometrically by the commonly accepted procedure
[6] to within 0.2%. For low concentrations, a spectro-
photometric technique with o-phenanthroline was used
[5]. The optical density was measured on a KFK-2MP
photometer to within 4%. The acidity of the solutions
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SE, g l�1

A, %

Fig. 1. Degree of Fe3+ recovery, A, vs. sorbent expenditure
SE. Fe3+ concentration in solution, mg l�1: (1) 200, (2) 500,
(3) 1000, (4) 2000, (5) 5000, (6) 10000, and (7) 20000.

SE, g l�1

c, mg l�1

Fig. 2. Optimal sorbent expenditure SE vs. Fe3+ concentra-
tion c in the initial solution.

used was monitored potentiometrically with an
I-120M pH meter to within �0.05 pH units. Model
solutions were prepared from a concentrated FeCl3
solution with account of the Fe3+ content in waste-
water from various industries. The solutions were
strongly acidic, which is also characteristic of real
wastewater [7]. The sorbent fraction used had particle
size of 0.25�0.50 mm, which mainly constitutes the
powdered industrial waste [3].

The range within which the content of iron(III) in
industrial wastewater varies is rather wide: from sev-
eral milligrams per liter at nonferrous metallurgical
plants to tens of grams per liter at shops for etching of

Effect of concentration cFe3+ and pH of the initial FeCl3
solution on expenditure and capacity of the sorbent
����������������������������������������

cFe3+, �
pH

�
Expenditure, g l�1�Capacity, mg g�1

� � �mg l�1 � � �
����������������������������������������

100 � 2.41 � 0.5 � 200
200 � 2.37 � 1.0 � 200
500 � 2.32 � 2.5 � 200

1000 � 2.11 � 4.8 � 208
2000 � 1.83 � 10 � 200
5000 � 1.63 � 23 � 217

10 000 � 1.40 � 44 � 227
20 000 � 1.05 � 83 � 241

����������������������������������������

ferrous metals. Therefore, the optimal sorbent ex-
penditure was determined for solutions with different
concentrations. For this purpose, a weighed portion of
the sorbent was placed in 100 ml of a solution to be
purified, kept at 25�C. The amount of sorbent taken
for Fe3+ precipitation was varied from 0.1 to 8 g (i.e.,
from 1 to 80 g l�1). The sorption was carried out
under static conditions with agitation in the course of
15 min, a time sufficient for the sorption process to be
complete. The concentration of Fe(III) in a solution
was determined before and after its contact with the
sorbent, and the degree of metal recovery was calcu-
lated from the difference of the initial and residual
concentrations. As the optimal sorbent expenditure
was taken the minimum amount of the sorbent that
was necessary under the given conditions for iron(III)
to be removed to below MPCFe.

Apparently, the sorbent expenditure becomes
higher as the initial content of iron(III) in solution in-
creases (Figs. 1, 2). For example, purifying to below
MPCFe requires 0.5 g l�1 of the sorbent for a solution
with the initial iron concentration of 100 mg l�1 and
80 g l�1 for that with the concentration of 20 g l�1.
The optimal values of the sorbent expenditure and
capacity are listed in the table.

For solutions with not-too-high iron(III) concentra-
tion, the sorbent capacity is 200 mg of Fe3+ per gram
of the sorbent. With increasing iron content, the sor-
bent capacity grows somewhat, which is presumably
due to the formation of a larger amount of difficultly
soluble metal hydroxide and to the noticeable contri-
bution to sorption from iron(III) ions additionally
coprecipitated on the hydroxide. The dependence of
the optimal sorbent expenditure on the Fe3+ concen-
tration in the starting solution was processed using
the least-squares technique with the use of the experi-
mental data obtained (Fig. 2). In the concentration
range 100�2000 mg l�1, the plot can be interpreted as
a straight line with 99.9% probability, which makes it
possible to calculate the optimal sorbent expenditure
for solutions with intermediate concentrations.

As would be expected, the pH values of the initial-
ly strongly acidic solutions being purified increased
upon their contact with the sorbent (Fig. 3). This
process was accompanied by evolution of carbon di-
oxide. In this case, the higher the iron(III) concentra-
tion in solution and the lower the pH of the starting
solution, the stronger the gas evolution. It is also
noteworthy that pH exceeds 4.5 in filtrates with Fe3+

content below the MPCFe level. This is due to the fact
that, in weakly acidic, neutral, and alkaline media
(4.1 < pH < 14), iron mainly exists in the form of a
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difficultly soluble hydroxide, Fe(OH)3 [4]. Hence fol-
lows that, indeed, purification of aqueous solutions to
remove Fe3+ ions is based on their neutralization with
a carbonate-containing waste, which leads to mutual
enhancement of hydrolysis of the carbonate compo-
nent of the sorbent and the iron salt to the point of
precipitation of iron(III) hydroxide and evolution of
carbon dioxide.

To evaluate the influence exerted by the time of
contact between a solution being purified and the
sorbent on the sorption process, weighed portions of
the sorbent (0.25 and 1.0 g) were placed in 100 ml of
a solution with the initial Fe3+ concentration of 500
and 2000 mg l�1, respectively. The time of sorption
was varied from 1 to 10 min. At the iron concentration
of 500 mg l�1, 2 min is sufficient for recovery of the
metal to the MPC level. With increasing concentration
of Fe3+ in solution, the sorption duration grows to
become 3 min at 2000 mg l�1 (Fig. 4). As seen from
the data presented, the purification of aqueous solu-
tions to remove Fe3+ ions is complete much earlier,
compared with ions of other metals. For example, the
optimal time of sorption is 60 min for a 10 g l�1

copper(II) solution [2]. In all probability, this is due to
the fact that, in the case of Cu2+, there exist a number
of phases with close solubility products, which can be
formed in sorption and in the accompanying processes
of neutralization, hydrolysis, etc. In the first stage,
when the pH values are relatively low, only the
least soluble, under the given conditions, phases are
formed. Then, in the course of prolonged neutraliza-
tion, these phases are converted into other, still less
soluble phases, and this solid � solid transition can-
not be fast. Thus, the fast sorption of iron(III) is ap-
parently related to a simple mechanism of the process,
which, in turn, is due to the presence of the Fe(OH)3
phase, predominant in the solubility product in a wide
pH range.

In order to study the influence exerted by the sor-
bent particle size on the extent of purification, three
sorbent fractions were used: 0.1�0.25, 0.25�0.5, and
0.5�1.0 mm. The sorption was carried out from a
solution with iron(III) concentration of 2 g l�1 under
static conditions with agitation, in the course of
15 min. It was found that Fe3+ ions are removed to
the greatest extent at particle size of 0.1�0.25 mm
(Fig. 5). In all probability, this is due to higher solu-
bility of finer particles in an aqueous solution and
larger working surface area of the sorbent. Taking into
account the fact that the sorbent is mainly composed
of the 0.25�0.5-mm fraction, preliminary grinding of
the sorbent is advisable. However, it was difficult to

SE, g l�1

Fig. 3. Solution pH vs. sorbent expenditure SE. Fe3+ con-
centration in solution (mg l�1): (1) 500, (2) 1000, (3) 2000,
(4) 5000, (5) 10000, and (6) 20000.

A, %

t, min
Fig. 4. Degree of Fe3� recovery, A, vs. time t. Fe3+ concen-
tration in solution (mg l�1): (1) 500 and (2) 2000.

SE, g l�1

A, %

Fig. 5. Degree of Fe3+ recovery, A, vs. sorbent expenditure
SE. Sorbent particle diameter (mm): (1) 0.1�0.25, (2) 0.25�
0.5, and (3) 0.5�1.0.

determine in this study which of the following two
ways is more economically efficient: to grind the
sorbent, with its expenditure thereby diminished, or to
use its greater amounts without preliminary grinding.

The influence of the solution temperature on sorp-
tion was studied with a 2000 mg l�1 iron solution at
a sorbent expenditure of 8 g l�1 (amount of sorbent
somewhat smaller than the optimal value) and time of
static sorption equal to 15 min. As seen from Fig. 6,
sorption is markedly more effective at higher tempera-
tures. This can be attributed to enhancement of hy-
drolysis and to an increase in the solubility of carbo-
nates contained in the sorbent, which is also con-
firmed by more vigorous evolution of carbon dioxide.
Thus, purification of the starting solution with 2 g l�1
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A, %

T, �C
Fig. 6. Degree of Fe3� recovery, A, vs. solution tempera-
ture T.

of iron(III) requires 10 g l�1 of the sorbent at 25�C
(Fig. 2), whereas, upon heating to 40�C, 8 g l�1 of the
sorbent is sufficient, i.e., the sorbent expenditure is
lower in Fe3+ sorption from heated solutions.

In view of the fact that industrial wastewater has
varied anionic composition, we analyzed the influence
exerted on sorption by the anion component. It was
found that processes of purification of chloride, ni-
trate, and sulfate solutions to remove Fe3+ occur in
much the same way, with the sorbent capacities coin-
ciding.

The results presented here indicate that the carbo-
nate-containing industrial waste under study can well
be used for purification of acid aqueous solutions
(e.g., wastewater) to remove iron(III) ions. Moreover,
the pH values of purified solutions conform to sani-
tary regulations concerning purified wastewater.

CONCLUSIONS

(1) The possibility of using a carbonate-containing
sorbent for deep purification of aqueous solutions to
remove Fe3+ ions was demonstrated.

(2) It was confirmed that the main mechanism of
sorbent operation is neutralization of strongly acidic

solutions with precipitation of Fe3+ in the form of
a difficultly soluble hydroxide.

(3) The optimal time of contact of the sorbent with
a solution being purified and sorbent expenditure for
iron(III) salt solutions with various initial concentra-
tions were determined, and the optimal sorbent capac-
ity was calculated to be about 0.2 g of Fe3+ per gram
of the sorbent.

(4) The sorbent expenditure is lower at finer dis-
persity of sorbent particles and in the case of sorption
from heated solutions.
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Abstract�The possibility of using a carbonate-containing industrial waste formed in water-treatment units of
thermal power plants for treatment of aqueous solutions to remove nickel(II) ions was analyzed. The influence
exerted by the time, temperature, and other factors on the degree of recovery of nickel(II) ions and sorbent
expenditure was established. The possibility of separating nickel(II) and iron(III) ions simultaneously present
in solution, using the waste under study, was demonstrated.

One of burdensome, large-tonnage wastes produced
by thermal power plants is the carbonate-containing
precipitate formed at shops for chemical water treat-
ment. The suspended precipitate (slime) is periodical-
ly removed to slime collectors, which occupy large
area and affect adversely the natural landscape and
water-bearing horizons. The water-treatment waste can
be used as raw material in manufacture of unfired
bricks and as additive in production of ceramic articles
and fertilizers. The waste is used most massively in
landscape leveling and reclamation of strip pits. De-
spite the active search for various methods for utiliz-
ing slime and diminishing its amount, the problem is
far from being resolved.

Previously, the composition and physicochemical
properties of wastes formed in water treatment have
been studied for the example of the Rostov heat and
electric power plant TETs-2, and it was shown that
the slime mainly contains calcium and magnesium
carbonates, is homogeneous and finely dispersed, has
relatively constant composition, and is chemically and
radiologically safe [1]. It has also been shown that
the waste under study has sorption capacity and can
be successfully used to purify aqueous acid solutions
to remove iron, copper, and chromium ions [2, 3].

This study is concerned with the possibility of
treatment of aqueous solutions to remove nickel(II)
ions, which can be found most frequently in waste-
water of electroplating shops and are very toxic. Par-
ticularly dangerous are spent concentrated nickel-
plating solutions (electrolytes) whose discharge to
sewage disposal plants can disrupt their operation.
Moreover, a great amount of the valuable metal is

lost. In this study, we examined the possibility of
recovering nickel(II) ions with a carbonate-containing
industrial waste.

EXPERIMENTAL

Model solutions were prepared from NiCl2 �6H2O
of chemically pure grade; their concentration corre-
sponded to the content of Ni2+ ions in wastewater
from various plant shops [4]. The sorption was per-
formed under static conditions as follows. A weighed
portion of the sorbent (slime) with particle size in the
range 0.25�0.50 mm was added to 100 ml of a solu-
tion to be purified, with a concentration cin (mg l�1)
(calculated in terms of nickel). The resulting mixture
was agitated for a time � (min), and then the solutions
were filtered. The pH value and the Ni2+ concentra-
tion in solution were determined before and after a
solution was brought in contact with the sorbent, and
the degree of recovery of the metal was determined
from the difference of its initial and residual concen-
trations. The Ni2+ concentration was found by a spec-
trophotometric method with dimethylglyoxime, using
the commonly accepted procedure [5]. The optical
density was measured on a KFK-2MP photometer
to within 5%. The acidity of the solutions used
was monitored potentiometrically with an I-120M
pH meter to within �0.05 pH units.

The content of nickel in industrial wastewater
varies widely, and, therefore, the optimal sorbent
expenditure was found for solutions with various con-
centrations cin of 115, 50, 25, 10, and 1 mg l�1. The
sorption was carried out at 20�C for 60 min (Table 1,
Fig. 1a).
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Table 1. Degree of nickel recovery (DR) at varied sorbent
expenditure (SE)
����������������������������������������

SE, g l�1 � pHfiltrate � cNi
res, mg l�1 � DR, %

����������������������������������������
cin = 115 mg l�1 pHin 5.11

20 � 7.80 � 33.4 � 71.7
25 � 7.82 � 19.8 � 82.4
30 � 7.98 � 8.7 � 92.4
35 � 8.01 � 7.8 � 93.2
45 � 8.09 � 5.5 � 95.2
50 � 8.14 � 5.2 � 95.5

cin = 50 mg l�1 pHin 5.24

15 � 7.88 � 9.79 � 80.4
20 � 8.09 � 3.90 � 92.2
25 � 8.18 � 1.18 � 97.6
30 � 8.19 � 1.02 � 97.8
35 � 8.21 � 0.87 � 98.3

cin = 25 mg l�1 pHin 5.36

5 � 7.93 � 6.5 � 74.0
6 � 8.01 � 3.20 � 87.2
8 � 8.14 � 1.71 � 93.2

10 � 8.24 � 0.75 � 97.0
15 � 8.26 � 0.36 � 98.6
20 � 8.41 � 0.17 � 99.3

cin = 10 mg l�1 pHin 5.47

2 � 8.15 � 2.52 � 74.8
3 � 8.37 � 0.91 � 90.9
4 � 8.41 � 0.48 � 95.2
5 � 8.49 � 0.27 � 97.3
6 � 8.52 � 0.11 � 98.9
8 � 8.54 � 0.08 � 99.2

cin = 1 mg l�1 pHin 5.61

1 � 8.31 � 0.155 � 84.5
1.5 � 8.36 � 0.119 � 88.1
2 � 8.38 � 0.094 � 90.6
3 � 8.44 � 0.052 � 94.8
4 � 8.46 � 0.011 � 98.9
5 � 8.49 � 0.008 � 99.2
6 � 8.52 � 0.005 � 99.5

����������������������������������������

As seen from Table 1, 95% degree of recovery is
achieved for a solution with the initial Ni2+ concentra-
tion of 115 mg l�1 at the sorbent expenditure of
50 g l�1. For solutions with lower initial concentration
of nickel(II), sufficiently high degree of purification is
obtained at lower amounts of the sorbent. For exam-
ple, 10 g l�1 of the sorbent is sufficient for 97%
recovery of the metal from a solution with cNi =
25 mg l�1, and 4 g l�1, for 95% recovery of nickel(II)
from a solution with cNi = 10 mg l�1.

(a)A, %

SE, g l�1

A, %
(b)

SE, g l�1

A, %
(c)

SE, g l�1

Fig. 1. Degree of Ni2+ recovery, A, vs. sorbent expenditure
SE. (a) Nickel concentration in solution (mg l�1): (1) 1,
(2) 10, (3) 25, (4) 50, and (5) 115. (b) Particle diameter
(mm): (1) 0.1�0.25, (2) 0.25�0.5, (3) 0.5�1.0, and (4) 1.0�
2.0. (c) Temperature (�C): (1) 20, (2) 40, (3) 60, and (4) 80.

Analysis of data on the pH values of the starting
and purified solutions shows that the sorption is ac-
companied by neutralization and alkalization of the
initially acid solutions. It was noticed that the pH
value of the purified solutions conforms to sanitary
regulations concerning purified wastewater. The maxi-
mum degree of nickel recovery is achieved at pH > 8.
Apparently, this is due to hydrolysis of the carbonates
contained in the slime, which is confirmed by evolu-
tion of carbon dioxide. The higher the concentration
of nickel ions and the lower the initial pH of a solu-
tion being purified, the more vigorous are the dissolu-
tion of the carbonate-containing waste and the gas
evolution. The sorption capacity is, apparently, also
related to exchange of magnesium(II) ions for nick-
el(II) in an aqueous solution to give a less soluble
nickel carbonate in accordance with their solubility
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products: SPMgCO3
= 2.1 �10�5, whereas SPNiCO3

=
1.3 �10�7. Formation of nickel carbonate via decom-
position of calcium carbonate is unlikely, since
SPCaCO3

= 3.8 �10�9.

In view of the aforesaid, nickel sorption (removal
from the solution bulk) can be represented as a set of
several reactions.

(1) Partial dissolution of the sorbent with sub-
sequent formation of hydroxide anions

CO3
2� + H2O �� HCO3

� + OH�,

HCO3
� + H2O �� OH� + H2CO3,

H2CO3 � H2O + CO2�.

(2) Formation on the sorbent surface and near it of
poorly soluble nickel hydroxide

Ni2+ + H2O �� NiOH+ + H+,

NiOH+ + H2O �� Ni(OH)2� + H+.

The mutual enhancement of hydrolysis of the nick-
el(II) salt and the carbonate component of the sorbent
results in that carbon dioxide is evolved and a precipi-
tate of poorly soluble nickel hydroxide is formed.

(3) Formation on the sorbent surface and near it of
poorly soluble nickel carbonate

MgCO(s) + Ni2+ � NiCO3(s) + Mg2+.

In addition, nickel(II) ions can be adsorbed on
the surface of an undissolved sorbent and on freshly
formed particles. Thus, the interaction with the
carbon-containing waste consists in �mild� neutraliza-
tion of acid solutions and ends in self-adjusting
establishment of a weakly acid medium, which rules
out excessive alkalization of solutions. In this regard,
the waste acts as a material self-adjusting the pH
value. In this case, the process itself is constituted by
precipitation of nickel(II) hydroxide, exchange inter-
actions that lead to carbonate and mixed hydroxo car-
bonate phases, and, presumably, adsorption of nick-
el(II) by the amorphous particles formed and particles
of an undissolved sorbent. Since the equilibration
process is long, the initially formed solid phases are
nonequilibrium and are further transformed into equi-
librium phases (similarly to the previously studied
sorption of Cu2+ [2]).

The above interactions provide nickel recovery
from aqueous solutions. However, in view of the low

A, %

t, min

Fig. 2. Degree of Ni2+ recovery, A, vs. time t. Sorption
conditions: (1) cNi = 200 mg l�1, SE = 50 g l�1; (2) cNi =
25 mg l�1, SE = 5 g l�1.

efficiency of this process, it is to be optimized by
adjusting its conditions. For this purpose, the influ-
ence exerted on the process by various factors was
studied.

Since an air-dry slime sample is a powder with
various particle diameters [1], the study was com-
menced with assessment of the influence exerted on
the efficiency of nickel recovery by dispersity of
sorbent particles. For this purpose, the main fractions
of a carbonate-containing waste with grain sizes of
0.1�0.25, 0.25�0.5, 0.5�1.0, and 1.0�2.0 mm were
used. The sorption was performed from solutions with
nickel(II) concentration of 100 mg l�1, at sorption
time of 30 min. As expected, the degree of sorption is
higher, and the sorbent expenditure is lower, with
finely dispersed fractions, e.g., 0.1�0.25 mm (Fig. 1b).
In all probability, this is due to easier dissolution of
finer particles in the aqueous solution and larger work-
ing surface area of the sorbent. However, at high sor-
bent expenditure, which is necessary for achieving
>90% nickel(II) recovery, the particle size affects the
process only slightly, because the solution is super-
saturated with the slime. Moreover, use of a finely
dispersed fraction makes difficult the separation of the
sorbent contaminated with nickel from the purified
solution. Therefore, the sorbent fraction with grain
size of 0.25�0.5 mm, whose content in the sorbent
exceeds 45% [3], was used in further experiments.

An important specific feature of the process is that
the sorption equilibrium is attained slowly (Fig. 2),
even though the major part of the metal is recovered
already during the first several minutes. For example,
for a solution with cin = 200 mg l�1 (curve 1), the
main part of nickel(II) (58%) is sorbed at the sorbent
expenditure of 50 g l�1 during the first 5 min. For a
solution with the initial concentration of 25 mg l�1

(curve 2), more than 60% of the metal is recovered at
the sorbent expenditure of 5 g l�1 in 10 min. In this
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Table 2. Stage-by-stage purification of solutions. Duration of each purification stage 5 min
������������������������������������������������������������������������������������

cin, mg l�1
� First stage of purification � Second stage of purification �

DR, %����������������������������������������������������������
� SE, g l�1 � cres, mg l�1 � SE, g l�1 � cres, mg l�1 �

������������������������������������������������������������������������������������
200 � 50 � 72 � 30 � 1.44 � 99
100 � 20 � 32 � 15 � 0.38 � 99
25 � 5 � 11 � 5 � 0.41 � 98

������������������������������������������������������������������������������������

case, sorption proceeds actively during the first hour,
and then the process passes into a less intensive stage,
with virtually complete recovery (99%) achieved in
3 days. If a markedly greater amount of sorbent, e.g.,
10 mg l�1, is taken for a solution with cin = 25 mg l�1,
more than 90% of nickel(II) is recovered in the first
5 min.

In view of this fact, the optimal sorption conditions
for achieving a high degree of purification are to be
chosen depending on the task to be accomplished. For
example, at low sorbent expenditure, the time of con-
tact with a solution being purified should be relatively
long, and fast and efficient purification is achieved
at a large excess of the sorbent. Taking into account
the low cost of the sorbent, the second way seems to
be more efficient. Also possible is stage-by-stage puri-
fication of solutions. This is particularly important for
strongly concentrated solutions, for which �rough�
purification will be the first stage, and, if necessary,
additional purification, the second stage. Table 2 illu-
strates a possible course of stage-by-stage purification.
As for the choice of conditions and modes of treat-
ment of particular real kinds of wastewater from elec-
troplating shops, it is determined, in the first place, by
their qualitative and quantitative composition and the
task to be accomplished at a plant (rough purification
of spent concentrated electrolytes or fine purification
of wastewater).

One more result of interest was that the expenditure
of the carbonate-containing sorbent is markedly lower
in sorption from hot solutions. In this case, the pre-
cipitation of nickel(II) ions is markedly accelerated
and a high degree of purification is achieved. For
example, upon heating to 40�C, nickel ions are virtu-
ally completely removed from a solution (cin =
100 mg l�1) in the presence of 40 g l�1 of slime in
15 min, and if the sorption is carried out at 80�C, 95%
recovery of nickel requires a 5 times smaller amount
of the sorbent (SE = 50 g l�1 at 20�C and 10 g l�1 at
80�C (Fig. 1c). In all probability, the higher efficiency
of purification in sorption from hot solutions is due to
increased solubility of the slime and to enhanced hy-

drolysis of its constituents, such as calcium and mag-
nesium carbonates. This conclusion is confirmed by
more vigorous evolution of carbon dioxide from hot
solutions.

The qualitative and quantitative compositions of
industrial wastewater strongly vary, and, therefore, the
influence exerted by various ions on the sorption of
nickel(II) was analyzed. A study of sorption from
sulfate, chloride, and nitrate solutions revealed that
changes in the anionic composition of solutions have
virtually no effect on the sorption of nickel(II). At the
same time, the presence of metal cations strongly
affects the amount of sorbent necessary for solution
purification, since the sorbent is also consumed for re-
covery of other metals. The influence of cations was
studied for the example of iron, which is a cation that
most frequently occurs in wastewater. Taking into
account the fact that sorption of nickel(II) proceeds
successfully only at a sufficiently high expenditure of
the sorbent (Table 1) and iron(III) is sorbed virtually
instantaneously at low sorbent consumption [sorbing
capacity 200 mg iron(III) per 1 g sorbent], it is pos-
sible to separate solutions that contain these ions.
This is particularly important in nickel plating of iron
articles, when the nickel-plating electrolyte is con-
taminated with iron(III) ions. Table 3 lists the results
of sorption from solutions containing nickel(II) and
iron(III) ions in ratios of 1 : 2, 1 : 4, and 1 : 6, i.e.,
solutions with cin

Ni = 100 mg l�1 and cin
Fe = 200, 400,

and 600 mg l�1, respectively. The sorption was carried
out from acid solutions (pH 2�3) for 5 min. As seen
from Table 3, 90% of nickel remains in a solution that
initially contained a mixture of aqua ions of the met-
als in a ratio Ni : Fe = 1 : 6 upon complete precipita-
tion of iron(III). For less concentrated solutions, pre-
cipitation of iron(III) with virtually zero loss of nick-
el(II) is possible.

Finally, it should be noted that, under certain con-
ditions, the carbonate-containing waste formed in
water treatment at thermal power plants can be used
for recovery of nickel(II) ions from dilute and concen-
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Table 3. Separation of solutions containing Ni(II) and Fe(III) ions
������������������������������������������������������������������������������������

SE, g l�1

� Degree of metal recovery, %
���������������������������������������������������������������������
� Ni : Fe = 1 : 2 � Ni : Fe = 1 : 4 � Ni : Fe = 1 : 6
���������������������������������������������������������������������
� Fe(III) � Ni(II) � Fe(III) � Ni(II) � Fe(III) � Ni(II)

������������������������������������������������������������������������������������
1.0 � 76 � 0 � � � � � � � �
1.5 � 100 � 0 � 48 � 0 � � � �
2.0 � 100 � 1.2 � 63 � 0.1 � 49 � 2.3
2.5 � � � � � 99 � 1.5 � 57 � 5.2
3.0 � � � � � 100 � 1.6 � 77 � 5.8
4.0 � � � � � � � � � 100 � 9.9

������������������������������������������������������������������������������������

trated solutions, and also for partial or virtually com-
plete separation of mixed solutions that contain both
Ni(II) and Fe(III) ions.

CONCLUSIONS

(1) The possibility of using the slime formed in
water-treatment units of thermal power plants for puri-
fication of aqueous solutions to remove nickel(II) ions
was demonstrated.

(2) The optimal process duration and sorbent
expenditure were found for solutions with various
concentrations. Several purification schemes were
suggested.

(3) It was established that the sorbent expenditure
decreases as the temperature of a solution being puri-
fied is raised, sorption duration is made longer, and
more finely dispersed sorbent fraction is used.

(4) The possibility of partly or virtually complete-

ly separating mixed solutions that contain various
amounts of Ni(II) and Fe(III) with the use of the waste
was demonstrated.
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Abstract�The possibility of general correlation analysis of the self-diffusion coefficients and dynamic
viscosity coefficients of low-molecular-weight liquid organic nonelectrolytes was studied. An attempt was
made to obtain common dependences suitable for calculating the self-diffusion and viscosity coefficients.

Optical methods of investigations, in particular,
refractometry, are widely used in physicochemical
analysis. Refractometric constants are closely related
to many physical properties of substances. Combined
measurements of optical and other properties of
liquids reveal their interrelation.

There are virtually no published data on a correla-
tion between the kinetic coefficients characterizing the
mass and momentum transfer processes, on the one
hand, and refractometric constants, on the other. Only
Suryanarayana [1] estimated the dynamic viscosity
coefficient of liquids �, mPa s�1, from the refractive
index n:

(nD
20)2 � 1� �

� = C�����������, (1)
(nD

20)2 + 2� �

where C is the proportionality coefficient with the
dimensionality identical to that of �, and nD

20, refrac-
tive index for the D line of sodium (� = 589.3 nm)
at 20�C.

There are no published data on interrelation bet-
ween the self-diffusion coefficients (SDCs), character-
izing the thermal (random) motion of molecules in
liquids, and the refractometric constants.

Figure 1 presents the D vs. nD
20 plots constructed

for the experimental self-diffusion coefficients D
available from the literature. It is seen that the data
for isomeric homologs and liquids from different
homologous series cannot be fitted by a single correla-
tion curve.

General correlation analysis is possible only for
liquids from the same group (homologous series). For
example, for liquid n-alkanes from pentane to decane,

we obtained the following linear equation:

D = anD
20 + b, (2)

where a = �77.36 (�79.62) and b = 110.23 (113.55)
for T = 293.15 (298.15 K). The SDCs calculated by
this equation and those measured experimentally
differ by less than 5%.

With lengthening molecular chain of n-alkanes,
Eq. (2) gets nonlinear (Fig. 1, curve 1). Regular
trends in variation of the SDCs with the refractive
index along a homologous series are also exhibited by
primary alcohols C1�C8 (Fig. 1, curve 2) and cy-
clanes, namely, cyclo-C5, cyclo-C6, and methyl-cyclo-
C6 (Fig. 1, curve 3). No common equation directly
interrelating D and nD

20 parameters of liquids from
different classes was revealed.

The light wave affects the mobility of the charges
(electrons and nuclei in atoms) constituting the mole-
cule. As a result, molecules of liquid nonpolar dielec-

D � 109, m2 s�1

Fig. 1. Correlation of D with nD
20 for selected organic

liquids at 293.15 K: (1) (I) n-C5�n-C17 and (II) iso-C5,
iso-C6; (2) (III) primary alcohols C1�C8, (IV) iso alcohols
C3�C5, and (3) cyclanes.
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trics get polarized, acquiring a dipole moment �� = �
�
E.

Here, � is the dipole moment of the molecule, D;
�
E,

electric field strength, V m�1; and �, polarizability,
characterizing the electric-field-induced deformability
of the molecule, D m4 V�1.

The equation for molar polarization corrected for
the dipole interaction of molecules in the limit of a
very weak field has the form [2, 3]

� � 1 4
������ = ���n�[1 + S(n, T)], (3)
� + 2 3

where n is the number of molecules per unit volume
(numerical density) in the same limit, m�3, and
S (n, T), a function of the numerical density and tem-
perature.

We will introduce the designation n0 = (4/3)�n�
into Eq. (3) and thus obtain

� � 1
������� � 1 = S(n, T). (4)
(� + 2)n0

Transfer of particles in liquids is, essentially, a
sequence of their random displacements. Diffusion
motion of a particle in a medium is usually character-
ized by an rms displacement �r2� from the initial
position within the time 	
. In the three-dimensional
space, the rms displacement is defined as follows
[4, 5]:

�r2� = 6D�	. (5)

Under isobaric conditions, the rms displacement of
a molecule within a certain time interval 	
, like the
S(n, T) functional, is a function of the numerical
density and temperature. Therefore, SDC can be ex-
pressed as

�r2�
D = ���� = f (n, T). (6)

6�	

Comparison of Eqs. (4) and (6) suggests that the
self-diffusion coefficient can be expressed as a func-
tion of the left-hand side of Eq. (4), which is the
molar polarization Pm

(� � 1) M� �
D = 
������� ���
 (Pm). (7)

(� + 2) �� �

where � is the function designation; M, molecular
weight, kg mol�1; �, density of liquid, kg m�3; and

, dielectric permittivity (dimensionless).

Pm � 105, m3 mol�1

ln (D � 109) [m2 s�1]

Fig. 2. Common dependence of D on Pm for organic
liquids: (1) n-C5�n-C17; (2) iso-C5, iso-C6; (3) primary
alcohols C1�C8; (4) iso alcohols C3�C5; and (5) cyclanes.

To test the hypothesized existence of a correlation
between the self-diffusion coefficient and molar
polarization, we took advantage of the SDCs, densi-
ties, refractive indices [6�9], and dielectric permittivi-
ties [10] of liquids from various homologous series.

We constructed the lnD vs. Pm plots for the ex-
perimental SDCs of liquid n-alkanes (C5�C17), iso-
pentane, isohexane (with the dipole moment � = 0 and
association number � = 1), as well as for diethyl ether
and diisopropyl ether (� > 0, � = 1), benzene, tolu-
ene, m-xylene, cyclopentane, cyclohexane, methylcy-
clohexane (� � 0, � > 1), and homologous series of
primary alcohols (C1�C8), 2-propanol, and 3-butanol
(� > 0, � > 1). These points are well fitted by a com-
mon curve (Fig. 2).

Comparison with Fig. 1 clearly shows that general
correlation analysis of the experimental SDC values in
the lnD vs. Pm coordinates is advantageous.

The molar polarization of liquids whose dielectric
permittivity 
 � (nD

20)2 was calculated by the formula

(� � 1) M
Pm = ������ ��, (8)

(� + 2) �

and that of liquids with 
 = (nD
20)2, by the formula

Pm = �Rd, (9)

where � is the correction for association of the mole-
cules, which is equal to the association number deter-
mined using the viscosities [11], and Rd, molar refrac-
tion determined by the equation

(nD
20)2 � 1 M

Rd = ��������� ���. (10)
(nD

20)2 + 2 �

By regression analysis, we obtained the analytical
expression describing most adequately the experi-
mental self-diffusion coefficients D, m2 s�1, for the
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liquids studied at 293.15 K:

D = 10�9 exp (a1Pm
2 + b1Pm + c1), (11)

where a1 = 2.791 �10�4 mol2 cm�6, b1 = �8.157538 �
10�2 mol cm�3, c1 = 3.5155 for nonpolar and weakly
polar liquids (alkanes, cyclanes, aromatic hydrocar-
bons); and a1 = 2.4006 �10�4 mol2 cm�6, b1 =
�7.31926 �10�2 mol cm�3, c1 = 3.16715 for polar
liquids (primary alcohols); Pm has the dimensionality
of cm3 mol�1.

The discrepancies (per cent) between the SDCs cal-
culated by Eq. (11) and determined experimentally
were estimated at 6.6 (maximal) and 2.36 (average)
for alkanes, cyclanes, and aromatic hydrocarbons,
respectively; and 3.7 (maximal) and 1.63 (average) for
primary alcohols.

Unfortunately, the limited number of the experi-
mentally determined SDCs for organic liquids pre-
vents more comprehensive analysis; there are no
SDCs for polar molecules of fatty acids and esters
having high intrinsic dipole moments (� > 2 D).

Thus, with lacking experimental SDCs for organic
liquids, Eq. (10) can be recommended for calculating
these parameters.

We also studied how the dynamic viscosity coef-
ficients (DVCs) vary with the molar refraction and
molar polarization of n-alkanes and primary alcohols.
The experimental viscosities were represented in the
�M2/3 vs. Rd, ln� vs. Pm, and ln� vs. Rd coordinates.
The most precise correlation was obtained in the case
of the ln� vs. Pm coordinates.

By parabolic regression we obtained equations
for calculating the viscosities �, mPa s, of liquid
n-alkanes,

� = exp (a2Pm
2 + b2Pm + c2), (12)

with the parameters a2 = �2.7358 �10�4 mol2 cm�6,
b2 = 8.06 �10�2 mol cm�3, c2 = �3.3875, and viscosi-
ties of primary alcohols,

� = exp (a3 Rd + c3), (13)

with the parameters a3 = 5.62 �10�2 mol cm�3 and
c3 = �2.227; Pm and Rd have the dimensionality of
cm3 mol�1.

The relative mean deviations of the DVCs calcu-
lated by Eqs. (12) and (13) from those determined
experimentally were estimated at 0.875 and 1.73% for
nonassociated alkanes and associated alcohols, respec-

tively. The average deviation was calculated as the
ratio of the sum of the absolute values of the relative
deviations for all the N processed experimental points
to their number

N
�
�i


n = 1
�mean = ������, (14)

N

where �mean is the average relative deviation of the
calculated DVCs from the experimental data; �i, rela-
tive deviation for individual experimental points; and
N, number of points.

The maximal deviations of the calculated DVCs
from the experimental data were estimated at 1.6 and
4.75% for n-heptane and primary alcohols, respec-
tively. The maximal deviation max{�i}, %, corre-
sponds to the largest deviation among those calculated
by the formula

(�i, calc � �i, exp)� �
max {�i} = ����������������100, (15)

�i, exp� �

where �i, calc is the viscosity calculated by Eqs. (12)
or (13), and �i, exp, the experimental viscosity.

In view of the fact that the SDCs and DVCs can be
precisely described by similar dependences, we can
estimate the rotational component of the activation
energy of viscous flow Erot = E� � Etrans for n-alkanes
by the equation

A�ADT exp (Erot/kT) = exp [(a1 + a2)P2
m + (b1 + b2)Pm

+ (c1 + c2)], (16)

where k is the Boltzmann constant; Erot, rotational
component of the activation energy of viscous flow;
A� and AD, pre-exponential factors in the equations
for SDC and DVC [12], respectively; constants a1, a2,
b1, b2, c1, and c2 are identical to those in Eqs. (11)
and (12).

CONCLUSIONS

(1) A correlation was established between the self-
diffusion coefficients D and molar polarization Pm of
liquid low-molecular-weight organic nonelectrolytes,
lnD = f (Pm), as well as between their dynamic viscos-
ity coefficients � and molar polarization, ln� = f (Pm).
These correlations yield common dependences suit-
able for calculating the self-diffusion [Eg. (11)] and
dynamic viscosity [Eqs. (12) and (13)] coefficients.
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(2) For a series of homologous substances, com-
mon dependences can be obtained for the refractive
index.
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Abstract�Formation of high-temperature inverse wave of the filtration combustion of graphite fixed bed
in fluorine was studied. Scientific principles of the industrial process of the tetrafluoromethane synthesis
from graphite and fluorine were developed.

Tetrafluoromethane (TFM), CF4, is widely used in
the industry for plasma-chemical production of in-
tegrated circuits, as refrigerant, flame inhibitor, etc.
[1]. The annual world consumption of TFM is about
1000 t today, which determines urgency of the devel-
opment of its commercial synthesis.

Various methods of TFM preparation are known:
fluorination of methane, its chloro and fluoro deriva-
tives, silicon carbide, and polyfluoroethylene with
elemental fluorine and fluorination of tetrachloro-
methane with various inorganic fluorides [1]. How-
ever, the synthesis from the elements is the most
promising; fluorine is a commercial product, and
electrode graphite, which is characterized by high
purity and appropriate physicomechanical properties,
can be used as a carbon material.

It was found [2�11] that, depending of fluorination
conditions and kind of carbon raw material, the prod-
ucts of fluorine reaction with carbon are liquid, solid,
and gaseous substances:

C(s) + F2(g) � (CF)n(s) + CF4(g) + C2F6(g) + C3F8(g)

+ C4F10(g) + C5F12(g) + � (1)

It was shown in [8, 9] that, at 1000�1500�C, TFM
is the single product of the fluorine reaction with
graphite. At lower temperatures, hexafluoroethane,
octafluoropropane, and higher-molecular-weight per-
fluorinated carbons are also formed. At the tempera-
tures lower than 500�C, fluorographite (CF)n is the
main product. At temperatures lower than 100�C,
fluorine does not react with graphite, as indicated
in numerous papers.

The TFM formation in the fluorine reaction with
carbon is accompanied by a heat release (932 kJ mol�1)
sufficient for graphite heating up to the required tem-
peratures. Powdered graphite has effective heat con-
ductivity of about 10�2 W m�1 K�1. The filtration
combustion mode is realized when fluorine is passed
through a heated graphite bed. The combustion wave
has inverse structure, since graphite burns out com-
pletely, and all the reaction heat is distributed in the
graphite bed below the reaction zone along the gas
flow direction. In the inverse wave of the filtration
combustion, the zone of fluorine uptake is narrower
than the zone of highly heated graphite. Therefore,
unreacted graphite is subject to prolonged heating
before it appears in the reaction zone, and, as a result,
volatile impurities (e.g., sulfur) are eliminated. This
fact favors preparation of high-purity TFM. It should
be noted that, in the inverse wave of the filtration
combustion, fluorine breakthrough through the reac-
tion zone is excluded, and thus complete fluorine con-
version is provided [12].

As mentioned above, at temperatures lower than
500�C, solid fluorocarbon (CF)n is the single reaction
product [10, 11]. On heating above 500�C, it decom-
poses to form C2F6, C3F8, C4F10, etc. [10, 11].
Therefore, to obtain pure TFM, the thermal interaction
of the graphite packing in the fluorine-containing area
with heat-bearing surfaces should be excluded. This
can be realized by feeding fluorine directly into the
graphite bed depth.

However, at the reactor startup, fluorine is (in the
simplest case) fed into the graphite bed at room tem-
perature, and, in the course of formation of the high-
temperature synthesis wave, fluorographite initially
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accumulates, which then decomposes to form C2F6,
C3F8, C4F10, etc. In addition, since fluorographite is
a thermolabile condensed compound, its accumulation
is undesirable from the viewpoint of safety of the
reactor functioning. Thus, the stage of formation in
the graphite packing with the initial temperature of
10�20�C of a high-temperature wave (1000�1500 K)
in which the synthesis proceeds is the most important
for production of maximally pure CF4 in an industrial
reactor and the process safety.

We found no studies of carbon ignition in fluorine.
Such important characteristics of the industrial process
as the time of ignition delay and time of attainment of
the reactor operating mode ensuring production of
pure TFM (at the content of fluorocarbon impurities
no more than 0.1%) are virtually unknown.

In this work, we determined the conditions of for-
mation of a high-temperature wave of filtration com-
bustion of graphite or its mixtures with activated birch
charcoal in fluorine and a method for safe and reliable
reactor startup.

EXPERIMENTAL

To study the combustion process, we developed a
laboratory device (see figure).

A graphite powder was charged into a cylinder (1)
with an inner diameter of 68 mm and height of
164 mm. Fluorine was fed into the reactor through a
thick-walled copper nozzle (2). In the reactor volume
700 mm in diameter, Chromel�Alumel thermocouples
T1�T3 without protective cases were placed. The
distance (along the vertical) between the nozzle outlet
and thermocouple junction was 14 mm, and the dis-
tance between the thermocouple junctions, 30 mm.

In the experiments, the constant fluorine consump-
tion was preset, and samples of the reaction gas for
chromatographic analysis on a katharometer were
taken from a sampler (3) with a syringe. In addition,
the fluorine breakthrough through the sampler (3) was
monitored. A KI aqueous solution was used as an
indicator.

Formation of the high-temperature zone of the syn-
thesis was judged from the thermograms obtained.
The time interval from the beginning of fluorine
introduction to attainment of the temperature of 400�C
near the junction of thermocouple T1 was considered
as the ignition delay time tid.

Fluorine and an F2 + HF mixture1 were used as
������������
1 This mixture simulates an anodic gas produced by the An-

garsk Electrolysis Chemical Combine.

Atmosphere

Absorber (lime)

Scheme of the laboratory device for studying carbon
combustion in fluorine.

fluorinating agents, and ground VAZ grade graphite
(TU 48-20-54�84) produced by the MEZ (Moscow
Electrode Plant) Joint-Stock Company and a mixture
of 90% graphite and 10% activated birch charcoal
(ABC), as carbon raw materials.

The first series of experiments was performed with
VAZ graphite and fluorine. The initial graphite and
graphite already used in high-temperature synthesis of
CF4 were used. The results of measurements of the
ignition delay time as influenced by fluorine con-
sumption are listed in Table 1. The nozzle outlet
diameter d and the linear velocity of the fluorine flow
at the nozzle outlet also presented. It should be noted
that the high-temperature reaction zone could not be
formed with spent graphite.

The results of chromatographic analysis of the reac-
tion gas samples, qualitative monitoring of the fluor-
ine breakthrough, and measurement of temperature as
a function of time from the beginning of fluorine feed-
ing are given in Table 2.

It follows from Tables 1 and 2 that heat accumula-
tion and ignition proceed in the area between thermo-

Table 1. Time of ignition delay tid at different flow rates
WF2

and linear velocities UF2
of fluorine at the nozzle

outlet, d = 0.85 mm
����������������������������������������

Raw material
� WF2

, �
UF2

, m s�1� tid, s� cm3 s�1 � �
����������������������������������������
Graphite � 40 � 71 � 540

� 27 � 48 �No ignition
Graphite* � 45 � 79 � �

� 26 � 46 � �

Graphite+ ABC � 40 � 71 � 250
Graphite + ABC* � 15 � 26 �No ignition
����������������������������������������
* After use in high-temperature synthesis of CF4.
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Table 2. Composition of the reaction gas and temperatures of thermocouples T1�T3 at various times of the synthesis ts
and fluorine flow rates WF2������������������������������������������������������������������������������������

Raw material
� WF2,

�
ts,

� T, �C � Content, vol % �
Breakthrough� � ����������������������������������������������������

�cm3 s�1
� s � T1 � T2 � T3 � CF4 � C2F6 � C2F4 � CO2 � C3F8 � of F2

������������������������������������������������������������������������������������
Graphite � 40 � 83 � 36 � 42 � 44 � 11.5 � 0.70 � � � 87.8 � � � +

� 40 � 165 � 36 � 42 � 71 � 80.1 � 3.12 � � � 15.5 � 1.20 � +
� 40 � 140 � 31 � 45 � 96 � 95.6 � 3.11 � � � � � 1.27 � +
� 40 � 330 � 29 � 15 � 168 � 98.2 � 1.22 � � � � � 0.48 � +
� 40 � 435 � 27 � 678 � 281 � 99.2 � 0.54 � � � � � 0.26 � +
� 40 � 540 � >1100 � 637 � 358 � 96.6 � 2.68 � � � � � 0.81 � +
� 40 � 623 � >1100 � 627 � 369 � 99.3 � 0.45 � � � � � 0.14 � +
� 40 � 735 � >1100 � 1072 � 358 � 99.4 � 0.41 � � � � � 0.11 � +
� 40 � 825 � >1100 � >1200 � 350 � 99.6 � 0.25 � � � � � 0.18 � +
� 7 � 68 � 40 � 35 � 37 � � � � � � � � � � � +
� 7 � 112 � 45 � 35 � 40 � � �23.8 � 75.7 � � � � � +
� 7 � 435 � 40 � 26 � 29 � � � � � � � � � � � +
� � � � � � � � � � �Graphite* � 45 � 53 � 45 � 23 � 25 � 67.6 � � � 10.9 � 19.2 � � � +
� 45 � 135 � 55 � 25 � 28 � 88.1 � � � 11.9 � � � � � +
� 45 � 270 � 55 � 25 � 26 � � � � � 100 � � � � � +
� 45 � 360 � 55 � 24 � 25 � � � � � 100 � � � � � +
� 45 � 570 � 54 � 21 � 23 � � � � � 100 � � � � � +
� 26 � 98 � 20 � 25 � 22 � � � � � � � 100 � � � +
� 26 � 210 � 22 � 26 � 34 � � � � � � � 100 � � � +
� 26 � 298 � 22 � 26 � 34 � � � � � � � 100 � � � +
� 26 � 383 � 29 � 25 � 34 � � � � � � � � � � � +
� 26 � 495 � 29 � 25 � 32 � � � � � � � � � � � +
� 26 � 600 � 29 � 24 � 24 � � � � � � � � � � � +
� � � � � � � � � � �Graphite + � 40 � 120 � 57 � � � � � 100 � � � � � � � � � +

ABC � 40 � 278 � 452 � � � � � 95.8 � 3.28 � � � � � 0.73 � +
� 40 � 330 � 713 � � � � � 90.5 � 7.83 � � � � � 1.65 � �

� 40 � 405 � 748 � � � � � 91.6 � 5.69 � � � 0.5 � 1.87 � �

� 40 � 623 � � � � � � � 99.2 � 0.55 � � � � � 0.22 � �

� 40 � 675 � � � � � � � 99.4 � 0.58 � � � � � � � �

� � � � � � � � � � �Graphite + � 40 � 180 � 39 � � � � � � � � � � � 100 � � � +
ABC* � 40 � 255 � 35 � � � � � � � � � � � 100 � � � +

� 40 � 375 � 35 � � � � � 49.8 �34.9 � � � 15.3 � � � +
������������������������������������������������������������������������������������
* After the use in high-temperature synthesis of CF4.

couples T2 and T3, and, as a result, a counterwave of
the filtration carbon combustion in fluorine is formed.
It propagates upwards the flow, is stabilized in the
region of fluorine outlet from the nozzle, and trans-
forms into the inverse wave. The counterwave of
carbon combustion in fluorine propagates in the filtra-
tion mode; there is no fluorine breakthrough beyond
the reaction front. The wave linear velocity between
thermocouples T2 and T1 is 900 mm h�1 with respect
to the level of 600�C.

The time of ignition delay of the initial graphite is
several hundreds of seconds. In this time, carbon poly-

fluoride is accumulated, which then decomposes with
formation of gaseous fluoroalkanes containing CF4.
Under the laboratory conditions, after the first 900 s
of the synthesis, the product containing 99.5 vol %
CF4 was prepared. The main impurities were C2F6
and C3F8.

To control the possibility of shutdown and startup
of the industrial reactor of the TFM synthesis after
cooling the reaction zone, we made experiments with
graphite treated with fluorine in the high-temperature
zone and found that, under laboratory conditions at
the initial temperature of 15�C, such graphite was not
ignited.
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Hence, to obtain pure TFM and provide stable
reactor startup, special measures are required to in-
tensify the ignition.

One of the methods of the ignition intensification
is adding certain amount of activated charcoal to the
graphite packing. The charcoal has substantially larger
specific surface area as compared to graphite and
provides higher reaction rate. We performed a series
of experiments with graphite + ABC mixture using
the above method. The results are given in Tables 1
and 2.

The time of ignition delay for freshly prepared
graphite + ABC mixture was 250 s at fluorine flow
rate of 40 cm3 s�1; there was fluorine breakthrough
through the graphite bed. After 700 s of the synthesis,
pure CF4 was not obtained; the hexafluoroethane im-
purity was 0.6 vol %. In the case of spent mixture and
at fluorine flow rate of 15 cm3 s�1, no ignition was
observed.

The above facts show that the time of the ignition
delay with ABC as initiator decreases, but the problem
of the startup period (accumulation of thermolabile
carbon polyfluoride under the synthesis conditions) re-
mains. In addition, the spent graphite + ABC mixture,
similarly to pure graphite, has startup characteristics
differing from those of the freshly prepared mixture.

Using ABC as initiator in an industrial reactor may
have the following substantial disadvantage. In the
case of faster ABC burn-out as compared to graphite,
the ABC in the region of fluorine feeding into the
carbon bed can get exhausted after prolonged reactor
functioning, which worsens the reactor startup param-
eters (time of ignition delay, time of attaining the
steady-state mode).

In this work, we suggest the following method of
the reactor startup. At startup, a gas forming with
fluorine a self-igniting pair is introduced into the
graphite bed coaxially to the fluorine flow. After for-
mation of high-temperature (>1000 K) zone, owing to
heat liberated in oxidation of this gas with fluorine,
feeding of the gas is turned off, and the TFM syn-
thesis is performed.

Taking into account high reactivity of fluorine,
readily available methane, propane, ethylene, etc. can
be used as a gaseous fuel.

Among the above gases, ethylene is the most reac-
tive with respect to fluorine, since in the fluorine�
ethylene system a branched chain reaction mechanism
is realized [13]. Therefore, in laboratory trials of this
method, we used a mixture consisting of 85 vol % H2

Table 3. Time t350 at various flow rates of fluorine WF2
and ethylene + hydrogen mixture Wmix, d = 0.85 mm
����������������������������������������

Mixture
� Wmix, � WF2

, � UF2
, � t350,

� � � �� cm3 s�1 � cm3 s�1 � m s�1 � s
����������������������������������������
H2 + C2H4 � 13 � 26 � 46 � 188

� 13 � 13 � 23 � 270
C3H8 + C4H10 � 3.7 � 26 � 46 � 128

� 1.8 � 14 � 25 � 173
����������������������������������������

and 15 vol % ethylene and VAZ graphite (initial and
spent). The nozzle for feeding fluorine and gas fuel
consists of two coaxial tubes. Fluorine was fed
through the axial channel, and a mixture consisting of
hydrogen and ethylene, through the ring channel.

The gaseous fuel was fed for 10 s, and then fluor-
ine feeding at a preset flow rate was started. When
the temperature near the thermocouple T2 junction
reached 350�C, feeding the gaseous fuel was stopped,
while feeding fluorine with the preset flow rate was
continued.

The time intervals between the beginning of fluor-
ine feeding and attainment of 350�C near the thermo-
couple T2 junction, t350, for various flow rates of
fluorine and gas mixture are listed in Table 3. The
compositions of the reaction products after stopping
feeding of the ethylene + hydrogen mixture and meas-
urement of the temperature of the graphite bed are
listed in Table 4.

At the instant of fluorine feeding into the graphite
bed, thermocouple T1 recorded a jump of temperature
from the initial value to more than 1300�C, after
which it burnt down. Thermocouples T2 and T3 re-
corded smooth temperature rise, and after approxi-
mately 5 min, thermocouple T2 recorded the tempera-
ture of 150�300�C.

Table 4 shows that, after stopping the supply of the
gaseous fuel, a stable high-temperature inverse wave
of the CF4 synthesis is formed in the graphite bed.
The time interval from stopping the gaseous fuel feed-
ing to obtaining pure CF4 (more than 99.9 vol %)
does not exceed 500 s.

No fluorine breakthrough through the graphite bed
was observed. All experiments of this series were per-
formed with graphite that worked in the high-tempera-
ture zone of the synthesis.

Thus, the use of gaseous fuel allows stable startup
of the wave reactor of TFM synthesis without ac-
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Table 4. Composition of the synthesis products and temperatures of thermocouples T1�T3 at various synthesis times ts
after stopping supply of ethylene + hydrogen or propane�butane mixture*
������������������������������������������������������������������������������������

ts, s
� T, �C � Content, vol %
����������������������������������������������������������������������������
� T1 � T2 � T3 � CF4 � C2F6 � C3F8 � CO2 � HF

������������������������������������������������������������������������������������
H2 + C2H4 mixture

45 � >1300 � 548 � 29 � 97.2 � � � 2.8 � � � �

90 � >1300 � 644 � 30 � 98.8 � � � 1.2 � � � �

157 � >1300 � 822 � 39 � 99.7 � � � 0.3 � � � �

202 � >1300 � 974 � 51 � 99.9 � � � 0.1 � � � �

270 � >1300 � >1100 � 67 � 99.96 � � � 0.04 � � � �

300 � >1300 � >1100 � 71 � 99.94 � � � 0.06 � � � �

15 � >1300 � 207 � 26 � 94.48 � � � 5.52 � � � �

90 � >1300 � 373 � 26 � 97.16 � � � 2.84 � � � �

150 � >1300 � 693 � 28 � 99.91 � 0.06 � 0.3 � � � �

225 � >1300 � 1189 � 30 � 99.96 � 0.03 � 0.02 � � � �

315 � >1300 � >1100 � 32 � 99.95 � 0.03 � 0.02 � � � �

465 � >1300 � >1100 � 48 � 100.0 � � � � � � � �

600 � >1300 � >1100 � 68 � 99.99 � 0.01 � � � � � �

743 � >1300 � >1100 � 94 � 99.96 � 0.03 � 0.01 � � � �

840 � >1300 � � � 30 � 99.97 � � � 0.03 � � � �

150 � >1300 � � � � � 99.50 � � � 4.50 � � � �

330 � >1300 � � � � � 99.50 � � � 0.50 � � � �

420 � >1300 � � � � � 100.0 � � � � � � � �

225 � >1300 � � � � � 94.20 � � � 5.60 � � � �

360 � >1300 � � � � � 99.50 � � � 0.50 � � � �

472 � >1300 � � � � � 99.90 � � � 0.10 � � � �

630 � >1300 � � � � � 100.0 � � � � � � � �

105 � >1300 � � � � � 88.50 � � � 11.50 � � � �

225 � >1300 � � � � � 96.70 � � � 3.30 � � � �

315 � >1300 � � � � � 99.50 � � � 0.50 � � � �

405 � >1300 � � � � � 99.90 � � � 0.10 � � � �

555 � >1300 � � � � � 100.0 � � � � � � � �

C3H8 + C4H10 mixture

30 � >1300 � 589 � 28 � � � 0.50 � � � � � �

83 � >1300 � 960 � 29 � 96.13 � 0.08 � � � 0.32 � 2.75
150 � >1300 � >1100 � 29 � 99.38 � 0.03 � � � 0.04 � 0.50
210 � >1300 � >1100 � 28 � 99.75 � � � � � � � 0.23
300 � >1300 � >1100 � 44 � 99.92 � � � � � � � 0.08
360 � >1300 � >1100 � 62 � 99.95 � � � � � � � 0.05
30 � >1300 � 489 � 30 � 93.14 � 0.77 � � � 0.18 � 5.42

105 � >1300 � >1100 � 31 � 87.85 � 1.31 � � � 0.24 � 9.62
240 � >1300 � >1100 � 38 � 98.78 � 0.13 � � � 0.07 � 0.94
315 � >1300 � >1100 � 52 � 99.29 � 0.09 � � � 0.06 � 0.56
480 � >1300 � >1100 � 80 � 99.64 � 0.03 � � � 0.03 � 0.30
750 � >1300 � >1100 � 207 � 99.91 � � � � � 0.02 � 0.07
855 � >1300 � >1100 � 267 � 99.94 � � � � � 0.01 � 0.05

1065 � >1300 � >1100 � 402 � 99.99 � � � � � � � 0.01
������������������������������������������������������������������������������������
* No F2 breakthrough.
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cumulation of carbon polyfluoride in the reactor in
the starting period.

Fluorine produced at electrolysis plants contains
impurities of HF, N2, and O2. To reveal the effect of
HF on the TFM synthesis, we made experiments with
an F2 + 9 vol % HF mixture simulating electrolysis
gas produced by the Angarsk electrolysis chemical
combine and found that HF does not affect the start-
ing characteristics and the composition of the syn-
thesis products.

Propane�butane mixture is the most widespread
commercial gaseous fuel. Therefore, we performed
some experiments on its use to obtain high-tempera-
ture zone of TFM synthesis. The scheme of the labora-
tory device and experimental procedure were the same
as above. The results are presented in Tables 3 and 4.

Thermocouple T1 at the instant of fluorine feeding
recorded a temperature jump from the initial value to
that higher than 1300�C. The pattern of formation of
the high-temperature zone was similar to that observed
with ethylene�hydrogen mixture.

The above data show that, under the industrial con-
ditions, startup of the reactor of the TFM synthesis
from electrode graphite and F2 in the mode of the
inverse wave of the filtration combustion is the most
reliable when a gaseous fuel is used. In this case, the
process can be organized so as to minimize accumula-
tion of carbon polyfluoride in the reactor volume in
the time of formation of the high-temperature zone
and ensure the time of attainment of working condi-
tions not exceeding 10 min. The propane�butane
mixture can be recommended as the most readily
available.

CONCLUSIONS

(1) A laboratory device was developed, and condi-
tions of formation of high-temperature wave of filtra-
tion combustion in fluorine of graphite and its mix-
tures with activated birch charcoal were studied.

(2) At temperatures higher than 1000�C, tetra-
fluoromethane is the single product of fluorine reac-
tion with graphite.

(3) At the initial temperature of the bed of graphite
(or its mixture with activated birch charcoal) of 20�C,
the ignition process is instable, and formation of the
high-temperature zone of the synthesis depends of

the fluorine flow velocity and carbon raw material
history.

(4) The method of formation of the high-tempera-
ture synthesis zone with a gaseous fuel, which forms
with fluorine a self-igniting pair in the graphite bed,
was suggested and experimentally examined. This
method allows formation of a stable wave of graphite
filtration combustion in fluorine. Propane�butane
mixture can be recommended for industrial use.
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Abstract�A procedure was developed for preparing partially fluorinated dialkyl ethers by the reaction of
hexafluoropropylene with aliphatic and polyfluorinated alcohols in the presence of KOH. On treatment with
concentrated sulfuric acid, these ethers form alkyl esters of acids, and on treatment with KOH, alkenyl ethers.

The problems in development of new ozone-friend-
ly solvents are largely determined by the need in re-
placement of Freon 113, widely used as solvent. The
main drawback of this Freon is that hydrocarbon oils
are limitedly or poorly soluble in it, and organofluo-
rine and organosilicon liquids are insoluble. Major
efforts in this direction have not led to success. Orlov
et al. [1] suggested as one of alternatives hexafluoro-
cyclobutane, which is an efficient solvent for various
azeotropic compositions. This compound can be pre-
pared on the commercial scale from dichlorohexafluo-
rocyclobutane, which, in turn, is obtained by dimeri-
zation of trifluorochloroethylene. At the same time,
partially fluorinated dialkyl ethers are also of inter-
est. The 3M company developed Freon HFE 7110,
CH3OCF2CF2CF2CF3, but it also has certain draw-
backs, whereas tetrafluoroethyl difluoromethyl ether
CHF2CF2OCHF2 can replace Freon 11 as a foaming
agent in production of foamed plastics and can be
used in microelectronics in dry etching instead of per-
fluorocarbons [2]. Ethers like C4F9OCH3 (bp 61�C),
(CF3)2CFCF2OC2H5, and others, used for extraction
of lavender essential oils, showed good performance
with respect to the quality of the extracted product and
the purity of the oils obtained therefrom [3]. These
ethers were used as solvents in chemical reactions, in
particular, in synthesis of amides derived from fluoro-
polyalkyl ethers for magnetic reproducing media [4]
and in oxidation of tetrafluoroethylene [5].

Partially fluorinated ethers were prepared by reac-
tions of hexafluoropropylene with alcohols in the
presence of alkali [6, 7] or with metal alcoholates in
toluene [8], dioxane [9], or methanol [10]. Polyoxaal-

kylene glycols add to hexafluoropropylene in the
presence of water traces across the olefin double bond;
the resulting adducts are used as compression, motor,
and vacuum oils [11]. Fully fluorinated dialkyl ethers
prepared by reactions of octafluoroisobutylene with
alcohols, followed by further electrochemical fluorina-
tion in anhydrous HF, e.g., (CF3)2CFCF2OCnF2n+1,
are used as solvents for cleaning electronic circuits, as
refrigerants, as foaming agents, and as polymerization
media [12�14].

The goal of this study was to develop a commer-
cially acceptable procedure for synthesis of partially
fluorinated dialkyl ethers from available and relatively
cheap hexafluoropropylene and to examine the possi-
bilities of using these ethers as ozone-friendly sol-
vents and as intermediates in organofluorine synthesis.

When gaseous hexafluoropropylene is passed at
20�40�C through alcohols containing catalytic
amounts of sodium alcoholates or alkalis (the reaction
can also be performed in a pressure vessel), the alco-
hol adds across the double bond. The reaction path-
way only slightly depends on the conditions. The by-
products are alkenyl ethers formed by substitution of
the terminal fluorine atom at the double bond by al-
koxy groups and alkyl 2,3,3,3-tetrafluoropropionates;
their amount does not exceed 5% (cf. data from [15]):

CF3
+ CF��CFOR + CF3CHF��

OR
��
O

,

�����CF3CF��CF 2
KOH5%

ROH
CF3CHFCF 2OR

CF3
+ CF��CFOR + CF3CHF��

OR
��
O

,

�����CF3CF��CF 2
KOH5%

ROH
CF3CHFCF 2OR

where R = Me (I, V, VII), Et (II, VI, VIII), Pr-i (III),
CHF2CF2CH2 (IV).
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Table 1. 1H, 13C, and 19F NMR spectra of new partially fluorinated dialkyl ethers
������������������������������������������������������������������������������������
Com- � 1H NMR spectrum, �H, � 13C NMR spectrum, �C, � 19F NMR spectrum, �F,
pound � ppm (J, Hz) � ppm (JC�F, Hz) � ppm (J, Hz)
������������������������������������������������������������������������������������

I �4.72 td (H2, 36.4, 9.2), �120.4 (C1, 1JCF 255.9, 2JCF 25.5), �88.4 (F1), AB system (F3) 80.4
�3.63 (H4) �118.8 (C3, 1JCF 249.9, 2JCF 45.1), �and 77.7 (JFF 151.6), �48.2 (F2)
� �87.6 (C2, 1JCF 200.6, 2JCF 35.9), �
� �50.0 (C4, 3JCF 7.1) �
� � �II �4.71 td (H2, 43.2, 5.5), �120.3 (C1, 1JCF 280.0, 2JCF 25.4), �87.5 (F1), AB system 83.5 and
�4.03 (H4, 7.1), 1.29 (H5, 7.1) �118.7 (C3, 1JCF 265.9, 2JCF 25.4), �80.5 (JFF 153.4), �48.3 (F2)
� �85.1 (C2, 1JCF 200.0, 2JCF 35.7), �
� �60.7 (C4, 2JCF 6.2), 14.2 (C5) �
� � �III �4.66 (H2, 50), �120.1 (C1, 1JCF 309.8, 2JCF 26.0), �88.2 (F4), AB system
�4.65 (H4, 6.5), �118.7 (C3, 1JCF 277.3, 2JCF 21.9), �85.9 and 82.1 (JFF 152.5),
�1.29 (H5,6, 6.5) �85.2 (C2, 1JCF 200.3, 2JCF 37.6), ��48.1 (F2, JFH 40, JFF 12.5)
� �77.7 (C4), 22.8 (C5,6) �
� � �IV �4.29 t (H4, 50), �119.9 (C1, 1JCF 281.4, 2JCF 27.6), �88.4 (F1), AB system
�4.65 (H2, 6.5), �114.1 (C6, 1JCF 220.6, 2JCF 28.0), �38.8 (F5) and 25.2 (F6)
�1.29 (H5,6, 6.5) �109.1 (C3,5, 1JCF 250.1, 2JCF 35.8), �(JFF 149.7), AB system
� � �� �85.0 (C2, 1JCF 201.9, 2JCF 34.9), �(F3) 82 and 79.8 (JFF 148.9),
� �60.5 (C4, 2JCF 30.8), ��48.4 (F2)
� � �VII �5.27 (H2, 44.0, 6), �120.5 (C1, 1JCF 281.9, 2JCF 25.8), �87.6 (F1, 8, 12),
�3.88 (H4), �84.1 (C2, 1JCF 199.5, 2JCF 35.8), ��41.2 (F2, 32, 10)
�1.33 (H5) �53.3 (C4) �
� � �VIII �5.10 (H2, 1JHF 45, 2JHF 7) �120.5 (C1, 1JCF 281.9, 2JCF 27.8), �86.5 (F1, 8, 12),
�4.36 (H4, 2JHH 7.1), �84.1 (C2, 1JCF 199.2, 2JCF 35.6), ��42.2 (F2, 45, 10)
�1.34 (H5, 2JHH 7.1) �63.0 (C4), 13.2 (C5) �

������������������������������������������������������������������������������������

The reaction involves the attack of the alkoxy
anion at the carbon atom of the hexafluoropropylene
double bond, with generation of the intermediate
carbanion. This species abstracts the proton from the
solvent to form the main reaction product I�IV. Stabi-
lization of the carbanion by elimination of the fluoride
ion from the �-position (from the CF2 fragment)
yields the product of formal substitution of fluorine
at the double bond (compounds V, VI). The hydrogen
fluoride released in the process reacts with the alkali,
and water participates in formation of the addition
product and can induce hydrolysis of both by-products
V, VI and target products I�IV. This is suggested by
isolation of HF from the mixture of reaction products
and formation of alkyl 2,3,3,3-tetrafluoropropionates
VII and VIII:

CF3CF��CF 2 ���
RO [ CF3CF CF2OR ]
��

CF3CF��CF 2 ���
RO [ CF3CF CF2OR ]
��

���H +

�
�

CF3CHFCF2OR ����
H O2

����CF3CF��CFOR CF3CHF��
OR
��
O
�
���

���
H O2

F��
.

���H +

�
�

CF3CHFCF2OR ����
H O2

����CF3CF��CFOR CF3CHF��
OR
��
O
�
���

���
H O2

F��
.

Indeed, heating of I and II with concentrated sul-
furic acid at 40�C for 1 h, followed by treatment of
the reaction mixture with water, causes formation of
compounds VII [6] and VIII in quantitative yield, and
heating with solid KOH in dioxane affords V and VI:

�
�
�
�
��

��

CF3CHFCF2OR

������
(2)

������
KOH

CF3CF��CFOR

CF3CHF��
OR
��
O

Dioxane

(1) H SO2 4

H O2

,

�
�
�
�
��

��

CF3CHFCF2OR

������
(2)

������
KOH

CF3CF��CFOR

CF3CHF��
OR
��
O

Dioxane

(1) H SO2 4

H O2

,

where R = Me or Et.

The structures of the new compounds were con-
firmed by 1H, 13C, and 19F NMR (Table 1), IR, and
mass spectrometry.

For partially fluorinated dialkyl ethers, telomeric
alcohols, and partially fluorinated carboxylic acid
ester, we evaluated the toxicological parameters. The
results are listed in Table 2. It is seen that the com-
pounds belong to hazard class III (moderately toxic)
or IV (weakly toxic substances).
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Table 2. Some toxicological parameters of organofluorine
compounds
����������������������������������������

Compound
� LD50 �LD100 � Hazard�������������
� mg kg�1 � class

����������������������������������������
CF3CHFCF2OCH2CF2CHF2 � 5000 � � IV
HCF2CF2CH2OCH2CH3 � 3420 � 6000 � III
HCF2CF2CH2OH � 2320 � 3000 � III
HCF2CF2CF2CF2CH2OH � 1180 � 2000 � III
CF3CHFC(O)OCH2H5 � 5000 � � IV
����������������������������������������

EXPERIMENTAL

The 1H, 13C, and 19F NMR spectra were recorded
on a Bruker WP 400 SY spectrometer (400, 100, and
188 MHz, respectively) relative to internal HMDS and
C6F6 (JCH was not measured). The IR spectra were
taken on a Specord M-80 spectrometer (CCl4), and the
mass spectra (ionizing electron energy 70 eV), on a
Hewlett�Packard G 1800 A GCD gas chromatograph
with a mass-selective detector [30 m � 0.25 mm
capillary column coated with a 0.25-�m layer of 5%
diphenylsiloxane�95% dimethylsiloxane copolymer
(HP-5); carrier gas helium, 1 ml min�1; vaporizer tem-
perature 280�C; column temperature schedule: 50�C,
2 min; heating to 280�C at a rate of 10 deg min�1;
280�C, 5 min]. The progress of all the reactions was
monitored by 19F NMR spectroscopy. The reaction
mixtures were analyzed on an LKhM 72 chromato-
graph (15% SE-30, SKTF-803, QF-1 on Chromosorb
W, 4000 � 4-mm column).

The characteristics of the new compounds and
analytical data are listed in Table 3.

Table 3. Characteristics of partially fluorinated dialkyl ethers and analytical data
������������������������������������������������������������������������������������

Com-
�

Yield,
�

Tb,
� � � Found, % �

m/z
�

Formula
� Calculated, % �

M� � � � ������������������ � ������������������
pound � % � �C �

nD
20

�
d4

20

� C � H � F �[M�H]+� � C � H � F �
������������������������������������������������������������������������������������

I � 98 � 54�55 �1.3470 �1.4200 � � � � 181 �C4H4F6O � � � � 182
II � 99 � 64�65 �1.3460 �1.3040 � 31.79 � 3.19 � 57.73 � 196* �C5H6F6O � 30.61 � 3.06 � 58.16 � 196

� � � � � 31.64 � 3.05 � 57.91 � � � � � �
III � 88 � 85�86 �1.3230 �1.280 � � � � 210* �C6H8F6O � � � � 210
IV � 87 �102�103�1.2930 �1.578 � 26.11 � 1.73 � 67.11 � 282* �C6H4F10O� 25.53 � 1.42 � 67.38 � 282

� � � � � 25.88 � 1.69 � 67.28 � � � � � �
VII � 60 � 95�96 �1.3200 �1.358 � 29.78 � 2.46 � 46.86 � 159 �C4H4F4O2� 30.00 � 2.50 � 47.50 � 160

� � � � � 30.08 � 2.31 � 46.61 � � � � � �
VIII � 94 �103�104�1.3340 �1.3040 � 34.36 � 3.44 � 44.30 � 174* �C5H6F4O2� 34.48 � 3.45 � 43.68 � 174

� � � � � 34.43 � 3.55 � 44.67 � � � � � �
������������������������������������������������������������������������������������
* [M+].

Synthesis of partially fluorinated dialkyl ethers.
(1) A 100-ml flask equipped with a magnetic stirrer,
a thermometer, a tube for input of gaseous reactants,
and a reflux condenser was charged with 40 ml of
absolute methanol, and 1 g of sodium metal was
added in portions at room temperature. After complete
dissolution of sodium, gaseous hexafluoropropylene
was passed at a rate chosen so as to minimize the
breakthrough of the gas. The process was performed
for 1.5 h, after which the reaction mixture was poured
into 300 ml of water and shaken; the lower organic
layer was separated and dried over CaCl2. The mix-
ture was analyzed by 19F NMR spectroscopy and gas
chromatography�mass spectrometry. The mixture was
distilled with collection of the 54�55�C fraction
(33 g).

(2) A similar flask was charged with 50 ml of an
alcohol (methanol, ethanol, isopropanol, 2,2,3,3-tetra-
fluoropropanol) and 5 g of KOH. A flow of gaseous
hexafluoropropylene was passed at atmospheric pres-
sure; in the process, the mixture warmed up from 20
to 40�C. After the heat release ceased, passing of
hexafluoropropylene was stopped, the mixture was
poured into 400 ml of cold water and shaken, and
the lower organic layer was separated, washed with
100 ml of water, and dried over CaCl2. The products
were distilled and analyzed.

(3) A 100-ml rotating autoclave was charged with
10 ml of methanol and 11.2 g of solid KOH; then the
autoclave was sealed, and 30 g of hexafluoropropyl-
ene was condensed into it through a valve. The auto-
clave was heated at 50�C for 1 h (the pressure rose to
4 atm), cooled, and opened; the contents were poured
into water. Compound I was obtained; yield 34.2 g
(94%), bp 54�55�C.
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Hydrolysis of partially fluorinated dialkyl eth-
ers. (1) A 20-ml flask equipped with a magnetic stir-
rer and a reflux condenser was charged with 15 g of I
(with II, the procedure was similar), and 15 g of
concentrated sulfuric acid was added. The mixture
slightly warmed up. Then the mixture was heated with
stirring for 1 h at 40�C and poured onto 50 g of ice;
the organic layer was separated, washed with water,
and dried over CaCl2.

By this procedure, we prepared 10 g of compound
VIII to be used in the subsequent studies as inter-
mediate.

(2) A similar flask was charged with 27 g of SbF5,
and 15 g of II was added in portions with stirring, so
as to avoid warming up above room temperature. The
mixture was stirred at room temperature for 1 h and
poured into 50 g of ice; the organic layer was sep-
arated, washed with cold water, and dried over CaCl2.
The product was distilled, with collection of the frac-
tion boiling at 95�96�C; yield 8 g.

Reaction of KOH with partially fluorinated
dialkyl ethers. A 100-ml flask equipped with a mag-
netic stirrer, a thermometer, and a reflux condenser
was charged with 40 g of I (with II, the procedure
was similar) and 50 ml of dry dioxane, after which
finely divided KOH was added in portions with stir-
ring at room temperature. The mixture warmed up.
Then the mixture was heated with stirring for 2 h at
40�C, and the reaction products were distilled off.
Compound V: yield 82%, bp 51�52�C, nD

20 1.3208,
d4

20 1.3601 (published data [8]: bp 51.5�C/743 mm
Hg, nD

20 1.2970, d4
20 1.3595); VI: yield 78%, bp 71�

72�C, nD
20 1.3210, d4

20 1.2930 (published data [8]: bp
71�72�C/743 mm Hg, nD

20 1.3103, d4
20 1.2884).

CONCLUSIONS

(1) The possibility of preparing partially fluori-
nated dialkyl ethers by reaction of hexafluoropropyl-
ene with alcohols (methanol, ethanol, isopropanol,
2,3,3,3-tetrafluoropropanol) in the presence of KOH
was examined. These ethers are formed by addition
of an alcohol across the double bond in hexafluoro-
propylene.

(2) Partially fluorinated dialkyl ethers are con-
verted to alkyl 2,3,3,3-tetrafluoropropionates by treat-
ment with concentrated H2SO4 and to alkyl pentaflu-
oropropenyl ethers by treatment with KOH.
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Abstract�Ozonolysis of isomeric methylcyclohexanols and methylcyclohexanones was studied.

Oxidation of methylcyclohexane with ozone�oxy-
gen mixtures involves formation of isomeric methyl-
cyclohexanols (MCHLs) and methylcyclohexanones
(MCHNs), which subsequently transform into acids
and esters. Previously we studied ozonolysis of cyclo-
hexanol [1], cyclohexanone [2], and 1-methylcyclo-
hexanol [3].

Here we consider ozonolysis of secondary alcohols
(MCHLs) and the corresponding isomeric MCHNs.
The oxidation and analytical procedures are described
in [4].

In ozonolysis of methylcyclohexane (MCH), the
accumulating secondary and tertiary alcohols are ac-
tively consumed. For example, the rate of ozonolysis
of 2-methylcyclohexanol grows from 8.3 � 10�3 to
22.2 � 10�3 mol l�1 min�1 as the temperature is in-
creased from 40 to 100�C ([O3] = 4 vol %).

Ozonolysis of secondary MCHLs yields the corre-
sponding isomeric MCHNs (see table), hydroxy hy-
droperoxides, hydrogen peroxide, esters, and acids
[5, 6]. The composition of the acids was studied in
detail in [7�9]. The selectivity of ozonolysis of iso-
meric MCHLs is higher compared to their oxidation
with oxygen [6, 10�18]; the yields of the target prod-
ucts are given in the table.

Recombination of hydroperoxy radicals and their
reaction with ozone can yield hydroxyalkoxy radicals,
which isomerize to form mono- and dicarboxylic acids
[19�22]. The acids are also formed by reaction of
hydroxy hydroperoxides derived from MCHLs with
ozone [6, 15, 16]. The RO� radical is also a source of
acids at elevated temperatures. It is formed from the
adduct 2ROH �H2O2 [18] with the activation energy
of 19 kJ mol�1. In the developed ozonolysis of iso-
meric MCHLs, the accumulating MCHNs are actively
oxidized into acids [20�22] and lactones.

The abnormally high reactivity of ozone toward

nonassociated primary and secondary alcohols [8, 9],
along with the reactivity of ozone with alcoholic C�H
bonds, discussed in this paper, may also be due to
concerted detachment of hydrogen from the alcoholic
hydroxy group with ozone [23]:
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OH
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�� C
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H
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�� C O + HO
.
+ HO2

���
��

.

C
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H

OH
+ O3
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����
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�� C O + HO
.
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���
��

.

Yield of ozonolysis products of secondary MCHLs*
([O3] = 4 vol %)
����������������������������������������

T,
� MCHL � Acid content, � Yield of MCHN

�C
� conver- � mol % relative � based on con-
� sion, % � to sum of acids � verted MCHL, %

����������������������������������������
4-MCHL

40 � 10 � 80 � 79
� 25 � 76 � 75

80 � 10 � 79 � 83
� 25 � 74 � 73

100 � 10 � 83 � 75
� 25 � 71 � 72
� 50 � � 66

2-MCHL

40 � 10 � 93 �
� 25 � 90 �

80 � 10 � 89 � 80
� 25 � � 75

100 � 15 � 88 � 74
� 30 � 87 � 63

2-MCHL

80 � 10 � 75 � 68
� 25 � 72 � 42

����������������������������������������
* Major products: 4-MCHL, �-methyladipic acid and 4-methyl-

cyclohexanone; 2-MCHL, �-ketoenanthic acid and 2-methyl-
cyclohexanone; and 3-MCHL, sum of �- and �-methyladipic
acids and 3-methylcyclohexanone.
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This reaction is exothermic (�H �46 kJ mol�1

[23]) at the C�H bond energy of 360 kJ mol�1. Simple
hydrogen detachment from the C�H group is endo-
thermic (�H 40 kJ mol�1). Most probably, ozone
reacts with alcohols not only by the radical mechan-
ism discussed above, but also by the mechanism of
1,3-dipolar insertion. The primary molecular product,
MCHL hydrotrioxide, can be formed by the mechan-
ism of the hydride ion transfer, with formation of an
intermediate ion pair:
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In ozonolysis of methanol, the activation energy of
formation of the related ion pair is about 5 kJ mol�1

[24]. The ionization potential and hence the probabil-
ity of formation of ion pairs are determined by the
structure and concentration of the starting alcohols
and by the polarity of the medium. In formation of the
intermediate cyclohexanol hydrotrioxide or isomeric
secondary MCHLs, the transition state will be stabi-
lized owing to formation of a relatively stable six-
membered ring:
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The mechanisms of ozonolysis of cyclohexanone
and isomeric MCHLs are similar [2]. The major reac-
tion products are lactones and acids. �-Keto hydrotri-
oxide, polyozonides, and isomeric methyl-1-hydroxy-
cyclohexan-2-ones and methyl-1,2-cyclohexanediones
are accumulated in smaller amounts.

The mechanism of their formation is schematically
shown below:
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At lower temperatures (15�20�C), the yield of
lactones reaches 52% [25]. As the temperature is ele-
vated (40�80�C), the reaction selectivity with respect
to acids grows by 12�16% compared to oxidation
with oxygen. Ozonolysis of 4-methylcyclohexanone
yields mainly �-methyladipic and �-methylglutaric
acids [20�26]. In acidic products of 3-methylcyclo-
hexanone ozonolysis, the major components are �-
and �-methyladipic and �-methylglutaric acids [6].
In ozonolysis of 2-methylcyclohexanone, the major
acidic products are �-methyladipic, �-ketoenanthic,
and caproic acids. Formation of acids [15, 21] at ele-
vated temperatures presumably occurs via isomeric
�-keto oxy radicals tending to isomerize with ring
opening:
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Ozonolysis of MCHNs is more selective than their
oxidation with oxygen [14].

CONCLUSIONS

(1) Ozonolysis of isomeric secondary methylcy-
clohexanols to the corresponding isomeric methyl-
cyclohexanones is more selective than oxidation with
atmospheric oxygen.

(2) Ozonolysis of isomeric methylcyclohexanones
mainly yields lactones and acids: monocarboxylic,
dicarboxylic, and keto carboxylic.
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Abstract�Fullerene-containing media, including polyacrylonitrile and acrylonitrile copolymers, were tested
as candidates for application in protective devices for optical limitation of the laser radiation energy generated
by a YAG-Nd laser.

Development of laser technologies makes urgent
protection of eyes and optical devices against laser
radiation. In review [1] we discussed in detail the
mechanism of limitation by fullerenes and their deriv-
atives. Janot et al. [2] found (like previously for
porphyrins [3]) that the energy absorption depends
on the strength of interaction between the fullerene
molecules.

Guldi and Prato [4] reported that, upon absorption
of an energy quantum, the monomeric form of fuller-
ene occurs in the excited state within several hundreds
of microseconds, and in the aggregated form the life-
time of the excited state sharply decreases to <1 �s.
As revealed by light and neutron scattering studies
[5, 6], in the majority of organic solvents C60 exists
as aggregates occurring in equilibrium with the mono-
meric form. The energy-absorbing power of fullerene
is increased by conversion to the monomeric form. To
this end, Guldi and Prato [4] suggested incorporation
of fullerene into regular structures such as zeolites,
porous silicate matrices, or micelles or its functionali-
zation by linking with various species (low- or high-
molecular-weight) forming covalent bonds. Such
modification affects the electronic structure of ful-
lerene and decreases its energy-absorbing power.
An increase in the number of the monomeric C60
molecules in solution upon derivatization compensates
the energy intensity loss. Fullerene associates can
disaggregate without disturbing the electronic struc-
ture via formation of nonvalence bonds in complex,
e.g., fullerene�polymer, compounds [7, 8].

Chemically and thermally stable polymers like
commercial polyacrylonitrile (PAN) and acrylonitrile

copolymers [9], as well as polyamido acids (films,
fibers), can be made suitable for creation of protective
devices by incorporating fullerenes into their composi-
tion. In this work, we studied the energy-absorbing
properties of fullerene-containing polymers and co-
polymers of acrylonitrile (AN), including composites,
differing in the composition and synthesis procedure.

EXPERIMENTAL

Polyacrylonitrile (a-PAN) and copolymers of AN
with methacrylate (AN�MA) and butyl acrylate
(AN�BA) with the acrylate content of up to 10% were
synthesized by anionic polymerization, via the action
of alkoxides. Low-temperature homogeneous poly-
merization in dimethylformamide (DMF) yields poly-
mers of AN with a narrow molecular-weight distribu-
tion pattern [10], having the stereoblock microstruc-
ture [11]. They are characterized, in particular, by
enhanced thermal stability compared to the PAN syn-
thesized by radical polymerization (r-PAN). Anionic
polymerization allows preparation of AN�acrylate co-
polymers with the desired composition, as well as par-
tially cyclized polyacrylonitrile (c-PAN), in which up
to 40% of the nitrile [�C�N] groups are converted into
imine [>C=N�] groups, forming ladder structures [12].

Covalently bound fullerene C60 was incorporated
into a-PAN, in particular, via deactivation of �living�
polyacrylonitrile chains by introducing a fullerene
solution in toluene to terminate polymerization [13].

The polymers under study, except for c-PAN, are
able of film and fiber formation. Consequently, the
energy-absorbing properties of these polymers were
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studied mostly with their films. The latter were ob-
tained by casting on cover glasses a combined solu-
tion of the polymer and fullerene prepared by mixing
the solutions of the components that were prepared
beforehand; the films were dried at 20�C.

Figure 1 shows schematically the YAG-Nd laser-
based experimental setup for studying optical limita-
tion of the laser radiation energy by fullerene-contain-
ing media. The working parameters of the setup are
as follows: radiation wavelength � = 532 nm, pulse
length 10 ns, pulse energy 0.35 J, and density of inci-
dent radiation energy 0�4 J cm�3.

The samples under study were (a) solutions of a
straight polymer or of a polymer doped with C60 in
DMF (we used cells with a 3-mm liquid layer) and
(b) polymer films differing in the composition and
C60 content.

Figures 2a and 2b show how the energy density of
the radiation that passed through the sample Eout
varies with the energy density of the incident radiation
Ein. The onset of nonlinear transmission for DMF
solutions of a-PAN�C60 and c-PAN�C60 is approxi-
mately at Ein = 0.5 J cm�2.

The compositions of the samples studied by us and
their laser radiation limitation properties are sum-
marized in the table.

For comparison, we present the energy-absorbing
properties of solutions of a-PAN (run no. 1) and
c-PAN (run no. 3), as well as of the AN�BA film
(run no. 8) without fullerene. Clearly, a-PAN solution
and AN�BA film absorb nearly a half of the incident
laser beam energy. In the case of the solution of
c-PAN containing conjugated >C=N�C=N� double
bonds (run no. 3), absorption is somewhat greater
[11].

These functional groups not only impart a yellow-
brown color to the polymer but also are responsible
for participation of c-PAN in various complex forma-
tion reactions. In solutions of c-PAN, the existence of
such structures favors mutual arrangement of the
macrochains, yielding crystalline structures in the
polymer in the course of removal of the solvent. The
same moieties in c-PAN are, evidently, responsible
for interaction of the polymer with C60 and for its dis-
aggregation. This is confirmed by the fact that, upon
introduction of C60 into c-PAN (run no. 4), the in-
cident laser energy decreases 20-fold.

Significant nonlinear energy absorption was ob-
served in the case of the a-PAN�C60 solution (run
no. 2). In this experiment, we studied a-PAN contain-

laser LS Telescope

Sample

F

F1 F2

Fig. 1. Schematic of the setup for studying the dynamic
range of optical limitation of laser radiation: (LS) light
splitter, (F, F1, F2) filters, and (N1, N2) energy meters.

(a)

Ein, J cm�2

(b)

Ein, J cm�2

Eout, J cm�2

Eout, J cm�2

Fig. 2. Radiation energy density at the outlet Eout vs. the
radiation energy density at the inlet Ein. Run no.: (a) 1,
(2) 3, (3) 2, and (4) 4; (b) 7. (a) (1) a-PAN, (2) c-PAN,
(3) a-PAN�C60, and (4) c-PAN�C60; (b) r-PAN�C60. T, %:
(a) (1) 80, (2) 69, (3) 53, and (4) 48; (b) 80.

ing covalently bound fullerene. The polymer was
prepared by introducing a toluene solution of fullerene
during �living� polymerization of AN to terminate
the propagating chains, which resulted in its covalent
bonding. The part of the C60 introduced that has not
reacted with the anionic reactive center can interact
with a-PAN by the complex formation mechanism.

Studies of the film coatings obtained from the com-
bined solutions of a-PAN�C60 and r-PAN�C60 (run
nos. 5�7) revealed weak optical limitation for these
films (Fig. 2a). Evidently, under the actual conditions
of combining the polymer (high-viscosity solutions)
and fullerene, the components did not interact effi-
ciently. This means that the energy of interaction
between the polymer chains was higher than in the
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Energy-absorbing properties of the fullerene C60�polymer systems*
������������������������������������������������������������������������������������

Run
�

Composition of the sample**
�

C60, %
� Transmission, % � Limitation coefficient �

Ein,� � ������������������������������������
no. � � � Tin � Tnon � Kabs � Krel � J cm�2

������������������������������������������������������������������������������������
�DMF solutions, %: � � � � � �

1 � a-PAN, 2.5 � � � 80 � 53 � 1.8 � 1.5 �
2 � a-PAN�C60, 2.5 � 0.7 � 53 � 8 � 11.4 � 6.6 �
3 � c-PAN, 1.2. � � � 69 � 35 � 2.8 � 2 �
4 � c-PAN�C60, 1.2 � 1.1 � 48 � 4.5 � 22 � 11 �

�Films: � � � � � �
5 � a-PAN�C60 � 1.0 � 50 � 26 � 3.8 � 2.6 � 2
6 � a-PAN�C60 � 0.5 � 70 � 50 � 2 � 1.4 � >2
7 � r-PAN�C60 � 0.5 � 80 � 60 � 1.7 � 1.3 � >2
8 � AN�BA � � � 87 � 26 � 3.8 � 3.3 � >3
9 � AN�BA�C60 � 0.5 � 60 � 6 � 17.0 � 10.0 � 2.1

10 � AN�BA�C60 � 1.4 � 50 � 21 � 4.8 � 2.4 � 1.0
11 � AN�BA�C60 � 0.9 � 50 � 18 � 2.7 � 5.5 � 1.8
12 � AN�BA�C60�P � 0.9 � 33 � 5 � 20.0 � 7.2 � 0.5
13 � AN�BA�C60�P � 0.9 � 36 � 5 � 20.0 � 6.6 � 0.5
14 � AN�MA�C60 � 1.0 � 30 � 11 � 9.0 � 2.7 � 0.7
15 � AN�BA�(AN�AC)�C60 � 1.0 � 77 � 40 � 2.5 � 1.9 � >2
17 � AN�BA�(AN�AC)�C60 � 1.6 � 40 � 11 � 9.0 � 3.6 � 1.5
18 � PAA PM�C60 � 0.6 � 60 � 30 � 3.3 � 2.0 � >3
19 � PAA PM�C60 � 0.3 � 67 � 26 � 38 � 2.6 � >3

������������������������������������������������������������������������������������
* Transmission T = Eout /Ein; Tin is transmission of the sample at small Ein; Tnon, transmission under nonlinear absorption; Kabs and

Krel, absolute and relative limitation coefficients, respectively; Ein.f., energy density at which the sample fails.
** S is solvent (N-methyl-2-pyrrolidone); AA, acrylic acid; and PAA PM, polymer derived from diaminodiphenyl ether and

pyromellitic acid.

case of the polymer�fullerene system. It is known [8]
that the PAN macromolecules in solutions exhibit a
tendency to cross-linking and gelation.

By changing from PAN to copolymers of AN with
acrylates less prone to intermolecular interaction of
chains in solutions, it is possible to obtain their films
with C60 able of more efficient limitation of laser
radiation (run nos. 9�14). This suggests that, in these
systems, fullerene is significantly disaggregated. How-
ever, composite films based on AN�acrylate copoly-
mers are less thermally stable than PAN-based films.
The limiting failure energy for these films tended to
increase with decreasing C60 content in them. This
was accompanied by enhancement of the optical-limi-
tation power of the films. Thus, introduction of fuller-
ene in amounts exceeding that sufficient for efficient
interaction with the polymer increases the number of
C60 aggregates and decreases both the transparency
and thermal stability of the films. These properties
of the films are also deteriorated by incomplete re-
moval of the solvent (run nos. 12, 13) which imparts
plasticity to the films.

We intended to enhance the thermal stability of
the films prepared from AN�acrylate copolymers by
introducing a commercial polymer, polyamido acid, in
the solution preparation stage. For comparison, we
prepared films from the combined solutions of the
polymer of diaminodiphenyl ether and pyromellitic
acid (PAA PM) with fullerene C60 in DMF. These
films (run nos. 18, 19) exhibited a good strength but
poor optical properties. Poor nonlinear-optical proper-
ties of these films are, evidently, due to chemical reac-
tions of fullerene with the functional groups of amido
acids.

To strengthen the AN�BA-based films, we addi-
tionally introduced the AN�AA copolymer prepared
by partial hydrolysis of a-PAN (degree of hydrolysis
5�10%). The thermal stability of such composite films
(run nos. 15�17) actually tended to increase, with
certain energy capacity being preserved.

CONCLUSIONS

(1) Fullerene-containing composites based on poly-
acrylonitrile and acrylonitrile copolymers with alkyl
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arcylates offer promise for preparing materials suitable
for creation of laser-radiation-protecting devices.

(2) Acrylonitrile�alkyl acrylate copolymers afford
more uniform, than homopolymers, distribution of
C60 fullerene in the composites owing to weakening
of interchain interaction.

(3) A relatively low content of C60 (0.5%) in
composites with copolymers affords optimal limita-
tion properties, with the transparency and thermal
stability of the films being preserved.
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Abstract�Chromatographic characteristics of adamantyl silicone stationary phase were studied.

Adamantane derivatives attract steady interest
caused by specific structure of their hydrocarbon
framework and also by their biological activity [1, 2].
The structure and hydrophobicity (lipophilicity) of
adamantane provide favorable conditions for its trans-
port through biological membranes. Linking of ada-
mantyl radical to organic compounds modifies their
biological activity, in many cases enhancing it. It was
found [3, 4] that adamantyl radical affects hypo-
glycemic, antitumor, immunodepressive, antibacterial,
and other types of biological activity. Much promise
is shown by polymeric materials based on adaman-
tane, characterized by high thermal stability, resist-
ance to corrosive media, and high hardness [5]. Ada-
mantane derivatives are of some interest as a model
in solving many problems in theoretical chemistry,
such as the influence of the electronic structure and
topology of molecules on physicochemical character-
istics and influence of induction and steric factors on
the reactivity and stability of compounds. However,
many problems related to the reactivity, biological ac-
tivity, structure, and its correlation with physicochemi-
cal characteristics of framework compounds, especial-
ly with their chromatographic behavior, are not com-
pletely understood. Chromatographic characteristics of
some adamantane derivatives as sorbates in gas�liquid
and liquid chromatography were studied [6�8], but
data on the use of sorbents and stationary phases
based on adamantane are virtually lacking. There are
only evidences that introduction of adamantane frag-
ment into stationary phases should enhance their selec-
tivity, at least with respect to polynuclear aromatic
hydrocarbons [9]. In this connection, we studied in
this work the chromatographic characteristics of
adamantyl silicone stationary phase under conditions
realized in capillary gas chromatography.

EXPERIMENTAL

The experiments were performed on a Halls-311
gas chromatograph equipped with a flame-ionization
detector in the isothermal mode at temperatures from
100�C to 200�C with the interval of 20�C. The vap-
orizer temperature was varied from 150�C to 250�C.
The analysis was carried out on a steel capillary
column (22 m � 0.22 mm) with cross-linked alkylada-
mantane (film thickness df = 0.2 �m). Nitrogen was
used as a carrier gas with the flow division at the
column inlet of 1 : 60. To characterize the column, we
studied the chromatographic retention of various
organic substances. Solid substances were introduced
into the chromatograph in the form of solutions in
ethanol or toluene. The retention indices (RIs) were
evaluated by the Kovats formula [10]. The experi-
mental indices averaged over 7�10 values are listed in
Table 1. The reproducibility of RI was 1�2 index
units (i.u.). The contribution of alkyl to retention
�I(R) for substances under consideration was eval-
uated by the scheme �I(R) = I(Rn+1) � I(Rn), where
I(Rn+1) and I(Rn) are RIs of the neighboring homo-
logs [11]. The differential molar free energy of sorp-
tion �G was evaluated according to [12]. The Rohr-
schneider polarity factors were determined from the
experimental data by the well-known procedure [10]:
x = 0.132, y = 0.993, z = 0.543, and s = 0.210. The
selectivity factor of the stationary phase and separa-
tion factor for estimation of the meta�para selectivity
were evaluated by the relationships given in [11].

According to the resulting values of Rohrschneider
factor, the phase in hand is nonpolar and its chroma-
tographic characteristics should be close to those of
Apiezon-L (Ap-L) or silicones OV-1 and SE-30. To
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Table 1. Retention characteristics of sorbates of various structures on adamantyl silicone
������������������������������������������������������������������������������������

� 100�C � 120�C � 140�C � 160�C � 200�C
������������������������������������������������������������������������

Substance �
RI

� �G, �
RI

� �G, �
RI

� �G, �
RI

� �G, �
RI

� �G,
� �kJ mol�1� � kJ mol�1 � � kJ mol�1 � �kJ mol�1� �kJ mol�1

������������������������������������������������������������������������������������
Cyclohexane � 681.1 � 3.06 � 685.1 � 5.23 � 665.9 � 7.29 � 663.6 � 9.08 � 660.8 � 11.6
Benzene � 676.2 � 3.17 � 676.8 � 4.82 � 666.5 � 7.32 � 700.5 � 7.81 � 837.3 � 8.88
Toluene � 777.0 � 1.00 � 778.4 � 2.81 � 780.1 � 5.06 � 796.1 � 6.12 � 892.3 � 8.03
Ethylbenzene � 870.1 � �0.99 � 873.0 � 0.94 � 877.1 � 3.14 � 887.2 � 4.52 � 965.3 � 6.89
o-Xylene � 911.7 � �1.88 � 915.9 � 0.09 � 924.3 � 1.99 � 931.1 � 3.75 � 990.38 � 6.50
p-Xylene � 886.8 � �1.35 � 889.6 � 0.61 � 890.9 � 2.64 � 903.5 � 4.23 � 945.9 � 7.19
m-Xylene � 886.4 � �1.34 � 888.9 � 0.62 � 895.2 � 2.55 � 902.2 � 4.25 � 969.2 � 6.83
Naphthalene � � � � � � � � � 1080 � �0.89 � 1015 � 2.27 � 1063 � 5.38
Anthracene � � � � � � � � � � � � � 1104 � 0.70 � 1166 � 3.78
Adamantane � � � � � 1105 � �3.35 � 1119 � �1.77 � 1138 � 0.11 � 1212 � 3.03
1-Adamantanol � � � � � � � � � 1260 � �4.21 � 1272 � �2.22 � 1326 � 1.49
Phenol � � � � � 967.8 � �1.07 � 969.6 � 1.12 � 979.3 � 2.90 � 1055 � 5.49
2-Methylphenol � � � � � 1043 � �2.07 � 1043 � �0.15 � 1064 � 1.41 � 1112 � 4.62
3-Methylphenol � � � � � 1064 � �2.50 � 1060 � �0.49 � 1080 � 1.12 � 1128 � 4.36
4-Methylphenol � � � � � 1062 � �2.47 � 1059 � �0.48 � 1076 � 1.20 � 1124 � 4.36
������������������������������������������������������������������������������������

characterize the properties of adamantyl silicone we
studied the chromatographic retention of some repre-
sentatives of various classes of organic compounds.
As follows from Table 1, RIs virtually regularly vary
with variation of the molecular weight of sorbates. At
the same time, since chromatographic method is
based on high sensitivity to differences in the thermo-
dynamic characteristics of sorption of substances,
caused by molecular structure of stationary phase and
sorbate, the RI values adequately reflect their struc-
tural features.

As follows from Fig. 1, the correlation between RI
and molecular weight of normal alcohols can be ap-
proximated by a linear dependence with the correla-
tion factor of 0.998.

The features of chromatographic retention of organ-
ic compounds of various types are the most clearly
pronounced in consideration of homomorphism factors
and differences in RIs of substances with polar and
nonpolar stationary phases. In this case, functional
groups, rings, and hydrocarbon radicals can act as
homomorphs.

As known, within homologous series of organic
compounds, the RIs increase; according to the well-
known Kovats rule, the increments of CH2 �I should
be approximately 100 i.u. for a nonpolar stationary
phase. For nonbranched alkanes, the experimentally
determined contribution of methylene unit to RI on
adamantyl silicone is 100 i.u. The contribution to the

free energy of sorption was approximately �2 kJ mol�1,
decreasing to �1.55 kJ mol�2 as the temperature was
increased to 200�C. As a whole, for adamantyl sili-
cone �G grows with increasing molecular weight of
sorbates.

As follows Table 2, �I(CH3) of linear alcohols is in
the range 90�100 i.u., somewhat decreasing with in-
creasing temperature. As for normal alkanes, the con-
tribution to the sorption energy �(�G) is approximately
�2 kJ mol�1 and varies from �1.27 to �1.46 kJ mol�1

at 200�C. The dependence of �G of 1-propanol on
operating temperature is shown in Fig. 2. The depen-
dences for other members of this homologous series
are similar.

For benzene homologs, the contribution of methyl-
ene unit is approximately 90 i.u., as for Apiezon-L.

Fig. 1. RI of normal alcohols I140 as a function of molecu-
lar weight M. T = 140�C, stationary phase adamantyl sili-
cone, r = 0.998, (1)�(11) C1�C11, respectively.
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Table 2. Contribution of hydrocarbon radicals into RI (�I) and �G of sorption [�(�G)] for adamantyl silicone stationary
phase
������������������������������������������������������������������������������������

�

Ap-L,

� Ad-R
� ����������������������������������������������������������������

Substance �
�I

� 100�C � 120�C � 140�C � 160�C � 200�C
� ����������������������������������������������������������������
� � �I � ��(�G) � �I � ��(�G) � �I � ��(�G) � �I � ��(�G) � �I � ��(�G)

������������������������������������������������������������������������������������
Toluene � 108 � 100.8 � 2.17 � 101 � 2.01 � 114 � 2.26 � 96 � 1.69 � 55.0 � 0.85
Ethylbenzene � 93 � 93.1 � 1.99 � 94 � 1.87 � 97 � 2.02 � 91 � 1.60 � 73.0 � 1.14
o-Xylene � 137 � 134.7 � 2.88 � 137 � 2.72 � 144 � 3.07 � 135 � 2.37 � 98.1 � 1.53
p-Xylene � 110 � 109.8 � 2.35 � 111 � 2.20 � 111 � 2.42 � 107 � 1.89 � 53.6 � 0.84
m-Xylene � 111 � 109.4 � 2.34 � 110 � 2.19 � 115 � 2.51 � 106 � 1.87 � 76.9 � 1.20
Ethanol � 83 � 58.1 � 1.25 � 74 � 1.48 � 119 � 2.15 � 110 � 1.90 � � 0.61
1-Propanol � 105 � 77.0 � 1.65 � 82 � 1.63 � 88 � 1.63 � 90 � 1.64 � � 0.44
1-Butanol � 120 � 94.9 � 2.04 � 101 � 2.01 � 91 � 1.72 � 99 � 1.75 � 60.6 � �1.35
1-Pentanol � 107 � 99.6 � 2.14 � 102 � 2.01 � 94 � 1.80 � 97 � 1.70 � 80.5 � 1.27
1-Hexanol � 105 � 166.9 � 1.56 � 101 � 2.01 � 95 � 1.88 � 103 � 1.81 � 93.6 � 1.46
1-Heptanol � 101 � 163.2 � 2.29 � 100 � 2.00 � 97 � 1.84 � 99 � 1.75 � 90.5 � 1.40
2-Methyl-1-propanol� 171 � 104.4 � 2.24 � 110 � 2.18 � 134 � 2.43 � 105 � 1.82 � 79.9 � 1.24
2-Methyl-1-butanol � 78 � 101.4 � 2.18 � 108 � 2.14 � 116 � 2.17 � 101 � 1.77 � 63.1 � 0.98
Butanone � 98 � 92.1 � 1.96 � 116 � 2.31 � 84 � 0.17 � 73 � 1.32 � 58.6 � 0.90
2-Pentanone � 149 � � � 119 � 2.14 � 182 � �6.20 � 69 � 1.22 � 37.3 � 0.58
������������������������������������������������������������������������������������

The increment of CH3 groups depends on their num-
ber and relative positions in the benzene ring. With
increasing number of methyl groups, alkylbenzene
molecule remains planar and, hence, can be oriented
in the sorbent surface in the manner optimal for sorp-
tion [13]. Lengthening of alkyl chain results in non-
planar orientation of the alkylbenzene molecule; there-
fore, as a rule, the retention of monoalkylbenzenes is
worse than the retention of polyalkylbenzenes with
the same number of carbon atoms in the substituent.

In particular, for toluene, m-, and p-xylenes,
�I(CH3) at 160�C is in the range 100�160 i.u., while
for o-xylene this value is significantly greater (from
130 to 140 i.u.). The contribution to the sorption

�G, kJ mol�1

To, �C

Fig. 2. �G of 1-hexanol as a function of operating tempera-
ture To. Stationary phase is adamantyl silicone, r = 0.982.

energy is from �2.72 to �2.37 for o-xylene and from
�2.19 to �1.87 kJ mol�1 for m- and p-xylenes depend-
ing on temperature. The similar trends take place with
other compounds with vicinal arrangement of methyl
groups on both polar and nonpolar stationary phases.
The vicinal arrangement of methyl groups causes an
increase in the internal energy of the molecule; there-
fore, the contribution of neighboring methyl groups to
the energy of dispersion interaction with the stationary
phase is greater than that in the case of more remote
arrangement of these groups [14]. Heating increases
the meta�para selectivity of adamantyl silicone, with
the contributions of methyl groups to RI somewhat
decreasing and becoming different for ortho-, meta-,
and para-positions, 98, 54, and 77 i.u., respectively,
and the contributions to �G of sorption of sorption
becoming essentially different: �153, �0.84, and
�1.20 kJ mol�1 (it should be noted that for normal
alkanes this value is practically constant and varies
in the homologous series by no more than 0.1�
0.2 kJ mol�1). Weaker retention of the para isomer in
comparison with meta-substituted derivatives may be
due to the fact that, in symmetrical arrangement of
substituents, the benzene ring somewhat rises over the
sorbent surface [13]. Heating enhances this process,
which is apparently favored by the presence of bulky
adamantyl fragment in the stationary phase. It should
be noted that nonmonotonic variation of RI with
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Table 3. Differences between RIs on polar and nonpolar stationary phases �I, temperature increments dI/dT, and contribu-
tions of functional groups to RI (�I) and �G of sorption [�(�G)] of some organic compounds
������������������������������������������������������������������������������������

Substance � �IAp-L � �IOV101 � �IAd-R � �(�G)Ad-R � dI / dTAd-R � �ICW-Ap-L � �ICW-OV101 � �ICW-Ad
������������������������������������������������������������������������������������
Ethanol � 204 � 264 � 394 � � � 2.49 � 545 � 485 � 472
1-Propanol � 209 � 278 � 381 � � � 2.76 � 526 � 457 � 475
1-Butanol � 229 � 296 � 372 � � � 2.66 � 488 � 421 � 455
1-Pentanol � 236 � 303 � 366 � � � 2.52 � 491 � 424 � 463
1-Hexanol � 241 � 308 � 362 � �6.94 � 0.73 � 491 � 424 � 467
1-Heptanol � 242 � 311 � 359 � �6.89 � �0.925 � 494 � 425 � 470
1-Octanol � 243 � 312 � 358 � �6.90 � � � 498 � 429 � 460
Cyclohexanol � 204 � � � 239 � �4.64 � � � 486 � � � 472
Phenol � 401 � 337 � 303 � �6.20 � � � � � � � �

2-Methylphenol� 347 � 222 � 263 � �5.21 � � � � � � � �

3-Methylphenol� � � 229 � 280 � �5.55 � � � � � � � �

Benzaldehyde � 279 � � � 325 � �4.36 � � � � � � � �

1-Adamantanol � 117 � � � 141 � �2.44 � � � � � � � 558
Nitrobenzene � 402 � � � 420 � �8.55 � � � �
o-Nitrotoluene � 361 � � � 401 � �7.92 � � � �
p-Nitrotoluene � 418 � � � 429 � �8.47 � � � �
������������������������������������������������������������������������������������

temperature (nonconstancy of temperature increment
dI/dt) is fairly frequently observed in chromatographic
analysis of representatives of various homologous
series and is apparently caused by the difference in the
energy equivalents of one unit of the index �Giu,
determined according to [15], and nonlinear variation
of this value with increasing RI [16].

It is well known that cyclization significantly in-
creases RI on both polar and nonpolar stationary
phases. As follows from Table 1, in passing from
hexane to cyclohexane, RI on adamantyl silicone in-
creases by 60�80 i.u. (on Apiezon-L, by 96 i.u.),
which is equivalent to addition of one methylene unit
in the homologous series. Passing from decane to
adamantane results in increase in RI by 120�140 i.u.,
which is somewhat greater than the increment of the
methylene unit. In this case, the sorption energy varies
from �1.56 to �3.35 kJ mol�1. Substitution of the
benzene ring for a saturated six-membered ring does
not result in significant variations in the retention with
the adamantane phase, similar to Apiezon. In passing
from benzene to naphthalene and then to anthracene,
RIs on Apiezon-L significantly increase and are 686,
1309, and 1869 i.u., respectively. On the adamantane
stationary phase, these variations are not so great: for
these compounds, RIs are 677, 1080, and 1104. It is
believed that in this case the steric effect of the ada-
mantane fragment of the stationary phase becomes
significant. This is suggested by the fact that, for
adamantane, RI on adamantyl silicone is somewhat

lower than that on Apiezon (1119 and 1216 i.u.,
respectively).

The contributions of functional groups to retention
with adamantyl silicone are different depending on the
nature of the group (Table 3). Contrary to retention on
Apiezon-L, the contribution of the OH group of ada-
mantyl silicone stationary phase �I is greater for linear
(260�280 i.u., and 204�240 i.u. on Apiezon-L) and
cyclic alcohols (228 and 204 i.u., respectively). On
methyl silicone SE-30, the contribution of OH groups
is 240�260 i.u. It is believed that linear alcohols are
retained on adamantyl silicone predominantly owing
to formation of a hydrogen bond between the OH
group of alkanols and silanol groups of the stationary
phase. Apparently, the presence of adamantane frag-
ment is favorable for redistribution of the electron
density in molecules of the stationary phase. It was
shown previously that 1-adamantyl radical exhibits
strong induction increasing the effective negative
charge on the oxygen atom bonded to adamantyl [17].
It is likely that this effect results in strengthening of
the hydrogen bond of alcoholic hydroxyl with the sta-
tionary phase.

For phenol on adamantyl silicone, �I(OH)i.u. de-
creases in comparison with Apiezon-L (290 and
335 i.u., 337 i.u. on methyl silicone phase), which is
apparently caused by the predominant contribution of
phenyl radical, interacting nonspecifically with the
adamantyl fragment of the stationary phase, to ad-
sorption. For phenol homologs, the contribution of
OH group is governed by its position relative to alkyl.
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In particular, for 2-methylphenol �I(OH) on ada-
mantyl silicone is 265, and for 3- and 4-methylphenol,
286. For Apiezon, these values are 347 and 379 i.u.,
and for methyl silicone, 250 and 280. In other words,
the contribution of functional group located in ortho-
position to methyl is less than that for meta- and
para-positions remote from the alkyl. Similarly, the
contribution of the CH3 group in 2-methylphenol is
less (73 i.u.) than that in 3- and 4-methylphenols
(96 i.u.), which is caused by intramolecular interaction
of methyl with hydroxyl in ortho-position. Similar
trends are observed for other vicinal substituents and
functional groups [18]. For example, the contribution
of nitro group to retention of ortho-nitrotoluene is less
(401 i.u.) compared to para-nitrotoluene (429 i.u.).
For nitrobenzene, this value is 420 i.u. The contribu-
tion of OH group of alkylphenols to the adsorption
energy does not noticeably vary with heating from
100 to 160�C and decreases by nearly 1.5 kJ mol�1

at 200�C, being practically equal to the contribution
of OH group of phenol.

The value of �I(OH) of 1-adamantanol is much less
and equal to 140 i.u. The contribution of OH group to
the adsorption energy is less than the contribution of
phenolic and cyclohexanol OH groups by a factor of
almost 2 and less than the contribution of OH groups
in linear alkanols by a factor of 3. This is largely
due to the steric effect of adamantane fragments,
present in molecules of both the stationary phase and
sorbate and hindering participation of hydroxy group
in retention.

The results of this study show that adamantyl sili-
cone exhibits a fairly high selectivity in separation of
structural isomers. The selectivity factor of adamantyl
silicone varies from 0.53 to 0.73 depending on tem-
perature. In estimation of the meta�para selectivity of
this stationary phase, the separation factor is 1.18 (for
comparison, the selectivity of some liquid crystals
with respect to meta�para isomers is 1.03�1.09 [19]).
The selectivity in separation of isomers of 1-methyl-
1,2-dicyclopropylcyclopropane, whose cis and trans
isomers are not always separable on standard station-
ary phases, is equal to 1.1. High selectivity of ada-
mantyl silicone manifests itself in separation of
homologs of normal alkanes and alkylbenzenes (� 2,
1.9), which was used in analysis of naphtha hydrocar-
bons. These studies also suggest enantioselectivity of
this phase, since adamantyl cross-linked with silicone
apparently can form chiral cavities. However, this
suggestion calls for further investigations.

Thus, our results show that retention of sorbates of
various structures with adamantyl silicone is governed

by dispersion interactions, which depend essentially
on deformability of molecules and, hence, their
volume. According to additivity of the free energy of
interaction, an increase in the molecular size by one
methylene unit results in virtually equal increase in
dispersion forces, which is reflected in the equality of
contributions of alkyls to the retention and sorption
energy. At the same time, it is evident that the pres-
ence of the adamantane fragment in molecules of the
stationary phase results in redistribution of the elec-
tron density in its silanol groups and strengthening of
interaction of electron-acceptor functional groups of
sorbates with the stationary phase. This is confirmed
by an increase in the contribution of these groups to
retention with adamantyl silicone in comparison with
methyl silicone and Apiezon-L. Apparently, the sta-
tionary phase studied can be suitable for solving
chromatographic problems and for studying the struc-
ture of sorbates and intermolecular interactions of
these sorbates.

CONCLUSIONS

(1) The retention indices of primary alcohols,
aromatic hydrocarbons, alkylphenols, and some ada-
mantane derivatives and the thermodynamic character-
istics of their sorption with adamantyl silicone were
compared to the respective characteristics of known
silicone stationary phases.

(2) The selectivity of adamantyl silicone phase in
separation of low-boiling naphtha hydrocarbon frac-
tion and isomers of 1-methyl-1,2-dicyclopropylcyclo-
propane was shown. The possible enantioselectivity
of the phase was suggested.
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Abstract�Formation of a polymeric coating in the course of preparation of polymer-containing silica gel as
influenced by preliminary activation of the surface of nonporous silica gel with vinylchlorosilane was studied.

Nonporous silica gel supports with various grafted
functional groups find expanding application in chro-
matography and immobilization of biopolymers [1, 2].
Before coating of the solid support or sorbent with
a polymeric layer, its surface is activated by various
procedures. Active centers formed by grafting of
organic compounds on the support surface containing
�OH groups allow their subsequent polymerization
modification with various functional groups. Such
active centers, which affect the kinetics of the initiator
degradation and monomer polymerization [3, 4], can
be prepared by grafting of compounds with unsatu-
rated bonds, e.g., vinylchlorosilanes (VCSs) and
vinyltrichlorosilanes, to the hydroxyl-containing sup-
port surface [5�8]. Polymerization in these systems
is initiated by the agent occurring in the monomer
bulk or sorbed on the surface of modified solid sup-
port [3�8].

Formation of a continuous polymeric coating pro-
tecting the support surface is urgent for preparing
packing materials for high-performance liquid chroma-
tography (HPLC). Uncontrolled cross-linking during
deposition of the polymeric coating can deteriorate the
chromatographic properties of the packing materials.

In this work we studied nonporous silica gel micro-
spheres to eliminate the effect of structural features of
the matrix (in particular, support porosity) on the
polymeric coating deposition.

EXPERIMENTAL

As starting compounds for preparing packing ma-
terials with a polymeric coating we used nonporous
microspheric silica gel with a particle size of 2 �m and
residual pore volume of no more than 0.03 cm3 g�1;

it was prepared by the procedure given in [1]. The sur-
face of this material was modified with VCS and
octadecylchlorosilane (ODCS) with additional silani-
zation with trimethylchlorosilane (TMCS) according
to published procedure [9].

Copolymer of octadecyl methacrylate (ODMA) and
methyl methacrylate (MMA) was used as polymeric
material. The ODMA�MMA copolymer was prepared
and deposited on the silica gel surface according to
[10] using dicumyl peroxide initiating agent.

The HPLC analysis was performed on a Gilson
device equipped with a double-beam UV detector
(� = 254 nm) using acetonitrile�water mobile phase
(3 : 7 volume ratio). The tests were performed with
4.6 �50- and 4.6 �33-mm columns.

We used chemically pure grade reagents and chro-
matographic grade acetonitrile, water, and uracil�
pyridine�phenol�toluene test mixture.

The sorption capacity factor of the material with
respect to toluene can be determined as

k = (�t � �u)/�u,

where �t and �u are the retention times of toluene and
uracil, respectively (min).

The chromatographic parameters of the columns
packed with nonporous supports (2 �m particle size)
and different content of the polymeric coating are
listed in the table. The particle surface was not pre-
liminarily modified with VCS. The chromatographic
properties of the columns packed with nonporous
silica gel microspheres modified with ODCS (C18) are
given for comparison.

Let us consider the chromatographic properties of
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Chromatographic properties of HPLC columns packed with polymer-containing nonporous silica gel supports, column
diameter 4.6 mm
������������������������������������������������������������������������������������
Column�

Modifying
� Flow � Pres- � Retention time, min � k with � Polymer

� � � ������������������������������������ �height,
� agent �

rate,
�

sure,
� uracil � pyridine � phenol � toluene �

respect to
�

content,
mm � � ml min�1� Pa � � � � � toluene � wt %

������������������������������������������������������������������������������������
33 �ODCS (C18) + � 0.33 � 183 � 0.934 � � � 1.047 � 1.680 � 0.798 � �

�TMCS � � � � � � � �
50 � � � 1.0 � 177 � 0.473 � 0.520 � 0.570 � 1.045 � 1.209 � 3.10
50 � � � 1.0 � 167 � 0.508 � 0.543 � 0.557 � 0.958 � 0.885 � 2.06
33 � � � 0.5 � 113 � 0.607 � 0.713 � 0.890 � 1.068 � 0.759 � 1.57
50 � � � 0.5 � 172 � 0.954 � 1.055 � 1.147 � 1.605 � 0.682 � 1.11
50 �VCS � 1.0 � 183 � 0.474 � 0.505 � 0.565 � 1.060 � 1.24 � 1.25
33 � � � 1.0 � 131 � 0.358 � 0.395 � 0.405 � 0.872 � 1.30 � 1.38
50 � � � 0.5 � 191 � 0.500 � 0.565 � 0.606 � 1.437 � 1.87 � 1.91
50 � � � 1.0 � 193 � 0.467 � 0.526 � 0.546 � 1.573 � 2.37 � 2.53
50 � � � 1.0 � 207 � 0.492 � 0.507 � 0.575 � 2.278 � 3.63 � 2.64
50 � � � 1.0 � 197 � 0.465 � 0.547 � 0.555 � 1.730 � 2.72 � 2.72
50 � � � 1.0 � 121 � 0.970 � 1.135 � 1.335 � 3.633 � 2.75 � 2.78
33 � � � 1.0 � 180 � 0.363 � 0.412 � 0.460 � 1.260 � 2.47 � 2.98
50 � � � 1.0 � 217 � 0.439 � 0.498 � 0.526 � 2.133 � 3.86 � 3.12
50 � � � 1.0 � 198 � 0.496 � 0.570 � 0.835 � 1.977 � 2.99 � 3.40
50 � � � 1.0 � 177 � 0.455 � 0.540 � 0.595 � 2.323 � 4.10 � 5.98
33 � � � 1.0 � 200 � 0.356 � 0.533 � 1.824 � 1.824 � 4.21 � 6.24

������������������������������������������������������������������������������������

the columns packed with microspheric silica gel con-
taining C18 phase as a reference. The data given in the
table show that, in the course of polymerization modi-
fication without VCS pretreatment, the continuous
polymeric coating is formed only when the polymer
content does not exceed 2 wt %. It should be noted
that this content of the polymer on the nonporous sur-
face significantly exceeds the amount required to form
a monomolecular layer. Slight rise of k to 1.21 cor-
responds to the increase in the content of the poly-
meric coating to 3.1 wt % relative to the support
weight. The main chromatographic properties of the
columns packed with nonporous supports (2 �m par-
ticle size) preliminarily modified with VCS and dif-
fering in the content of the polymer coating are also
listed in the table.

The mandatory requirement to the resulting poly-
mer-containing composites is complete shielding of
all the silanol groups on the support surface, eliminat-
ing two major disadvantages of silica matrices: high
solubility in alkaline medium and so-called �silanol�
interaction on the surface.

At complete shielding of the silanol groups, the
retention time of pyridine is shorter than that of phen-
ol (see table). Although the polymeric coating com-
pletely shields all the surface silanol groups, in some
cases secondary cross-linking is observed, which is

illustrated by increasing sorption capacity factor k
with respect to toluene. This increase in k with in-
creasing content of the polymeric coating confirms the
fact that the polymeric coating with certain porosity is
formed on the vinylated surface.

The sorption capacity factor increases with increas-
ing content of the polymer (see figure). As seen from
the comparison of dependences 1 and 2, a continuous
polymeric coating is formed in the course of deposi-
tion of the polymer layer on the silica gel surface pre-

mp, wt %

Sorption capacity factor with respect to toluene k as a func-
tion of the content of the polymer deposited mp. Polymer
(1) without VCS modification and (2) preliminarily modi-
fied with VCS.
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liminarily modified with VCS. In this case, an in-
crease in k with increasing polymer amount is less
pronounced than without VCS pretreatment. The
chromatographic parameters of the columns, obtained
in this case, are similar to those for the columns
packed with microspheric nonporous supports modi-
fied with ODCS (k values are nearly equal).

Since it is believed that k increases owing to the
appearance of additional surface, then it can be con-
cluded that secondary pores are formed in the course
of silica gel coating with the polymer. It should be
noted that the polymerization initiator (dicumyl per-
oxide) passes from the pentane solution to the support
surface simultaneously with ODMA�MMA oligomer.

Secondary pores on the surface of a support pre-
liminarily modified with VCS are formed as follows.
In the course of polymerization on the surface contain-
ing vinyl groups, the sections with double bonds react
first, because oligomers and silanol groups are less
reactive. These vinyl-containing sections on the sup-
port surface become the centers of cross-linking of
the oligomer fragments, forming a network which
gives rise to secondary porosity. Simultaneously, free
radicals are generated by thermal degradation of the
initiator:

ROOR � 2RO. and ROOR � ROO. + R..

These free radicals primarily attack the sections
with double bonds and generate a large amount of free
radicals on the support surface, causing random cross-
linking of oligomeric fragments and formation of the
porous polymer. Due to the high rate of the radical
formation and random linking of oligomers with sur-
face groups, a porous polymeric layer is formed in-
stead of a continuous coating. Moreover, linking of
separate oligomeric fragments with each other is
hindered, because the main fraction of the initiator is
consumed in the opening of the double bonds. It
should be noted that, since cross-linking proceeds
only with vinyl-containing sections of the support sur-
face, the vinyl-free surface sections remain uncoated.

When the support surface was not preliminarily
modified with VCS, the oligomeric fragments of
copolymers react with radicals first. Oligomeric frag-
ments are cross-linked, and the degree of additional
polymerization is greater than in the above case. In
the latter case, the polymer most likely covers silica

gel particles and does not interact with their surface.
The efficiency of additional polymerization is lower,
which causes formation of a more uniform and rela-
tively nonporous polymeric coating. With increasing
polymer content, k also grows, but this trend is less
pronounced than in the previous case.

CONCLUSIONS

(1) Preliminarily activation of the silica gel surface
with vinylchlorosilane provides formation of second-
ary pores.

(2) The polymeric coatings with decreased poros-
ity can be obtained without preliminary modification
when the secondary porosity is insignificant.
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Abstract�The concept of activating mixing as a procedure for preparing and modification of polymeric
composites was developed. A new classification and generalized parameters of mixing, characterizing condi-
tions of the energy supply to polymeric composition through the device working elements, were proposed.
The dependence for determining the treatment modes providing controllable development of chemical trans-
formations in a polymer system, which is invariant with respect to treatment modes and working installation,
was obtained.

Formation and modification of polymeric com-
posites by mixing is one of the ways for preparing
new materials. Theoretically valid approach to this
process was formulated in the middle of the past
century [1]. It was suggested that laminar mixing
increases the interface area of the components under
the shear strain.

Since that time, despite considerable amount of
works on various aspects of mixing (technology,
installations, procedures to evaluate the system state,
quantitative evaluation of the process performance),
the phenomenological concept of the process re-
mained unchanged. One of the reasons of this lag in
the theoretical interpretation of the processes occur-
ring during mixing was due to the concept of the proc-
ess objective taken a priori.

Until recently, mixing was considered as a process
whose �objective is transformation of the initial sys-
tem, characterized by the ordered distribution of the
components, into a system with disordered random
distribution� [1].

This concept is obviously restricted [2], as seen
from the following example. An active filler is added
to a system in which the polymeric matrix is a mix-
ture of elastomers. The required set of the material
properties is provided only at the optimal distribution
of the filler between the phases. In this case, �optimal
distribution� is not identical with the uniform distribu-
tion of the filler in the entire system, because the filler
content ensuring the highest strengthening is specific
for each polymer.

The restriction of the classical concept of the mix-
ing objective is confirmed by the analysis of the other

polymeric systems. For example, in polymer engineer-
ing (as in other chemical processes) mixing should
also be performed in single-component systems. In
this case, mixing provides formation of the tempera-
ture-uniform material. In particular, a set of devices
for rubber treatment is known, which provide heating
and temperature uniformity in the material (cold-feed-
ing screw machines).

The known classification of mixing processes
should be also refined. These processes are often clas-
sified by the phase composition of the working medi-
um and the process kind. As regards the phase com-
position, mixing can be performed in liquid, viscous-
flow, and powder states [3]. In preparation of poly-
meric composite materials (PCMs), processes of the
second group (viscous-flow mixing) are used most
widely. However, only a few processes fit in the
above classification. In the strict sense, these are only
processes based on mixing of two thermoplastic com-
ponents in a melt. A thermoplastic material is mixed
with a rubber when one of the components (rubber)
occurs not only in the viscous-flow but also in the
hyperelastic state.

The real PCM preparation is based on mixing of
powdered and high- and low-viscosity components
added in the specific order and in definite time. Prepa-
ration of rubber stocks is the most typical example.
Hence, we should consider not the process occurring
in the viscous-flow state, but mixing of the compo-
nents in different physical and phase states.

At present, the process results are not taken into
account in classification, though the definitions such
as �homogenization� and �dispersion� are used. It is
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t � 10�3, s

Yd M � 10�5

Fig. 1. Kinetic curves of NR degradation. (Yd) Degree of
degradation, (M) molecular weight of the polymer, and
(t) time. H0 (mm): (1, 4) 2; (2, 5) 1.5, and (3, 6) 1. �w:
(1, 3) 0 and (2, 4�6) 0.3.

assumed that, in the first case, only the uniform distri-
bution of particles is attained, whereas in the second
case this is accompanied by a decrease in the compo-
nent particle size. The above subdivision was made
about 40 years ago [4], it seems valid, but separation
of these processes in practice is very difficult. For
example, the majority of compositions with addition
of various components are prepared using impeller
and rotary mixers in which the dispersion of the com-
ponents is accompanied by homogenization of the
entire system.

The most serious disadvantage of the existing ap-
proach to the mixing process is that it is considered as
a combination of physical processes, whereas occur-
rence of chemical reactions due to the mechanical
impact on the polymers in the course of their treat-
ment is well known [5]. At present, a great body of
data on mechanochemical transformations in polymers
is available, but it is still not systemized. Moreover,
due to the absence of the general criterion of the
external effect on a polymer, it is difficult to compare
the data given by different authors. In most cases, this
effect is evaluated by changes in a separate process
parameter, e.g., transition number through the rolls
gap, grinding time in mills, etc. This approach does
not take into account the process modes and design
parameters of the installation in their combination,
though they affect the material simultaneously [6].

Mechanochemical transformations in polymers are
often described by an equation characterizing changes
in the molecular weight with time proposed by Baram-
boim [5]:

Mt = (M0 � M�) exp (�kt) + M�, (1)

where Mt is the current molecular weight at time t,
M0 is the initial molecular weight of the polymer,

M� is the limiting molecular weight of the smallest
chain section, and k is a constant.

Casale and Porter [6] believed that constant k
depends on the chemical nature of the polymer and
packing density of its chains and determines the rate
of mechanical degradation. Hence, k is a function of
the polymer properties and is independent of the treat-
ment conditions. However, k depends not only on the
polymer nature, but also on the conditions of the
energy supply to the material. The nature of the medi-
um and temperature mode of dispersion are important
but insufficient parameters to characterize the process
conditions. Certain changes in the shear rate will
cause changes in the shear stress and degradation rate
in the system. This fact is confirmed by the data of
the same authors on the relationship between the
kinetics of ultrasonic degradation and experimental
conditions.

This assumption was also confirmed by our ex-
periments illustrating the development of mechanical
degradation processes in natural rubber (NR). The
kinetic dependences of NR degradation under various
treatment conditions (H0 is the minimal gap between
the rolls) on the rolls with a wedge intensifying at-
tachment [3] and without it are shown in Fig. 1. The
depth of the wedge dipping is �w = 0.3 and �w = 0,
respectively. As seen, the parameter k changes with
changes in the treatment conditions. Thus, comparison
of the data on mechanical degradation of similar poly-
mers under different experimental conditions is mean-
ingless, because different results will be obtained
at different treatment modes. At the same time, com-
parison of the parameters of mechanical degradation
obtained at rigidly fixed treatment modes is also
impossible because of differences in the mixer design,
providing different parameters of the mechanical field
affecting the given material.

Thus, novel criteria allowing comparison of various
polymers using parameters of mechanical degradation
are required; moreover, these criteria should be in-
variant with respect to the treatment modes and design
features of the installations.

We believe that classification of mixing processes
by their effect on the mixed materials is the most
promising. In this case, the objective of mixing (as
a main procedure for PCM preparation) is to provide
the optimal conditions in which the most valuable
properties of the material (depending on its composi-
tion) will be manifested. For this purpose, new proc-
esses and equipment should be developed. Mixing
should be organized so that the energy supplied to the
components will initiate their chemical interactions
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hindered under the other conditions or accelerate these
reactions. Obviously, we consider only the compo-
nents between which these reactions can proceed.

Practical problems which could be solved in this
case are (1) development of new high-performance
processes for preparing common compositions from
viscous chemically reactive components and (2) prep-
aration of new materials in the course of initiation of
mechanochemical transformations and(or) controllable
chemical modification of the polymers.

We suggest the term �activating� to define mixing
under the conditions of initiated and controllable
mechanochemical transformations.

The activating mixing differs from the other mix-
ing modes (including those accompanied by mechano-
chemical transformations) in that in this case, along
with increasing interface area between the compo-
nents, the corresponding chemical reactions in the
system are directly initiated or their rate considerably
increases.

Activating mixing also differs from the other types
of mechanical treatment causing mechanochemical
effects (e.g., ultrasonic) by the specific effect of the
mechanical field (shear strain), which increases the
interface area between the components.

Thus, homogenization and dispersion mixing and
the other mechanical procedures initiating chemical
transformations can be considered as particular cases
of activating mixing. This assumption can be illus-
trated using the classical Arrhenius equation in which
the reaction rate constant K is determined by two vari-
ables (activation energy Ea and space steric factor pz):

K = p ze�Ea/RT, (2)

where z is the factor proportional to the collision
number between the interacting particles.

At activating mixing, the reacting compounds ob-
tain certain energy and the activation barrier of chemi-
cal reactions decreases. Moreover, during treatment
some portion of mechanical energy is transformed in
the heat, which also increases the reaction rate.

Finally, under the effect of stresses and shear rates,
causing dispersion and homogenization, the interface
area between the components increases and, thus, the
probability of favorable mutual orientation of compo-
nents (parameter pz) promoting the chemical reaction
also increases. The latter condition of the activating
mixing is advantageous as compared with the other
modes of mechanochemical initiation and makes it
efficient for practical implementation.

Our concept of the activating mixing allows the
following classification of processes by the result of
their effect on the mixed component.

Simple homogenizing mixing is a process that de-
creases the concentration heterogeneity in the system
without chemical transformations. Mixing of granu-
lated polymers with powdered or granulated additives
without changes in the particle size and preparation of
temperature-uniform media are the examples of this
process.

Simple dispersion mixing is a process that causes
breakdown of the disperse phase agglomerates in the
system without chemical transformations These proc-
esses include formation of oil�water emulsions, break-
down of agglomerates of inert fillers in rubbers, etc.

Homogenizing mixing is a process that decreases
the concentration heterogeneity in the system and is
accompanied by chemical transformations that are not
initiated in the course of the given process. Mixing of
liquid media able of chemical reaction is an example
of the process.

Dispersion mixing is a process that causes break-
down of the disperse phase agglomerates in the system
and is accompanied by chemical transformations that
are not initiated in the course of the given process.

Activating mixing is a process of initiation of
chemical transformations in the system accompanied
by its homogenization and dispersion of the separate
phases.

It is advisable to describe each of the above proc-
esses by its own parameters (generalized parameters)
of the external effect on the material.

The homogenizing mixing can be described using
the common concept of the shear strain � and its vari-
ance, which are directly related to the interface area
between the components [3].

As for dispersion mixing, along with shear strain,
we should evaluate the shear stresses � appearing in
the system and causing dispersion of one polymer in
a another, breakdown of filler agglomerates, etc.

To develop the generalized parameters of activating
mixing, we used the available experimental data on
mechanochemical transformations in polymers proc-
essed on different installations. The correlation bet-
ween the intensity of mechanical energy supply and
the rate of mechanical degradation during treatment
of rigid carbon-chain polymers (e.g., polystyrene,
polyvinyl acetate, and polymethyl methacrylate) in
a vibrating mill was found in [5]. With some assump-
tions, the strike energy of the grinding bodies of cer-
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tain generalized weight is taken to be proportional to
(� f )2, where � and f are the amplitude and frequency,
respectively.

It was found that the rate constant of degradation is
proportional to log (� f )2. This suggests that

kd = log [(� f )2/(�0 f0)2], (3)

where �0 f0 is the certain deformation limit at which
the rate constant of degradation decreases to zero.

For this process, it is convenient to use the energy
E (J m�3) per unit volume of the medium (energy
density) as a criterion of the external effect:

E = 2�2�(� f )2. (4)

The process described above is physically similar
to the process of shearing flow as predominant in
both mixing and the other process of the polymer
treatment.

It is known that the greater the internal friction
(determined by the internal friction coefficient, or vis-
cosity �, Pa s), the greater the shear stress � (Pa) re-
quired to preserve the steady-state motion in a laminar
flow with a constant rate gradient �� (s�1); the relation-
ship of these parameters is shown by the Newton
equation � = ���. The energy intensity of the solution
motion in a laminar flow per unit volume Y (W m�3)
is determined by the following equation:

Y = ���2. (5)

The amount of energy supplied to the material in
certain time t (commonly, the period of the material
treatment), or the density of the strain energy, can be
given as

E = ��’2 t. (6)

Equation (6) can be presented by various expressions:

E = ���2 t = ����� t = ���� = ��, (7)

where � = ��t is the shear strain.

The density of the strain energy can be expressed
in various dimensions: U = EVm [J mol�1, cal mol�1];
U = EMav/	 [J mol�1] = 0.24EMav/	 [cal mol�1],
where Vm and Mav are the average molar volume and
average molecular weight, respectively. In this case,
the value of the external mechanical effect can be
compared with the energy of chemical bond.

It can be readily shown that the parameters in
Eqs. (3) and (7) are physically identical. In the case of
unidimensional motion, the rate gradient U /H can be
used instead of the strain rate d� /dt, i.e., the strain and
shear rate correspond to the amplitude and frequency
of the external mechanical field, respectively.

Thus, we proposed two generalized parameters to
characterize the activating mixing, namely, the density
of the strain energy and its intensity.

The possibility of using the intensity of the shear
energy to analyze the mechanical degradation was first
proposed in [6], but this parameter was not applied to
mixing procedures, polymer treatment, and setup
utilized. Hence, it was advisable to verify our gen-
eralized parameters with experimental data.

The tests were carried out using laboratory devices
(Weissenberg rheogoniometer, Brabender plastograph)
and industrial equipment (roller-bending machine,
rotary mixers, vibrating mills, rotary-pulsating units).
The resulting materials were analyzed by IR and UV
spectroscopy, sol�gel analysis, and the other methods
allowing evaluation of the molecular weight and
molecular-weight distribution. In the course of the
tests, we studied the relationships between the gen-
eralized parameters of the external effect on the sys-
tem and parameters of mechanochemical transforma-
tions determined independently. The degree of mech-
anical degradation was studied using a dimensionless
parameter (degradation index):

M0 � Mt
Id = �������. (8)

M0 � M�

In Fig. 2, our experimental data (see Fig. 1) are
shown in the �degradation index�strain energy den-
sity� coordinates. The kinetic dependences of the
index of mechanical degradation of natural rubber fall
on a common straight line described by the following
equation:

M0 � Mt
Id
* = 1 � Id = ������� = e�k*��, (9)

M0 � M�

where k* is the degradation rate constant.

The curves of mechanical degradation of some
other rubbers, obtained by similar procedure, are also
shown in Fig. 2. Mutual position of the kinetic curves
in the Id*��� coordinates allows comparison of the
rates of mechanical degradation of various polymers
irrespective of the conditions of their treatment. In this
case, k* describes only the material properties. Thus,
by determining the dependences of the parameters of



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004

ACTIVATING MIXING IN PREPARATION AND MODIFICATION OF POLYMERIC COMPOSITES 123

�� � 10�4, kJ m�3

Id*

Fig. 2. Kinetic curves of degradation of some rubbers.
(Id*) Index of mechanical degradation and (��) strain energy
density. (1) NR, (2) SKN-40, (3) Nairit P, and (4) Nairit
PNK.

�

Fig. 3. Rate constant of degradation as a function of the
intensity of mechanical effect ���.

mechanical degradation on ��, we can obtain a cor-
relation for a given material that is invariant with
respect to the treatment modes and design features of
the installation. At the same time, even significant
density of the strain energy is not sufficient to cause
mechanical degradation. The other necessary require-
ment is the energy supply. Actually, �� can be realized
in an infinite period, with no mechanical degradation.
This is due to the dispersion of the supplied mechani-
cal energy through the polymer chains; this phenome-
non was analyzed by Enikolopov [7]. The author
studied ultrafast reactions in solids and formulated the
following conclusion: At relatively low loading rates,
the contribution of the elastic strain is negligible (1%)
as compared to the total strain. As a result, at small
shear rates in the working zone of the installation, the
elastic energy accumulated in a solid is small. With
increasing loading rate, the contribution of the elastic
strain grows.

The above results can also be applied to our sys-
tems, because the polymer, irrespective of its molecu-
lar weight, can be considered as solid at certain in-
tensity of the mechanical field. This fact explains the
requirement of high shear rates at mechanochemical
modification of polymers, reclaim of rubber crumbs
from tire crushing, etc.

In practice, the required intensity of the strain ef-
fect can be determined as follows. First, the depen-
dence of the degradation rate constant k* on the
logarithm of the shear stress intensity ��� is plotted,
and then, extrapolating the resulting curve to the zero
rate, the ��� value required to initiate the degradation
is determined (Fig. 3).

Our theoretical results on the activating mixing
were used in the development of processes for physi-
cochemical modification of conducting siloxane com-
pounds [8] and medical-purpose preparations [9].
However, it should be noted that the above processes
are accompanied by predominantly physical transfor-
mations.

CONCLUSIONS

(1) Traditional concepts on the objective, nature,
and classification of the mixing process were sig-
nificantly refined. Classification of the mixing proce-
dure based on the results of its effect on the mixed
materials is the most valid. In accordance with this
classification, the following mixing modes were dis-
tinguished: simple homogenizing, simple dispersion,
homogenizing, dispersion, and activating mixing.

(2) The generalized parameters of the activating
mixing characterizing the conditions of the energy
supply to the material are the strain energy density
and its intensity.
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Abstract�Penetration of poly(butyl methacrylate) macroglobules into solid porous samples of chalk, clay,
cement, and cement�river sand mixtures was studied as influenced by the macroglobule size.

Important aspects in impregnation and reinforce-
ment of porous solids (particularly, loose materials
typical of historical and cultural monuments) are the
depth of penetration and uniformity of distribution
of the fixing agent (e.g., polymer) in the bulk of these
solids. Naturally, the above-mentioned characteristics
will be governed by the properties of the impregnating
solution and, above all, by the polymer macroglobule
size.

The aim of this work was to study penetration of
poly(butyl methacrylate) (PBMA) macroglobules from
solutions in solvents of different solvency into the
bulk of solid porous samples such as models of his-
torical and cultural monuments. Poly(butyl methacry-
late) is widely used for conservation and restoration of
art monuments made of various materials [1].

EXPERIMENTAL

We studied suspension PBMA [TU (Technical
Specifications) 6-01-240�76] with the molecular
weight M = 3.5 �105. As solvents for PBMA served
toluene, o-xylene, acetone, butanol, and isopropanol.
The quality of the solvents with respect to the poly-
mer used was estimated by comparison of their solu-
bility parameters � [2] summarized in the table below.
The table shows that, in changing from toluene to
alcohols, the difference in � increases. This means
that, along this series, the quality of the solvent with
respect to PBMA tends to deteriorate. The quality of
the solvent was also worsened by introducing a pre-
cipitating agent for PBMA [3.5 to 10.5% (hereinafter,
wt %) distilled water] into isopropanol. In this case,
worsened solubility of PBMA in the mixed solvent
was evidenced by increased turbidity of the solution,
which was estimated nephelometrically.

The rms distance between the ends of the PBMA
macromolecule in �-solvent, isopropyl alcohol, was
calculated by the Flory�Fox formula [3]

[�]
�

�

M
(�h
�
2 )3/2 = �����, (1)

�

where � is the Flory constant;
�
M, viscosity-average

molecular weight of PBMA; and [�]�, intrinsic vis-
cosity of the PBMA solution in �-solvent (isopro-
panol), l g�1, measured at the �-temperature of 21.5�C
[2].

The swelling coefficient �3 of the macroglobule
and the rms distance (

�
h2 )1/2, nm, between the ends of

the macromolecule in different solvent were calculated
by the formula

[�] (�h2 )3/2

�3 = ���� = ������. (2)
[�]

�
(�h
�
2 )3/2

Influence of the solubility parameter � on the intrinsic
viscosity [�] of the PBMA solutions, swelling coefficient
�3 of the macroglobule, and rms distance between the
ends of the PBMA macromolecule (�h2 )1/2 [�PBMA =
8.70 (cal cm�3)1/2]
����������������������������������������

Solvent
� �, �

�3 � (�h2 )1/2,� [�],
�(cal cm�3)1/2� � nm � l g�1

����������������������������������������
Toluene � 8.97 � 5.30 � 46.0 � 0.080
o-Xylene � 9.03 � 5.53 � 46.7 � 0.083
Acetone � 9.74 � 2.53 � 36.0 � 0.038
Butanol � 10.77 � 1.67 � 31.3 � 0.025
Isopropanol* � � � 1.0 � 26.4 � 0.015
����������������������������������������
* For propanol, � = 12.06 (cal cm�3)1/2.
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The polymer content in the solutions was varied
from 1 to 16%.

As solids we used 10�10�100-mm cement�sand
samples (CSSs), as well as 10�10�80-mm pressed
chalk (TU 458-15-14�89) and clay samples. The
cement�sand samples were prepared by mixing grade
400 Portland cement [GOST (State Standard) 10178�
85, particle size from 50 (65%) to 150 (7%) �m] with
river sand [average particle size from 100 (5%)�300
(25%) to 400 (20%)�500 (15%) �m] in 18 ml of
distilled water. The sand content in the samples was
varied from 0 to 90%. The samples were molded at
room temperature for 14 days. Clay samples were
prepared by room-temperature molding, through mix-
ing fine clay particles [from 1 (28%) to 60 (61%) �m
in size] in 18 ml of water, followed by drying to con-
stant weight at 200�C. Next, the pore size of the solid
samples was estimated. To this end, we measured the
rate of penetration of isopropanol into the sample
pores. Then, the average pore radius rav, nm, was
calculated by the Washburn equation [4].

The pore radius of the solid samples rav, nm, was
estimated at 0.63, 0.48, 0.14, and 1.80 for chalk, clay,
CSS-0, and CSS-90, respectively (the figure at the
CSS designation corresponds to the river sand per-
centage).

The porous samples were impregnated until com-
plete saturation with the polymer solutions in closed
vessels, by immersing samples, suspended by wires
from their face side, by 1 cm of their height in the
impregnating liquid. Next, the samples were dried at
room temperature under slow solvent evaporation.
The uniformity of distribution of the polymer in the
bulk of the porous samples was monitored by the
procedure from [5]. It is underlain by the fact that the
water absorption in the open pore space of the solid
sample varies with the extent of pore filling with
the penetrated polymer.

The solvent quality will, above all, affect the size
of the polymer macroglobule. Grosberg and Khokhlov
[6] found that, with deteriorating solvent quality, the
macromolecular globule gets contracted. The volume
occupied by the macromolecule decreases by a factor
of several tens. The table below shows that, in chang-
ing from 	good
 (o-xylene or toluene) to 	bad
 (buta-
nol or isopropanol) solvents, the rms distance between
the ends of the PBMA macromolecule decreases by
a factor of 1.5�2.

It could be expected with a good reason that, the
smaller the globule, the easier and faster its penetra-
tion into pores (capillaries) of a solid. However, our

c, wt %

v � 102, m min�1

Fig. 1. Influence of the PBMA concentration c in the im-
pregnating solutions in different solvents on the rate of
their capillary rising v in CSSs containing 90% river sand.
(1) Isopropanol, (2) butanol, (3) o-xylene, and (4) toluene.

c, wt %

wav, %

Fig. 2. Average water capacity wav of CSSs containing
90% river sand as a function of the concentration of the
impregnating solution c. (1) o-Xylene, (2) acetone, (3) buta-
nol, and (4) isopropanol.

study showed that the rate of the capillary rising of
the solution is larger (Fig. 1) and the degree of pene-
tration of the polymer into CSSs with larger pores is
greater (Fig. 2) when the PBMA macroglobules occur
in the swollen state. The degree of penetration of the
polymer into pores of solid samples was estimated
from the amount of water w, %, able of penetration
into the sample pores that remained open after im-
pregnation with the polymer. The larger the amount of
water absorbed by the sample, the lesser the amount
of the polymer it contains. Evidently, in the case of
loose globules, the globules extend and get oriented
along the flow under the influence of the capillary
pressure of absorption. This favors faster and deeper
penetration of the globule into the sample pores.

When penetrating into surface pores of the sample,
compressed PBMA macroglobules in isopropanol,
evidently, plug them, thus preventing further penetra-
tion of PBMA into porous solids. This assumption is
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w, %

h � 102, m

Fig. 3. Variation of the moisture capacity w of CSSs con-
taining 90% river sand along the sample height h. (1�
4) o-Xylene, (5�8) butanol, and (9) unimpregnated sample.
Impregnating solution concentration, %: (1, 5) 3, (2, 6) 5,
(3, 7) 9, and (4, 8) 14.

(a)h � 102, m

�, min

h � 102, m

(b)w, %

Fig. 4. (a) Kinetic curves of the capillary rising h of 3%
PBMA solutions into cement samples and (b) variation of
the moisture capacity w of the samples impregnated with
3% PBMA solutions along their height h. (�) Time of rising
of PBMA solutions into the samples, min. (1) o-Xylene,
(2) isopropanol, (3) butanol, and (4) samples untreated with
PBMA solution.

confirmed by Fig. 3 which suggests that the moisture
capacity of the CSSs impregnated with PBMA solu-
tions in o-xylene (a 	good
 solvent) is virtually in-
variant along the sample height. This means that the
polymer is uniformly distributed over the sample.
At the same time, the samples impregnated with
PBMA solutions in butanol (a 	bad
 solvent) are
characterized by a much lower moisture capacity of
that segment of the sample through which impregna-
tion was performed, compared to that at the opposite
end. This suggests that the polymer is nonuniformly
distributed over the CSS height and is, most prob-
ably, concentrated primarily in the surface pores.
Evidently, the internal pores occurring in the middle
part of the sample remained unimpregnated with the
polymer. This is also confirmed by the fact that the
moisture capacity of the samples impregnated with
PBMA solutions in butanol significantly exceeds that
of the samples impregnated with PBMA solutions
in o-xylene.

In the case of impregnation of solid samples having
small pores, the difference in the rates of rising of
solutions in solvents with low and high solvency is
virtually leveled off (Fig. 4a). The polymer is uni-
formly distributed along the height of the samples
from both 	bad
 and 	good
 solvents (Fig. 4b). How-
ever, the degree of its penetration into the sample
from the o-xylene solution significantly decreases,
approaching that of the polymer penetrating from
solutions in 	bad
 solvents. Thus, in both cases the
polymer occurs in the surface pores of solids. Penetra-
tion of the polymer into sample pores is evidenced by
a significant decrease in the moisture capacity relative
to the untreated sample.

PT cw, wt %

v � 104, m min�1

Fig. 5. (1) Optical density D of 2% PBMA solution and
(2, 3) rate of capillary rising of solutions v into (2) clay and
(3) chalk samples as functions of the water content cw in
mixtures with isopropanol. (PT) Precipitation threshold for
the polymer.
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When a precipitating agent is added to a 	bad

solvent for PBMA (e.g., water to isopropanol), the
macroglubules get contracted, and the solution be-
comes turbid. We found that, in this state, the rate of
impregnation of solid clay and chalk samples with
small pores sharply increases (Fig. 5). Decrease in the
rate of impregnation of the clay and sand samples
after passing the precipitation threshold can be ex-
plained by formation of large agglomerates from
adhering globules.

Thus, the penetrability of the pores of a solid with
large pores by the polymer can be increased by con-
verting the macroglobules into the swollen state. In
the case of samples with small pores, the globules
should be compressed to the maximal extent.

CONCLUSIONS

(1) In changing from good (o-xylene, toluene) to
bad (butanol, isopropanol) solvents, the rms distance
between the ends of the poly(butyl methacrylate)
molecule decreases by a factor of 1.5�2.

(2) The rate of the capillary rising of the poly(butyl
methacrylate) solution is higher, and the penetration
depth and uniformity of distribution of the polymer
within the bulk of a solid with large pores is
greater in the case of a swollen globule, i.e., that
penetrating from a good solvent.

(3) For samples with small pores, the impregna-
tion rate and uniformity of distribution of poly(butyl

methacrylate) along the sample height is independent
of the quality of the solvent: The polymer occurs in
the surface pores of the samples. Impregnation of the
samples with small pores sharply accelerates upon
contraction of poly(butyl methacrylate) globules.
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Abstract-The structure of samples of dextran polyaldehyde synthesized at various pH was studied by IR
and 13C NMR spectroscopy and PM3 semiempirical quantum-chemical method.

As shown previously [1], the structure of dextran
polyaldehyde (DPA) depends on the synthesis condi-
tions, in particular, pH value in oxidation of dextran
with sodium metaperiodate. Since DPA is used for
production of polymeric drugs, its conformity to the
standards is one of the important conditions of syn-
thesis. Therefore, the aim of this work was to study
the structure of the DPA samples described in [1] by
modern physicochemical methods.

It was suggested [234] that the DPA samples re-
covered from a solution with the certain pH can occur
in various forms:

IIa , IIb

III IVa 3IVd

I

,

where I is aldehyde form,IIa and IIb are aldoenol
forms, III is hydrated form, andIVa3IVd are hemi-
acetal forms.

Solid samples of DPAwere prepared by oxidation
of dextran with sodium metaperiodate at pH from 2.78
to 5.34 and isolated from the solution by the proce-
dure described in [1].

Quantum-chemical evaluation of molecules ofI3IV
were carried out by semiempirical PM3 method using
the GAMESS software [5]. The13C NMR spectra of

solid samples were recorded on a Chemagnetic spec-
trometer operating at 74.7 MHz with magic angle
spinning at 3.6 kHz. The spectra were interpreted
using the ACD software. The IR reflection spectra
were recorded on a Perkin3Elmer Fourier spectro-
photometer.

To determine the energetically more favorable DPA
forms, we calculated quantum-chemically the enthal-
pies of formation of structuresI3IV , Df H0

0, in a vacu-
um at 0 K and determined the heat effects of mutual
transformations of these forms,Dr H0

0 (Table 1). ForII
and IV , the enthalpies of formation of their stereoiso-
mers IIa, IIb , and IVa3IVd were evaluated:

IIa IIb

IVa IVb

IVc IVd

According to quantum-chemical calculations, in the
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Table 1. Enthalpies of formation of various DPA forms
Df H0

0 in a vacuum at 0 K and heat effects of their mutual
transformationsDr H0

0 (results of PM3 calculations)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

DPA ³ Df H0
0, º Transfor- ³ Dr H0

0,
form ³ kJ mol31 º mation ³ kJ mol31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
I ³ 3830.645 ºI 6 II ³ 39.167
IIa ³ 31053.632 ºI 6 III ³ 3103.982
IIb ³ 31063.860 ºI 6 IV ³ 371.261
III ³ 31382.723 ºIII 6 IV ³ 332.721
IVa ³ 31125.954 º ³
IVb ³ 31118.075 º ³
IVc ³ 31113.874 º ³
IVd ³ 31116.407 º ³

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

gas phase hydrated DPA formsII 3IV are more favor-
able than nonhydrated formI . The most probable is
hydrated formIII , and the least probable, aldoenol
form IIb . Among the considered hemiacetal struc-
tures, the most favorable isIVa .

The 13C NMR data for DPA samples and the initial
dextran are presented in Table 2. The lines in the
spectra of dextran were assigned according to pub-
lished data [6, 7].

The numbering of the carbon atoms of monosac-
charide units in the initial dextran and various forms
of its oxidation productsI3IV is presented below.

In the 13C NMR spectra of DPA samples, the sig-
nals of C1`

3C5` atoms are shifted upfield relative to
the corresponding signals in the spectrum of dextran.

Table 2. Assignment of signals in the13C NMR spectra of dextran and DPA samples
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Atomic

³ 13C chemical shift
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

position
³ calculated* for indicated form ³ experiment at indicated pH
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ I ³ II ³ III ³ IV ³ 2.78 ³ 3.00 ³ 4.88 ³ 5.34

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
C1 ³ 95+4 ³ 95+4 ³ 95+4 ³ 95+4 ³ 96.0 ³ 96.0 ³ 96.0 ³ 96.0
C1` ³103.72+3.1 ³ 150.45+13 ³ 96.05+8.2 ³ 95.4+7.6 ³ 101.1 ³ 101.4 ³ 101.4 ³ 100.8
C2 ³ 72.4+0.9 ³ 72.4+0.9 ³ 72.4+0.9 ³ 72.4+0.9 ³ 71.4 ³ 70.2 ³ 71.7 ³ 71.7
C2` ³196.88+8 ³ 119.73+8.5 ³ 89.6+2.1 ³ 90.83+3 ³ 87.9 ³ 87.9 ³ 87.9 ³ 87.6

³ ³ ³ ³ ³ 122.1 ³ 144.4 ³ 122.7 ³
C4 ³ 71.23+2.8 ³ 68.45+3.1 ³ 70.81+4.5 ³ 70.81+4.5 ³ 71.4 ³ 70.2 ³ 71.7 ³ 71.7

³ ³ ³ ³ ³ ³ ³ ³C4` ³199.83+2 ³ 94.72+7.8 ³ 94.87+7.5 ³ 98.76+4.9 ³ 92.7 ³ 92.4 ³ 92.7 ³ 93.3
³ ³ ³ ³ ³ ³ ³ ³C5 ³ 73.13+1 ³ 71.76+3.1 ³ 71.7+2.1 ³ 71.71+2.1 ³ 71.4 ³ 70.2 ³ 71.7 ³ 71.7
³ ³ ³ ³ ³ ³ ³ ³C5` ³ 81.95+0.8 ³ 74.19+11.3³ 77.65+10 ³ 77.01+10 ³ 80.4 ³ 80.7 ³ 80.4 ³ 80.7
³ ³ ³ ³ ³ ³ ³ ³C6 ³ 66.21+2.7 ³ 62.78+5.2 ³ 67.28+1.9 ³ 67.28+1.9 ³ 66.9 ³ 66.6 ³ 66.6 ³ 66.6
³ ³ ³ ³ ³ ³ ³ ³C6` ³ 58.81+4.6 ³ 60.99+2.1 ³ 60.72+2.4 ³ 60.72+2.4 ³ 58.8 ³ 66.6 ³ 58.8 ³ 58.8

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Calculated with the ACD software.
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This is usually observed in spectra of carbohydrates
substituted in position 2, 3, or 4 [7].

According to the13C NMR spectra, oxidation of
dextran proceeds across the C2

3C3 and C3
3C4 bonds,

and there are no signals in the range 70.2371.7 ppm
corresponding to the signal of C3`.

The aldehyde formI in the samples studied is ap-
parently absent, since in the13C NMR spectra there
are no signals in the region of 200 ppm characteristic
of the 3CHO group.

In the spectra of the DPA sample prepared at
pH 2.78 and 4.88, there are signals in the region of
122.1 and 122.7 ppm, respectively, corresponding to
the signal of C2` of aldoenolII ; however, the signal
of C1` in the region of 150 ppm is absent.

In the 13C NMR spectra of all the DPA samples
synthesized in the pH range 2.7835.34, there are
signals in the range 87.9 and 92.4393.3 ppm,corre-
sponding to the signals of C2` and C4` of hydratedIII
or hemiacetalIV forms.

Thus, the13C NMR spectra show that the DPA
samples prepared at pH from 2.78 to 5.34 are mix-
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tures of hemiacetal, hydrated, and (at pH 2.78 and
4.88) aldoenol forms.

The IR reflection spectra were interpreted accord-
ing to published data [8]. In the IR spectra of all
the DPA samples, the stretching modesn(C3C) and
n(C3O) of nonoxidized dextran ring were observed in
the range 95031080 cm31.

The IR reflection spectra of the samples syn-
thesized at pH 2.57, 2.78, 4.86, and 5.34 show that
aldehyde form I , manifested as a sharp band at
1700 cm31, was present in small amounts only in the
samples prepared at pH 5.34. In the spectra of the
other DPA samples, the absorption bands in this range
are much less strong. In addition, water, which is
always present in polysaccharides, absorbs in this
range, hampering determination of aldehyde groups
by IR spectroscopy.

In all the samples, the absorption bands at 1610
and 1500 cm31 were found, suggesting the presence of
aldoenol form II , whose content is maximal in the
sample synthesized at pH 4.88. Certain decrease in the
intensity of these bands in the sample with pH 5.34 is
apparently due to a decrease in the total amount of
oxidized units [1].

The maximum content of hydrated formIII is ob-
served in the sample prepared at pH 2.57. In its IR
spectrum, there are strong absorption bands in the
range 125031310 cm31. In the samples synthesized at
higher pH its content decreases, and in the sample
prepared at pH 5.34 hydrated formIII is absent.

Thus, the IR spectra of DPA samples prepared by
oxidation of dextran at various pH show that solid
DPA is a mixture of hydrated formIII with a small
content of aldoenol formII and, at pH 5.34, of alde-
hyde form I .

CONCLUSIONS

(1) Dextran polyaldehyde prepared by solid-phase
oxidation of dextran at pH < 5.34 contains no alde-
hyde form I and exists predominantly in the form of
a mixture of hydratedIII and hemiacetalIV forms.

(2) The content of hydrated formIII in the sam-
ples of dextran polyaldehyde decreases with increas-
ing pH from 2.57 to 4.88.

(3) Aldoenol form II is present in all the samples
prepared at pH 2.5735.34, and its content increases
with pH.

REFERENCES

1. Novikova, E.V., Tishchenko, E.V., Iozep, A.A., and
Passet, B.V.,Zh. Prikl. Khim., 2002, vol. 75, no. 6,
pp. 100331006.

2. Drobchenko, S.N., Isaeva-Ivanova, L.S., Grachev, S.A.,
and Bondarev, G.N.,Vysokomol. Soedin., Ser. B, 1990,
vol. 32, no. 4, pp. 2543258.

3. Drobchenko, S.N., Isaeva-Ivanova, L.S., Kulintse-
va, I.V., et al., Vysokomol. Soedin., Ser. B, 1991,
vol. 33, no. 3, pp. 2203224.

4. Bondarev, G.N., Drobchenko, S.N., and Isaeva-Ivano-
va, L.S., Vysokomol. Soedin., Ser. A, 1994, vol. 36,
no. 7, pp. 110931112.

5. Schmidt, M.W., Baldridge, K.K., Boatz, J.A.,et al.,
J. Comput. Chem., 1993, vol. 14, pp. 134731363.

6. Usmanov, T.I., Karimova, U.G., and Sarymsanov, A.,
Vysokomol. Soedin., Ser. B, 1990, vol. 32, no. 6,
pp. 117631183.

7. Seymour, F.R., Knapp, R.D., and Bishop, S.H.,Re-
search, 1976, vol. 51, no. 2, pp. 1793194.

8. Zhbankov, R.G.,Infrakrasnye spektry i struktura ugle-
vodov (IR Spectra and Structure of Carbohydrates),
Minsk: Nauka i Tekhnika, 1972.



1070-4272/04/7701-0131C2004 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 77, No. 1, 2004, pp. 1313135. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 1,
2004, pp. 1353139.
Original Russian Text CopyrightC 2004 by Mikhal’chuk, Kryuk, Petrenko, Nelepova,Nikolaevskii.

MACROMOLECULAR CHEMISTRY
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND POLYMERIC MATERIALS

Antioxidative Stabilization of Polyethylene Glycol
in Aqueous Solutions with Herb Phenols

V. M. Mikhal’chuk, T. V. Kryuk, L. V. Petrenko,
O. A. Nelepova, and A. N. Nikolaevskii

Donetsk National University, Donetsk, Ukraine

Received September 28, 2001

Abstract-The effect of compounds extracted from herbs on oxidation of polyethylene glycol in aqueous
solutiuons was studied.

Polyethylene glycols (PEGs) of various molecular
weights, which show no biological activity and are
not involved in metabolism, are used in drug and
cosmetic formulations [1].

Polymers based on ethylene oxide are characterized
by high concentration of3CH23 groups in which the
C3H bond is relatively labile owing to the presence
of adjacent ether oxygen atoms. These substances are
readily oxidized with atmospheric oxygen [2], which
negatively affects the physiological and toxicological
properties of drugs based on them. Therefore, PEG-
based systems should be stabilized against oxidation.
Data on antioxidative stabilization of PEG aqueous
solutions are lacking, which makes urgent the studies
of PEG oxidation in aqueous solution and the search
for optimal inhibitors (InH) of the polymer oxidation.

Preliminary studies of the kinetics of oxygen up-
take with 30% solutions of PEG in water and chloro-
benzene showed that, in contrast to saturated hydro-
carbons and carbon-chain polymers, PEG is oxidized
at a high rate (>50 1036 mol l31 s31) even at 703
90oC. In the initial steps, the oxidation develops with
autoacceleration, and the oxygen uptake grows in
proportion to time squared; the kinetic curves are
linearized in the parabolic coordinates (Fig. 1), which
corresponds to the known equation of polymer auto-
oxidation [3]:

ask2
2k3 [RH]3

DO2 = ÄÄÄÄÄÄÄÄÄÄ t2 = F t2,
8k6

whereDO2 is the amount of oxygen taken up by the
polymer; F, autoacceleration factor;k2, k3, and k6,
rate constants of chain propagation, branching, and
termination, respectively;s, probability of escape of

free radicals in breakdown of hydroperoxy groups;
and a, yield of hydroperoxide based on the oxygen
taken up.

In the course of oxidation, the rate of oxygen up-
take monotonically grows, reaches a maximum, and
then decreases (Fig. 1). A maximum or plateau in the
time dependence of the oxidation rate is due to attain-
ment, at certain instant, of a steady-state concentration
of hydroperoxide, primary oxidation product, whose
thermal decomposition results in branching of the
oxidation kinetic chains [3]. As the temperature is
elevated and the PEG content in solution is increased
from 30 to 50%, the maximal oxidation rateVmax and
the autoacceleration factor (Table 1), as expected,
grow. An increase in the oxygen partial pressure from
0.02 to 0.1 MPa has virtually no effect on the kinetics

t, min

D[O2]1/2
0 102 [M] V 0 105, mol l31 s31

Fig. 1. Kinetic curves of PEG oxidation in water at (134) 90
and (5) 80oC and oxygen pressure of (1, 335) 0.1 and
(2) 0.02 MPa. (D[O2]) amount of oxygen taken up by the
polymer, (V) oxidation rate, and (t) time. PEG concentra-
tion, %: (1, 2, 4, 5) 30 and (3) 50.
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Table 1. Autoacceleration factorsF and maximal oxida-
tion rates Vmax in oxidation of PEG solutions at 80oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Conditions, inhibitor
³ F0105, ³ Vmax 0106,
³ mol l31 s32³ mol l31 s31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
No phenols added

30% PEG solution in water³ ³
at T, oC: ³ ³

70 ³ 1.8 ³ 3

80 ³ 3.1 ³ 3.7
90 ³ 7.5 ³ 16

30% PEG solution in chloro-³ 8.3 ³ 25
benzene ³ ³
50% PEG solution in water³ 7.0 ³ 5.7

Solutions with 50 1033 M phenols added

Ethyl 3,4,5-trihydroxybenzoate³ 2.1 ³ 3.7
1,3,5-Trihydroxybenzene (phlo-³ 1.9 ³ 3.7
roglucinol) ³ ³
4-Hydroxy-3,5-dimethoxyben-³ 1.0 ³ 1.3
zoic acid (syringic acid) ³ ³
2,3-Dihydroxyphenylpropenoic³ 0.67 ³ 0.90
acid (caffeic acid) ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

of oxygen uptake (Fig. 1). Our results show that oxi-
dation of the polymer in aqueous solution can be con-
sidered as a kinetically controlled degenerate branched
process.

Oxidation of PEG in aqueous solution is character-
ized by lowerF and Vmax compared to oxidation in
chlorobenzene at the same temperature and polymer
concentration (Fig. 1). This is due to solvation of PEG
[4]. A water molecule forms a hydrogen-bonded radi-
cal complex with a peroxy radical,

RO2
. + H2O 6 ROO.

...HOH,

(a)

t, min

D[O2] 0 103, M

Fig. 2. (a) Kinetic curves of oxygen uptake with 30% PEG solution in water at (133) 75 and (4) 90oC in the presence of
(133) azobis(isobutyronitrile), (2, 3) syringic acid, and (4) a mixture of syringic acid with phloroglucinol; (b) induction period of
initiated oxidation of PEG as a function of syringic acid concentration [SA]. (D[O2]) Amount of oxygen taken up by the polymer,
(t) induction period of oxidation, and (t) time. (a) Inhibitor concentration, M: (2) 3 01033 and (3) 5 0 1033; (4) 70 : 30 ratio of
syringic acid to phloroglucinol at their total concentration of 10 1032 M.

which is less reactive in chain propagation and termi-
nation than nonsolvated RO

.
2.

Despite relatively low reactivity in water of radi-
cals leading the oxidation chains, PEG is oxidized
much faster than hydrocarbons. For example, medical
Vaseline oil is oxidized at a noticeable rate only above
200oC [5]. As inhibitors of PEG oxidation, we tested
phenols from herb extracts. Such compounds effi-
ciently inhibit oxidation of liquid hydrocarbons, in
particular, ethylbenzene [6], and are readily soluble in
aqueous systems, in contrast to traditional inhibitors
of oxidation of nonpolar hydrocarbons (sterically
hindered phenols, aromatic amines, etc.).

The inhibiting power of phenolic antioxidants is
usually evaluated by the rate constants of the reaction

k7
RO2

. + PhOH 76 ROOH + PhO.,

which are determined under conditions of initiated
oxidation at constant rate of generation of RO

.
2 radi-

cals. For the system under consideration, it seems im-
possible to determine the rate constantk7 of phenol-
inhibited oxidation of PEG experimentally, since
autooxidation of PEG occurs even at relatively low
temperatures (<70oC), and even at high concentrations
of an initiator, azobis(isobutyronitrile) (>10 1032 M),
the oxygen uptake occurs under conditions of mixed
initiation. This is indicated by the absence of linear
concentration dependences of the induction periodst

of PEG oxidation in the presence of antioxidants. For
example, the induction period in the kinetic curves of
the oxygen uptake becomes longer on adding increas-
ing amounts of syringic acid (Fig. 2a), but thet =
f ([InH]) dependence shows a pronounced curvature
(Fig. 2b) characteristic of phenol-inhibited oxidation

t, min (b)

[SA] 0 103, M
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of polymers in the autoaccelerating mode [3]. There-
fore, the antioxidative performance of the phenols in
hand can be assessed only by the autoacceleration
factor and maximal autooxidation rate.

Experiments on the effect of herb phenols on the
autooxidation kinetics revealed pronounced antioxida-
tive power of these compounds with respect to PEG.
Addition of ethyl gallate, phloroglucinol, syringic
acid, and caffeic acid decreases the autoacceleration
factor. Furthermore, additions of carboxyl-containing
phenols considerably decrease the maximal oxidation
rate (Table 1). The phenols in hand can be ranked in
the following order with respect to the antioxidative
power: ethyl gallate < phloroglucinol < syringic acid <
caffeic acid.

As shown in [6], the same compounds are also
effective antioxidants for ethylbenzene, which sug-
gests that the stabilizing effect of phenols in polar
and nonpolar media is similar. At the same time, data
of [6] show that the antioxidative performance of the
phenols in hand in aqueous solution is lower than in
a nonpolar hydrocarbon medium. For example, in
oxidation of PEG and ethylbenzene in the presence of
syringic acid under similar experimental conditions
(initiator concentration 10 1032 M, 75oC), the 60 min
induction period of oxygen uptake is attained at the
inhibitor concentration of 50 1033 and 1.50 1035 M,
respectively. The lower antioxidative performance of
the inhibitors in water may be due to solvation of both
phenols and peroxy radical of the polymer [4].

The higher stabilizing performance of carboxyl-
containing phenols (syringic and caffeic acids) is,
apparently, due to the fact that the antioxidants inhibit
the PEG oxidation not only by reacting with peroxy
radicals, but also by participating in some other reac-
tions inhibiting the oxidation. The presence of an acid
group in InH molecules suggests that such reaction
may be decomposition of the primary products of the
polymer oxidation. It is known [4] that decomposition
of many organic hydroperoxides under the influence
of Brønsted acids yields molecular products (alcohols,
ketones, aldehydes, acids) incapable of leading the
radical-chain oxidation process, which results in the
reaction deceleration.

To confirm the assumption that the antioxidative
effect of phenols containing acid groups is due to
decomposition of hydroperoxides effected by these
compounds, we examined the effect of inhibitors on
decomposition of the hydroperoxide derived from
PEG. We found that ethyl gallate and phloroglucinol
containing no COOH groups do not activate the hy-
droperoxide decomposition. In the presence of syrin-

3ln c1 [M]

t, min
Fig. 3. (133) Variation with time of the concentration of
PEG hydroperoxide in the course of its decomposition in
the presence of 50 1033 M syringic acid; initial rate of the
hydroperoxide decomposition as a function of the (4) hy-
droperoxide and (5) syringic acid concentrations. Tempera-
ture, oC: (1) 57, (2, 4, 5) 47, and (3) 37. (Vd) Rate of hy-
droperoxide decomposition, (c1) hydroperoxide or syringic
acid concentration, (c2) hydroperoxide concentration, and
(t) time.

gic and caffeic acids, the hydroperoxide decomposes
at a rate exceeding 1036 mol l31 s31 even at 37oC.
In the process, the kinetic curves of consumption of
hydroperoxy groups are linearized in the coordinates
of a second-order reaction with the correlation factor
of 0.997 (Fig. 3). At the same time, the rate constant
of the bimolecular reaction, calculated at different ini-
tial concentrations of the hydroperoxide and syringic
acid (from 10 1033 to 10 1032 M) in the temperature
range 37357oC, takes different values depending on
reactant concentrations (Table 2). This fact suggests
that decomposition of PEG hydroperoxide, apparently,
occurs via preliminary complexation and is described
by the general relationships of acid decomposition of
hydroperoxides following the Michaelis3Menten
scheme [7]:

Ke kd
ROOH + H+

76
47

ROOH...H+
76 H+ + products.

In this case, the hydroperoxide decomposition rate
at [ROOH] << [H+] is described by the equation

kdKe[ROOH][H+]
V = ÄÄÄÄÄÄÄÄÄÄÄÄÄ,

1 + Ke[H
+]

whereKe is the complexation constant, andkd is the
rate constant of hydroperoxide decomposition.

This equation shows that the hydroperoxide de-
composition is a first-order reaction with respect to
the hydroperoxide, and the reaction order with respect
to the catalyst can vary from 0 to 1 depending onKe.
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Table 2. Rate constantskd of decomposition of PEG
hydroperoxides (HP) in aqueous solution in the presence of
syringic acid (SA)
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

c, M
³kd 0 104, l mol31 s31, at indicatedT, oC
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ 37 ³ 47 ³ 57

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
[HP] = 5 0 103 M

[SA] 0103, M: ³ ³ ³
1 ³ 1.4 ³ 2.2 ³ 1.3
3 ³ 3 ³ 3 ³ 1.5
5 ³ 1.6 ³ 2.8 ³ 1.6
7 ³ 2.1 ³ 3.7 ³ 3.1

10 ³ 3.3 ³ 8.7 ³ 5.8

[SA] = 5 0103 M

[HP] 0 103, M: ³ ³
1 ³ 0.28 ³ 0.28 ³ 0.75
3 ³ 0.48 ³ 1.1 ³ 3

5 ³ 1.4 ³ 3.2 ³ 3.0
7 ³ 3.4 ³ 3.7 ³ 5.0

10 ³ 4.9 ³ 6.2 ³ 7.3
ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Since the integral method is insufficiently sensitive
for reliable determination of the reaction order, we
calculated the reaction orders with respect to each
component using the LeGore differential method [8].
We found that the dependence of the initial reaction
rate on the initial concentration of additives is linear-
ized in the lnV = f (lnc) coordinates with the slopes
of 0.831.2 for the hydroperoxide and 0.6 for syringic
acid (Fig. 3), i.e., theorder with respect to the hydro-
peroxide is close to unity, and that with respect to the
catalyst is less than unity. Hence, indeed, PEG hydro-
peroxides decompose in aqueous solutions in the pres-
ence of carboxy phenols via formation of a complex.

From the temperature dependence of the rate con-
stant of the reaction of syringic acid with PEG hy-
droperoxide, we determined the reaction activation
energy Ea. The values of the rate constants andEa
(98 kJ mol31) allow comparison of the activating
effect of syringic acid with that of such effective
catalysts of organic peroxide decomposition as, e.g.,
quaternary onium salts, for whichkd varies in the
range 1034

31035 l mol31 s31, and the activation energy
of decomposition of cumyl hydroperoxide is 743
95 kJ mol31 (depending on cation) at a catalyst con-
centration of 0.1 M [9]. Thus, the carboxy phenols
studied in this work efficiently decompose hydroper-
oxides in aqueous solution.

Since decomposition of hydroperoxides in aqueous
solutions in the presence of Brønsted acids mainly

occurs without generation of active radicals [4], the
phenols studied in this work probably decelerate vari-
ous steps of PEG oxidation (chain propagation and
branching). Addition to the polymer of compounds
scavenging RO

.
2 radicals and decomposing hydroper-

oxides ensures simultaneously small length and small
number of kinetic chains. As a result, both functional
groups protect each other from fast consumption and,
acting in combination, provide prolonged protection
of the polymer [3], i.e., an[internal synergism] of the
functional groups of the stabilizer is observed. At the
same time, enhancement of the antioxidative power of
such inhibitors is due to the fact that the functional
group that suppresses degenerate chain branching de-
creases the autoinitiation rate. As a result, syringic
and caffeic acids exceed in the antioxidative power
phloroglucinol and ethyl gallate.

When typical radical acceptors are introduced
together with an inhibitor capable simultaneously of
interacting with RO

.
2 and decomposing hydroperox-

ides, the mutual effect of the stabilizers can be both
synergistic and antagonistic. For example, in the pres-
ence of mixtures of ethyl gallate or phloroglucinol
with syringic acid, the induction period in the kinetic
curves of the oxygen uptake increases (Fig. 2a). The
greatest stabilizing effect is attained on adding a mix-
ture of phloroglucinol with syringic acid. In this case,
an increase int is accompanied by a decrease in the
oxidation rate in deep steps. These effects are the
most pronounced at the component ratio from 30 : 70
to 70 : 30.

EXPERIMENTAL

Our experiments were performed with pure grade
PEG, H3(OCH2CH2)n3OH, molecular weight 3000,
purchased from Merck (Germany), mp 55358oC, hy-
droxyl number 34343, and with products of its auto-
oxidation at 120oC containing hydroperoxy groups
in concentrations of 0.131.10 1032 M. Decomposition
of the hydroperoxides was performed under argon at
37357oC. The inhibitors listed in Table 1 were used
without additional purification (Merck, chemically
pure grade). The content of ROOH groups was deter-
mined by iodometric titration. The rate of the oxygen
uptake at its partial pressure of 0.10 and 0.02 MPa
was determined on an automatic laboratory unit with
the sensitivity of 1.00 1036 mol l31 s31.

CONCLUSIONS

(1) The kinetics of oxygen uptake with polyethyl-
ene glycol of molecular weight 3000 in aqueous solu-
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tion at temperatures above 70oC are typical of radical-
chain processes with degenerate chain branching.

(2) Carboxy phenols catalyze decomposition of
hydroperoxides in aqueous solution. The reaction
involves complexation of the reactants; the reaction
order is 1 with respect to the hydroperoxide and 0.6
with respect to the catalyst.

(3) Herb phenols decomposing hydroperoxides are
antioxidants of combined effect: They terminate kinet-
ic chains of oxidation and simultaneously suppress
degenerate branching. As a result, these compounds
efficiently inhibit oxidation of polyethylene glycol in
aqueous solutions: The autoacceleration factor in oxi-
dation decreases by a factor of 335, and the maximal
rate of the oxygen uptake by the polymer, by a factor
of 334.
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Abstract-The effect of nitrosodurene as a source of stable nitroxyl radicals on radical copolymerization of
styrene with methyl methacrylate and butyl acrylate was studied.

An urgent problem of the polymer chemistry is
development of efficient methods for controlling the
growth of the polymeric chain with the aim to prepare
macromolecular compounds of required structure and
molecular weight, and hence with the required set of
properties [135]. This goal can be accomplished, in
particular, by the use of stable radicals or other active
additives as chain-terminating agents. In polymeriza-
tion of styrene, the most widely used chain-terminat-
ing agents are stable nitroxyl radicals, e.g., 2,2,6,6-
tetramethylpiperidinyl-1-oxyl (TEMPO) and its deriv-
atives [1, 3, 4, 6]. These agents are effective only at
elevated temperatures (1003150oC). Therefore, to
perform controlled polymerization under the condi-
tions similar to those of the industrial process, it
seems very promising to use, along with traditional
radical initiators, active additives generating stable
nitroxyl radicals directly in the polymerization system
(in situ). Suitable additives for this purpose are nitroso
compounds and nitrones, which can react with poly-
meric radicals to give sterically hindered nitroxyl spin
adducts acting as chain-terminating agents [7310].
The controllable mode is ensured in this case under
milder temperature conditions, similar to those of
commercial synthesis of vinyl polymers (50380oC).

From the practical viewpoint, it is particularly in-
teresting to develop efficient methods for controllable
synthesis of copolymers under the conditions of radi-
cal initiation, since copolymerization plays a crucial
role in production of polymeric materials with preset
properties.

In this work we studied how nitrosodurene (ND)
as a source of stable nitroxyl radicals affects the radi-
cal copolymerization of styrene (ST) with methyl

methacrylate (MMA) and butyl acrylate (BA). On the
one hand, these monomers have similar relative activ-
ities (r1 = 0.52 andr2 = 0.46 for the ST3MMA pair;
r1 = 0.76 andr2 = 0.19 for the ST3BA pair [11]) and
have an azeotropic point. On the other hand, thereac-
tivities of ST, BA, MMA, and the corresponding
propagating radicals are essentially different. In this
connection, it is of both theoretical and applied inter-
est to study regular trends in copolymerization of
these monomers.

EXPERIMENTAL

The monomers were purified as described in [12]
by repeated washing with 5310% alkali solution,
washing with distilled water to neutral reaction, dry-
ing over CaCl2, and distillation at reduced pressure.
Nitrosodurene was prepared by the procedures de-
scribed in [13315]. The physicochemical constants of
the compounds agree with published data. The poly-
merization kinetics was monitored gravimetrically,
dilatometrically [12], and thermographically [16]. The
samples were prepared as follows: A monomer was
placed in glass ampules, degassed by three freeze3

pump3thaw cycles, and polymerized at a residual
pressure of 1.3 Pa. Copolymerization of ST with
MMA and of ST with BA was studied at the mono-
mer molar ratios of 53 : 47 and 77 : 23, corresponding
to the azeotropic compositions. The intrinsic viscosity
of ST3MMA and ST3BA copolymers was determined
in chloroform by dilution at 25oC [17]. The molec-
ular-weight distribution (MWD) of ST3MMA and
ST3BA was analyzed by gel permeation chromatog-
raphy (GPC) on an installation equipped with a set
of five Styrogel columns with the pore diameter of
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1 0 105, 3 0 104, 1 0 104, 1 0 103, and 250A (Waters,
the United States). An R-403 differential refractometer
(Waters) was used as detector; the eluent was tetra-
hydrofuran. Close-cut polystyrene fractions were used
as references for calibration [18]. The molecular
weights of ST3MMA and ST3BA copolymers was
calculated using polystyrene references. The composi-
tion of the copolymers was determined by IR (Spe-
cord 75 IR) and UV (Perkin3Elmer Lambda 25) spec-
troscopy.

The effect of ND on copolymerization of ST with
acrylic monomers was studied with azeotropic com-
positions, i.e., with monomer mixtures at which the
ratio of the monomeric units in the copolymer is equal
to the initial monomer ratio [11]. The use of such
mixtures allowed us to eliminate the possible effect
exerted by variation of the composition of the mono-
mer mixtures on the copolymerization kinetics and
molecular-weight characteristics of the products.

We found that addition of 0.2 mol % ND results in
total degeneration of the gel effect in ST3MMA and
ST3BA copolymerizations. With ND, in contrast to
copolymerization in the presence of TEMPO as chain-
terminating agent [6], the total reaction time increases
only slightly. This is illustrated by differential curves
shown in Fig. 1 for copolymerization of ST with
MMA, initiated with azobis(isobutyronitrile) (AIBN),
as example.

The initial portions of the kinetic curves of homo-
and copolymerization, plotted on the basis of dilato-
metric data, show that introduction of ND in various
concentrations causes appearance of an induction peri-
od (Table 1), which is due to reaction of ND with the
initiator radicals and macroradicals to form a stable
spin adduct terminating propagation of the polymeric
chain:
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.

In homopolymerization of ST and its copolymer-
ization with MMA, additions of ND do not affect
significantly the initial reaction rate, and it remains
comparable with the copolymerization rate on AIBN
(Table 1). It should be noted that, according to the
data obtained, the initial rate of ST3MMA copolymer-
ization is controlled by the step of addition of ST to
the macroradical. In ST3BA copolymerization, addi-

v, % min31

t, min

Fig. 1. Differential kinetic curves of ST3MMA copolymer-
ization in the presence of ND at 70oC. Initiator AIBN,
0.8 mol %. (v) Polymerization rate and (t) polymerization
time. ND concentration, mol %: (1) 0 and (2) 0.2; the same
for Fig. 2.

tion of 0.2 mol % ND gives rise to a considerably
longer induction period (~230 min) than in the ST3
MMA system (~40 min). The initial rate of the ST3
BA copolymerization decreases under the influence
of ND (relative to copolymerization in the presence
of AIBN) more significantly than that of the ST3
MMA copolymerization (Table 1).

Study of the molecular-weight characteristics of the
ST3MMA and ST3BA copolymers prepared shows
that, in the presence of ND, the intrinsic viscosity of
the samples linearly grows with conversion (Figs. 2a,
2b). At the same time, the copolymers prepared in the
presence of AIBN without addition of ND are charac-
terized by spontaneous uncontrollable growth of the
intrinsic viscosity and molecular weightM with the
conversion. The number-average molecular weights of
the copolymers, calculated from the GPC data, also
linearly grow with conversion in the entire conversion
range in the case when the copolymers were prepared

Table 1. Kinetic characteristics of styrene homopolymeri-
zation and copolymerization with MMA and BA in the
presence of ND. Initiator AIBN, 0.8 mol %, 60oC
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Monomer
³

[AIBN] : [ND]
³ Induction ³ v 0 104,

³ ³ period, min³ mol l31 s31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
ST ³ 1 : 0 ³ 3 ³ 1.6

³ 1 : 0.05 ³ ~55 ³ 1.6
³ 1 : 0.1 ³ ~120 ³ 1.5
³ 1 : 0.25 ³ ~280 ³ 1.5

ST3MMA ³ 1 : 0 ³ 3 ³ 1.7
³ 1 : 0.25 ³ ~40 ³ 1.6

ST3BA ³ 1 : 0 ³ 3 ³ 2.0
³ 1 : 0.25 ³ ~230 ³ 1.2

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
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(a)h, dl g31

(b)h, dl g31

a, %40 80
Fig. 2. Intrinsic viscosityh of (a) St3MMA and (b) ST3BA
copolymers as a function of conversiona. Initiator AIBN,
0.8 mol %; samples prepared at 70oC.

a, %

0

Fig. 3. Number-average molecular weightM of (1) ST3
MMA and (2) ST3BA copolymers as a function of conver-
sion a. Initiator AIBN, 0.8 mol %; ND concentration
0.2 mol %; samples prepared at 70oC; the same for Fig. 4.

Table 2. Molecular-weight characteristics of ST3MMA
and ST3BA copolymers. Initiator AIBN, 0.8 mol %; sam-
ples prepared at 70oC
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
[AIBN] : [ND] ³ P, % ³ Mn01033³ Mw01033³ Mw /Mn
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ

ST3MMA copolymer*

1 : 0 ³ 78.1 ³ 75.0 ³ 149.5 ³ 2.0
1 : 0.25 ³ 10.1 ³ 27.3 ³ 38.6 ³ 1.4

³ 26.2 ³ 28.7 ³ 43.1 ³ 1.5
³ 39.4 ³ 29.3 ³ 45.7 ³ 1.6
³ 48.5 ³ 31.5 ³ 50.2 ³ 1.6
³ 65.3 ³ 32.4 ³ 54.6 ³ 1.7

ST3BA copolymer*

1 : 0 ³ 81.4 ³ 67.5 ³ 176.0 ³ 2.6
1 : 0.25 ³ 7.9 ³ 34.7 ³ 52.5 ³ 1.5

³ 8.9 ³ 33.8 ³ 54.9 ³ 1.6
³ 61.0 ³ 43.5 ³ 70.0 ³ 1.6
³ 82.7 ³ 51.4 ³ 94.2 ³ 1.8

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* The molecular weights of the copolymers were calculated

with the polystyrene reference.

(a)

(b)

log M

Fig. 4. MWD curves for samples of (a) ST3MMA and
(b) ST3BA copolymers. (Wi) weight proportion of the frac-
tion and (logM) logarithm of the molecular weight. Con-
version, %: (a) (1) 10.1, (2) 26.2, (3) 48.5, (4) 65.3, and
(5) 81.8; (b) (1) 7.9, (2) 38.9, (3) 61.0, and (4) 82.7.

in the presence of ND as chain-terminating agent
(Fig. 3).

Figures 4a and 4b show how the MWD of copoly-
mers prepared in the presence of the system ND3

AIBN at a fixed concentration of the nitroso com-
pound varies with conversion. It is seen that, with
increasing conversion, the mode steadily shifts toward
higher molecular weights and MWD becomes broader.
However, the polydispersity coefficients remain con-
siderably lower than those of the copolymers prepared
in the presence of AIBN without ND (Table 2). The
observed increase in the polydispersity of the polymer
prepared in the presence of ND may be due to occur-
rence of bimolecular chain termination, along with the
mechanism involving ND. As the ND concentration
in the system is relatively low, the probability of
dimerization of the propagating radicals seems to be
fairly high, resulting in formation of the[dead] poly-
mer and increased polydispersity.
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Table 3. Results of spectrophotometric determination of
the compositions of ST3MMA and ST3BA copolymers.
Conditions of copolymer synthesis: azeotropic composi-
tions; initiator AIBN, 0.8 mol %; 70oC
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

[AIBN] : [ND]
³

a,
³ ST content, mol %

³ ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ % ³IR spectroscopy³UV spectroscopy

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
ST3MMA copolymer

1 : 0 ³ 9.2³ 54+2 ³ 57+4
³ 57.3³ 52+2 ³ 46+4
³ 93.0³ 53+2 ³ 46+4

1 : 0.25 ³ 13.0³ 54+2 ³ 56+4
³ 23.8³ 52+2 ³ 54+4
³ 47.6³ 52+2 ³ 51+4
³ 83.8³ 49+2 ³ 44+4

ST3BA copolymer

1 : 0 ³ 11.0³ 74+3 ³ 85+5
³ 27.2³ 74+3 ³ 83+5
³ 53.0³ 72+3 ³ 80+5
³ 66.2³ 69+3 ³ 77+5

1 : 0.25 ³ 13 ³ 72+3 ³ 79+5
³ 39 ³ 73+3 ³ 73+5
³ 61 ³ 72+3 ³ 71+5
³ 83 ³ 73+3 ³ 69+5

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ

The composition of the synthesized copolymers at
various conversions was studied by IR and UV spec-
troscopy. At the molar ratio of the monomers ST :
MMA = 53 : 47 and ST : BA = 77 : 23, under the con-
ditions of our experiments, the composition of the
copolymer is similar to that of the starting mixture
(Table 3). Thus, ND as a source of stable nitroxyl
radicals acting as chain-terminating agents does not
affect the composition of copolymers of ST with
acrylic monomers. On addition of ND, the conditions
remain azeotropic up to high conversions.

Our experimental results-degeneration of the gel
effect, linear growth of the intrinsic viscosity and
number-average molecular weight with conversion,
relatively narrow molecular-weight distribution of the
copolymer-suggest realization of the reversible inhi-
bition mechanism in copolymerization of ST with
MMA and BA in the presence of ND as a source of
stable nitroxyl radicals (T.):

where M1 and M2 are the molecules of the monomers,
MMA (or BA) and ST, respectively; T

.
is the nitroxyl

radical generated by Eq. (1); P
.

is the propagating
radical; kd1 andkd2 are the rate constants of dissocia-
tion of adducts P1T and P2T, respectively;kc1 andkc2
are the rate constants of recombination of nitroxyl
radical T

.
and macroradicals P

.
1 and P

.
2, respectively;

k11, k22, k12, and k21 are the rate constants of chain
propagation (addition of the corresponding monomer
to the corresponding macroradical).

CONCLUSIONS

(1) Nitrosodurene as a source of stable nitroxyl
radicals acting as chain-terminating agents does not
affect the composition of copolymers of styrene with
acrylic monomers.

(2) Nitrosodurene can efficiently control the kinet-
ic parameters of copolymerization of styrene with
butyl acrylate and methyl methacrylate at relatively
low temperatures (70oC), similar to those used in
commercial synthesis of polymers.

(3) Addition of nitrosodurene to the polymeriza-
tion system results in degeneration of the gel effect,
uniform growth of the molecular weight of the co-
polymers, and shift of the molecular-weight distribu-
tion curves toward higher molecular weights with
increasing conversion.
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Abstract-Grafting of octafluoropentyl acrylate to polycaproamide PCA-6 in the presence oftert-butyl
hydroperoxide containing 0.8731.33% fluorine was studied. The specific feature of radical grafting of the
polyfluorinated acrylate is participation of terminal groups of PCA-6 macromolecules.

Fluoro acrylates are grafted under conditions of
plasma treatment to the surface of polycaproamide
(PCA-6), enhancing its fire resistance [1]. Further-
more, the material modified with polyfluorinated com-
pounds acquires hydrophobic and dust-repelling prop-
erties [2]. However, radical grafting of monomers to
a polycaproamide thread decreases its strength [3, 4].

As polyfluorinated monomer we chose octafluoro-
pentyl acrylate H(CF2CF2)2CH2OC(O)CH=CH2 (I ),
which is prepared from octafluoropentyl alcohol [5],
a by-product in production of tetrafluoropropyl alco-
hol used in CD production. We intended to develop
a procedure alternative to that described in [1]. We be-
lieved that radical grafting ofI to the PCA-6 surface
in the presence of commercially available initiator
(CH3)3COOH (II ) should occur under mild conditions
and with a fairly high selectivity owing to the polar
structure ofI , electrophilic character of the reaction of
radicals with polyfluorinated fragments, and nucleo-
philic properties of polycaproamide radicals and radi-
cals generated from hydroperoxideII .

Our goal was grafting of polyfluorinated acrylateI
to the surface of PCA-6 thread under conditions of
minimal homopolymerization of the monomer and
preparation of the high-strength modified thread.

EXPERIMENTAL

Acrylate I was prepared by the method described
in [5]; bp 85oC at 40 mm Hg,nD

20 1.3462,d4
20 1.4460.

Samples of polycaproamide (14.54 tex) thread, 1.23

1.5 m long, were placed in a 1% solution of hydroper-
oxide II in acrylateI (1 : 75 excess of the monomer)
and heated at 80oC for 134 h, with the analysis for
the fluorine content in the thread and determination of

physicomechanical properties of the thread performed
every hour.

The fluorine content in modified PCA-6 was deter-
mined potentiometrically with an F-selective elec-
trode. For this purpose, the sample was catalytically
burnt in an oxygen atmosphere, the combustion prod-
ucts were dissolved in distilled water, and the poten-
tial was measured. Then the pF value (pF =3log [F3]
[M]) corresponding to this potential was found from
the calibration plot. The physicomechanical param-
eters of the initial and grafted thread samples were
determined with an RM-3 machine.

Thermal decomposition of hydroperoxides results
in generation of alkoxy and hydroxy radicals, which
abstract a hydrogen atom from a substrate or add to
the C=C double bond of an unsaturated compound [6].
Experiments with model compounds [7, 8] showed
that the hydrogen atom in the3NH(CH2)5C(O)3 frag-
ment is abstracted from thea-position relative to the
NH group. The arising macroradicalIII subsequently
reacts with polyfluorooctyl acrylateI (which is facili-
tated by the electrophilic character of the terminal
CH2 group) to form transition stateIV . It is stabilized
by the polyfluorinated ester group and by the terminal
NH group, which is associated with the ester group.
As a result, copolymerVI is formed as final product:

(CH3)3C3O3OH 76 (CH3)3C3O. + HO.

II 92
CH3

. + CH3C(O)CH3
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Variation of physicomechanical properties (data averaged
over five runs) of PCA-6 thread upon treatment with poly-
fluorinated acrylateI
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Grafting
³

Breaking
³ Relative elonga-³ Elongation

time,
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load,
³ tion at break ³ set

³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄh ³ N ³ %
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

0 ³ 9.1 ³ 14.4 ³ 4.6
1 ³ 9.4 ³ 16.5 ³ 6.6
2 ³ 9.3 ³ 15.6 ³ 6.2
3 ³ 9.3 ³ 14.0 ³ 5.5
4 ³ 9.7 ³ 21.8 ³ 8.7

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
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In radical V, the unpaired electron density is de-
localized with the participation of the ester group and
fluorine atoms. RadicalV participates in radical chain
transfer in reactions with the hydroperoxide and with
water molecules associated with PCA-6. The reaction
of radicalV with a new molecule of the polyfluorinated
monomer can be prevented by shielding of the radical
center with the difluoromethylene group, whereas
hydroxyl-containing reagents (hydroperoxide, water),
associating with the fluorine atoms of the CF2 group
and radical center, are effective chain-transfer agents:
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A specific feature of the observed grafting of poly-
fluorinated acrylateI , in contrast to grafting of non-
fluorinated acrylates, is that the thread strength grows
rather than decreases (see table).

This trend may be due to the above-considered
grafting mechanism involving terminal groups of
PCA-6 macromolecules. The cyclic (due to associa-
tive interactions) structure of the forming terminal
groups suggests the possibility of stronger molecular
orientation in the amorphous phase of the polymer,
which usually enhances the strength. The participation
of the terminal groups in the radical grafting is sug-
gested by the fact that grafting for 4 h does not result
in a significant increase in the fluorine content in
PCA-6 as compared to grafting for 2 h:

Grafting time, h Fluorine content, %

2 0.87
3 1.19
4 1.33

Another specific feature of grafting of acrylateI to
PCA-6 is that the homopolymer is not formed in sig-
nificant amounts under the grafting conditions (the
starting monomer was isolated by vacuum distilla-
tion). This is due to active reactions of macroradicals
III with radicals generated from the polyfluorinated
monomer, resulting in cross chain termination. This is
consistent with the data of [8] according to which the
ratio of the rate constants of polymeric chain propaga-
tion and chain termination decreased by a factor of 2
when polymerization of methyl methacrylate was
performed in the presence of a model compound con-
taining an 3NH(CH2)5C(O)3 fragment.

CONCLUSION

A specific feature of radical grafting of octafluoro-
pentyl acrylate to a polycaproamide thread in the pres-
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ence oftert-butyl hydroperoxide is active participation
of terminal groups of polycaproamide in the process,
which results in enhancement of the thread strength,
probably due to higher degree of molecular orientation
in the amorphous phase of the polymer as a result of
formation of cyclic associates.
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Abstract-A procedure was developed for graft polymerization of dimethylaminoethyl methacrylate onto
polycaproamide using a redox system whose components are added to the reaction mixture sequentially.
A scheme of radical graft polymerization of dimethylaminoethyl methacrylate onto polycaproamide was
suggested. The properties of the copolymers were studied. The materials based on modified polycaproamide
show promise as chemisorbents.

Purposeful modification of existing macromolecu-
lar compounds is the most promising line in develop-
ment of a wide set of polymeric materials for various
purposes. One of the main procedures for chemical
modification of macromolecular compounds, including
manmade fibers, is synthesis of graft copolymers of
appropriate composition. Graft polymerization allows
wide variation of the chemical composition, structure,
and properties of polymers. Therefore, development of
highly efficient and environmentally sound processes
for production of graft copolymers derived from poly-
caproamide (PCA), one of the most abundant man-
made polymers, remains an urgent problem.

In graft polymerization onto PCA, the regular
structure of the polymer backbone remains intact [1],
and the grafted polymer is distributed on the surface
of the modified fiber, which enhances the adhesive-
ness between the fibers and improves the efficiency of
the subsequent processing.

The commercially implemented procedure for pro-
duction of graft copolymers of PCA with poly(di-
methylaminoethyl methacrylate) (PDMAEMA) in the
form of KM-A1 chemisorption fiber using polycapro-
amide fiber peroxidized with atmospheric oxygen and
a solution of copper sulfate [2, 3] does not ensure
production of fibers with the sufficiently high sorption
capacity (1.031.5 mg-equiv g31); the degree of graft-
ing does not exceed 25330%.

Another procedure for preparing a PCA graft co-
polymer [4, 5] involves preliminary activation of the
polycaproamide fiber with a 0.532% solution of hy-
drogen peroxide in the presence of a copper salt
(10.2310.4 wt % Cu2+ relative to the reaction mixture)
at 50380oC for 30360 min. As a copper-containing

compound we used copper sulfate. The activated poly-
caproamide fiber is treated with a 20% DMAEMA
solution at 20330oC for 603120 min. After grafting
completion, the fiber is washed to remove the mono-
mer and homopolymer by treatment with ethanol in
a Soxhlet apparatus for 12 h, with subsequent drying.

The drawbacks of this procedure are relatively low
content of the grafted polymer (no more than 403

45%) and formation of an undesirable by-product,
PDMAEMA (homopolymer), complicating the subse-
quent processing of the fiber and decreasing the effi-
ciency of graft polymerization.

Our goal was to intensify the existing commercial
batch process. To increase the amount of the grafted
polymer and enhance the sorption capacity, we devel-
oped a procedure for preparing graft copolymers with
the Cu2+

3H2O2 redox system (with copper ions intro-
duced in the form of aqueous copper sulfate solution).
The fiber was activated in steps. First, the fiber per-
oxidized with atmospheric oxygen was treated with a
copper sulfate solution, then hydrogen peroxide was
added, and the fiber activation was continued.

EXPERIMENTAL

The raw material was ready staple polycaproamide
fiber. It is prepared from polycaproamide fiber pro-
duction waste: substandard textile and cord threads,
which are stored and, when accumulated in sufficient
amounts (approximately every 233 months), are pro-
cessed on a staple unit.

To prepare the peroxidizedPCA, the starting fiber
was treated for 5 h with hot (70oC) air in a dryer.
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The same amount of hydroperoxy groups (1033 wt %
relative to the fiber) is formed in storage of PCA fiber
in air for 603120 days [6]. The latter procedure for
preparing peroxidized fiber is more appropriate for
industrial conditions, as it involves no expenditures,
and production of modified fibers is performed today
in the batch mode.

The fiber peroxidized with atmospheric oxygen
was placed in a flask, and 0.0430.05% (relative to the
fiber weight) aqueous solution of copper sulfate was
added at room temperature. Fifteen minutes later, an
aqueous H2O2 solution was added in amount corre-
sponding to the H2O2 content of 0.2030.25% relative
to the fiber weight. The H2O2 solution was added in
portions over a period of 15 min at 1-min intervals;
the subsequent fiber activation was performed for 253

30 min. The activated PCA was thoroughly washed
with water to remove excess H2O2 and copper sulfate
and then squeezed. After that, it was treated with 20%
aqueous DMAEMA in a temperature-controlled flask
equipped with a reflux condenser for 20330 min at
45355oC. After grafting completion, the polymer was
treated with ethanol in a Soxhlet apparatus to remove
the monomer and homopolymer, dried, and weighed.

The fact that the PDMAEMA content in the modi-

fied fiber is higher than that attained previously [3, 5],
in combination with published data on decomposition
of H2O2 and hydroperoxy groups of PCA with vari-
able-valence metal ions, suggests that our activation
procedure makes reactive not only the sections of
PCA macromolecules containing hydroperoxy groups,
but also the sections that remained unaffected by
atmospheric oxygen. Such a result cannot be attained
by introducing Cu2+ and H2O2 simultaneously. In this
case, the reaction primarily occurs between the com-
ponents of the redox system, so that the sections of
PCA molecules that contain no peroxy groups are not
activated.

If the copper ions are added first, this induces
decomposition of the hydroperoxy groups of the fiber
with generation of active macroradicals, and the sub-
sequent addition of H2O2 activates the sections of
macromolecules that contain no hydroperoxy groups.
Thus, the amount of active centers in PCA capable
of graft polymerization grows, resulting in increased
amount of the grafted polymer.

In the case of sequential addition of the compo-
nents of the redox system, the reaction will probably
follow the scheme

ÄÄÄÄÄÄÄÄÄÄÄÄ
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Table 1. Static exchange capacity (SEC) of the PCA3PDMAEMA graft copolymer
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Grafted PDMAEMA content, % ³ SEC, mg-equiv g31 dry fiber ³ Tertiary nitrogen content, wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

20 ³ 1.0 ³ 1.07
36 ³ 1.65 ³ 2.00
46 ³ 2.1 ³ 3.28
58 ³ 2.51 ³ 3.41
70 ³ 3.06 ³ 4.32

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 2. Sorption power of fibers under dynamic conditions*
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Gas3air mixture
³ Mean time, h
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ to breakthrough ³ to saturation

ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
gas ³ H, % ³ cg, cm3 m33 ³ KM-A1 ³ fiber** ³ KM-A1 ³ fiber**

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
HCl ³ 82 ³ 100 ³ 12.37 ³ 14.23 ³ 13.07 ³ 15.03
HCl ³ 82 ³ 250 ³ 3.45 ³ 5.97 ³ 3.58 ³ 6.12
HF ³ 82 ³ 2.5 ³ 25.27 ³ 29.06 ³ 26.13 ³ 30.05
SO2 ³ 90 ³ 150 ³ 2.03 ³ 3.34 ³ 2.15 ³ 3.48

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* (H) Humidity and (cg) gas concentration.

** 65370% PDMAEMA.
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Separate introduction of the components of the
redox system increases the amount of the grafted
polymer, so that it becomes feasible to reach the de-
sirable level of 65370%.

The content of PDMAEMA obtained by graft poly-
merization was monitored gravimetrically and by the
content of tertiary nitrogen, which was determined
from variation of the amount of HCl consumed for
binding of tertiary nitrogen in the test samples. The
results are listed in Table 1.

To evaluate the performance of PCA3PDMAEMA
copolymers as chemisorption materials, we prepared
filtering units from the modified polycaproamide fiber
containing 65368% PDMAEMA by processing the
fiber into a needle-punctured material 1.2 cm thick,
with the fiber packing density of 0.15 g cm33.

The chemisorption properties were evaluated by the
capability of the ion exchanger to sorb acidic gases
(HCl, SO2, HF) on passing the gas3air mixture con-
taining these gases in varied concentrations through
the fibrous filter at a rate of 1.40 1034 m3 s31

(0.5 m3 h31). The characteristics of the sorption power
of the material under dynamic conditions are given in
Table 2 in comparison with the data for filtering units
from KM-A1 fiber (PDMAEMA content 20325%).

Table 2 shows that, as the content of the grafted
polymer is increased to 65368%, the sorption power
grows, on the average, by 30%. The static exchange
capacity of the fiber prepared by our procedure (653

70% PDMAEMA) is as high as 2.833.2 mg-equiv g31.

An important characteristic determining the per-
formance of a chemisorbent is variation of the static
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Table 3. Variation of properties of the modified polycaproamide fiber (65368% PDMAEMA) in the course of service
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Fiber
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ initial ³ after 20 sorption3regeneration cycles³ after 30 sorption3regeneration cycles

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
SEC, mg-equiv g31 ³ 3.0 ³ 3.0 ³ 3.0
Tensile strength, cN tex31 ³ 25.2 ³ 25.1 ³ 25.2
Wear resistance, cycles ³ 29.2 ³ 29.2 ³ 29.0
Elongation at break, % ³ 78 ³ 78 ³ 79
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

exchange capacity and mechanical properties in the
sorption3desorption cycles. The chemisorbent was
regenerated with 2% aqueous NaOH solution.

Table 3 shows that both the static exchange capac-
ity and the mechanical properties of the fiber remain
unchanged after 20330 sorption3regeneration cycles,
i.e., the fiber shows high stability toward regenerating
agents.

CONCLUSIONS

(1) A promising procedure for preparing polycap-
roamide3poly(dimethylaminoethyl methacrylate) graft
copolymer was suggested. The procedure involves
sequential addition of the components of the redox
system; it ensures increased (65370%) content of
poly(dimethylaminoethyl methacrylate) in the modi-
fied fiber and more efficient production of the chemi-
sorption fiber.

(2) The chemisorbent obtained from the modified
fiber shows high sorption power, high resistance to
repeated regeneration, and long service life.
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Abstract-Structurization in cellulose triacetate modified with trifluoroacetic acid vapor and its effect on
the optical activity are studied.

Liquid3crystal (LC) cellulose triacetate (CTA)
solutions in trifluoroacetic acid (TFAA) are used for
preparing highly oriented films and fibers with im-
proved mechanical characteristics [1, 2]. The aniso-
tropic state is realized only at high (>25%) polymer
concentration [3, 4]. Preparation and processing of
such concentrated solutions are difficult because of
high viscosity of mesomorphic phases [5]. Therefore,
development of new processes allowing formation of
a highly ordered polymeric matrix through realization
of LC state in the system CTA3TFAA is a topical
problem.

Previously we demonstrated that an oriented struc-
ture in cellulose acetates could be obtained by expos-
ing the polymer to vapor of a solvent in which the
polymer forms a lyotropic mesophase [6, 7]. In this
case, orientational transformations manifest them-
selves in, e.g., spontaneous elongation of acetate
fibers [6], which can be attributed to transition of the
polymer3solvent system into the LC state [8], and
also in sustained induced optical anisotropy and de-
creased grain-boundary angle in acetate films [7], etc.
The effect of mesogenic vapor on the structure of
condensed (films, fibers) and powdered polymers ap-
peared to be identical: the samples are characterized
by abnormal sorption and swelling curves, not obey-
ing the Fick’s law [9], and the intensity of their X-ray
diffraction peaks increases [10].

It should be pointed out that exposure to vapor of a
solvent capable of forming mesophases with cellulose
derivatives affects the optical activity of the cellulose
esters, suggesting structural changes not only at the
supramolecular, but also at the conformation level
[7, 9, 11]. In this case, the effect of a solvent vapor on
the structure of a cellulose ester is considerably more

pronounced as compared to that initiated by the same
solvent added in the equivalent amount as liquid
[9, 11].

By now, a great body of knowledge is gained on
cellulose and its esters as polymers with increased
chain rigidity, and there is a steady intense interest in
these materials. However, the fact that cellulose ace-
tates, like many natural organic polymers, demon-
strate the optical activity varying over a wide range
[7, 9, 11] was not given due attention in polymer
design. Our recent results showed that it is the optical
asymmetry that could be the key point in designing
polymers with desirable 3D structure [12], having not
only preset, but even some unique characteristics [13].

In [14] we reported the effect of small TFAA addi-
tions on the properties of concentrated celluloseace-
tate solutions. In this work we studied the effect of
TFAA vapor on the structure and optical activity of
powdered CTA.

EXPERIMENTAL

In the experiments we used the initial and modified
samples of powdered CTA, and also solutions and
films on its basis.

We employed commercial wood CTA used for
producing triacetate fiber (Khimvolokno Joint3Stock
Company, Engels, Russia). The characteristics of the
polymer are as follows: granule size 436 mm, bulk
density 1.28 g cm33, bound acetic acid content 61.2%,
and viscosity-average molecular weight 7.50 104. For
dissolution of the samples we used the conventional
process solvent, a 90 : 10 mixture of methylene chlor-
ide with ethanol (both of analytically pure grade).
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The bulk polymer was modified by isobaric-iso-
thermal exposure to a solvent vapor at 5335oC in a
hermetically sealed vessel partly filled with a solvent.
As a sorbate we used the dipolar amphiprotic solvent,
trifluoroacetic acid (analytically pure grade) [15]. Cel-
lulose triacetate was placed on a 2-mm sieve arranged
5 cm above the solvent table. The vapor uptake was
determined gravimetrically on a WT torsion balance
to within 0.0002 g. The TFAA uptake varied from
0.5 to 100 wt %. The samples of the polymer were
taken as it was saturated with the solvent vapor.

The optical rotation of 0.5 g l31 solutions of the
initial and modified CTA samples was measured to
within 0.04o on an SM-2 circular polarimeter at
lNa = 589 nm and 25oC [16]. The light source was
a DNAS18-04-2 lamp.

The polymer films were prepared from 7 wt %
solutions by coating onto a preliminarily degreased
smooth glass surface in a dust-controlled box. Forma-
tion was carried out at room temperature and the same
solvent removal rate for all the samples. The film
thickness was measured with a TIB-2 thickness gauge
to be 1003150 mm. The strength [tensile strengthst
(MPa)] and elastic properties [elongation at break
eb (%)] of the CTA films were determined to within
3% on a 2148R-5 tensile-testing machine according to
GOST (State Standard) 17316371.

Differential thermal analysis was performed over
the temperature range 2003400oC on a DSC-D differ-
ential scanning microcalorimeter at a heating rate of
8 deg min31 with calcined alumina as a reference.
The peak positions were registered to within 2o with
a KSP-4 logger at a paper speed of 720 mm min31.
X-ray diffraction patterns were obtained on a
DRON-3 diffractometer (FeKa radiation) over the
range 2q = 5o330o.

Previously we demonstrated [9] that sorption on
cellulose acetates of vapor of specific solvents capable
of forming lyotropic mesophases with the polymers
does not obey the Fick’s law. Also the system CTA3

TFAA vapor is characterized by abnormal swelling
curves (Fig. 1a). At low temperatures, the kinetic
curves of sorption pass through extrema (curve1), and
at room temperature, they are S-shaped (curve2).
High sorption capacity of CTA for TFAA vapor does
not allow equilibrium saturation to be attained even at
lowered temperature; swelling is unrestricted and is
followed by polymer dissolution. Over the entire
experimental temperature range we observed a sorp-
tion/desorption hysteresis. Desorption proceeds at
a higher rate, and the desorption curve (curve3) is no
longer abnormal, lying under the swelling curve.

A, wt % (a)
ln [3ln (1 3 jor)] (b)

ln t [min]

t(2, 3), min
t(1), min

Fig. 1. Kinetic curves ofTFAA vapor sorption/desorption
on CTA: (a): (1) sorption at 8oC, (2) sorption at 20oC, and
(3) desorption at 20oC; (b) descending branch of curve1
plotted in the coordinates of the Avrami equation. (A) Up-
take of TFAA vapor, (t) time, and (13 jor) fraction of
disordered polymer.

It is known that abnormal kinetics of sorption may
be caused by various factors, including structural
transformations occurring in the polymer matrix in the
course of diffusion of a low-molecular-weight com-
ponent [17, 18]. To elucidate structural transforma-
tions in CTA, initiated by uptake of TFAA vapor, the
descending branch of the kinetic curve of swelling
(Fig. 1a, curve1) was plotted in the coordinates of
the Avrami equation (Fig. 1b) [17]. The parameter
n characterizing the structurization mechanism in the
polymer3solvent system was estimated from this
equation to be 1.4, suggesting that some orientational
transformations occur in the polymer matrix in the
presence of TFAA. Similar results were obtained by
Azizov and Sadykova [19] for the system cellulose
acetate3nitromethane, which, like TFAA, is a meso-
genic solvent for cellulose acetates. They suggested
orientation of the macromolecules in the course of
nitromethane vapor uptake, resulting in modification
of the initial polymer structure. Furthermore, they
presented abnormal swelling curves similar to those
obtained in this work. These curves were interpreted
using the concept of structural transitions in the
system cellulose acetate3nitromethane proposed by
us in [6].

Comparison of two systems (cellulose acetate3

nitromethane and CTA3TFAA) appears to be logical,
as both systems form lyotropic mesophases [3] under
similar conditions [1, 20]. In both systems, formation
of anisotropic structures follows the initial gelation
[4, 21]. In both systems, an alteration of the optical
activity of a cellulose ester was observed [7, 9] as
well as initiation of orientational processes accom-
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st, MPa eb, %

A, wt %

Fig. 2. (1) Tensile strengthst and (2) elongation at breakeb
of CTA films as functions of theTFAA uptake A.

panied by considerable improvement of the mechani-
cal characteristics [2, 22]. Finally, both nitromethane
and TFAA have an active polar group, high dipole
moments, and similar Hildebrand solubility param-
eters [15, 23]. All the aforesaid allow expansion of the
concept proposed in [9] to the system CTA3TFAA
vapor. Thus, TFAA vapor uptake modifies the CTA
structure. The extrema or inflection points in the
kinetic curves (Fig. 1a) reflect alterations in the swell-
ing mechanism. Let us analyze curve1. Note first
that, in the incompletely acetylated CTA used (g <3),
both inter- and intramolecular hydrogen bonds occur,
despite the predominance of the acetate groups in
the glucopyranose units over the hydroxy groups [24].
The initial stage of polymer swelling (uptake of the
first portions of TFAA in amount of no more than
638 wt %) involves a break of the intermolecular
H bonds. In this case, nonassociated macromolecules,
by virtue of their intrinsic rigidity and thanks to the
newly realized flexibility, tend to take thermodynam-
ically favorable straightened conformations. Such
a self-orientation results in compaction of the polymer
chains and, correspondingly, in partial desorption of
the solvent, as demonstrated by the decline in curve1.
Further uptake proceeds in the already modified poly-
mer and is followed by CTA dissolution. The plateau
in the curve could be referred to the equilibrium of
these two processes. Uptake of the first small amounts
of TFAA vapor results in degradation of the system of
intermolecular contacts restraining the macrochain
flexibility. At the same time, the system of intra-
molecular hydrogen bonds responsible for high rigid-
ity of the macromolecules is retained. All these factors
allow the macromolecules to be oriented [6, 9] up to
formation of mesophases [3, 8].

Swelling of a polymer in a solvent vapor is mostly

a complex process involving not only a break of inter-
molecular bonds, but also simultaneous interaction of
the solvent with functional groups (specific solvation).
Since the sorption capacity of cellulose acetates for
TFAA is considerably higher than that for nitrometh-
ane, the first of the indicated processes in the system
CTA3TFAA vapor can be realized separately only at
low temperatures or in a short time corresponding to
the uptake of a small amount of the solvent. There-
fore, the S-shaped curve obtained at 20oC (Fig. 1a,
curve2) is a resultant of the structurization and solva-
tion processes. Nevertheless, the inflection points in
the swelling curve, the sorption/desorption hysteresis
(curve3), and the induced optical anisotropy observed
previously [7] in acetate films-all these findings
suggest dominating structurization in the system with
formation of a more ordered polymer matrix.

In further experiments, modified CTA samples
were obtained by exposure to TFAA vapor at room
temperature. It should be pointed out that CTA sam-
ples after uptake of less that 10315 wt % of TFAA
did not differ in their appearance from the initial poly-
mer, in contrast to the case of uptake of 50 wt % of
TFAA and more. In the latter cases, the samples re-
presented highly concentrated, transparent, gel-like
solutions, which readily formed thin layers on shear-
ing or putting pressure with an object-plate. Such sys-
tems are optically anisotropic in a polarized light,
demonstrating an iridescent fluorescence.

From modified CTA, we formed films. As arefer-
ence we used a film formed from unmodified CTA.
Experiments showed that structural transformations
induced by TFAA uptake had a strong effect on the
mechanical characteristics of the polymer films
(Fig. 2). The tensile strengthst and elongation at
break eb of modified CTA films were considerably
higher than those of the reference. As the amount of
absorbed TFAA increased to about 3 wt %, the mech-
anical characteristics increased, approaching maximal
values. Further increase in the extent of modification
(A > 3 wt %) no longer affectedst and eb. For the
films formed from CTA after uptake of 50 and
100 wt % of TFAA, we observed certain decrease
in st as compared to the films withA from about 3 to
5 wt %, buteb was found to be higher in the TFAA-
rich films. Compared to the reference, the tensile
strength and elongation at break of such TFAA-rich
films are higher by 30340 and 2003220%, respec-
tively. In the films with TFFA uptake of 335 wt %,
the maximalst and eb values are higher by 65 and
120%, respectively. These are somewhat unexpected
results, since increasing strength of films mostly
results in decreasing elasticity, and vice versa. How-
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ever, we also observed similar increase in the strength
and elastic characteristics in acetate fibers prepared
from the polymer modified with TFAA vapor under
the same conditions [25]. In this case, the TFAA
uptake of 233 wt % was sufficient to reach the maxi-
mal tensile strength and elongation at break.

The results show that mechanical characteristics of
the films correlate with structural transformations in
the polymer. These characteristics increase with up-
take of small (up to 334 wt %) amounts of the solvent
vapor, which corresponds to orientational transfor-
mations of the macromolecules (Fig. 1, section of
curve 2 extending to the inflection point). Note that
similar trends were observed in the system cellulose
diacetate3nitromethane [25]. It may be suggested that
simultaneous increases inst and eb in the modified
CTA films are caused by the formation of highly
ordered domains in the polymer matrix, which, on the
one hand, favors increase in the strength and, on the
other hand, does not prevent from increase in the
elasticity of a film, as such domains do not form a
continuous oriented matrix.

The orientational effect of TFAA on the CTA
structure was also supported by direct structural meth-
ods. Figure 3a shows the X-ray diffraction patterns of
the triacetate films. For the modified CTA films, the
intensity and area of the peak at 2q = 20o321o in-
crease, and those of the peak at 10o311o decrease. In
this case, the totalarea of the peaks decreases against
the reference, giving an additional evidence in favor
of the fact that structural transformations occurring in
the polymer matrix under the effect of TFAA vapor
do not prevent from orientation of the macromole-
cules, but hinder crystallization of the polymer. Note
also that the modified samples are characterized by a
higher (by 15oC) decomposition temperature (Fig. 3b).

It is well known that natural polysaccharides,
among them cellulose, are optically active. Previously
we demonstrated [9, 11] that exposure of cellulose
acetates to vapor of a solvent, capable of forming
lyotropic mesophases with these polymers, produces
strong effects on both their structure and optical activ-
ity. The specific optical rotation [a] appeared to be
changed in the course of modification of CTA with
TFAA vapor.

The unmodified CTA dissolved in a mixture of
methylene chloride and ethanol has a negative [a]
(350o, Fig. 4). The absolute [a] values of modified
samples are considerably higher. With increasing
TFAA uptake, [a] decreases below3200o, which is
higher in the absolute value by a factor of 4 than that
of the unmodified sample.

(a)

2q, deg

T, oC

(b)

Fig. 3. (a) X-ray diffraction patterns and (b) DTA curves of
TCA films: (1) reference and (2, 3) TFAA-modified CTA
films containing 1 and 3 wt %TFAA, respectively. (I) In-
tensity, (2q) Bragg angle, (T) temperature, and (DT) differ-
ence in the temperature of the test and reference samples.

A, wt %

[a]589 nm, deg25oC

Fig. 4. Specific optical rotation [a]25oC
585 nmof CTA solutions

in a mixture of methylene chloride and ethanol as a func-
tion of TFAA uptake A.

Note that the observed dependence of the specific
optical rotation of CTA in the process solvent on the
TFAA uptake (Fig. 4) is similar to the concentration
dependence of [a] of CTA in TFAA, which was ob-
tained by Meeten and Navard in studying the forma-
tion of mesophases in this system [4]. It was demon-
strated in the cited work that, with increasing CTA
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concentration in TFAA, the negative [a] decreases
until the anisotropic transition. In other systems cellu-
lose acetate3mesogenic solvent, the mesophases
formed also demonstrated higher absolute values of
[a] [3].

Finally, our results show that a strong increase in
[a] is typical of the CTA samples modified with small
(<3 wt %) amounts of the sorbate vapor (Fig. 4). It
is the uptake of such a small amount of TFAA that
produces the essential structural transformations
(Fig. 1) and improvement of the mechanical character-
istics of the films (Fig. 2). It is known that the optical
rotation in cellulose esters is controlled by their
molecular structure [16], particularly, by the presence
of chiral centers in the glucopyranose units and their
spatial arrangement, which, in turn, promotes strong
inter- and intramolecular hydrogen bonding, and,
finally, by the conformation of macromolecules. Up-
take of small amount of TFAA initiates a break of
intermolecular, but not intramolecular H bonds,
providing, as suggested in [3], optimal conditions for
highly oriented LC structures to be realized on the
basis of cellulose and its derivatives. Furthermore,
such an uptake promotes spatial rearrangements in the
macromolecules or other structural subunits, strongly
changing the optical activity of the polymer. Maybe
this is one of the necessary conditions for transition of
an optically active polymeric system into LC state.
Further uptake of TFAA vapor proceeds with the
already modified polymer, which is accompanied by
solvation of unbound functional groups. In this case,
the induced [a] no longer changes significantly.
Similar interrelation between the optical activity and
structural ordering was observed also for other natural
polymers, e.g., collagen and gelatin [26, 27].

CONCLUSIONS

(1) Modification of cellulose triacetate with tri-
fluoroacetic acid vapor as a mesogenic agent for cel-
lulose derivatives opens the door for directed design
of polymers with not only highly ordered, but also
even differently organized 3D structure. It is of par-
ticular importance that the maximal effects on the
structure and optical activity are attained at low TFAA
uptake.

(2) The fact that the performance characteristics of
the modified cellulose triacetate films are determined
by the specific features of the[induced] 3D structure
of the ester allows preparation of materials with a
controlled structure and desired properties.
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Abstract-Flash pyrolysis of oil shales and distribution of the organic matter in the volatile products and solid
residue at various pyrolysis temperatures were studied. The concentrations of aliphatic hydrocarbons and
naphthenes + arenes in the volatile products were determined.

Inevitable exhaustion of traditional power resources
calls for a search for new sources of hydrocarbon raw
materials. Among materials showing promise in this
respect are oil shales [1].

The assortment of substances produced by shale
processing includes tens of items, without taking into
account wastes that can be processed. From the view-
point of energy production, the most important com-
ponent of shale oils is the organic matter; its base is
kerogen. Kerogen is mainly recovered from the inor-
ganic matrix by pyrolysis. Alternative procedures
(extraction, biochemical methods) are less suitable for
commercial application [2].

Pyrolytic decomposition of oil shale kerogen in-
volves a set of parallel and consecutive reactions
following the scheme

k1 k2Kerogen776 gas, bitumen776 gas, tar, coke, (1)
E1, A1 E2, A2

wherek1 andk2 are the rate constants, min31; E1 and
E2 are the activation energies, kJ mol31; and A1 and
A2 are the preexponential terms (min31) of the corre-
sponding reactions.

Ballice et al. studied decomposition of kerogen
thermogravimetrically [3] and concluded that the
process occurs in two steps: decomposition of kerogen
proper at 3003375oC and secondary decomposition
and condensation processes at 3753500oC.

The kinetics of thermal decomposition of kerogen
is described by a first-order equation

dx/dt = k f(x), (2)

m0 3 m
tx = ÄÄÄÄÄÄÄ, (3)

m0 3 mf

wherem0, mt, andmf are the initial, intermediate, and
final sample weights, respectively (mg);k is the rate
constant, min31; andx is the degree of decomposition.

Since

dlnk/dT = E/RT2,

and, for first-order reactions,f (x) = 1 3 x, Eq. (2) can
be written as follows:

dx dT
ÄÄÄ ÄÄÄ = Aexp (3E/RT)(1 3 x), (4)
dT dt

or

dx
ÄÄÄ = (A/b) exp (3E/RT)(1 3 x), (5)
dT

where b = dT/dx.

Integration of Eq. (5) gives

ln {[( E + 2RT)/T2] ln [1/(1 3 x)]} = ln ( AR/b) 3 E/RT. (6)

This equation is the Chen3Nuttall equation [4]. The
kinetic parameters of oil shale decomposition can be
determined by the Coats3Redfern graphical method
[5]. The activation energy can be determined from the
slope of the straight line plotted in the coordinates
3ln [3ln (1 3 x)/T2] vs. 1/T [3].

In this work, to evaluate the kinetic parameters of
decomposition of oil shales from the Dzhangichai
deposit, we used a combination of the above methods.
From the values ofx [Eq. (3)] for definite tempera-
tures, we calculatedE by the Coats3Redfern method.
These values ofE were substituted in Eq. (6), and the
preexponential term was determined.
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EXPERIMENTAL

The Fischer analysis was performed on a standard
installation by the ISO-647 procedure [6]. The ele-
mental analysis of the initial shales and of the tar and
residue formed from them was performed according to
[7] on an LECO CHNS-932 apparatus. The results are
listed in Table 1.

Samples of oil shales were finely divided in a
laboratory mill prior to flash pyrolysis. The fraction
with the particle size less than 0.1 mm was taken for
the experiments; it was dried in a nitrogen atmosphere
at 105oC to constant weight.

The scheme of the experimental installation for
flash pyrolysis is shown in Fig. 1. A reactor, 120 cm
high and 5 cm i.d., is made from stainless steel of
grade 316. The dosing unit is arranged in the upper
part of the reactor. The temperature of the pyrolysis
zone in the lower part of the reactor is controlled with
a digital temperature-control unit. The solid residue is
collected on the metallic filter arranged in the lower
part of the pyrolysis zone. The middle part of the
reactor was kept at 300oC for the sample preheating.
To prevent condensation of high-molecular-weight
hydrocarbons in a flow of decomposition products, the
sampling unit arranged after the pyrolysis zone was
kept at 200oC. Nickel3chromium thermocouples were
used for controlling and measuring the temperatures in
the heated zones of the reactor.

In flash pyrolysis, shale samples were placed in the
sample inlet unit. Pyrolysis was performed in a nitro-
gen flow (80 ml min31) at 450, 500, 550, 600, and
650oC. After attainment of the required temperatures
in all the heated zones, the shale sample was input
into the pyrolysis zone by turning the arm of the sam-
ple inlet unit. The reference, 0.507 vol % neopentane
in N2, was introduced at a flow rate of 20 ml min31

into the flow of products going out from the pyrolysis
zone. Samples of products leaving the reactor were
taken into evacuated glass ampules. The sampling
procedure and chromatographic analysis of the multi-
component vapor3gas mixture are described in [8].

The pyrolysis products were analyzed on a Hew-
lett3Packard HP 6890 capillary gas chromatograph
equipped with a flame-ionization detector. A 100 m0
0.25 mm capillary column was coated with methyl sil-
icone OV-1. The carrier gas was hydrogen, flow rate
25 ml min31. The detector temperature was 350oC,
and the injector temperature, 290oC. The column tem-
perature schedule was as follows:380oC, 5 min;
heating at a rate of 30 deg min31 to 330oC; 330oC,
1.5 min; heating at a rate of 25 deg min31 to 0oC;

Table 1. Elemental analysis and Fischer analysis of oil
shales
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Component ³ Content, wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ

Initial shales

Moisture ³ 2.8
Total carbon ³ 21.93
Organic carbon ³ 20.70
H ³ 2.56
N ³ 0.92
Total sulfur ³ 3.24
Organic sulfur ³ 1.2

Fischer analysis

Tar ³ 14.75
Water from decomposition ³ 2.62
Solid residue ³ 71.54
Gas + loss, including: ³ 11.09

CO ³ 3.43
CO2 ³ 14.51
CH4 ³ 45.46
C23C4 ³ 3.6

Elemental analysis of tar

C ³ 77.46
H ³ 11.31
N ³ 1.24
S ³ 1.53

Elemental analysis of residue

C ³ 17.76
H ³ 1.07
N ³ 0.86
S ³ 4.48

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

0oC, 2 min; heating at a rate of 10 deg min31 to 25oC;
25oC, 1 min; heating at a rate of 10 deg min31 to
280oC; 280oC, 3 min.

The mixture components were identified with a
computer by comparing the retention times with the
data stored in the memory.

For each temperature, we determined the weight of
the solid residue, treated it with 5 M HCl, washed
with water on a filter to neutral reaction for chloride
ions, and dried to constant weight at 105oC. The solid
residue free of mineral carbon was analyzed for C and
H on an LECO CHNS-932 apparatus [7]. The yield
of volatiles was determined as the weight loss of the
sample dry matter. The degree of decomposition of
the organic matterX (wt %) was determined by the
formula

(G1 3G2)0100
X = ÄÄÄÄÄÄÄÄÄÄÄ, (7)

G1(B/100)
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Fig. 1. Scheme of experimental installation: (1) carrier gas,
(2) sample inlet unit, (3) preheating zone, (4) pyrolysis
zone, (5) metallic filter, (6) reference (0.507 wt % neopen-
tane in N2), (7) outlet of vapor3gas mixture, (8) evacuated
glass ampule, (9) pressure gage, (10) unit for dosing the
substance to be pyrolyzed, (11) temperature measurement
and control unit, (12) temperature measurement unit, and
(13) volume measurement unit.

v, mg C min31

t, min

Fig. 2. Rate of conversion of kerogen organic carbonv as
a function of timet. Pyrolysis temperature,oC: (1) 450,
(2) 500, (3) 550, (4) 600, and (5) 650.

whereG1 is the weight of a dry shale sample, g;G2,
weight of the solid residue obtained, g; andB, organic
substance content in the shale, wt %.

Thermogravimetric study was performed with a
Netzsch apparatus in a nitrogen flow (15 ml min31)

a, wt %

T, oC

Fig. 3. Yield of hydrocarbonsa as a function of pyrolysis
temperatureT: (1) alkanes, (2) alkenes, and (3) naph-
thenes + arenes.

a, wt %

T, oC

Fig. 4. Distribution of organic carbon: (a) yield and
(T) temperature. (1) Volatiles and (2) solid residue.

in the temperature range 3031000oC at a heating rate
of 5 deg min31.

At all the temperatures studied, the products are
formed at a maximal rate (Fig. 2) within the first
minutes, after which the rate decreases, which may be
due to a decrease in the concentration of the initial
organic matter of shale and occurrence of slow reac-
tions of secondary decomposition. Integration of the
kinetic curves allowed determination of the amounts
of products that could be analyzed by our procedure.
Figure 3 shows that the major products are alkanes
and olefins. As the pyrolysis temperature is increased,
the yield of alkanes grows, the yield of alkenes passes
through a maximum at 550oC, and the amount of
naphthenes + arenes varies insignificantly.

The yield of volatiles determined as the dry matter
weight loss for each temperature was used to evaluate
the degree of decomposition of the shale organic
matter by formula (7). Figure 4 shows that, with in-
creasing pyrolysis temperature, the total yield of vola-
tiles increases, reaches a maximum at 550oC, and then
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Table 2. Characteristics of the solid residue and composition of volatiles
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Pyrolysis temperature,
³ Solid pyrolysis residue ³

Aliphatic hydrocarbons in volatiles,ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ´
oC ³ C, wt % ³ H, wt % ³ C/H atomic ratio³ wt %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
450 ³ 9.62 ³ 0.66 ³ 1.21 ³ 31.5
500 ³ 9.24 ³ 0.63 ³ 1.22 ³ 32.4
550 ³ 7.89 ³ 0.49 ³ 1.43 ³ 35.2
600 ³ 8.01 ³ 0.45 ³ 1.54 ³ 42.1
650 ³ 8.27 ³ 0.40 ³ 1.72 ³ 45.3

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

slightly decreases. At higher temperatures, the vola-
tiles get enriched in aliphatic hydrocarbons. Whereas
at 450oC aliphatic hydrocarbons make up 31.5 wt %
of volatiles, at 650oC their content reaches 45.3 wt %
(Table 2). Apparently, elevated temperatures promote
condensation, as evidenced by the C/H ratio in the
solid residue. Table 2 shows that, as the pyrolysis
temperature is increased from 450 to 650oC, the C/H
ratio increases by a factor of almost 1.5.

The TGA data (Fig. 5) show that the weight loss
occurs in four steps. Moisture is removed at 1203

200oC. The peak at 440oC is assigned to pyrolysis of
kerogen. The weight loss at 520oC is due to secondary
decomposition and condensation of the heavy fraction
of kerogen decomposition products. The weight loss
at temperatures above 650oC is due to decomposition
of the mineral matrix (primarily carbonates).

To determine the kinetic parameters, we assumed
that the decomposition occurs as a first-order reaction
with respect to the kerogen concentration. Separate
application of the Chen3Nuttall method requires set-
ting of an assumed value of the activation energy to
calculate the left part of Eq. (6), after which repeated
regression analysis is performed until the desired
accuracy of the activation energy and preexponential
term is attained. The Coats3Redfern method is sim-
ple and allows relatively accurate determination ofE.
The use ofE determined by this procedure in the
Chen3Nuttall equation eliminates the need in the re-
peated calculations.

Using the conversions calculated by Eq. (3), we
constructed the plot of3ln [3ln (1 3 x)/T2] vs. 1/T
(Fig. 6). Two linear portions with different slopes
suggest the occurrence of two different reactions in
the temperature range 3003520oC. Primary reactions
of kerogen decomposition occur at 2803380oC, and
secondary decomposition processes, at 3803520oC,
which is in good agreement with data of [235].

The activation energies of the primary (E1) and sec-

ondary (E2) reactions are 13.95 and 29.86 kJ mol31,
respectively. The calculated activation energies were
used to determine the preexponential terms for the
primary (A1) and secondary (A2) reactions by formu-
la (6): 0.21 and 4.58 min31, respectively.

The low activation energyE1 of the kerogen de-
composition suggests that the primary decomposition
reactions yielding bitumen (pyrolysis tar) and gases
involve cleavage of relatively weak chemical bonds in
the shale organic matter. The decomposition and con-
densation of primary pyrolysis products occur with a
higher activation energyE2 at temperatures above
380oC, yielding the final decomposition products.

T, oC w, mg min31

t, min

DTG

Fig. 5. Thermogravimetric analysis of shale: (T) tempera-
ture, (m) weight of residue, (w) decomposition rate, and
(t) time.

T 33 [K]
Fig. 6. Analysis of the thermogravimetric data by the com-
bined Coats3Redfern/Chen3Nuttall method. (T) Tempera-
ture.
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CONCLUSIONS

(1) A study of flash pyrolysis of oil shales from
the Dzhangichai deposit showed that, as the tempera-
ture is increased, the yield of volatile products passes
through a maximum at 550oC, with the relative con-
tent of aliphatic hydrocarbons in the volatiles grow-
ing and the yield of naphthenes and arenes varying
insignificantly.

(2) The occurrence of two consecutive decomposi-
tion reactions was revealed, and their kinetic param-
eters were determined.
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Abstract-The chemical structure of asphaltene compounds from the semicoking tar of coal belonging to the
G17 processing group was studied in detail.

Detailed data on the chemical composition of
semicoking tars formed under conditions excluding to
a maximal extent high-temperature pyrolysis furnish
information about the native structure of fragments
of coal organic matter (COM), their genetic relation-
ship with the initial biomaterial, and pathways of its
biogeochemical transformation in the course of coal
formation. Knowledge of the specific features of the
chemical structure of various COM components is
important for wide involvement of coals in production
of synthetic fuel, raw materials for organic and petro-
chemical synthesis, and metallurgical coke.

Asphaltenes (APs) are the least studied components
of tars formed by thermal degradation of coals, which
is due to relatively high molecular weight and poly-
functional composition of these compounds [137].

In this work we studied the chemical structure of
APs from the semicoking tar of G17 coal from the
Kuznetsk coal fields.

EXPERIMENTAL

Characteristics of the coal: moisture contentWd =
2.9, ash residueAc = 8.7, yield of volatilesVdaf =
36.6% of air-dry coal; elemental composition, %:
C 80.8, H 5.7, N 1.0, O 11.7, Stot 0.8. Yield of semi-
coking tar (% COM) 15.1; its chemical group compo-
sition, % of anhydrous tar: organic bases 1.15;car-
boxylic acids 0.85; phenols 18.96; hydrocarbons 32.9;
neutral oxygen-, nitrogen-, and sulfur-containing
compounds 25.11; asphaltenes 8.6; resinous sub-
stances and losses 12.43 [8].

AP characteristics: molecular weightM = 277.5;
elemental composition, %: C 77.8, H 8.2, N 2.6, O
11.4; functional composition, g-equiv mol31: phenolic

groups 0.42, quinoid groups 0.40, keto groups 0.27,
alcoholic groups 0.38, alkoxy groups 0.22, and hetero-
cyclic oxygen 0.76.

The IR spectra of APs contain bands (n, cm31) of
the following fragments: aromatic rings (303033080,
1600, 1500, 144031465), with the increased intensity
of the bands at 1600 and 1500 suggesting the presence
of fused aromatic systems; CH2 groups (stretching
modes: 2840, 2940, 2925, 2850; bending modes:
7203740, 970, 1470), with the high intensity of these
bands suggesting high content of hydrogenated rings;
phenolic hydroxyls (358033670, 114031230, 13103
1410); methoxy (2850) and quinoid (1645, 1665,
1675, 1745) groups; cyclic and naphthenic alcohols
(103031120, 126031350, 363033700); oxygen- and
nitrogen-containing heterocycles (1565, 1500, 10153

1030, 8453870, 7403800).

Emission spectrum and X-ray fluorescence analyses
revealed the following elements in the AP mineral
matter: Fe, Mg, Al, Si, Ti, Ni, Sn, Sb, V, Mn, Cr, Zn,
Zr, Pt, Rh, Ge, Ga, Hg, Pb, Na, K, Ca, Co, and Nd.

The whole set of IR, UV3Vis, emission, and X-ray
fluorescence spectroscopic data and results of elemen-
tal, quantitative functional, and structural-group anal-
yses and cryoscopic measurements allows a conclu-
sion that the APs from G17 coal semicoking tar are
a complex mixture of compounds of high molecular
weight, containing various oxygen-containing func-
tional and alkyl groups and organometallic structures.

To examine the structure of AP components in
more detail, we separated APs into two fractions:
those soluble (1) and insoluble (2) in boiling acetone.
Fraction 1 after separation from fraction 2 was cooled
to room temperature and thus was separated into frac-
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tions 1.1 and 1.2 soluble and insoluble in coldace-
tone, respectively.

By adsorption liquid chromatography on silica gel
ASKM, fraction 1.1 was separated into fractions 1.1.1,
1.1.2, and 1.1.3, eluted with benzene, acetone, and
acetic acid, respectively. Fractions 1.1.1, 1.1.2, and
2 were further separated by preparative thin-layer
chromatography (TLC) on standard Silufol plates
(200 20 cm) activated at 1053110oC, with the follow-
ing optimal eluent systems (the volume ratio is given
in parentheses): fraction 1.1.1, hexane3diethyl ether3
acetone (5 : 5 : 1); fraction 1.1.2, chloroform3hexane3
acetone (50 : 10 : 2); and fraction 2, trichloroethylene3

diethyl ether3benzene3acetone3acetic acid (3 : 3 : 3 :
2 : 1).

The AP fractions isolated by fractional dissolution
in acetone, adsorption liquid chromatography, and
preparative TLC were studied by a set of physico-
chemical methods; from the results obtained, the
molecular and hypothetical structural formulas of APs
were calculated.

Fraction 1.1 is major (78.0 wt % of the initial APs);
the amounts of its subfractions 1.1.1, 1.1.2, and 1.1.3
are, respectively, 44.2, 31.8, and 2.0 wt %. The yield
of APs insoluble in boiling acetone (fraction 2) is
19.5 wt %.

The molecular weight of AP fractions varies from
205 (1.1.1) to 398 (2). AP compounds insoluble in
boiling acetone (fraction 2) are characterized by lower
aromaticity, which is confirmed by the relative inten-
sity of the IR absorption bands (cm31) of aromatic
(303033080, 1500, 1600, 144031464) and naphthenic
(2840, 2925, 7203740, 970, 1470) rings. Fraction
1.1.2 is rich in phenolic components; the content of
alcoholic hydroxyls is maximal in fractions 2 and 1.2.
Asphaltenes insoluble in boiling acetone (fraction 2)
are characterized by the highest content of methoxy
groups and heterocyclic oxygen.

From fraction 1.1.1, we isolated 21 compounds
with the molecular weight varying from 157 to 283;
C content, from 77.7 to 86.1%, H content, from 7.1 to
12.2%, O content, from 1.9 to 14.1%; H/C ratio, from
1.05 to 1.70; and degree of aromaticity, from 0.20 to
0.60. The following functional groups are prevailing
(g-equiv mol31): quinoid (0.2031.24), keto (0.303
0.72) groups, and oxygen heterocycles (0.2531.27);
the content of naphthenic alcohols is significant.

Structures with the linear fusion type (hydrogen-
ated benzo- and dibenzofuran, benzofluorene, and
benzofluorenone derivatives) prevail in fraction 1.1.1;

also, structures linked via3CO3 groups were iden-
tified.

From fraction 1.1.2, we isolated 23 components;
their molecular weight varies from 196 to 405; C con-
tent, from 68.6 to 86.2; H content, from 6.7 to 12.8;
O content, from 1.0 to 23.3%; H/C ratio, from 1.09
to 1.78; and degree of aromaticity, from 0.15 to 0.58.
The H/C ratio and the IR data indicate that the compo-
nents of this eluate are naphthenoaromatic compounds,
and some of them are even fully hydrogenated. The
main functional groups revealed (g-equiv mol31) are
as follows: phenolic (0.3231.86), quinoid (0.1030.80),
and alcoholic (0.3131.06).

Fraction 1.1.2 consists of highly condensed com-
pounds containing mainly three or four rings, although
even components with six fused rings are detected.
The fusion is almost exclusively angular. We identi-
fied methyl homologs of perhydrophenanthrene and
octahydrophenanthrol, and also compounds with oxy-
gen and nitrogen atoms incorporated in five-membered
heterocycles of the furan and pyrrole type (in the con-
densed state), substituted with phenolic and alcoholic
groups. A distinctive feature of eluate 1.1.2 is relative-
ly low content of keto groups.

Asphaltenes insoluble in hot acetone (fraction 2)
were separated into 15 components. Their molecular
weight varies from 257 to 589; C content, from 62.5
to 77.7; H content, from 7.6 to 10.8; N + O content,
from 12.0 to 28.0%; H/C ratio, from 1.25 to 1.92; and
degree of aromaticity, from 0.07 to 0.48.

According to the results of emission spectrum and
X-ray fluorescence analyses, the metals present in the
initial APs are mainly concentrated in this fraction.
Apparently, the metals are partially incorporated in
organic complexes containing phenolic and quinoid
groups and nitrogen heterocycles.

The AP components from fraction 2 mainly consist
of fragments of two or three fused rings (aromatic,
hydrogenated, O- and N-heterocyclic), linked with
each other via3O3, 3CH23, 3CO3, and3NH3 groups.
The high molecular weight and long linear chain of
the compounds are responsible for their low solubility
in the majority of organic solvents.

To confirm the structural features of APs, we sub-
jected each fraction to pyrolysis at 800oC and 3 s
residence time of vapor in the heated zone; the AP
vapor was diluted with Ar (1 : 25). The liquid prod-
ucts were analyzed by capillary gas3liquid chromatog-
raphy.

In the liquid pyrolysis products of fraction 1.1.1,
we detected diphenyl, naphthalene, its methyl and
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dimethyl homologs, diphenylene oxide, and deriva-
tives of fluorene, benzene, quinoline, and isoqiuno-
line; pyrolysis of fraction 1.1.2 yielded naphthalene,
phenanthrene and its alkyl homologs, diphenyl, di-
benzanthracenes, benzo- and dibenzofurans, phenol,
cresols, dimethylphenols, and naphthols; pyrolysis of
fraction 2 yielded diphenyl, diphenylene oxide, and
carbazole.

These facts convincingly prove that the suggested
structural formulas are largely adequate to the major
components of the initial APs.

CONCLUSIONS

(1) A scheme was suggested for separation of
asphaltenes from G17 coal semicoking tar, involving
extraction and adsorption liquid and preparative thin-
layer chromatography. It allows isolation of a large
number of close-cut fractions.

(2) Asphaltenes contain compounds with cyclic
fragments linked via bridging groups or fused in the
linear or angular mode, including alicyclic, aromatic,
and heterocyclic fragments substituted with various
oxygen-containing functional groups and alkyl chains.
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Phase Separation of Ternary Liquid Systems
Tetradecane3Cyclohexanone3Lanthanide(III) Nitrate Solvates

with Tri- n-butyl Phosphate
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St. Petersburg State Technological Institute, St. Petersburg, Russia
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Abstract-The phase separation diagrams of ternary liquid systems tetradecane3cyclohexanone3lantha-
nide(III) nitrate solvates with tri-n-butyl phosphate {[Ln(NO3)3(TBP)3, Ln is Nd or Sm} atT = 298.15 K were
studied.

Extraction of rare-earth metals(III) (REM) with
tri-n-butyl phosphate (TBP) in hydrocarbon diluents is
widely used in industrial recovery and separation of
REM [1]. When saturating extractant with REM, the
organic phase can be separated into two phases, one of
which is enriched in Ln(NO3)3(TBP)3. This phenome-
non was thoroughly studied for actinides [2]. The
phase diagrams of the ternary systems tetradecane3

cyclohexanone3lanthanide(III) nitrate solvates with
tri-n-butyl phosphate {Ln(NO3)3(TBP)3, Ln is Nd or
Sm} were not studied by now. Such data are required
for choosing the diluent and the extractant composi-
tion ensuring homogeneity of the organic phase in
REM extraction with TBP.

The density of organic phases was determined
pycnometrically at 298.15 K. The organic components
used in our experiments were as follows: TBP dis-
tilled under vacuum (r = 0.9727 g cm33), cyclohexa-
none (r = 0.9502 g cm33), and tetradecane (r =
0.7592 g cm33). The solvates Ln(NO3)3(TBP)3 were
prepared by triple contact of TBP with Ln(III) nitrate
aqueous saturated solution [3]. The solvate concentra-
tion in the organic solutions was 1.0831.12 M (r =
1.2745+0.0012 g cm33). The binodal curves were ob-
tained by improved Alekseev’s visual technique [3].
The Ln(NO3)3(TBP)3 concentration in the organic
solutions was determined by complexometric titration
[4]. The compositions of coexisting phases were deter-
mined from the weight fraction of Ln(NO3)3(TBP)3
in the ternary phase by the technique reported in [5].
We found that, on mixing all the components of the
ternary system, the total volume differs from the sum
of volumes of the separate components by no more
than +0.2 vol %. Our experimental results were

presented as the phase diagrams (Fig. 1) built in the
form of the first Roozeboom’s triangle. The determi-
nation error of the weight fraction of the components
did not exceed+ (0.00130.002).

The phase diagrams and the data listed in the table
show that the components of the binary systems
Ln(NO3)3(TBP)33C14H30 and (CH2)5CO3C14H30
have limited mutual solubility. The Ln(NO3)3(TBP)33
C14H30 mixtures are separated into two liquid phases.
Phases I and II are enriched in C14H30 and Ln(NO3)3.
(TBP)3, respectively. The Ln(NO3)3(TBP)3 solubility
in C14H30 (weight fraction 0.081) is virtually in-
dependent of particular lanthanide. The (CH2)5CO3

C14H30 mixtures are also separated into two liquid
phases. In this case, phase I is virtually pure tetra-
decane containing less than 0.001 (wt fraction) of
cyclohexanone, and binary phase II contains C14H30
(wt fraction 0.339) and (CH2)5CO (wt fraction 0.661).

The phase diagrams of the system Ln(NO3)3 .
(TBP)33(CH2)5CO3C14H30 contain the regionB of
homogeneous solutions and the two-phase regionA.
These regions are separated by the binodal curve. The
ternary mixtures related to regionA are separated into
two liquid phases like the binary system Ln(NO3)3 .
(TBP)33C14H30.

Phase I is the solution of lanthanide
nitrate solvate in C14H30, and phase II is the equi-
librium ternary solution. The point on the binodal
curve corresponding to a solution with approximately
equal content of each component is the critical point
of the ternary system. This point is practically in-
dependent of particular lanthanide (see table).

Our results show that, in extraction of lanthanide
nitrates of the cerium group with TBP solution in
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(a)

TBP

(b)

TBP

Fig. 1. Phase diagrams of the ternary systems Ln(NO3)3(TBP)33(CH2)5CO3C14H30, Ln is (a) Nd and (b) Sm, atT = 298.15 K.
(A) Region of coexistence of two liquid phases, (B) region of homogeneous solutions, (239) points on the binodal curve, and
(5) the point on the binodal curve corresponding to the critical composition of the ternary system (ternary system containing
equal amounts of each component).

Composition of coexisting phases in the system Ln(NO3)3 .
(TBP)33(CH2)5CO3C14H30 at T = 298.15 K
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

r,
³ [Ln(NO3)3(TBP)3]³C14H30³(CH2)5CO³

Point*ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄ´
g cm33

³ wt fraction ³
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄ

Ln3Nd

1.2135³ 0.925 ³ 0.075³ 0 ³ 9
1.1552³ 0.815 ³ 0.121³ 0.064 ³ 8
0.9942³ 0.479 ³ 0.309³ 0.212 ³ 6
0.9251³ 0.244 ³ 0.355³ 0.401 ³ 4
0.8961³ 0.117 ³ 0.359³ 0.524 ³ 3
0.8754³ 0 ³ 0.340³ 0.660 ³ 2
0.7849³ 0.081 ³ 0.919³ 0 ³ 1
0.7591³ 0 ³ 1 ³ 0 ³ 10
0.9512³ 0.335 ³ 0.335³ 0.330 ³ 5
1.0542³ 0.620 ³ 0.236³ 0.144 ³ 7

Ln3Sm

1.2136³ 0.925 ³ 0.075³ 0 ³ 9
1.1499³ 0.795 ³ 0.116³ 0.089 ³ 8
0.9881³ 0.435 ³ 0.289³ 0.276 ³ 6
0.9324³ 0.255 ³ 0.334³ 0.411 ³ 4
0.8999³ 0.109 ³ 0.332³ 0.559 ³ 3
0.8754³ 0 ³ 0.339³ 0.661 ³ 2
0.7849³ 0.081 ³ 0.919³ 0 ³ 1
0.7592³ 0 ³ 1 ³ 0 ³ 10
0.9525³ 0.335 ³ 0.330³ 0.335 ³ 5
1.0396³ 0.564 ³ 0.233³ 0.203 ³ 7
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Points on the binodal curve belonging to nodes [see phase

diagrams in Fig. 1].

cyclohexanone3tetradecane mixture, the saturation
of the extractant with lanthanide nitrate results in
phase separation of the organic extract. To prevent
this negative phenomenon deteriorating extraction,
the tetradecane weight fraction in the mixed diluent
should not exceed 0.3030.35.

CONCLUSIONS

(1) Ln(NO3)3(TBP)33C14H30 mixtures are two-
phase systems. Phase I is enriched in C14H30 and
phase II, in Ln(NO3)3(TBP)3. The Ln(NO3)3(TBP)3
solubility in C14H30 is practically independent of par-
ticular lanthanide(III). Binary (CH2)5CO3C14H30
mixtures also separate into two liquid phases. Phase I
is virtually pure tetradecane containing less than
0.001 (wt fraction) of cyclohexanone, and phase II
consists of C14H30 (wt fraction 0.339) and (CH2)5CO
(wt fraction 0.661).

(2) The ternary mixtures belonging to regionA
separate into two liquid phases. Phase I is the solution
of lanthanide nitrate solvate in C14H30, and phase II is
the ternary solution containing all the components of
the system, Ln(NO3)3(TBP)33(CH2)5CO3C14H30.

(3) To prevent phase separation of the organic
extract in extraction of lanthanide nitrates with TBP
solution in the cyclohexanone3tetradecane mixture,
the tetradecane weight fraction in the mixed diluent
should not exceed 0.3030.35.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004

164 PYARTMAN et al.

REFERENCES

1. Pyartman, A.K., Kopyrin, A.A., Puzikov, E.A., and
Bogatov, K.B., Radiokhimiya, 1995, vol. 37, no. 1,
pp. 52355.

2. Nikolotova, Z.I., Ekstraktsiya neitral’nymi fosfororga-
nicheskimi soedineniyami: Aktinidy: Spravochnik
(Extraction with Neutral Organophosphorus Com-
pounds: Actinides: Handbook), Moscow: Energoatom-
izdat, 1987.

3. Ekstraktsiya neorganicheskikh veshchestv (Diagrammy
rassloeniya, raspredeleniya, vysalivaniya i razdeleniya)
(Extraction of Inorganic Compounds (Diagrams of
Phase Separation, Distribution, Salting-Out, and
Separation)), Nikolaev, A.V., Ed., Novosibirsk: Nauka,
1970.

4. Pvribil, R., Analytical Applications of EDTA and Related
Compounds, Oxford: Pergamon, 1972.

5. Treybal, R.E.,Liquid Extraction, New Uork: McGraw-
Hill, 1963.



1070-4272/04/7701-0165C2004 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 77, No. 1, 2004, pp. 1653167. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 1,
2004, pp. 1683170.
Original Russian Text CopyrightC 2004 by Morachevskii.

HISTORY OF CHEMISTRY
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND CHEMICAL TECHNOLOGY

Academician Georgii Grigor’evich Urazov
(to 120th Anniversary of His Birthday)

G.G. Urazov, one of the closest associates and
disciples of Academician N.S. Kurnakov, made a
major contribution to the development of physico-
chemical analysis of metallic systems, organization of
the domestic aluminum industry, study of natural salts
and salt equilibria, nonferrous metallurgy, and training
of specialists in chemical technology and nonferrous
metallurgy.

Georgii Grigor’evich Urazov was born on January
6 (18), 1884, in Shatoi village of the former Terskaya
oblast (North Caucasus) into the family of a physician.
He received his secondary education at Yerevan clas-
sical education gymnasium, from which he graduated
with gold medal in 1903. In the same year, having
passed a competition of school-leaving certificates,
he was admitted to the metallurgical department of
St. Petersburg Polytechnic Institute. Among those
who taught chemical sciences at that time were such
well-known scientists as N.S. Kurnakov (186031941),
N.A. Menshutkin (184231907), and V.A. Kistyakov-
skii (186531952); courses of lectures on metallurgy
were delivered by A.A. Baidakov (187031946),
M.A. Pavlov (186331958), and V.E. Grum-Grzhimailo
(186431928). The laboratory of general chemistry,
headed by Kurnakov, possessed all the necessary
equipment for study of physicochemical properties of
metallic and other systems. The laboratory comprised
three departments: thermal analysis and metal-
lography, electrical measurements and calorimetry,
physical measurements and microphotography [1].
When still being a student, Urazov commenced ex-
perimental studies of metal alloys under supervision
of S.F. Zhemchuzhnyi (187331929). In 190631908,
the results obtained in studying alloys of manganese
with copper and nickel, and of magnesium with
copper and gold, were published inZhurnal Russkogo
fiziki-khimicheskogo obshchestva (chast’ khimiche-
skaya) [Journal of Russian Physicochemical Society
(Chemistry)] andIzvestiya Sankt-Peterburgskogo poli-
tekhnicheskogo instituta(Bulletin of St. Petersburg
Polytechnic Institute). Studies of the last two systems
were presented is Urazov’s graduation thesis, which
he defended in 1909 to become engineer metallurgist.
Already the very first Urazov’s studies, which were

thoroughly carried out and produced reliable results
and rigorous conclusions, attracted the attention of
specialists. The young scientist was left to work at
the chair of general chemistry of the Polytechnic Insti-
tute and became Kurnakov’s lecture assistant in 1912.
In June 1921, the Council of Petrograd Polytechnic
Institute elected Urazov a professor of the chair of
nonferrous metallurgy. In 1914, the Department of
chemistry of the Russian Physicochemical Society
awarded the Mendeleev Prize to Urazov for his in-
vestigations of metal alloys.

Simultaneously with teaching, Urazov conducted
research at quite a number of institutions: in 19183

1920, he was a research worker at the Committee for
Analysis of Productive Forces in Russia of the Acad-
emy of Sciences; in 191931924, head of laboratory
at the Department of Industrial Surveys of the North-
ern Region; in 192431940, head of physicochemical
laboratory, and later a consultant, at the Geological
Committee; in 193131940, a consultant and head of
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a research group for chlorination of ores of nonferrous
and rare metals at the State Institute of Applied Chem-
istry. In 1918, Kurnakov initiated foundation in Petro-
grad of the Institute for Physicochemical Analysis,
which united organizationally his disciples and co-
workers who had worked at the Polytechnic and Min-
ing institutes and at the chemical laboratory of the
Academy of Sciences [2]. Urazov occupied at the new
institute the position of research worker. Later, after
the Institute of General and Inorganic Chemistry,
USSR Academy of Sciences, was organized andUra-
zov moved to Moscow, he became head of the Depart-
ment of Chemical Equilibria in 1934 and head of the
Department of Physicochemical Analysis at this insti-
tute. In June 1934, a scientific degree of doctor of
engineering was conferred on Urazov by decision of
the Higher Qualification Committee without defense
of a dissertation, and in June 1935, the Presidium of
the USSR Academy of Sciences conferred on him the
degree of doctor of chemistry. Urazov was elected
a corresponding member of the USSR Academy of
Sciences by its general meeting in January 1939, and
academician, in 1946.

From 1938 till 1957, Urazov headed the Chair of
Technology of Fine Inorganic Products at the Lomo-
nosov Institute of Fine Chemical Technology in
Moscow and organized there the training of specialists
in processing of mineral salts. During the period of
time from 1943 till 1955, Urazov also headed the
Chair of Metallurgy of Heavy Nonferrous Metals at
the Kalinin Institute of Nonferrous Metals and Gold in
Moscow.

Urazov’s scientific activities during more than
50 years were diverse and fruitful. The main areas of
his research were analyzed in [335]. The scientist’s
autobiography, published in a historical sketch by
Yu.I. Solov’ev [6], read:[All my research activities
aimed at diverse objects of study are unified and
governed by a common scientific method developed
by my teacher Kurnakov, physicochemical analysis.]

Immediately after having graduated from the Poly-
technic Institute, Urazov continued investigations of
metallic systems by studying the magnesium3cadmi-
um system. In view of the division of intermetallic
compounds into daltonides and berthollides, suggested
by Kurnakov, Urazov studied silicides, antimonides,
and sulfides of a number of metals and alloys of iron
with silicon. Kurnakov also enlisted the services of
his disciple to solution of a number of problems of
primary economic importance. As far back as 1914,
Kurnakov and Urazov published a study[Toxic Prop-
erties of Commercial Brands of Ferrosilicon,] in

which they established, using methods of physico-
chemical analysis, the causes of accidents in storage
and transportation of ferrosilicon of certain composi-
tion. On Kurnakov’s initiative, Urazov took part in
a survey of salt lakes of the Apsheron Peninsula
(Azerbaijan) to determine the possibility of obtaining
iodine from brines of these lakes. The results obtained
were reported in the article[Baku Iodine Lakes]
(1919). A number of lakes were recommended for
industrial use. Later, Urazov developed, together
with V.P. Il’inskii (188531964), an electrochemical
technique for recovery of iodine from natural water
(1919).

Urazov took an active part in chemical studies of
brines from boreholes of the Upper-Kama region,
carried out in 191631919 under Kurnakov’s supervi-
sion. After the discovery of a deposit of potassium
and magnesium salts by P.I. Preobrazhenskii (18743

1944) in 1925 [7], Urazov continued research in this
area. Based on a study of crystallization processes in
the quaternary system KCl3NaCl3MgCl23H2O, the
scientist made suggestions about the conditions of for-
mation of salt seams in deposits of this kind (1930).
Urazov was directly involved in studies of salt re-
sources in other regions of the country. He permanent-
ly paid much attention to integrated use of the Inder-
skoe deposit of borate and other salts (western Ka-
zakhstan) and the unique salt basin Kara-Bogaz-Gol
(Turkmenistan).

In 192031921, at the laboratory of general chemis-
try of Petrograd Polytechnic Institute, Urazov studied
in detail bauxites from the Tikhvin deposit and sug-
gested a method of proximate analysis on the basis of
heating curves. The results obtained in these studies
were summarized by Kurnakov and Urazov in a paper
[Chemical and Thermal Analysis of Tikhvin Bauxite
Rock] (1924). Later, Urazov and coworkers developed
procedures for recovery of alumina from high-silica
bauxites. Systematic studies carried out by the scient-
ist in this area favored the development of an industri-
al technology for processing of low-grade bauxites.

A large series of investigations by Urazov and
coworkers were concerned with quite a number of
aluminum-based alloys. Of scientific and practical im-
portance were studies of the physicochemical proper-
ties of the ternary systems aluminum3silicon3copper,
aluminum3magnesium3copper, and aluminum3sili-
con3magnesium. Of particular importance for the
development of the theory and practice of pyrometal-
lurgical processes were investigations concerned with
reactions of metals with sulfur, systems comprising
a metal and its halide, equilibria in chloride3sulfate
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systems, chlorination of ores of nonferrous and rare
metals and mattes, and studies of oxide systems,
carried out by Urazov and coworkers.

Urazov’s investigations of binary systems formed
by silver and copper with sulfur, and also of anti-
mony, initiated studies of physicochemical properties
of semiconductor compounds in our country. In com-
munications published in 191931921, specific features
of the electrical conductivity in the compounds Ag2S
and Cu2S were noted. The scientist analyzed in detail
the publications devoted to unipolar conduction in
compounds since M. Faraday (179131867) till 1918
and outlined ways to study the nature of conduction in
semiconductor compounds.

Urazov’s monographMetallurgiya nikelya(Metal-
lurgy of Nickel) ran into two editions (1931 and
1935); he wrote quite a number of articles forTekhni-
cheskaya entsiklopediya(Technical Encyclopedia) and
Bol’shaya Sovetskaya entsiklopediya(Great Soviet
Encyclopedia), spacious reviews, recollections about
his teachers, Zhemchuzhnyi and Kurnakov. The range
of Urazov’s scientific interests was exceedingly wide,
it covered numerous problems of inorganic chemistry,
halurgy, and metal science. The scientific and peda-
gogical activities of Academician Urazov were distin-
guished by a number of highest State awards.

An outstanding chemist and metallurgist, scientist

and pedagogue, Grigorii Grigor’evich Urazov died on
April 27, 1957, at the age of 73.
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Petr Grigor’evich Romankov
(to Centennial Anniversary of His Birthday)

A hundred years has elapsed since the birthday of
Petr Grigor’evich Romankov, a corresponding mem-
ber of the USSR Academy of Sciences, professor, a
remarkable person, excellent pedagogue and promi-
nent scientist, whose talent and most valuable experi-
ence had served for more than half a century the cause
of training of high-skilled specialists for domestic
science and industry. In the most important field of
the science of processes and apparatus of chemical
technology, he created the Leningrad scientific school
of chemical technologists, which successfully com-
bined in-depth theoretical investigations with their
practical implementation and became widely known
both in our country and abroad.

P.G. Romankov was born on January 17, 1904, in
the town of Eisk, into the family of an office worker.
In 1923, he finished rabfak (educational establishment
set up to prepare workers and peasants for higher
education) at Petrograd State University and entered
the chemical faculty of the Technological Institute. In
1929, Petr Grigor’evich graduated from the Leningrad
Technological Institute with diploma of engineer
chemist-technologist, rejected a tempting offer of
post-graduate studentship by Academician A.E. Porai-
Koshits, moved to Moscow, and, during the following
six years, worked at Dorogomilovskii plant first as a
shift chemist and then as a head of a designing shop,
which later became a part of Aniloob�edinenie. Simul-
taneously, Romankov commenced his pedagogical
activities at the Chemical Faculty of the Moscow
Higher Technical School (1929�1933), chair of proc-
esses and apparatus of the Mendeleev Institute of
Chemical Technology in Moscow (1929�1934), and
at the chair of aniline-dye industry of the Moscow
Institute of Chemical Machine-Building (1932�1934).

Beginning in 1934 and till the end of Romankov’s
life (1990), his active creative, scientific, and educa-
tional activities had been associated with the Lensovet
Technological Institute (now St. Petersburg State
Technological Institute�Technical University).

In 1934, Petr Grigor’evich became a postgraduate
student at the chair of processes and apparatus of
chemical technology; in 1938, he defended his candi-
date dissertation devoted to development of methods

for calculation of process modes of drying of milled
peat and continued scientific and pedagogical work
at the chair.

During the years of the Leningrad siege (1941�
1944), Romankov remained in the besieged city; a
method for vacuum drying of blood plasma was de-
veloped and manufacture of a number of preparations
necessary for those at the front line and in the city was
set up under his supervision. In 1943, teaching at the
chair was resumed and reconstruction of the first
country’s laboratory of chemical apparatus, organized
in 1936, was commenced.

In 1943, Romankov replaced professor K.F. Pavlov,
whose investigations in the field of linearity of chemi-
cal-technological functions became classical, as head
of the Chair of Processes and Apparatus of Chemical
Technology, one of the leading chairs for higher
education in chemical technology at the Technological
Institute. He headed this chair for nearly 50 years.

In 1947, Romankov defended his doctoral disserta-
tion, in which he formulated the concept of unified
kinetic patterns of chemical technology as the basis of
the modern science of processes and apparatus and
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thereby continued and developed fruitful ideas of such
his predecessors as D.I. Mendeleev, A.K. Krupskii,
D.P. Konovalov, L.F. Fokin, and K.F. Pavlov.

Since 1950, Romankov had been deputy rector for
scientific work of the Technological Institute for
30 years (1950�1980). He desired to combine the
achievements of science and technology on the basis
of modern foundations of chemical technology, fol-
lowing D.I. Mendeleev’s statement: �Education,
science, and industry make our state economically
strong.�

In 1964, Romankov was elected a corresponding
member of the USSR Academy of Sciences, and an
honorary title of Honored Scientist and Technologist
of the Russian Soviet Federative Socialist Republic
was conferred on him.

Romankov understood as the main purport of his
life to work so as to be of maximum possible benefit
to the Motherland and to enhance the prestige of the
science of processes and apparatus. Under his supervi-
sion, more than 25 doctors and 200 candidates of
science, whose investigations made an essential con-
tribution to the development of engineering chemistry
and theoretical foundations of chemical technology,
were trained. Original methods for carrying out and
calculating a number of hydromechanical, thermal,
and mass-exchange processes of drying, gas purifica-
tion, adsorption, extraction, distillation, and agitation
were developed. To problems associated with design
of high-intensity continuous apparatus for drying of
finely dispersed and paste-like materials, adsorption in
fluidized bed, separation of heterogeneous systems,
etc. were devoted more than 300 scientific publica-
tions and inventions and a number of monographs by
Romankov and coworkers: Gidromekhanicheskie pro-
tsessy khimicheskoi tekhnologii (Hydromechanical
Processes of Chemical Technology) (1982), Masso-
obmennye protsessy khimicheskoi tekhnologii (Mass-
Exchange Processes of Chemical Technology) (1990),
and Metody rascheta protsessov i apparatov khimi-
cheskoi tekhnologii (Methods for Calculation of Proc-
esses and Apparatus of Chemical Technology) (1994).

Much attention was given by Romankov to the
development of the students’ laboratory and to writing

of educational literature. In the 1950s, the students’
laboratory at the Chair of Processes and Apparatus of
the Technological Institute became a model laboratory
in the country. In 1947, the first edition of the text-
book Primery i zadachi po kursu protsessov i appara-
tov khimicheskoi tekhnologii (Examples and Problems
for the Course of Processes and Apparatus of Chemi-
cal Technology) by Pavlov, Romankov, and L.A. Nos-
kov was published. In the following 40 years, this
textbook was translated into 12 foreign languages and
ran into 10 editions of more than 300 thousand copies.
Rukovodstvo po laboratornomu praktikumu (Manual
of Laboratory Work) written by the staff members of
the chair was republished six times.

Romankov’s services in the development of inter-
national relationships of the domestic higher school
were distinguished by honorary titles and State awards
of not only our country, but also other European
countries (Bulgaria, Hungary, Poland, Czechoslo-
vakia, Yugoslavia).

Romankov liked literary work despite its labor-
intensiveness and psychological tension. He worked
actively at a journal Teoreticheskie osnovy khimiche-
skoi tekhnologii (Theoretical Foundations of Chemical
Technology), published by the Academy of Sciences
of the USSR, as deputy editor-in-chief and was a
member of the editorial board of Zhurnal prikladnoi
khimii (Russian Journal of Applied Chemistry). Begin-
ning in 1976, Petr Grigor’evich headed for more than
12 years the editorial board of Zhurnal prikladnoi
khimii, published by the Academy of Sciences of the
USSR, regularly conducted meetings of the Editorial
Board in a business-like, friendly climate of confid-
ence and mutual respect, which resulted in that any,
even conflicting situations were easily resolved.

As many talented persons, Romankov was an idea
man for his colleagues, whose opinion was highly
estimated and respected by him, and an exceedingly
obliging and good-wishing person. He belonged to the
cohort of those Russian scientists whose scientific
longevity became legendary and the scope of whose
interests seemed to be unbounded.

N. N. Smirnov and E. S. Postnikova
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Vladimir Stepanovich Shpak
(To His 95th Birthday)

On February 20, 2004, Vladimir Stepanovich
Shpak, full member of the Russian Academy of Sci-
ences, councilor of the Director general of Priklad-
naya Khimiya Russian Scientific Center, and Editor-
in-chief of Zhurnal Prikladnoi Khimii (Russian Jour-
nal of Applied Chemistry), Russian Academy of Sci-
ences, is 95.

V.S. Shpak is a prominent scientist specializing in
technical chemistry. He has initiated, organized, and
supervised large-scale investigations into new classes
of chemical compounds and fields of their application,
and the work on development of new types of tech-
nological processes for synthesizing most important
special purpose substances.

Under Shpak’s supervision, and with his direct
participation, fundamental studies have been per-
formed and numerous processes of basic organic
synthesis have been developed and put in practice
at plants of chemical and petrochemical industries.
In particular, manufacture of high-molecular-weight
amines from nitroparaffins has been organized, a new
method for synthesis of esters has been developed,
and investigations of hydrazine derivatives and other
classes of chemical compounds, such as oxidizing
agents, surfactants, and catalysts for various process-
es, have been performed. Shpak was among origina-
tors of a new, most important branch of chemical in-
dustry, specifically, the manufacture of organofluorine
compounds. His investigations of transformations
in various chemical compounds under the impact of
high energy yielded initial data for the development
of novel kinds of defense equipment.

Vladimir Stepanovich Shpak commenced his work-
ing activities in 1931, after having graduated from
the Leningrad Technological Institute as a specialist
in explosives. Till 1977, he was engaged in pedagog-
ical activities at this institute, occupying successively
the positions of an assistant, docent, and professor.
Among Shpak’s teachers was professor S.P. Vukolov
(1863�1940), one of the most prominent Russian spe-
cialists in explosives and powders, D.I. Mendeleev’s
pupil and coworker, originator and the first head of
the chair of explosives at the Leningrad Technological

Institute. During several years, Shpak was his deputy.
In 1941�1944, Shpak was evacuated, together with
the Institute, to Kazan, where he was engaged in
teaching and production activities. Shpak was deputy
director of the State Institute of Applied Chemistry
(GIPKh) for science and technology in 1948�1953
and director of this Institute in 1953�1977. Under
his supervision GIPKh became the largest country’s
chemical institute with unique technological base and
a number of branches. Shpak, together with the staff
members of the Institute headed by him, could create
a new, modern type of a research organization that
comprises a research institute, a designing office, and
a plant.
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From 1977 till 1992, Shpak was Chief chemist for
heavy organic synthesis at the Ministry of Chemical
Industry and, simultaneously, headed the Leningrad
research center for interbranch activities. He paid
much attention to preparation of suggestions, as well
as to planning and coordination of joint research
works by organizations of the Ministry of Chemical
Industry, Ministry of Fertilizers, institutes of the Rus-
sian Academy of Sciences, and higher-school institu-
tions of Leningrad. From 1992 till the present time,
Shpak has been councilor of the Director general of
Prikladnaya Khimiya Russian Scientific Center.

Shpak has always given much of his time to public
and scientific-organizational activities. From 1977
till 1992, he was vice-president of the Mendeleev
All-Union Chemical Society. At present Shpak is
chairman of the Northwestern division of the Scien-
tific Council for combustion, Russian Academy of
Sciences. With the strong sense of responsibility, so
characteristic of him, Shpak pays much attention to
coordination of R&D works in the field of combustion,
which are carried out at research organizations, high-
er-school institutions, and industrial plants of North-
western Russia. The following areas of research are
distinguished as priority issues: �Chemistry for En-
gine-making and Transportation in Russia,� �Chemis-
try for the Fuel-and-Energy Complex,� �Problem of
Hydrogen as a Fuel of the Future,� etc. Shpak contin-
ues to be most actively engaged in the activities of
the Prikladnaya Khimiya Russian Scientific Center,
being a member of its scientific and thesis councils.

For many years Shpak was a member of the Edito-
rial board of Zhurnal Prikladnoi Khimii, Russian
Academy of Sciences; from 1998 to the present day,
he has been the Editor-in-chief of the Journal.

Shpak’s scientific activities are reflected in more
than 500 papers and scientific project reports, their
scientific novelty has been confirmed by 57 Inventor’s
certificates and patents. Shpak’s pupils include more
than 30 doctors and candidates of science. In 1955,
a scientific degree of a doctor of science was conferred
on Shpak, and in 1956, he became a professor. He
was elected a corresponding member of the Academy
of Sciences of the USSR in 1968, and a full member
of the Academy, in 1981. Shpak became Honored
worker of science and technology of the Russian So-
viet Federative Socialist Republic (RSFSR) in 1968,
and Honorary chemist of the RSFSR in 1974.

For outstanding achievements in the development
of rocket engineering, making possible the human
flight to the outer space, Vladimir Stepanovich Shpak
was given a title of the Hero of Socialist Labor in
1961. His many years’ scientific, organizational, and
pedagogic activities have been honored with quite
a number of highest State awards.

The staff members of the of Prikladnaya Khimiya
Russian Scientific Center, St. Petersburg State Tech-
nological Institute, and St. Petersburg department of
Nauka Publishing House, as well as the Editorial
Board and staff members of the Editorial office of
Zhurnal Prikladnoi Khimii, congratulate Vladimir
Stepanovich on his glorious jubilee and wish him
sound health, many happy returns of the day, and
success in implementation of his always numerous
new scientific ideas.

Prikladnaya Khimiya Russian Scientific Center
St. Petersburg State Technological Institute
St. Petersburg Nauka Publishing House
Editorial Board and staff members of the
Editorial office of Zhurnal Prikladnoi Khimii
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and Its Topochemical Transition to Dihydrate in Grains
in the Presence of Copper, Cobalt, and Molybdenum Salts
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Abstract�The influence exerted by admixtures of ammonium molybdate and copper or cobalt sulfate in
humidifying solutions on the granulation of calcium sulfate hemihydrate and its topochemical transforma-
tion to calcium sulfate dihydrate in granules was studied experimentally.

Phosphogypsum is a waste formed in industrial
processing of phosphate raw materials and production
of phosphoric acid. Annually its dumps grow in the
world by millions of tons, polluting the environment.
Therefore, it is still important to develop new meth-
ods for utilization of phosphogypsum, including that
formed in manufacture of phosphoric acid by the sul-
furic acid hemihydrate method. In particular, it has
been suggested to use granulated phosphogypsum as
a land-improving agent and carrier of nutritious sub-
stances, trace elements, and biologically active mate-
rials useful for plant cultivation [1�4].

This study is concerned with the physicochemical
effects associated with introduction of biologically
active microelements [copper(II), cobalt(II), and mo-
lybdenum(VI)] into calcium sulfate hemihydrate,
which is a waste formed in manufacture of phosphoric
acid. The deficit of these microelements in soil ad-
versely affects agricultural plants. To effects of this
kind belongs the influence exerted by admixtures on
the formation of granules from a wet powder of the
hemihydrate and on the topochemical transition of
the hemihydrate to CaSO4 � 2H2O, both directly in
hemihydrate granulation and in the subsequent ripen-
ing and hardening of the grains.

By now, a certain amount of data on the mechan-
isms and kinetics of calcium sulfate hemihydrate�
dihydarate transitions has been accumulated [5�7].
These transitions underlie such practically significant
processes as, e.g., production and application of ce-
menting materials based on gypsum. However, insuf-
ficient attention has been given in the literature [8, 9]

to the dependence of the phase transition and granu-
lation parameters on the presence of admixtures. At
the same time, topical problems associated with uti-
lization of large-tonnage industrial phosphogypsum
wastes require a more detailed study of the effect of
admixtures on the phase transitions and granulation
and on the properties of the resulting grains, including
their strength. It also seems expedient to supplement
the list of admixtures to be studied, e.g., by including
biologically active microelements (copper-, cobalt-,
and molybdenum-containing compounds).

EXPERIMENTAL

The pretreatment of commercial calcium sulfate
hemihydrate (manufactured by Voskresensk plant of
mineral fertilizers) in order to produce grains contain-
ing the necessary admixtures, consisted in that hygro-
scopic water and, simultaneously, the residual amount
of phosphoric acid were removed from the initial
phosphogypsum powder by its successive treatment
with several portions of a hot solution of calcium
sulfate and with acetone. After that, acetone was re-
moved when drying a washed powder in air. This
precluded the transition of calcium sulfate hemihy-
drate to the dihydrate before granulation.

The CaSO4 � 0.5H2O powder obtained by this tech-
nique consisted of hexagonal prisms 1 to 30 �m long,
aggregated into druses 10 to 300 �m in size. The
CaSO4 � 0.5H2O powder contained (wt %): H2O 6.5�
7.0, CaO 39�40, SO3 56�57, P2O5 0.9�1.1, F 0.3�
0.4, SiO2 0.7�0.8, and R2O3 0.5�0.6. The porosity
of the powder was 65.1 � 2.1%, and that of druses,
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43.5 � 1.3%; the bulk weight of the powder was 0.95�
1.0 g cm�3. The content of copper(II) and molybde-
num(VI) in the initial hemihydrate was below the lim-
it of their detection by photometry (based on the in-
tensity of yellow coloration of phosphomolybdenum-
vanadium heteropolyacid and the blue-violet colora-
tion of copper ammonium complex, respectively).

Immediately before granulation, the washed air-dry
powder of calcium sulfate hemihydrate was wetted
with specially prepared aqueous solutions containing
admixtures of nitric and sulfuric acids (0.5�7.0%) or
copper(II) and cobalt(II) sulfates and also that of am-
monium molybdate (up to 1�5%). The amount of so-
lution used for humidifying the hemihydrate was var-
ied within the range 20�40%.

The powder and the solution were mixed in the
course of 30�60 s and then the wet stock was di-
rectly transferred to a plate-type granulator. The stain-
less steel granulator plate 250 mm in diameter had
side walls of height 75 mm. To control the growth
and abrasion of grains, the tilt angle of the plate was
varied from 20 to 40�; the rotation rate, from 50 to
80 rpm; and the granulation time, from 2 to 30 min.

After the process was complete, the resulting de-
formable grains were carefully transferred for strength-
ening (ripening in the course of formation of dihydrate
crystals) to a wet atmosphere of a desiccator filled
with water-wetted calcium sulfate dihydrate. Within
60�120 min after the beginning of the exposure in
the desiccator, grains with a strength higher than
2 kg cm�2 were transferred to vessels with aqueous
solutions identical to the humidifying solutions. The
time of full ripening of the grains was 8 to 30 h.

During the granulation and ripening, portions of
grains were taken for analysis. The amount of hygro-
scopic and crystallization water in the grains was de-
termined. The grain strength determined both by dy-
namic compacting loads in the rotating plate in the
course of stock granulation and by the topochemical
transition in the substance of the granules. For a por-
tion of grains with strength more than 2�3 kg cm�2,
the size distribution of grains and the average grain
diameter were determined.

The content of hygroscopic water in grains and pow-
ders was determined from the difference of weights
of the initial samples and those washed with acetone
and then dried to constant weight. The content of
crystallization water in air-dry powders and grains
was determined by thermogravimetry. The relative
amounts of hygroscopic and crystallization water in
the samples made it possible to examine the kinetics

of the topochemical transformation and to estimate
the degree of conversion of calcium sulfate hemihy-
drate to the dihydrate.

The grain strength was determined in relation to
the presence of admixtures in calcium sulfate from
the force required for their crushing under a uniaxial
compression. Prior to the tensometric measurements,
the surface of wet grains was dried with a filter paper.
For grains of specified size and composition, 15�20
parallel measurements were carried out.

A screen analysis was carried out for powders (ini-
tial and produced by abrasion of grains in granula-
tion), as well as for dried granules with a strength
greater than 2 kg cm�2, in order to determine the aver-
age size and particle size distribution in relation to
the presence of admixtures in calcium sulfate, humid-
ity, and nodulization conditions. Standard sets of
metallic soil sieves (0.25 to 7 mm mesh) and nylon
sieves (14 to 300 �m) were used in the screen analy-
sis. The powders and grains were also analyzed with
an MBI-14 microscope.

The experiments on granulation of wet hemihy-
drate powder have shown that the optimal stock hu-
midity W, at which granulation is possible, lies within
the range 27�35%. Changing the composition by in-
troduction of various admixtures into the humidifying
liquid virtually did not change the optimal humidity
limits. At a humidity less than 27�28% (Wmin), no
grains greater than 1 mm in diameter were formed.
At the humidity exceeding 35%, large lumps of ir-
regular shape were formed instead of spherical grains.
This is in agreement with published data on the influ-
ence exerted by the weight ratio of liquid and solid
phases on the formation and growth of grains. For
example, it was shown in [10] that there exists a rath-
er narrow range of optimal l/s values for granulation,
at which formation of spherical grains is possible.
However, the influence exerted by the composition
of the liquid phase on the range of l/s values at which
spherical grains can be formed, and on the value of
Wmin, was not analyzed. The experimental results ob-
tained in the present study show that the presence of
admixtures in amounts of several percent in the aque-
ous solutions used to humidify phosphogypsum af-
fects the value of Wmin only slightly. For example, the
lower humidity limit for the granulation was 28.0 �
0.7% at 1�5% (NH4)2MoO4 in a humidifier, Wmin =
27.0 � 0.8% at 1�5% CuSO4, and Wmin = 27.0 � 0.5%
in the presence of 2.5% H2SO4.

The value of W or the l/s ratio determines the mech-
anism by which grains are formed and the time de-
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pendence of the grain size [10]. When the stock con-
tains the minimum amount of a humidifier, which is
present only on the surface of solid particles at places
of their contact, a rather slow growth of the diameter
of granules is observed. This results from the agglom-
eration of powder particles to give protograins and
from the deposition of the powder onto the protograins
under the action of surface tension forces at the phase
boundary. If the amount of moisture is sufficient for
filling of pores in the solid phase, the agglomeration
of the initial small-sized powder particles to give
protograins and the deposition of powder particles
onto the surface of protograins mainly occur via for-
mation of a binding liquid network and under the ac-
tion of capillary forces. When the amount of the li-
quids is so large that it completely covers solid par-
ticles, adhesive fusion of small-sized grains into larg-
er ones becomes the main mechanism of fast grain
growth.

The influence exerted by the content of the liquid
phase in a stock on the variation of the grain size with
time and on the particle size distribution in granula-
tion within the optimal humidity range is described
by the equation [10]:

dt = d0 exp (�t). (1)

Here dt is the mean size of grains at stock humidity
W > Wmin for granulation time t; d0, the mean size
of the initial druses in the phosphogypsum powder;
and �, the frequency of adhesive sticking of proto-
grains or particles of a powder being granulated,
which is dependent on the stock humidity.

Taking into account the experimental dependence
of the sticking frequency on the stock humidity and
the existence of the lower humidity limit at which
grain formation becomes possible and assuming that
� = m (W � Wmin)

n, Eq. (1) can be written as

dt = d0 exp [m(W � Wmin)n t ]. (2)

Here m and n are empirical constants, which are in-
dependent of the stock humidity and account for the
properties of solid and liquid phases, e.g., surface ten-
sion parameters.

Equations (1) and (2) suggest that ln (dt /d0) de-
pends linearly on t. This assumption is confirmed by
the experimental data (Fig. 1). Indeed, the expected
linear behavior of the dependence of ln (dt /d0) on t is
observed at a short granulation time (1�8 min). In-
troduction of nitric acid into a humidifying solution,
instead of CuSO4, at the same stock humidity leads

Fig. 1. Dependence of ln (dt /d0) on time t at various com-
positions of the humidifying solution. Humidifying solu-
tion (%): (1) 0.5 H2SO4, (2) 1.0 HNO3, and (3) 2.0 CuSO4.
Stock humidity (%): (1) 33; (2) and (3) 30.

to a change in the slopes (or tan �) of straight lines in
the coordinates ln (dt /d0)�t and in the values of �.
A change in the slope is also characteristic of the case
when the humidity of the stock is raised by adding
H2SO4 solution.

The slope ratio of the straight lines can be repre-
sented as

tan �1/ tan �2 = �1/�2 = ln (dt /d0)1/ ln (dt /d0)2

= (m1/m2) [(W1 � Wmin)n/(W2 � Wmin)n ]. (3)

It is essential that, according to (3), the quantities
� and tan � should depend on the properties of solid
and liquid phases and on the stock humidity. It is also
not improbable that they may depend on the content
of impurities in the humidifier, which modify the
properties of a material being granulated, as is con-
firmed by the experimental data presented in Fig. 1
and in the table.

On the assumption that the properties of the solid
and liquid phases are predominantly reflected by the
coefficients m and n, respectively, several particular
cases follow from Eq. (1). For example, if the noduliz-
ation of one and the same solid phase, phosphogyp-
sum, is performed with two humidifiers of different

Values of ln (dt /d0) and � at different humidities W of
a stock wetted with 2.5% CoSO4 solution
����������������������������������������
W, % � W � Wmin � ln (dt /d0) � t, min � �

����������������������������������������
34 � 7 � 3.35 � 5 � 0.67
30 � 3 � 1.90 � 5 � 0.38
28 � 1 � 1.50 � 9 � 0.17

����������������������������������������
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Fig. 2. Variation of the content of crystallization water and
of the degree of phase transition in grains in the course
of ripening within time t. (W ) Humidity. Humidifying solu-
tion (%): (1) 5 H2SO4 (ripening in solution), (2) 2.5 CoSO4
(ripening in solution), (3) 5 H2SO4 (ripening in a desic-
cator), and (4) 2.5 CuSO4 (ripening in a desiccator).

Fig. 3. Change in the mechanical strength of granules
P in the course of ripening within time t. (1) H2O and
(2) 2.5% (NH4)2MoO4.

compositions, i.e. at m1 = m2 and W2 = W1 = W and
Wmin1 = Wmin2 = Wmin, then

log (tan �1 / tan �2) = (n1 � n2) log (W � Wmin). (4)

Here tan�1 and tan�2 are the slopes of the straight
lines in the coordinates ln (dt /d0)�t.

In the case when the compositions of humidifiers
and the l/s ratios are the same (W2 = W1), but the solid
phases are different, with m1 � m2, but n1 = n2, it fol-
lows that

tan �1 / tan �2 = m1 /m2. (5)

If the compositions of the humidifiers are identical,
but the l/s ratios are different, i.e., n1 = n2 (nature of
admixtures in liquid phases and their concentration are
the same), and also m1 = m2 and Wmin1 = Wmin2, but
W1 and W2 are different (W2 � W1), then

log ( tan �1 / tan �2 )

= nlog [(W1 � Wmin) / (W2 � Wmin)]. (6)

Expressions (3)� (6) can be used to estimate n or m
and to verify various hypotheses concerning the mech-
anisms of grain formation and the particle size distri-
bution. The experimental data in the table correspond
to Eq. (6) as regards the granulation conditions and
the stock composition. Consequently,

n = log (tan�1/tan�2)/log [(W1 � Wmin)/(W2 � Wmin)]. (7)

A calculation based on the data in the table and ex-
pression (7), in which each pair from the experimental
series with different degrees of humidification, yielded
the coefficients n for the 2.5% solution of cobalt sul-
fate. For example, n = 0.68 at W1 = 34 and W2 =
30%; n = 0.71 at W1 = 34 and W2 = 28%; n = 0.73
at W1 = 30 and W2 = 28%. The average value of n is
0.71. These data point to a weak dependence of n
on the stock humidity. However, this conclusion was
not confirmed by estimation of coefficients n for
the case of an (NH4)2MoO4 solution introduced into
the stock. It is necessary to note that the estimates
aimed, among other things, to determine the reliability
of the technique suggested for analysis of granulation
processes and to verify the assumptions made are ten-
tative and require a refinement with other examples.

The effect of CuSO4 and CoSO4 admixtures con-
tained in the humidifying solution also manifests itself
in the kinetics of the solid-phase transition of calcium
sulfate hemihydrate to the dihydrate, which is accom-
panied by an increase in the fraction of crystallization
water and a decrease in the rate at which this param-
eter changes within grains. (Fig. 2).

As follows from the experimental data obtained,
the nature of an admixture virtually does not affect
the rate of grain strengthening in the initial stage, in
the course of granulation, when a strength of less than
1.5�2.0 kg cm�2 is reached mainly under the action of
compacting loads in the rotating plate of the granula-
tor plate. However, admixtures of (NH4)2MoO4 nota-
bly decelerate the subsequent stage of grain strength-
ening, which results from a topochemical transition
of calcium sulfate hemihydrate to dihydrate in grains
in a moist air (Fig. 3). A similar effect has been ob-
served previously in the case of admixtures of salts of
manganese and zinc and also boron in the form of
a boric acid [11]. By contrast, the introduction of ni-
tric and sulfuric acids into solutions used to humidify
phosphogypsum accelerated the grain strengthening.
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It was shown in [5�9] that the dihydrate crystals
originate on the surface of single crystals of calcium
sulfate hemihydrate, which have the form of elongated
hexagonal or pseudo-hexagonal prisms (up to 30 �m
long) with H2O molecules contained in channels
parallel to the hexagonal axis c. Dihydrate crystals
can further grow, with the initial monoclinic crystal
system retained and a phase transition zone formed on
the periphery of the initial hemihydrate single crystal.
This zone migrates from the surface to the center.
In the process, the dihydrate crystals in grains pene-
trate through one another to form a rather strong struc-
ture. If impurity ions are sorbed on the surface of the
crystals, defects originate in the block dihydrate layer
that grows on the hemihydrate. Subsequently, these
defects are not overgrown as the phase transition
boundaries go deeper. Therefore, the dihydrate cryst-
als may be more defective and shorter in the presence
of impurity cations, compared with the case of their
absence. Accordingly, the grain strength decreases.
Impurities can also change the stability limits of the
phases of calcium sulfate hemihydrate and dihydrate.
For example, according to [8, 9], calcium sulfate di-
hydrate appears in the presence of an admixture of
a rare earth under conditions of hemihydrate stability.
The change in stability limits of calcium sulfate hemi-
hydrate and dihydrate can also affect the rate and de-
gree of the phase transition.

CONCLUSION

It was found that admixtures of molybdenum(VI),
copper(II), and cobalt(II) compounds exert influence

on the mean size of granules obtained by granulation
of humidified calcium sulfate hemihydrate, on the
kinetics of the topochemical transition of the hemi-
hydrate to the dihydrate in grains, and, accordingly,
on the kinetics of grain strengthening in the the phase
transition or on the maximum achievable strength of
the grains upon ripening.
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Abstract�The heat conductivity of porous Zr3(PO4)4, NaZr2(PO4)3, CsZr2(PO4)3, and Na5Zr(PO4)3 samples
was studied in the range 298�673 K. The heat conductivity coefficients of the zero-porosity phosphates
under study were calculated and prospects for their application were considered.

A great number of structural analogues of
NaZr2(PO4)3 (NZP) are known among inorganic ortho-
phosphates [1�3]. The extensive crystallization field
of compounds and solid solutions of the NZP struc-
tural type is determined by the broad isomorphism
in positions of cations located in voids of the 3D
skeleton of the structure and also by the possibility of
isomorphous substitutions in the octahedra and tetra-
hedra forming the skeleton [4, 5].

It is known [6, 7] that NZP phosphates have high
melting points, chemical stability, radiation hardness,
and resistance to thermal shocks of any practically
achievable intensity.

Thermal properties (heat expansion, specific heat,
and heat conductivity) largely determine the high
value of ceramic materials. A great number of publi-
cations [8�11] have been devoted to experimental
determination of the heat expansion of NZP materials,
which characterizes the relative change in the volume
or linear dimensions of a body upon a certain change
in its temperature. Analysis of the thermal coeffici-
ents of linear expansion of these materials suggests
that the behavior of an NZP structure under thermal
impact is determined by the nature, relative size, and
number of cations occupying various crystallographic
positions, by the number of vacant positions, and also
by the unit cell symmetry. A set of empirical rela-
tionships governing the heat expansion of NZP phos-
phates was suggested in [4] on the basis of a crystal-
chemical approach. These relationships make it pos-
sible to predict existence of new materials with con-
trollable, including ultralow, heat expansion at an al-
most zero expansion anisotropy.

A precise determination of the specific heat (amount
of thermal energy necessary for a certain change in
the temperature of a substance) and heat conduc-
tivity (amount of heat passing through a material at
a specified temperature gradient) is a rather labor-
consuming operation. For this reason, the data on
the specific heat and heat conductivity of represen-
tatives of the NZP family are limited to publications
[7, 12�20], and the compounds studied are few in
number. Data on the heat conductivity of ceramic ma-
terials are available for the following ceramic materials:
(Ca1 � xMgx )Zr4 (PO4)6 [18, 19], Ca0.9Li0.2Zr4(PO4)6
[19], Ca0.9Zr4.05(PO4)6 [19], and (Sr1 � xK2x)Zr4(PO4)6
[20].

There is an imbalance between the fast accumula-
tion of the information on the structure and heat ex-
pansion of NZP materials and the much slower study
of their heat conductivity and specific heat. It is
evident that the rate at which the temperature of an ar-
ticle varies during its heat treatment in the course
of its fabrication or use depends on the heat conduc-
tivity and specific heat of the material used. It is the
heat conductivity coefficient, alongside with the ther-
mal coefficients of linear and volume expansion, that
determines the heat resistance of a material. Therefore
studying the heat conductivity of NZP materials in
a wide temperature range is an topical scientific and
practical task.

The aim of this study was to examine experimen-
tally the temperature dependence of the heat con-
ductivity of porous samples of crystalline NZP phos-
phates Zr3(PO4)4, NaZr2(PO4)3, CsZr2(PO4)3, and
Na5Zr(PO4)3 in the temperature range 298�673 K, to
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Characteristics of NZP phosphates
������������������������������������������������������������������������������������

� Space � � Unit cell parameters � �X � �a �
� � ����������������������������������������������Formula � � Z � � � P, %
� group � � a, � � c, � � V, �3 � g cm�3 �

������������������������������������������������������������������������������������
Zr2.25(PO4)3 � R

�

3c � 6 � 8.825(4) � 23.09(2) � 1557 � 3.13 � 2.03 � 35
NaZr2(PO4)3 � R

�

3c � 6 � 8.801(1) � 22.77(1) � 1527 � 3.20 � 2.23 � 30
CsZr2(PO4)3 � R

�

3c � 6 � 8.576(1) � 24.91(1) � 1587 � 3.77 � 2.33 � 38
Na5Zr(PO4)3 � R32 � 6 � 9.162(9) � 22.15(2) � 1610 � 3.04 � 2.25 � 26
������������������������������������������������������������������������������������

estimate the heat conductivity coefficients of such
zero-porosity materials, to compare the data obtained
with published experimental data on high-density
NZP ceramics, and also to consider prospects for their
application on the basis of their thermal properties.
The objects of study were chosen taking into account
the availability of experimental data on the tempera-
ture dependence of their specific heat in the above-
mentioned temperature range.

EXPERIMENTAL

The compounds Zr3 (PO4 )4 [ Zr0.25 Zr2 (PO4 )3 ],
NaZr2(PO4)3, CsZr2(PO4)3, and Na5Zr(PO4)3 were
synthesized by the sol�gel method [7, 15]. For this
purpose, stoichiometric amounts of aqueous solutions
of zirconium oxychloride salts and a chloride of
an alkali metal were poured together with permanent
stirring at a temperature of about 295 K, and then
a stoichiometric amount of a solution of orthophos-
phoric acid was added slowly with stirring. The re-
sulting gel was dried at 353 K, heat treated at 873
and 1073 K with a free access of air for no less
than 24 h at each stage. The stepwise heating al-
ternated with dispersion. The maximum calcination
temperature of the phosphate CsZr2(PO4)3 was
1273 K.

The composition and structure of the resulting
phosphates were confirmed by X-ray phase and X-ray
fluorescence microprobe analyses and by IR spectros-
copy. The X-ray phase analysis (DRON-3M, CuK

�

radiation, 2� = 10�50�) and the X-ray fluorescence
microprobe analysis (Camebax analyzer with a Link
AN-10000 energy-dispersion detector) of the samples
demonstrated that they are homogenous, have nearly
theoretical compositions, and their structure is NZP-
like. The sets of interplanar spacings and unit cell
parameters of the phosphates (see table) agree with
the data in the PDF2 file. The positions and shapes of
bands in the IR spectra of the samples are similar to
those in [21] and are typical of orthophosphates.

To make samples suitable for heat conductivity
measurements, the powders synthesized were com-
pacted into cylinders. The porosity P (%) was esti-
mated using the formula P = (1 � �a /�X) �100, where
�a and �X are the apparent and X-ray densities of
a sample, respectively. These densities and the poros-
ity of the samples under study are listed in the table.

The heat conductivity of the phosphates was mea-
sured according to the technique [22] on cylindrical
samples of diameter 15.0�16.1 mm and height 2.25�
2.34 mm, using an IT-�-400 device. The inaccuracy
of the heat conductivity measurements was 8%.

The heat conductivity of the crystalline phos-
phates Zr2.25(PO4)3, NaZr2(PO4)3, CsZr2(PO4)3, and
Na5Zr(PO4)3 was determined in air in the temperature
range 298�673 K at 16 experimental points for each
sample, with a temperature step of 25 K. The tempera-
ture dependences of the heat conductivity coeffici-
ent � of the samples are shown in the figure. It is seen
that, within the entire temperature range under study,
the dependences show no features and the heat
conductivity coefficient smoothly increases with
temperature. The heat conductivities of Zr2.25(PO4)3,

Heat conductivity coefficient � of porous samples of
NZP phosphates vs. temperature T. (1) Zr2.25(PO4)3,
(2) NaZr2(PO4)3, (3) CsZr2(PO4)3, and (4) Na5Zr(PO4)3.
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NaZr2(PO4)3, and CsZr2(PO4)3 are close to each other.
Pentasodium-zirconium triphosphate has a somewhat
lower heat conductivity, mainly owing to a differ-
ent distribution of sodium ions in the crystal lattice
as compared with other phosphates under study.

The temperature dependences of the heat con-
ductivity coefficient ��T of the samples studied can
be described by the following semiempirical formulas:

�Zr2.25(PO4)3
= 0.14 + 0.00057T,

�NaZr2(PO4)3
= 0.23 + 2.58 � 10�4 T + 3.88 � 10�10 T 3,

�CsZr2(PO4)3
= 0.28 + 1.49 � 10�4 T + 4.30 � 10�10 T 3,

�Na5Zr(PO4)3
= 0.18 + 1.13 � 10�4 T + 5.29 � 10�10 T 3.

For each sample, the maximal deviation of exper-
imental points from a smoothed ��T curved did not
exceed the inaccuracy of heat conductivity mea-
surements.

The dashed line in the range 389�424 K in the
curve describing the temperature dependence of the
heat conductivity of Na5Zr(PO4)3 corresponds to
the region of a phase transition (Tpt = 406.9 K), which
is associated with a change in the position ordering
of sodium cations in voids of the structure skeleton
under the action of temperature [23] and manifests
itself in the temperature dependence of the specific
heat [15, 17]. The transition was not seen in the curve
for the heat conductivity of the sample under
study, which seems to be due to a small change in
energy in the phase transition (�ptH

0 = 4.32 kJ mol�1

[15, 17]) and to a 8% inaccuracy of the heat con-
ductivity measurements.

The porosity of a system is an important factor, in
addition to temperature, that determines its thermal
characteristics. An increase in the porosity improves
the heat-insulating properties of systems, and a de-
crease in this parameter enhances the corrosion resis-
tance of the system. To make tentative conclusions
concerning the value of high-density NZP ceramics
for heat engineering, the heat conductivity of the
samples under study at zero porosity was determined
using the formula [24]

� = �0 ��������� .
1 � Va ������0/�a + 1

1 � �0/�a

1 + 2Va �����2�0/�a + 1
1 � �0/�a

Here �, �0, and �a are the heat conductivity co-
efficients of a porous body, solid phase, and gas (air)

in pores, respectively; Va is the volume fraction of
pores in the porous body.

The calculated heat conductivity coefficients
(W m�1 K�1) at zero porosity in the range 298�673 K
are as follows: 0.6�1.1 for Zr2.25(PO4)3, 0.6�0.9 for
NaZr2(PO4)3, 0.7�1.1 for CsZr2(PO4)3, and 0.4�0.7
for Na5Zr(PO4)3.

In [18�20], densely sintered NZP ceramics (P < 5%)
were used to measure the heat conductivity. For
example, the heat conductivity of ceramics based
on Ca0.5Zr2(PO4)3 was studied in [19]. It was
found that, in the temperature range 298�873 K, the
heat conductivity coefficient of Ca0.9Li0.2Zr4(PO4)6,
Ca0.9Mg0.1Zr4(PO4)6, and Ca0.9Zr4.05(PO4)6 ceramic
samples is 1.1�1.4 W m�1 K�1. The heat conductiv-
ities of Ca0.4Mg0.1Zr2(PO4)3 and Ca0.25Mg0.25Zr2(PO4)3
ceramics, reported in [18] (� = 0.6�0.7 W m�1 K�1

at 873 K), are much lower than those obtained in [19].
The heat conductivity coefficient of the dense ce-
ramic Sr0.5(1 + x )KxZr2(PO4)3 at 298 K is 1.0 Wm�1 K�1

[20]. The published values of the heat conductiv-
ity coefficients of NZP materials under study show
a significant scatter, which is due to their chemical
and phase composition, specific features of their crys-
tal structure (valence state of ions, their distribution
in a crystal lattice, kind and quantities of defects,
and chemical bond nature) and microstructural or-
ganization (size, dispersity, and shape of grains; type
of porosity), and methodological features of mea-
surements. It is of interest that, despite this circum-
stance, NZP ceramics have a lower heat conduc-
tivity than the industrial stabilized zirconium dioxide
(1.95�2.44 W m�1 K�1 in the range 373�1673 K [25]),
which is the main ceramics-forming component of
widely used refractories for heat-resistant elements of
high-temperature furnaces.

The high melting points, low heat conductivity,
ultralow heat expansion at almost zero expansion
anisotropy, chemical stability, and radiation hardness
allow NZP ceramics to be regardered as promising
highly resistant refractories and heat insulators with
a low heat conductivity, which outperform the known
materials in their ability to withstand thermal shocks.

CONCLUSIONS

(1) The temperature dependences of the heat con-
ductivity of porous phosphates Zr3(PO4)4, NaZr2(PO4)3,
CsZr2(PO4)3, and Na5Zr(PO4)3, which crystallize in
the structural type of sodium-dizirconium triphosphate
(NZP), were studied in air in the temperature range
298�673. The temperature dependences of the heat
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conductivity can be described with semiempirical
linear and cubic equations.

(2) The calculated heat conductivity at zero
porosity are equal to 0.6�1.1 W m�1 K�1 and are close
to the heat conductivity of the known high-density
NZP ceramics.

(3) Judging from their thermal properties, NZP
ceramics are promising highly resistant refractory and
heat-insulating materials, which are capable of work-
ing under conditions of abrupt temperature changes
and high temperature gradients.
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Abstract�The main physicochemical processes that occur in film-forming solutions based on zirconium
oxochloride ZrOCl2 � 8H2O, cobalt salts CoCl2 � 6H2O and Co(NO3)2 � 6H2O, and ethanol were studied.
The intermolecular interaction in film-forming solutions was analyzed qualitatively and quantitatively.

Thin films find wide use as light-redistributing,
protective, and decorative coatings [1]. Extensive
studies intended to obtain new compositions of films,
analyze their structure and properties, and extend ap-
plication fields are being carried out in this country
and abroad [2, 3]. Particular attention is paid to com-
posite thin-film materials based on binary and ternary
systems constituted by oxides of Group-IV elements
[4, 5]. The properties of coatings of this kind are de-
termined by the properties of the constituent oxides
and their relative amounts. Films based on zirconium
dioxide are promising because of their practically
valuable properties: transparency and high refractive
index, adhesion, thermal resistance, and chemical
stability. However, the use of thin films based on zir-
conium dioxide is limited by the occurrence of poly-
morphic transformations, which affects the service
characteristics and quality of films. Introduction of
cobalt oxide into thin-film materials based on zirco-
nium dioxide makes it possible to stabilize its struc-
ture and properties and vary widely the optical char-
acteristics of the films.

This study is concerned with physicochemical
processes that occur in film-forming solutions (FFS),
qualitative and quantitative analysis of intermolecular
interactions in solution, formation of thin films of
the system ZrO2�CoO, and examination of their prop-
erties.

EXPERIMENTAL

Thin films of double oxides of zirconium and co-
balt were obtained by deposition from FFS based on

99% ethanol, zirconium oxochloride ZrOCl2 � 8H2O,
and cobalt salts CoCl2 � 6H2O or Co(NO3)2 � 6H2O.
Ethanol was preliminarily dehydrated with calcium
oxide, using the known procedure [6]. This is neces-
sary for removing excess water, since the salts used
contain crystallization water and its amount is suffi-
cient to ensure a minor degree of hydrolysis in FFS.
The excess amount of water, introduced with nonde-
hydrated ethanol, enhances the hydrolysis, with the
result that the working life of FFS becomes substan-
tially shorter and a polymer is formed rapidly. The
total concentration of the salts in the solutions was
0.4 M, the content of zirconium oxochloride was var-
ied within the range 20�100 mol %.

The processes that occur in FFS were studied using
viscometry (Ostwald viscometer), and the optical den-
sity of the solutions was measured with a KFK-2 pho-
tocolorimeter. The concentration dependence of re-
duced viscosity �sp /c of an FFS based on zirconium
oxochloride and cobalt nitrate was measured by dilut-
ing the initial FFS with ethanol, in the zirconium oxo-
chloride concentration range 0.5�3.3 g dl�1. The res-
ulting concentration dependences of �sp /c were pro-
cessed using the method described in [7, 8].

Films were obtained on glass [GOST (State Stan-
dard) III-2001] and quartz substrates by centrifugation
(rate of substrate rotation 1000�4000 rpm) and pull-
ing from solution (pulling velocity 5 mm min�1) at a
temperature of 290�300 K. A thermal treatment of the
films was done in two stages at 330 and 770�870 K.
The optical characteristics of the films were studied
on an LEF-3M laser ellipsometer and Specord-M40
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spectrophotometer; the adhesion was determined with
a PMT-3 device.

The film-forming solutions based on ZrOCl2 � 8H2O
are colorless; addition of cobalt chloride leads to ap-
pearance of a blue coloration, and that of cobalt nitrate
makes the solution blue and violet. The composition
of cobalt complexes in the FFS based on zirconi-
um(IV) oxochloride and cobalt(II) nitrate was deter-
mined using data on the varied coloration of complex
compounds of cobalt [9] and the Ostromyslenskii�
Zhoba method [10]. Figure 1 shows how the optical
density D of FFS at a wavelength of 670 nm varies
with the content of cobalt nitrate. Probably, the exis-
tence of a varied coloration of FFS is associated
with changes in the coordination of H2O molecules
and Cl� ions around a Co2+ ion, with the blue color
pointing to the presence of chloride complex anions
[CoCl4]2�, and violet color, to that of a mixed com-
plex [Co(H2O)4Cl2] [9]. It may be assumed that chlo-
ride complex species of composition [CoCl4]

2� pre-
dominate at a cobalt nitrate content in FFS lower than
33 mol %, and mixed-ligand complexes of composi-
tion [Co(H2O)4Cl2], at a higher content of cobalt ni-
trate (Fig. 1). The presence of cobalt(II)chloride com-
plex species in FFS based on zirconium oxochloride
and cobalt nitrate is accounted for by the high content
of chloride ions formed in dissociation of zirconium
oxochloride and also by the affinity of Co(II) for chlo-
ride ions.

The stability of the FFS viscosity with time is
technologically important for obtaining films with
reproducible properties. Therefore, the viscosity can
serve as a criterion of suitability of a solution for film
formation. The viscosity of FFS commonly varies
with time in three stages, which correspond to ripen-
ing, region of stable properties, and aging through
gelation and polymerization [11]. For the FFS based
on zirconium oxochloride the three stages are pre-
served; the variation of the specific viscosity of this
solution is shown in Fig. 2, curve 1. The solution rip-
ening takes 4 days, during which alcoholysis and hy-
drolysis occur, and oxozirconium(IV) ions, which
exhibit high affinity for oxygen, are bound together
by the alcohol molecules by ol (�OH) and oxol (�O�)
bonds. The film-forming capacity of alcoholic solu-
tions based on zirconium oxochloride is due to the
presence of hydroxo complex of zirconium of the
composition [Zr(OH)2(C2H5OH)x(H2O)4 � x]Cl2 [11].
Since Zr(IV) shows strong tendency toward formation
of polynuclear compounds, particle condensation oc-
curs in FFS to give more complex macromolecules,
and, consequently, the viscosity changes.

Fig. 1. Optical density D of an FFS based on zirconium
oxochloride vs. the content of cobalt nitrate, [Co(NO3)2].

Fig. 2. Specific viscosity �sp of an FFS based on zirconi-
um oxochloride and cobalt chloride vs. the storage time �.
CoCl2 content (mol %): (1) 0, (2) 50, (3) 80, and (4) 100.

Introduction of cobalt(II) chloride into an FFS
based on zirconium oxochloride in amount of up to
70 mol % has no pronounced effect on the variation
of viscosity with time (Fig. 2, curve 2). At CoCl2
content in FFS of 80 or 90%, the specific viscosity
is anomalously high, and these solutions turn into gels
already after 1.5 months (Fig. 2, curve 3). In an FFS
with 80 mol % CoCl2, there are four cobalt atoms
per zirconium atom, and, therefore, a complex tetra-
meric particle, in which each zirconium atom is bound
to four cobalt atoms, can serve as a polymerization
center [12]. The alcoholysis processes that occur in
parallel lead to formation of larger macromolecules.

The affinity of cobalt for oxygen is low, and the
probability of formation of ol and oxol bonds is con-
siderably lower as compared with zirconium. There-
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Fig. 3. Reduced viscosity of FFS, �sp /c, vs. its con-
centration c. Co(NO3)2 concentration (g dl�1): (1) 0,
(2) 10, and (3) 20.

fore, the specific viscosity is lower, too (Fig. 2, cur-
ve 4). The aging of a solution of this kind begins
after 14 months.

It should be noted that processes in FFS with zir-
conium(IV) oxochloride and cobalt(II) nitrate are sim-
ilar to those in film-forming solutions with zirconi-
um(IV) oxochloride and cobalt(IV) chloride salts.

Taking into account the fact that the FFS based on
zirconium oxochloride are polymer solutions, the ap-
proach described in [7] can be used to obtain quantita-
tive characteristics of the interaction of macromole-
cules in solution. To describe the concentration de-
pendence of the reduced viscosity �sp /c, the authors
of [7] employed a linear extrapolation equation (Hug-
gins equation)

�sp /c = [�]a + k�[�]2c (1)

and nonlinear extrapolation equations

�sp /c = a + b exp (�dc), (2)

�sp /c = a + b1 exp (�d1c) + b2 exp (�d2c), (3)

where a, bi, and di are empirical solvation coefficients,
which depend on the dipole momentum and donor and
acceptor numbers of a solvent and have a dimension-
ality of molar volume.

Various functions applicable to description of em-
pirical concentration dependences of viscosity make
it possible to determine the numerical values of the
characteristic viscosity [�].

The variation of the reduced viscosity of an FFS
based on zirconium(IV) oxochloride (Fig. 3, curve 1)
can be described using Eqs. (1)�(3). The Huggins
constants k� and the characteristic viscosities, calcu-
lated for this solution by three equations, are listed
in Table 1. The Huggins constant has an unrealistic
value (k� = �2.41), which is probably due to the pres-
ence of hydrogen bonds in solution. As indicated
by variances and correlation coefficients, Eq. (3) de-
scribes the given experimental dependence the most
precisely, and, consequently, the significant value of
the characteristic viscosity is 0.102 dl g�1. The varia-
tion of the reduced viscosity of an FFS based on zir-
conium oxochloride with addition of cobalt nitrate
(Fig. 3, curves 2 and 3) is also described more pre-
cisely by Eq. (3). The Gibbs energies of solvation
(kJ mol�1), calculated using the values of [�sp] for
the FFS under study, are listed in Table 2. The inter-
action of the forming hydroxo complex of zirconi-

Table 1. Viscometric parameters of FFS based on zirconium(IV) oxochloride
������������������������������������������������������������������������������������

Equation � �, dl g�1 � k� � Equation � �, dl g�1 � Equation � �, dl g�1

������������������������������������������������������������������������������������
(1) � 0.059 � �2.41 � (2) � 0.137 � (3) � 0.102

�������������������������������������	�����������������������	����������������������

Table 2. Effect of the composition of an FFS based on zirconium(IV) oxochloride and cobalt(II) nitrate on the visco-
metric parameters
������������������������������������������������������������������������������������

Co(NO3)2,
�

a
�

b1

�
b2

� �Ga � �Gb1
� �Gb2

�
d1

�
d2

�
[�], dl g�1� � � 
������������������������ � �

mol % � � � � kJ mol�1 � � �
������������������������������������������������������������������������������������

0 � 0.145 � �0.150 � 0.107 � 3.5 � �3.64 � 2.60 � 0.063 � 0.686 � 0.102
10 � 0.310 � �0.301 � 0.018 � 28.4 � �27.60 � 1.65 � 0.050 � 0.046 � 0.027
20 � 0.114 � �0.222 � 0.129 � 13.4 � �26.18 � 15.21 � 0.160 � 0.050 � 0.021

������������������������������������������������������������������������������������
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um(IV) with the solvent occurs by both the donor�
acceptor and ionic mechanisms. In an FFS that con-
tains only zirconium(IV) oxochloride, there are insig-
nificant electrostatic (�Ga = 3.5 kJ mol�1) and specif-
ic donor�acceptor interactions (�Gb1

= 3.61, �Gb2
=

2.60 kJ mol�1). This circumstance is accounted for
by the fact that zirconium(IV) tends to form complex
3D polymeric structures to a greater extent and has
high characteristic viscosity. Introduction of cobalt(II)
nitrate strongly affects the Gibbs energies (Table 2):
�Ga, �Gb1

, and �Gb2
increase and the characteristic

viscosity decreases, which is due to the lower ability
of cobalt(II) to form polymeric structures and to the
enhancement of intermolecular interaction forces in
solution. Thus, the film-forming capacity is character-
ized by formation of a microheterogeneous system in
the FFS, and this may affect the thickness of the films
obtained and their adhesion to a substrate.

Applying an FFS to a substrate and carrying out
a thermal treatment yields thin films of zirconium(IV)
and cobalt(II) oxides [12]. It has been established in
previous studies (X-ray phase analysis) that films with
cobalt(II) oxide content below 10 mol % are solid
solutions based on the cubic modification of zirconium
dioxide, and those with >10 mol % cobalt(II) oxide,
a mixture of zirconium(IV) and cobalt(II) oxides [5].
The physicochemical properties of the films obtained
are listed in Table 3. The tendency for zirconium to
produce 3D polymeric structures leads to formation
of thicker films. Raising the content of Co(II) oxide
yields thinner films and makes lower their adhesion to
a substrate, in agreement with the change in the struc-
ture of the hydroxo complex and the decrease in vis-
cosity. The less pronounced affinity of cobalt for oxy-
gen and the high extent of intermolecular interactions

Fig. 4. Transmission spectra of films on quartz substrates.
(�) Wavelength. (1) Quartz substrate; films obtained from
FFS with varied content of cobalt(II) nitrate (mol %):
(2) 0, (3) 20, (4) 30, and (5) 50.

Table 3. Physical properties of films obtained from FFS
based on zirconium(IV) oxochloride and cobalt(II) nitrate
(substrate, glass)
����������������������������������������

CoO, � Refractive � Film thickness � Adhesion,
mol % � index n � d, nm � kg mm2

����������������������������������������
0 � 2.1600 � 105.0 � 69.3

10 � 2.0875 � 102.5 � 56.5
20 � 2.0211 � 100.2 � 56.5
60 � 1.9907 � 80.9 � 31.0
80 � 1.8916 � 63.1 � 28.2

����������������������������������������

in solution lead to a poor adhesion of cobalt oxide
films to glass substrates.

The absorption edge of zirconium oxide films lies
at 220 nm, which allows their use as cutoff filters that
eliminate the hard UV radiation. By changing the rela-
tive amounts of zirconium and cobalt oxides, the trans-
mission coefficient of the films in the UV and in the
visible can be varied widely (Fig. 4). Introduction of
cobalt(II) oxide makes stronger the absorption not
only in the UV range, but also in the visible, with
the films remaining uniform and homogeneous. In this
case, the color of a glass substrate with a deposited
film of zirconium(IV) and cobalt(II) oxides changes
from transparent to dark brown, which makes it pos-
sible to control the intensity of sunlight, obtain coat-
ings with sun-protective effect, and adjust the spectral
composition of light sources in the UV range and in
the visible [13. 14].

Figure 5 shows how the refractive index of the films
depends on their thickness. Films of thickness 50�
100 nm have a higher refractive index. Probably, this

Fig. 5. Refractive index n of films obtained from FFS
with cobalt chloride content of 10 mol % vs. the film
thickness.
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Table 4. Influence exerted by the content of cobalt(II) chloride and nitrate on the refractive index of films obtained
from FFS based on zirconium(IV) oxochloride (substrate, glass)
������������������������������������������������������������������������������������

CoO,
� Refractive index n obtained with a salt indicated �

CoO,
� Refractive index n obtained with a salt indicated


������������������������������������ 
�����������������������������������mol %
� CoCl2 � 6H2O � Co(NO3)2 � 6H2O �

mol %
� CoCl2 � 6H2O � Co(NO3)2 � 6H2O

������������������������������������������������������������������������������������
20 � 2.075 � 2.021 � 40 � 2.025 � 1.881
30 � 2.089 � 1.950 � 50 � 1.959 � 1.930

�����������������������������������������	������������������������������������������

occurs because of the formation of a metastable cubic
modification of zirconium dioxide, which may be
due to a manifestation of a confinement effect, which
leads to stabilization of high-temperature phases in
nanosystems [15].

The choice of the starting cobalt(II) salt (chloride,
nitrate) has no effect on the chemical stability and
color of a film. However, use of cobalt(II) chloride
makes the refractive index of the films approximately
4.5% higher (Table 4), which indicates that the films
obtained have higher density. This may be due to dif-
ferent compositions of cobalt complexes in the FFS
(chloride, mixed-ligand), whose decomposition under
thermal treatment affects the structure of a forming
oxide film.

CONCLUSIONS

(1) Thin films of the system ZrO2�CoO were ob-
tained by deposition from film-forming solutions and
their physicochemical properties (refractive index,
thickness, transmission spectra, adhesion to substrate)
were determined.

(2) It was shown that the composition of the start-
ing cobalt salt (chloride, nitrate) and the film thick-
ness affect the refractive index. Films of the system
ZrO2�CoO are promising as coatings protecting bio-
logical objects from the UV radiation and as decora-
tive and sunlight-protecting coatings.
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Abstract�A continuous laboratory installation with a horizontal reactor for obtaining carbon nanofibers by
catalytic pyrolysis of methane was developed and tested. The conversion of methane at 600�C was studied
and the nanofiber output capacity of the continuous installation under the optimal conditions on a Ni�La2O3
catalyst was determined.

Carbon nanofibers and nanotubes exhibit a number
of properties which have attracted close attention of
scientists and technologists in recent years. These
materials have a developed surface and possess good
mechanical and emission characteristics, are electrical-
ly conducting, and can be used as catalyst supports,
sorbents, and components of supercapacitors and com-
posites [1, 2]. However, the application of these ma-
terials is hindered by their high cost, which is due
to the expensiveness of some preparation techniques
(e.g., spark procedure [3]) and poor development of
simpler methods. Moreover, the overwhelming ma-
jority of articles, reports, and patents devoted to syn-
thesis of carbon nanofibers and nanotubes describe
batch methods of synthesis, despite that use of con-
tinuous techniques makes it possible to diminish
dramatically the production cost [4].

The most promising in this regard are pyrolytic
methods, which can use low-cost hydrocarbons as
starting compounds and do not require high tempera-
ture [1, 2, 5]. Fluidized-bed reactors can be used for
performing the process. The fluidized-bed reactors for
catalytic pyrolysis have been created in China [6�9];
laboratory installations have been tested in the Neth-
erlands [10] and in France [11, 12]. The daily output
capacity of the Chinese reactors has been brought to
50 kg of a carbon material containing 70�80% nano-
tubes.

However, the continuous process in a fluidized
bed involves hydrodynamic limitations, since the ini-
tial particles of the catalyst are �overgrown� with the
product, markedly increase in volume, and their den-

sity changes. In the process, the bed volume increases
manyfold. The authors of designs mentioned above
partly eliminated these limitations by the �nanoagglo-
meration� method [6�9]. It remains unclear whether
or not this could ensure a truly continuous operation.
The author of [10] mentioned the difficulties encoun-
tered in developing a stable pseudo-fluidized bed in
the stage of catalyst reduction by hydrogen and car-
ried out the reduction in a fixed filter bed. Chinese
researchers also separated the process into two stages:
catalyst reduction and pyrolysis proper, which made
the procedure batch-like.

A simpler way to perform continuous pyrolytic
synthesis with considerably less pronounced hydro-
dynamic limitations (or without any limitations at
all) consists in use of horizontal tubular reactors with
a continuous motion of a bed of a solid material. Pre-
liminary calculations demonstrated that reactors of
this kind may have a relatively high output capacity
at comparatively small dimensions [13, 14].

The aim of the present study was to test a continu-
ous installation with a horizontal tubular reactor for
obtaining carbon nanofibers.

EXPERIMENTAL

Carbon fibers were synthesized by deposition of
carbon from the gas phase on a Ni�La2O3 catalyst
with Ni content of 23 wt %. The catalyst was pre-
pared from Ni(NO3)2 � 6H2O (analytically pure),
La(NO3)3 � 6H2O, and citric acid (both chemically
pure). As starting carbon-containing raw material was
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Fig. 1. Schematic of a batch installation for carbon deposi-
tion from the gas phase. (1) Electric furnace, (2) reactor,
(3) boat with catalyst, (4) thermocouple, (5) millivoltmeter,
(6) transformer, and (7) rotameters.

used town gas containing 98�99% methane and ad-
mixtures of water vapor and mercaptans. Distilled
water was used to prepare solutions and wash the
product to remove the acid.

The composition of the catalyst and methods of
its synthesis were closely similar to those described
in [15], with the only exception that the Ni : La atom-
ic ratio was taken to be 5 : 6, against 1 : 2 in [15].
The catalyst was prepared by two procedures. In the
first variant, 1.94 g of Ni(NO3)2 � 6H2O, 3.45 g of
La(NO3)3 � 6H2O, and 2.00 g of citric acid were
mixed, and the mixture was dissolved in 20 ml of
water. Water was evaporated from the solution, and
the residue was dried at 80�C. The resulting powder
was calcined in air at 700�C for 5 h to give catalyst
no. 1. The second variant of catalyst preparation con-
sisted in burning of the initial mixture. A mixture of
nitrates and citric acid was dissolved in water, with
1 ml of water taken per 1.2 g of the mixture, to give
a transparent solution. The solution was placed in
a furnace heated to 600�C. The product was extracted
15 min after the combustion was complete (catalyst
no. 2). To test the continuous reactor, 100 g of the
catalyst was synthesized by the second procedure,
with the above-mentioned reagent proportions and
modes preserved.

An installation comprising a feeding and gas-flow
controlling unit, a temperature controlling unit, and
a stainless steel reactor was used in the study (Fig. 1).
The experiment was performed by passing successive-
ly from a small batch reactor (inner diameter 28 mm,
length 200 mm) to a larger batch reactor (54 and
400 mm, respectively), and then to a continuous re-
actor (54 and 1000 mm). A Kipp generator or a cy-
linder with a nitrogen�hydrogen mixture served as
sources of hydrogen. The gas flow rate was monitored

with flow meters or rotameters. The temperature in
the reactors was monitored with a Chromel�Alumel
thermocouple connected to an MPShchPr-54 milli-
voltmeter with scale-division value of 20�C.

A quartz or ceramic boat with a weighed portion
of a catalyst prepared by the first method was placed
in batch reactors. The catalyst was reduced in a flow
of hydrogen or a nitrogen�hydrogen mixture, with
a reactor heated from 20�C to a required temperature
and kept for varied time. Then methane was fed into
the reactor and, after a prescribed time elapsed, the re-
actor was cooled in a flow of methane.

The resulting product was weighed and washed
with 10% nitric acid at 60�C for 4 h, to remove the
catalyst. The purified product was washed with dis-
tilled water to remove nitric acid. The amount of
the product formed was determined by weighing the
samples before and after an experiment.

An X-ray phase analysis was carried out on a
DRON-3M diffractometer (CuK

�

radiation, nickel fil-
ter, accelerating voltage 20 kV). The morphology and
structure of the product were studied with a JEM-
100C transmission electron microscope and Tesla
BS-340 scanning electron microscope. A derivato-
graphic analysis was performed on an MOM deriva-
tograph (Hungary) at a rate of temperature rise in the
range from 1 to 10 deg min�1. The specific surface
area of the samples was determined by the method of
thermal desorption of nitrogen.

Catalyst samples prepared using different methods
were subjected to an X-ray phase analysis. An anal-
ysis of the diffraction patterns obtained demonstrated
that sample no. 1 is composed of a phase to which
a formula LaNiO3 corresponds, with rhombohedral
crystal lattice [16]. Catalyst no. 2 contains, in addition
to the LaNiO3 phase, trace amounts of other phases.
The specific surface area of catalyst nos. 1 and 2 was
36 and 25 m2 g�1, respectively.

Experiments in the small batch reactor at a temper-
ature of 600�C and conditional linear flow velocity
of methane of 70 cm min�1 (calculated without taking
into account the thermal expansion of the gases) with
sample no. 1 of mass 0.4 g demonstrated that making
longer the process duration leads to a rise in the spe-
cific output of the solid product, with this rise ter-
minating in 20�30 min. The catalyst was preliminar-
ily reduced in a flow of the nitrogen�hydrogen mix-
ture, with the reactor heated to 600�C and kept at this
temperature for 15 min. The resulting solid product
was in the form of bent nanofibers 15�60 nm in di-
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ameter (prevalent diameter 25�35 nm), with �96%
purity. Catalyst particles were present at the ends of
nearly all the fibers. The final specific output of the
fibers was 4.6 g g�1

cat.

To determine the dependence of the specific out-
put of fibers on the catalyst bed thickness, different
weighed portions of catalyst no. 1 were distributed
uniformly over the same area and placed in the reactor
(five different samples at a time), with the sample
weight increasing or decreasing along the direction
of gas flow in the reactor. The experiment was per-
formed at a temperature of 600�C and a conditional
linear flow velocity of methane equal to 70 cm min�1

in the course of 30 min, with the catalyst preliminarily
reduced in a flow of the nitrogen�hydrogen mixture.
It was found that this dependence shows an extremum
(Fig. 2), with the run of the curve independent of the
order in which the samples studied are arranged along
the gas flow direction and the maximum reached at
a bed thickness of about 1 mm). The rise in the specif-
ic output with increasing bed thickness is presumably
due to the influence of intermediates formed in meth-
ane pyrolysis, and the decrease after reaching the max-
imum value, to hindered delivery of methane to lower
layers of the catalyst bed.

Raising the conditional linear flow velocity of meth-
ane within the range 10�30 cm min�1 at a catalyst
bed thickness of about 1 mm, temperature of 600�C,
and preliminary reduction of the catalyst in a flow of
H2 at 600�C for 20 min led to an increase in the spe-
cific output, which was as high as 8.8 g g�1

cat at a flow
velocity of 30 cm min�1. At the same time, raising
the flow rate entails a decrease in methane conversion
(Fig. 3). The optimal conditional linear flow velocity
of methane is 20 cm min�1, at which the specific out-
put is 7.0�8.4 g g�1

cat. In this case, the methane con-
version is close to 65%.

It is noteworthy that experiments without prelimi-
nary reduction of the catalyst yielded the same results.
The method used to synthesize the catalyst also affects
the specific output and the characteristics of the car-
bon product only slightly.

The results obtained for the batch reactors were
used in testing a continuous reactor (Fig. 4), in which
a counterflow motion of gaseous and solid products
was organized. The latter were moved by means of
vibration.

An output capacity of 5 g h�1 or 3.2 g g�1
cat h�1

was achieved at a temperature of 600�C, conditional
linear flow velocity of methane equal to 20 cm min�1,

Fig. 2. Specific output w of the solid product vs. catalyst
mass m. Fixed distribution area 220 mm2, T = 600�C, linear
flow velocity of methane 70 cm min�1, � = 30 min. Sample
arrangement along the direction of methane flow in the re-
actor: (1) in order of increasing catalyst bed thickness and
(2) in decreasing order.

Fig. 3. Effect of the conditional flow velocity v of methane
on pyrolysis characteristics: specific output w and methane
conversion �. � = 30 min, T = 600�C.

Fig. 4. Schematic of a continuous installation for carbon
deposition from the gas phase. (1) Electric furnace, (2) vi-
bration generator, (3) reactor, and (4) thermocouple.

catalyst bed thickness of about 1 mm, and a duration
of residence of the solid material in the working zone
of the reactor equal to 30 min. This value was 10
times that for the batch installations.

The particles of the product obtained in the con-
tinuous reactor are rounded and have sizes ranging
from 1 to 10 mm. An analysis of their micrographs
demonstrated that the particles are constituted by in-
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Fig. 5. Micrograph of nanofibers obtained on the continu-
ous installation by pyrolysis of methane on the catalyst
Ni�La2O3.

terwoven fibers with conical walls (Fig. 5). The fibers
show wide scatter in diameter, from 15 to 60 nm,
and, occasionally, even 100 nm and more. Catalyst
particles not dissolved in washing are contained with-
in some of the fibers.

The specific surface area of the fibers obtained
was 105 m2 g�1. The X-ray diffraction patterns of
the fibers show a signal corresponding to an angle
of 26.25�, which is characteristic of the interplanar
spacing d002 of multilayer carbon nanotubes and nano-
fibers, and exceeds somewhat that of graphite.

As follows from the derivatograms obtained, active
oxidation of the samples in air begins at a temper-
ature of about 450�C. The content of amorphous car-
bon and sorbed gases, which are removed at temper-
atures that are considerably lower than the combustion
onset temperature of the product, does not exceed 2%
of the original mass of a sample. The incombustible
residue, whose content is about 0.5�1.0%, is com-
posed of the catalyst undissolved in washing (nickel
particles).

CONCLUSIONS

(1) Pyrolysis of methane was studied in laboratory
horizontal tubular batch reactors at a temperature of
600�C and a conditional linear flow velocity of methane
equal to 70 cm min�1 on a fixed bed of a Ni�La2O3-
based catalyst preliminarily reduced in a flow of a ni-
trogen�hydrogen mixture. It was found that the spe-
cific output of a solid product reaches its maximum
value of 4.6 g g�1

cat in 30 min.

(2) It was established, using scanning and trans-
mission electron microscopy, that carbon is deposited

onto the catalyst in the form of nanofibers 15 to
60 nm in diameter, with conical walls. Catalyst par-
ticles are situated at fiber ends.

(3) It was found that the dependence of the specif-
ic output on the catalyst bed thickness shows an ex-
tremum, with the highest output capacity at a bed
thickness of 1 mm.

(4) It was established that raising the conditional
linear flow velocity of methane at a temperature of
600�C and catalyst bed thickness of about 1 mm leads
to an increase in the specific output of fibers, which re-
aches its maximum value at a velocity of 30 cm min�1.
In this case, the conversion of methane is 40%. The
optimal combination of the output capacity of the
catalyst and of the conversion of methane is achieved
at methane flow velocity of 20 cm min�1.

(5) The process of pyrolysis in a continuous re-
actor was tested. The maximum output capacity was
5 g h�1 or 3.2 g g�1

cat h�1.
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Abstract�The influence exerted by the particle size and the distribution of sol impurities in the initial graph-
ite, and also by pyrite additives, on the properties of residual graphite hydrosulfates synthesized by oxidation
in the CrO3�H2SO4 system was studied.

Graphite hydrosulfate compounds, which expand
under heating, are widely used in diverse areas [1�3].
Commonly, compounds of this kind are obtained by
liquid-phase chemical oxidation of natural flaked
graphite with a strong inorganic oxidant [e.g., HNO3,
CrO3, K2Cr2O7, (NH4)2S2O8, H2O2, and O3] in a con-
centrated sulfuric acid to give a graphite hydrosulfate
C+

24n � HSO4
� � mH2SO4, where n is the stage of the

graphite intercalation compound (number of graph-
ene layers between two adjacent intercalate layers).
Further, the resulting graphite hydrosulfate is com-
monly treated with water and dried [4]. The final
product is residual graphite hydrosulfate (RGH), a
compound in which the sulfuric acid molecules solvat-
ing a hydrosulfate anion in the interlayer space of
the graphite matrix are replaced with water molecules.

Data on the influence exerted by sol impurities in
the initial natural flaked graphite on the expansion
coefficient Ksw of RGH obtained from it are scarce.
In all probability, this is due to the fact that the RGH
produced is mostly intended for fabrication of flexible
sheet graphite, with thermally or chemically decalci-
fied natural flaked graphite commonly used as raw
material. Another possible reason is that a large ex-
cess of oxidant and sulfuric acid with respect to graph-
ite has been used previously to perform oxidation of
the initial graphite in RGH production. In these con-
ditions, the presence of sol impurities has virtually no
effect on the Ksw of the final product.

Recently, a number of economical high-tech meth-
ods for manufacture of RGH have been developed,
in which the consumption of reagents in production
of graphite hydrosulfate (GH) is extremely low, i.e.,

less than 100 parts (by weight) of oxidant and con-
centrated sulfuric acid per 100 parts by weight of in-
itial graphite. Such low-consumption methods have
been developed, in particular, for the intercalating
systems HNO3�H2SO4 [5] and CrO3�H2SO4 [4, 6, 7].
For the latter system, it was of interest to study the in-
fluence exerted by the particle size and ash content of
the initial natural graphites on the course of oxidation
and on the characteristics of the resulting product.

As raw material for synthesis of RGH were used
samples of GT-1 [GOST (State Standard) 4596�75],
GL-1 (GOST 5279�74), and GE-1 (GOST 7478�75)
natural flaked graphites from the Zaval’evskoe depos-
it, differing in the sieve analyses and contents of sol
impurities. The granulometric composition and ash
content of the natural graphite samples conformed to
GOST 17818.2�90 and GOST 17818.4�90, respec-
tively. A FRITSCH GMBH Analysette 3 vibration
sizing screen was used. A chemical analysis of sol
residues obtained by heating of the initial graphite
samples in air at 900�C to constant mass was done ac-
cording to GOST 2642.0-14�86. Graphite hydrosul-
fates were synthesized using a 50% aqueous solution
of chromium(IV) oxide (� = 1.501 g cm�3) and chemi-
cally pure sulfuric acid with 95.8 wt % pure substance
(� = 1.835 g cm�3).

The initial graphite and its fractions were oxidized
under the standard conditions in a cylindrical glass re-
actor equipped with a T-shaped stainless steel stirrer.
The process was performed at room temperature with-
out forced heating or cooling. The reactor was charged
with 25 g of graphite powder, the stirrer was switched
on, and 2.5 cm3 of chromium(VI) oxide aqueous solu-
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Table 1. Granulometric composition P and ash content Ad of GT-1, GE-1, and GL-1 graphite samples
������������������������������������������������������������������������������������

� GT-1 � GE-1 � GL-1
������������������������������������������������������������������������

Particle size, mm� P � Ad � P � Ad � P � Ad

������������������������������������������������������������������������
� wt %

������������������������������������������������������������������������������������
�1.000 + 0.630 � 0.10 � 5.10 � 0.00 � � � 0.00 � �

�0.630 + 0.315 � 22.10 � 5.21 � 1.90 � 6.12 � 0.80 � 6.26
�0.315 + 0.200 � 74.30 � 5.31 � 9.80 � 5.09 � 7.50 � 7.04
�0.200 + 0.160 � 3.30 � 5.30 � 15.30 � 5.29 � 20.10 � 7.75
�0.160 + 0.100 � 0.10 � 6.15 � 27.50 � 6.14 � 32.70 � 8.29
�0.100 + 0.063 � 0.05 � 8.40 � 23.90 � 8.39 � 24.70 � 11.35
�0.063 � 0.05 � 20.22 � 21.60 � 20.23 � 14.20 � 23.20
Initial graphite � � 5.68 � � 9.68 � � 10.43
������������������������������������������������������������������������������������

tion was added. After the graphite was stirred with
an aqueous solution of oxidant for 10 min, 12 cm3

of sulfuric acid was added, and the mixture was con-
tinuously stirred for 10 min more. Then, 1.5 dm3

of water was added to the oxidized graphite, and the
resulting mixture was allowed to stay for 24 h, for
hydrolysis to occur. The solid phase was filtered in
a vacuum of a water-jet pump and washed with wa-
ter to pH 5�6. The washed product was dried at 100�
110�C to moisture content not exceeding 1.0 wt %.

The influence exerted by pyrite additives in the ini-
tial graphite on the properties of the RGH obtained
were studied with natural pyrite from the Uchaly de-
posit (Ural, Russia). The pyrite fraction with 97 wt %
pure substance and 0.074 + 0.043-mm particles was
used. A weighed portion of pyrite was added to the
initial graphite, the mixture obtained was stirred for
10 min, and RGH was synthesized under the standard
conditions.

For the RGH samples synthesized, the yield and
the expansion coefficient at 500�C, Ksw

500 (cm3 g�1),
were determined. The intercalate content of the prod-
uct, mi (wt %), was calculated from the product yield
on the assumption that phase oxidation of graphite
does not occur under the synthesis conditions [8], i.e.,
the whole amount of carbon passes from the graphite
matrix into the final product.

The expansion coefficient was calculated by the fol-
lowing procedure. A weighed portion (m = 0.2�0,3 g)
of the product was introduced into a stainless steel
container, which was preliminarily installed in a muf-
fle furnace preheated to 500�C, and was kept there
for 5 min till complete expansion. The container with
the thus expanded graphite was withdrawn from the
furnace, its contents were carefully transferred to

a volumetric glass cylinder, and the volume V (cm3)
occupied by the expanded graphite was measured.
The expansion coefficient was calculated from the ex-
pression Ksw

500 = V/m as the arithmetic mean of three
parallel measurements.

The granulometric composition, content of sol
impurities, and their fractional distribution for natural
flaked graphite of the brands studied are listed in Ta-
ble 1, and the chemical composition of the ash resi-
dues in GT-1, GE-1 and GL-1 graphites, in Table 2.

The dependence of the expansion coefficient of
RGH on the average size of the initial graphite par-
ticles used for RGH synthesis is shown in Fig. 1. If
the particles of the initial graphite have the same size,
the expansion coefficients of the RGH samples syn-
thesized from different brands of natural graphites
virtually coincide. To a first approximation, two linear
portions, 0�0.2 and 0.2�0.5, can be distinguished in

Table 2. Chemical composition of sol residues in natural
flaked graphite from the Zaval’evskoe deposit
����������������������������������������

Ash
� Content in graphite, wt %
������������������������������

component
� GT-1 � GE-1 � GL-1

����������������������������������������
SiO2 � 56.60 � 56.00 � 53.80
Al2O3 � 24.00 � 22.80 � 20.80
Fe2O3 � 11.30 � 12.80 � 16.50
MgO � 3.40 � 3.30 � 3.40
CaO � 2.50 � 2.80 � 2.20
TiO2 � 0.65 � 0.72 � 0.86
P2O5 � 0.40 � 0.50 � 0.90
Na2O, K2O � 0.60 � 0.50 � 1.00
Residue � 0.55 � 0.58 � 0.54
����������������������������������������
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Fig. 1. Expansion coefficient Ksw
500 of residual graphite

hydrosulfates vs. the average particle size R of the initial
graphite used for its synthesis. Initial graphite: (1) GL-1
and (2) GE-1.

Fig. 2. Expansion coefficient Ksw
500 of residual graphite

hydrosulfates vs. the pyrite content c in its mixture with
GT-1 initial graphite.

the dependence in question, with the slope of the first
portion exceeding that of the second.

It may be assumed a priori, that, in the course of
graphite intercalation, particles of different sizes in-
teract with the intercalating solution independently.
In this case, the expansion coefficient should be an
additive quantity, i.e., the relation Ksw = � (Kswi�i )

Table 3. Experimental and calculated expansion coeffi-
cients of RGH samples synthesized from Gl-1, GE-1, and
GL-1 initial graphites and from those with the <0.063-mm
fraction removed
����������������������������������������

Graphite
� Ksw

500, cm3 g�1

������������������������
� Experimental � Calculated

����������������������������������������
Initial: � �

GL-1 � 62 � 92
GE-1 � 45 � 88

Without <0.063-mm � �
fraction � �

GL-1 � 103 � 104
GE-1 � 105 � 107

����������������������������������������

should be valid for the overall expansion coefficient
of RGH. In this relation, Kswi is the expansion coef-
ficient of the RGH sample obtained from ith graphite
fraction, and �i is its share in the graphite. Unexpec-
tedly, the additivity law is not obeyed for the GL-1
and GE-1 initial graphites. The experimental expan-
sion coefficients were found to be substantially lower
than the calculated additive values (Table 3). Succes-
sive removal of fractions from the initial graphite
showed that, when the finest fraction (particle size
less than 0.063 mm) is removed, the additivity law
is fulfilled completely, i.e., the calculated values well
coincide with the experimental data (Table 3). This
indicates that all the graphite fractions, except that
with particle size less than 0.063 mm, exhibit inde-
pendent behavior in the course of intercalation. How-
ever, the presence of this fine fraction makes smal-
ler the expansion coefficient of RGH obtained from
coarser fractions. Such a behavior of the fine fraction
may be due to the fact that its ash content exceeds
by a factor of 2�4 that in other fractions (Table 1).

Analysis of the mineral composition of sol residues
of the graphite samples studied (Table 2) suggests
that such a behavior of the fine fraction is associated
with the increased content of pyrite in it. This as-
sumption is confirmed by the high content of iron
oxide (11�16 wt % Fe2O3) in the sol residue. Pyrite
is a strong reducing agent: oxidation of 1 mol of
pyrite requires up to 6 mol of chromium(VI) oxide.
This means that, under the synthesis conditions used
in this study, virtually the whole amount of the ox-
idant may be spent for oxidation of pyrite present in
the finest graphite fraction. As a result, a considerable
amount of oxidant introduced into the reaction zone
is spent for side processes, rather than for the main
reaction of graphite intercalation. Removal of the fin-
est fraction from the initial graphite decreases the ash
content in it by 30�50 wt %. This leads to a virtually
twofold increase in the expansion coefficient (Table 3)
[9] and to fulfillment of the additive law mentioned
above.

To confirm the above argumentation concerning
the negative influence exerted by pyrite present in
the initial graphite on the formation of graphite hy-
drosulfate, a number of artificial mixtures of GT-1
graphite with a fine-grained natural pyrite were oxi-
dized. GT-1 graphite was chosen because it is virtual-
ly free of the fine fraction (Table 1).

As can be seen from the data obtained (Fig. 2),
the intercalate content in the final product and the
expansion coefficient steeply decrease as the content
of pyrite in the mixture with initial graphite grows.
On adding even about 0.5 wt % pyrite to graphite,
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the expansion coefficient of RGH decreases by ap-
proximately a factor of 2.

CONCLUSIONS

(1) In synthesis of residual graphite hydrosulfate
in the CrO3�H2SO4 system, the expansion coefficient
grows with increasing particle size of the initial graph-
ite.

(2) The sol impurities are distributed in natural
flotation graphites nonuniformly. Approximately half
of sol impurities is concentrated in particles less than
0.063 mm in size.

(3) Owing to the increased content of sol impuri-
ties, the fine graphite fraction (�0.063 mm) suppresses
the intercalation of coarser particles.

(4) Removal of particles less than 0.063 mm in
size from the initial graphite leads to an increase in
the expansion coefficient of the final product.

(5) The main mineral component of graphite,
which is responsible for the consumption of an oxi-
dant in the side reactions and for suppression of the
graphite intercalation, is pyrite. The presence of even
a minor amount of pyrite in the reaction mass results

in a sharp decrease in the expansion coefficient of
the residual graphite hydrosulfate.

ACKNOWLEDGMENTS

The authors are grateful to V.A. Sapunov for the
provision of a sample of natural pyrite.

REFERENCES

1. Inagaki, M., J. Mater. Res., 1989, vol. 4, no. 6,
pp. 1560�1568.

2. Setton, R., Synth. Met., 1989, vol. 23, nos. 1�4,
pp. 267�273, 511�524.

3. Chung, D.D.L., J. Mater. Sci., 1987, vol. 22, no. 12,
pp. 4190�4198.

4. Yaroshenko, A.P., Popov, A.F., and Shapranov, V.V.,
Zh. Prikl. Khim., 1994, vol. 67, no. 2, pp. 204�211.

5. US Patent 4 895 713.
6. Yaroshenko, A.P., and Savos’kin, M.V., Zh. Prikl.

Khim., 1995, vol. 68, no. 8, pp. 1302�1306.
7. RF Patent 2 058 261.
8. Horn, D., and Boehm, H.-P., Z. anorg. allgem. Chem.,

1979, vol. 456, no. 9, pp. 117�129.
9. Ukrainian Patent 35 711.



1070-4272/04/7702-0196 � 2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 2, 2004, pp. 196�200. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 2, 2004,
pp. 201�205.
Original Russian Text Copyright � 2004 by Krasikov, Chumarev, Sviridova, Udoeva, Timofeev, Safonov, Fedorov, Arzhatkina.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Effect of Phase Composition on Sulfuric Acid Leaching
of Tantalum-containing Alloys

S. A. Krasikov, V. M. Chumarev, M. N. Sviridova, L. Yu. Udoeva, M. V. Timofeev,
A. V. Safonov, V. D. Fedorov, and O. A. Arzhatkina

Institute of Metallurgy, Ural Division, Russian Academy of Sciences, Yekaterinburg, Russia

�All-Union Research Institute of Chemical Technology� State Unitary Enterprise, Moscow, Russia

Received July 3, 2002; in final form, September 2003

Abstract�Phase composition of iron-based tantalum�niobium alloys (Ta 2�5, Nb 3�6, Si up to 12,
C 1.4�2.4%) was studied. The kinetics of leaching of ferroalloys with H2SO4 aqueous solutions and with
mixtures of sulfuric and hydrofluoric acids was considered. The conditions of hydrochemical treatment
of the alloys, which make it possible to concentrate niobium and tantalum in the solid residue through
dissolution of up to 94% of Fe, 90% of Mn, and 70% of Si, were found.

In pyrometallurgical dressing of low-grade tanta-
lum�niobium raw materials of complex composition,
rare metals are isolated into an iron-based alloy
[1, 2]. Such alloys can be converted to chemical tan-
talum-niobium concentrates by their direct leaching
with mineral acid solutions [1]. However, the proc-
esses of acid dissolution of such alloys have been in-
sufficiently studied.

Among the known studies are those devoted to
a formal-kinetic description of leaching of a car-
bidized tantalum�niobium ferroalloy with a mix-
ture of hydrochloric and nitric acids [3] and to anal-
ysis of the phase composition of the products formed
in decomposition of niobium-containing ferrophos-
phorus with oleum [4]. According to published data,
the intensity and the order of dissolution of alloy
components strongly depend on the composition of

the metal phase, temperature, and reagent expendi-
ture.

The aim of this study was to analyze the phase
composition of silicon-containing iron-based tanta-
lum�niobium alloys and to determine the optimal
conditions of their leaching with solutions of H2SO4
and mixtures of H2SO4 and HF.

EXPERIMENTAL

The chemical composition of the alloys under study
is illustrated in Table 1. The alloys were powdered by
spraying a liquid metal with compressed air [5]. This
technique is effective in alloy preparation for hydro-
chemical treatment, because it is insensitive to mech-
anical properties of a metal (hardness and ductility)
and yields powders with grain size of 80 to 150 �m.

Table 1. Chemical composition of alloys
������������������������������������������������������������������������������������

Alloy no.
� Content, wt %
�������������������������������������������������������������������������
� Ta � Nb � W � Ti � Fe � Mn � Si � C

������������������������������������������������������������������������������������
1 � 4.8 � 3.2 � 0.7 � 1.5 � 71.3 � 3.8 � 12.0 � 1.4
2 � 5.5 � 4.9 � 0.5 � 1.5 � 70.8 � 5.2 � 6.4 � 2.4
3 � 4.0 � 3.3 � 0.4 � 0.7 � 79.7 � 3.9 � 0.7 � 2.0
4 � 2.9 � 5.6 � 0.3 � 0.6 � 59.2 � 20.3 � 4.1 � 2.0

������������������������������������������������������������������������������������
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Table 2. Results of X-ray fluorescence microprobe analysis of alloys
������������������������������������������������������������������������������������

Alloy no.
�

Phase
� Content, wt %

� ���������������������������������������������������������������
� � Ta � Nb � W � Ti � Fe � Mn � Si

������������������������������������������������������������������������������������
1 � Base � 0.1 � 1.1 � 0.5 � 0.5 � 75.3 � 4.5 � 12.7

� Carbide � 40.1 � 40.1 � 1.4 � 14.2 � 1.6 � 0.05 � <0.1
2 � Base � � � 0.9 � 0.4 � 0.1 � 75.9 � 6.0 � 6.7

� Carbide � 25.2 � 54.1 � 0.8 � 9.4 � 0.7 � 0.05 � 0.1
3 � Base � <0.1 � <0.1 � � � <0.1 � 84.6 � 1.3 � 0.8

� Carbide � 49.6 � 37.2 � � � 2.1 � <0.1 � <0.1 � 0.01
4 � Base � <0.1 � <0.1 � � � <0.1 � 58.4 � 23.6 � 5.6

� Carbide � 35.4 � 45.4 � � � 4.6 � <0.1 � <0.1 � <0.1
������������������������������������������������������������������������������������

An examination of alloy particles on a Cameca
X-ray fluorescence microanalyzer demonstrated that
the constituent elements are selectively distributed
between two phases (Table 2). The first phase (�base�)
contains mainly iron, manganese, and silicon. In
the second phase (carbide), which forms irregularly
shaped inclusions 3�25 �m in size, the total tantalum,
niobium, and tungsten constitute more than 99%.

The results of an X-ray diffraction analysis were
in agreement with the data of the X-ray fluorescence
microanalysis. According to the X-ray diffraction pat-
terns obtained on a DRON-2.0 diffractometer, iron
and manganese are contained in the samples as metals
and silicides, and niobium and tantalum, as carbides.
The revealed phase distribution of elements and
the known resistance of tantalum and niobium car-
bides to mineral acids [6] confirmed that tantalum
and niobium can be concentrated by a hydrochemical
technique in a solid residue, a carbide cake.

Alloys were leached in a fluoroplastic temperature-
controlled reactor with a mechanical stirrer and a re-
flux condenser. The stirring rate was 95 rpm. The pulp
formed in leaching was filtered, and the solid residue
was washed with water and dried. The resulting cakes
were analyzed for the content of iron, silicon, tanta-
lum, niobium, and other elements contained in the
alloys under study.

It was found in leaching of alloy no. 1 with sulfuric
acid solutions that, at a solid-to-liquid ratio s : l =
1 : 5, varying the H2SO4 concentration in the range
from 50 to 300 g l�1, leaching duration from 2 to 6 h,
and temperature from 60 to 100�C affects the dis-
solution process only slightly. The degree of leaching,
� (%), expressed as a relative change in the weight of
a solid, � = 100 (G0 � G ) /G0, does not exceed 10%,
with mainly iron dissolved. The pulps formed are

poorly filterable owing to the gelation of the silicic
acid. Addition of oxidizing agents, H2O2 or HNO3,
to the solution scarcely affects the value of �. More-
over, addition of nitric acid results in an appreciable
decrease in the concentration of iron in the solu-
tion.

Additional grinding of alloy nos. 1 and 2 in a vib-
ratory mill to a grain size of 20�40 �m made it pos-
sible to increase the degree of their leaching (concen-
tration of H2SO4 300 g l�1, s : l = 1 : 10, T = 100�C,
� = 6 h) to 20 and 50%, respectively (Fig. 1, curves 1
and 2). Under these conditions, but without additional
grinding, the degree of leaching of alloy nos. 3 and 4
was 70�80%. It should be noted that the reaction
of the alloy with the H2SO4 solution is the most in-
tensive during the first 60 min. By the end of this
period, the degree of leaching at 100�C was 9% for
alloy no. 1, 43% for alloy no. 2, and 60�70% for al-
loy nos. 3 and 4.

The temperature dependences of the leaching rate
�� /�� during the first 60 min of the process at

Fig. 1. Kinetics of leaching of tantalum�niobium ferro-
alloys in sulfuric acid solutions at 100�C. (�) Degree of
leaching and (�) time. Grain size (�m): (1, 2) 20�40,
(1*) less than 20, and (3, 4) 80�100. Digits at the curves
correspond to alloy numbers in Table 1; the same for Fig. 2.
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Table 3. Leaching of alloy no. 4 with H2SO4 solutions (T = 100�C, s : l = 1 : 10, � = 1 h)
������������������������������������������������������������������������������������
Exper- �

Grain size,
�

H2SO4,
�

�, %
� Content in solid residue, wt % � Degree of recovery into solution, %

� � � �������������������������������������������������������iment � � � � �
no. �

�m
�

g l�1
� � Fe � Mn � Fe � Mn

������������������������������������������������������������������������������������
1 � <30 � 50 � 15 � 43.2 � 16.3 � 39.4 � 32.0
2 � <30 � 150 � 60 � 27.9 � 5.3 � 81.6 � 89.6
3 � <30 � 300 � 74 � 13.3 � � � 94.3 � �

4 � 80�150 � 150 � 41 � 28.5 � � � 72.3 � �

5 � 80�150 � 300 � 60 � 13.9 � 5.7 � 90.8 � 88.8
������������������������������������������������������������������������������������

80�100�C were described using the Arrhenius equa-
tion (Fig. 2).

The apparent activation energies E* of leaching
were found to be 32.1 and 29.9 kJ mol�1 for alloy
nos. 1 and 2, respectively; and less than 15 kJ mol�1

Fig. 2. Effect of temperature T on the rate of alloy leach-
ing, �� /��.

Fig. 3. X-ray diffraction patterns of alloy no. 1 ground to
varied extent. Grain size (�m): (1) 150 (liquid-phase dis-
persion), (2) 20�40 (vibratory mill) and (3�7) <20 (plan-
etary mill). Duration of treatment in a planetary mill (min):
(3) 1, (4) 3, (5) 5, (6) 6, and (7) 9.

for alloy nos. 3 and 4. These values indicate that the
process occurs in the intermediate region, which is
typical of complex heterogeneous systems. The dif-
fusion hindrance is predominant in the case of alloy
nos. 3 and 4, and chemical resistance, which grows
with increasing silicide content [7], dominates for
alloy nos. 1 and 2.

To raise the process rate, alloy no. 4 was ground in
a vibratory mill to a particle size �30 �m, which
resulted in an increase in the degree of leaching by
14�19%. The recovery of iron and manganese into
solution was 90�94%, whereas rare metals and silicon
were concentrated in the solid residue (Table 3).

The influence exerted by the duration of mech-
anical activation on the process of leaching with sul-
furic acid solutions was studied using samples of
the most acid-resistant alloy no. 1. A significant dis-
ruption of intercrystallite bonds in an alloy treated in
a planetary mill, compared with the initial state, were
revealed by X-ray phase analysis (Fig. 3). The number
of active centers on the particle surface increases as
the duration of activation in a planetary mill is made
longer, which is manifested in the X-ray patterns as
�smoothening-out� of the peaks related to iron sili-
cides. The most pronounced changes were observed
when the particle size was reduced to 20 �m and less.
As can be seen from Fig. 1 (curve 1* ) acid treatment
of samples ground in a planetary mill for 8�12 min
results that the degree of leaching increases to 35%.

Thus, the study of sulfuric-acid leaching demon-
strated that the presence of silicon in an amount ex-
ceeding 10% prevents satisfactory dissolution of the
components of the alloy even when it is finely ground.
This hinders practical use of sulfuric leaching of alloys
with high content of silicon.

In this context, it was of interest to study the leach-
ing of alloy nos. 1 and 2 with a mixture of H2SO4
and HF. It was found that raising the concentration of
hydrofluoric acid in the mixture H2SO4 +HF does not
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Table 4. Leaching of alloy no. 1 with a mixture of sulfuric and hydrofluoric acids (T = 100�C, s : l = 1 : 10, � = 1 h)
������������������������������������������������������������������������������������
Exper-� H2SO4 � HF � � Content in solid residue, wt % � Degree of recovery into solution, %

������������������� �����������������������������������������������������iment � � �, % � �
no. � g l�1 � � Fe � Mn � Si � Fe � Mn � Si

������������������������������������������������������������������������������������
1 � 50 � 2 � 5.8 � 71.9 � � � 12.6 � 5.3 � � � 1.3
2 � 50 � 4 � 6.7 � 71.4 � � � 12.5 � 6.9 � � � 3.1
3 � 50 � 12 � 10.0 � 70.1 � 3.8 � 12.6 � 11.7 � 8.8 � 5.7
4 � 50 � 20 � 18.9 � 63.8 � � � 11.9 � 27.6 � � � 19.6
5 � 50 � 40 � 28.5 � 50.3 � 3.6 � 9.5 � 49.7 � 32.2 � 43.5
6 � 300 � 2 � 11.0 � 69.1 � 3.7 � 14.3 � 14.0 � 12.7 � 0.1
7 � 300 � 4 � 12.4 � 70.0 � 3.6 � 13.5 � 14.3 � 16.4 � 1.5
8 � 300 � 12 � 17.0 � 66.1 � 3.5 � 12.2 � 23.3 � 22.3 � 15.6
9 � 300 � 20 � 34.0 � 57.6 � � � 11.6 � 46.9 � � � 36.1

10 � 300 � 40 � 54.0 � 41.1 � 3.5 � 8.1 � 73.6 � 57.8 � 69.2
������������������������������������������������������������������������������������

Table 5. Leaching conditions of tantalum�niobium ferroalloys (T = 80�100�C)
������������������������������������������������������������������������������������
Silicon �
content �
in alloy,�

Treatment procedure

wt % �
������������������������������������������������������������������������������������
10�15 � Grinding in a planetary mill to <20 �m grain size; concentration, g l�1: 150�300 H2SO4, 20�40 HF
5�10 � Vibratory grinding to a <70 �m grain size; concentration, g l�1: 150�300 H2SO4, 5�10 HF
<5 � Dispersion of liquid alloys or crushing to <200 �m; concentration of H2SO4 150�300 g l�1

������������������������������������������������������������������������������������

intensify appreciably the leaching of ground alloys
with particle size of 20�40 �m (Fig. 4). The effect is
enhanced as the concentration of H2SO4 is raised
from 50 to 300 g l�1 (Table. 4).

Silicon passes into the liquid phase in considerable
amounts at HF concentrations of 20 g l�1 or more.
The maximum recovery of silicon into solution in
leaching of alloy no. 1 is about 70%.

As expected, the recovery of rare elements into
solution in all the experiments was not greater than
0.4%, and their content in solid residues increased
as the duration of alloy treatment was prolonged and
the concentration of acid solutions was made higher.
For example, a 6-h leaching of alloy no. 2 with a mix-
ture of H2SO4 and HF resulted in that the content of
Ta and Nb in the cakes formed was 27.4 and 23.8%,
respectively.

The conditions under which a carbide cake 3�5-
fold enriched with tantalum and niobium is obtained
are listed in Table 5.

The experimental data on leaching of alloy nos. 1,
2 in mixtures of sulfuric and hydrofluoric acids in-

dicate that the components interact in a certain order:
fluoride ions react with iron and manganese silicides
to form readily soluble compounds [8] only after re-
moval of metal iron and manganese from the alloys.
Hence, the treatment of the alloys should be started
with a H2SO4 solution only, and continued with a

Fig. 4. Degree � of leaching of alloy nos. 1 and 2 with
a mixture of H2SO4 and HF at various HF concentrations
vs. time �. H2SO4 concentration 300 g l�1. HF concentra-
tion (g l�1): (1, 4) 0, (2, 5) 5, and (3, 6) 10. Alloy:
(1�3) no. 1, and (4�6) no. 2.
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mixture of H2SO4 and HF, which should appreciably
decrease the consumption of hydrofluoric acid for
leaching of high-silica alloys.

The expenditure for leaching can be diminished
by a partial replacement of hydrofluoric acid with
fluorine-containing compounds that form complex
ions [MFx]

n� (M = Si, Fe, etc., x > 1). The exper-
iments performed in this study demonstrated that,
when H2SiF6 (10% relative to the alloy mass) is
employed as a fluorine-containing reagent, the degree
of leaching is virtually the same as in the case when
an equivalent (in terms of fluorine ions) amount of
hydrofluoric acid is used.

CONCLUSIONS

(1) The main phases of tantalum�niobium ferro-
alloys are carbides of rare metals, metallic iron and
manganese, and their silicides. Tantalum, niobium,
and tungsten constitute more than 99% in the carbide
phases, whereas the total content of other elements is
not greater than 1%.

(2) Leaching of tantalum-niobium-silicon-contain-
ing ferroalloys with sulfuric acid solutions occurs in
the outer-diffusion region. As the silicon content in an
alloy increases, its chemical resistance grows, which
is due to the higher strength of chemical bonding in
silicides.

(3) Extra grinding and addition of hydrofluoric acid
and(or) fluorine-containing reagents to a sulfuric acid

solution intensify the leaching of alloys that contain
more than 5% Si.

(4) Leaching with a mixture of sulfuric and hydro-
fluoric acids makes it possible to transfer into solution
up to 94% of iron, 90% of manganese, and 70% of
silicon and to obtain a product 3�5-fold enriched with
Ta and Nb, depending on the initial content of silicon
in the alloys.
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Abstract�Elemental, chemical, phase, and radionuclide composition of magnesium-containing slimes formed
in the electrolytic production of metallic magnesium was studied. The binding properties of the slime were
analyzed and the possibility of its use as a chloromagnesian binder was demonstrated.

One of ecological problems of large Russian indus-
trial centers is the increasing amount of nonutilizable
solid waste. Its storage and disposal have negative
ecological, economical, and social impacts on both
the environment and the human health.

Among industrial wastes of plants of nonferrous
metallurgy, magnesium-containing slimes formed in
the production of metallic magnesium are of special
interest from the viewpoint of their being involved
into further technological processing to give tech-
nical-grade products [1, 2]. The electrolytic produc-
tion of magnesium involves a two-stage dehydration
of carnallite:

KCl � MgCl2 � 6H2O = KCl � MgCl2 � 2H2O + 4H2O

(first stage, 90�C),

KCl � MgCl2 � 2H2O = KCl � MgCl2 + 2H2O

(second stage, 240�C).

When carnallite is fused and the melt is heated in
chlorinators to 750�800�C, the remaining water is
removed. In this case, MgCl2 is partly hydrolyzed to
give MgO, which is separated from the melt by set-
tling. The slime formed in the process is poured into
an ingot mold and, after cooling, stored in the form
of a monolithic stock in slime pits.

One of possible ways to utilize slime consists in its
reprocessing into a chloromagnesian binder. Inorganic

binders with magnesian type of hardening are known
[3, 4] to have good physicotechnical characteristics.
They have found wide application in the metallurgi-
cal, chemical, and refractory branches of industry.
Recently, magnesian binders have also been used to
prepare wood-mineral composite construction materi-
als [5, 6]. However, the increased sensitivity of the
technology of magnesian binders to the activity of
magnesium oxide and also the insufficient knowledge
of the mechanisms by which basic processes of mag-
nesian stone formation occur require special investi-
gations of magnesium-containing waste as a raw ma-
terial of technological origin.

This communication reports the results obtained in
chemical, X-ray, and gamma-spectrometric studies,
which make it possible to assess the prospects for
processing of slimes into powders of magnesian bind-
ers that can be used in production of composite build-
ing materials, along with caustic magnesites.

EXPERIMENTAL

The study was performed with slime samples from
a magnesium production shop (AVISMA Closed Joint-
Stock Company, Berezniki). The content of Mg, Ca,
K, Na, Cl, Fe, Si, Al, and Ba in the slime was deter-
mined quantitatively by atomic-absorption photometry,
spectrophotometry, and plasma photometry. The con-
tent of magnesium-containing compounds (MgO,
MgCl2) and alkali metal chlorides (NaCl and KCl)
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Table 1. Mass fraction of chemical compounds in slime samples under study
������������������������������������������������������������������������������������

� Chemical analysis � X-ray phase analysis
��������������������������������������������������������������������������

Sample no. � content, wt %
��������������������������������������������������������������������������
� MgO � MgCl2 � KCl � NaCl � MgO � KMgCl3 � 6H2O � NaCl

������������������������������������������������������������������������������������
1 � 1.72 � 47.36 � 18.13 � 2.73 � 0.0 � 78.2 � 5.9
2 � 35.05 � 27.28 � 10.00 � 1.72 � 31.4 � 64.7 � 3.8
3 � 56.65 � 18.10 � 6.28 � 1.08 � 72.6 � 26.1 � 1.3
4 � 42.60 � 22.46 � 16.58 � 2.05 � 63.3 � 34.6 � 2.2

������������������������������������������������������������������������������������

was found quantitatively by chemical and X-ray ana-
lyses. The phase composition of the slime was deter-
mined by X-ray phase analysis. The samples were
tested for radioactivity by gamma spectrometry on
an SEG-1P �-spectrometer. The specific effective ac-
tivity Aeff of natural radionuclides was calculated by
the formula

Aeff = ARa + 1.31ATh + 0.085AK,

where ARa, ATh, AK are the specific effective activities
of radium, thorium, and potassium, respectively.

The binding properties of the slime were studied by
the procedure recommended by GOST (State Stan-
dard) 310.3�76, and the compression strength of the
magnesian cement obtained from the slime, in accor-
dance with GOST 310.4�81. A slime with a particle
size of 100�150 �m was used in the experiments.
To prepare a magnesian paste, the slime was mixed
with water, since carnallite was contained in the slime.
The thickness of the magnesian paste was determined
with a Vicat device.

Preliminary elemental analysis demonstrated that
the slime is mainly composed of Mg, O, Cl, K,
and Na.

The main chemical compounds contained in the
slime are MgO, MgCl2, KCl, and NaCl; their total
content is 98.4 wt %. The accompanying admixtures
of Si, Fe, and Al oxides, and Ca and Ba chlorides,
constitute 4 � 10�1, 2.7 � 10�1, 9 � 10�2, 2 � 10�3,
and 4.3 � 10�4 wt %, respectively. Up to 80 wt % falls
on main magnesium-containing components (MgO,
MgCl2), which are involved in the reactions of mag-
nesian stone formation and hardening.

With account of the existing industrial technology
for casting of the slime melt, it would be expected
that the distribution of chemical compounds along
the height of an ingot being formed in the mold is
nonuniform. To verify this assumption, slime was

sampled along a vertical cross-section of its ingot,
approximately from each third of its height. Repre-
sentative samples were taken from each part of the
slime ingot in equal amounts (by mass) and carefully
averaged. The content of magnesium oxide and mag-
nesium, potassium, and sodium chlorides was deter-
mined quantitatively by chemical and X-ray phase
analyses (Table 1).

The results of chemical analysis (Table 1) point
to a nonuniform distribution of the active compo-
nents MgO and MgCl2 (main components involved
in the formation of Sorel cement) along the height
of the slime ingot formed. As the temperature of
the melt decreases, the water-soluble components
(MgCl2, KCl, and NaCl) are �salted out� in the upper
part of the slime ingot (sample no. 1). In the bottom
part of the ingot (sample no. 3), the mass fraction of
MgO is the largest. In the middle part (sample no. 2),
the chemical composition is represented by magne-
sium oxide and magnesium chloride, their content
being 35.05 and 27.28 wt %, respectively. The mass
ratio MgO : MgCl2 in this sample is 1 : 0.7, which is
close to the optimal ratio of these components in
mixing of caustic magnesite with an aqueous solution
of MgCl2 to obtain magnesian cement [7].

The use of the slime as a chloromagnesian bind-
er requires its crushing and subsequent grinding to
an apprpriate degree of dispersion. In the process,
the chemical composition will also be averaged over
the whole volume. A chemical analysis demonstrated
that the averaged slime sample (sample no. 4) con-
tains MgO and MgCl2 in a mass ratio that allows its
use as a magnesian binder and a mixing agent simul-
taneously.

An X-ray phase analysis of the slime samples not
only confirmed the nonuniform distribution of chem-
ical components along the height of a slime ingot
(Table 1), but also made it possible to determine
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Table 2. Specific activity of natural radionuclides in the slime
������������������������������������������������������������������������������������

Sam-
� Specific activity, Bq kg�1 �

Aeff, Bq kg�1
�

Sam-
� Specific activity, Bq kg�1 �

Aeff, Bq kg�1������������������������	 � ������������������������	ple
� ARa � ATh � AK � �

ple
� ARa � ATh � AK �

�����������������������������������������
������������������������������������������
1 � <10 � <15 � 4800 � 500 � 430 � 2 � <10 � <15 � 3000 � 500 � 290

������������������������������������������������������������������������������������

their phase state in the slime (Fig. 1). The samples
under study contain chemical components as three
individual phases: magnesium oxide MgO, carnallite
KMgCl3 � 6H2O, and sodium chloride NaCl. Sample
no. 1 contains carnallite hexahydrate KMgCl3 � 6H2O
(d 0.478, 0.386, 0.360, 0.332, 0.303, 0.297, 0.293,
0.239, 0.234, and 0.201 nm), anhydrous KMgCl3
(d 0.349, 0.285, 0.248, and 0.174 nm), and NaCl
(d 0.282, 0.199, and 0.163 nm) (Fig. 1, curve 1).
Sample nos. 2�4 also contain the MgO phase, as
evidenced by the diffraction lines with d 0.242, 0.211,
and 0.148 nm (Fig. 1, curves 2�4).

The contents of individual phases in the slime
samples under study are different, in good agreement
with the data of chemical analysis.

The slime was found to be nontoxic, and ecologi-
cally and radiation safe as regards its chemical and
radionuclide composition.

According to the specific effective activity of nat-
ural radionuclides (Aeff = 430 Bq kg�1) contained in
the slime, it belongs to class-II materials (Table 2,
sample 1) and can be used for manufacture of con-
struction materials suitable for industrial use and for
construction of roads in residential areas and zones of
future building.

A mixture of the slime with dispersed organic fill-
ers of vegetable origin and, in particular, with shred-
ded wood wastes (sawdust and shavings) in a mass ra-
tio of 1 : (1�0.8) (Table 2, sample 2) belongs to class-I
materials as regards the value Aeff = 290 Bq kg�1.
According to GOST 30108�94, such a mixture can be
used as a wood-mineral composite in manufacture of
materials suitable for construction of residential and
public buildings.

A study of hardening of magnesian cement showed
that the setting time of the cements depends on the
amount of water added: as the solid : liquid ratio de-
creases, the setting time becomes shorter. At the com-
monly accepted optimal ratio s : l = 1 : (0.42�0.43)
(42�43 ml of water are added per 100 g of the slime)
the initial and the final time of setting of magnesian
cement was 20 and 40 min, respectively.

The dependence of the compressive strength of
the samples under study on the amount of mixing
water is shown in Fig. 2.

The highest compressive strength after 3 and 7 days
of hardening was exhibited by samples formed from
a magnesian paste with s : l = 1 : 0.37. In this case,
the compression strength was 72.3 and 89.1 MPa,

Fig. 1. X-ray diffraction patterns of slime samples taken at
different heights of the vertical cut of an ingot. (2�) Bragg
angle. (1) Upper part, (2) middle part, (3) bottom part,
and (4) thoroughly averaged sample.

Fig. 2. Compressive strength S of the magnesian stone
formed in the slime�H2O system vs. the amount of water
added. Time of hardening (days): (1) 3 and (2) 7.
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respectively; however, the setting time of these mix-
tures was short (<5 min). At s : l = 1 : 0.43, the com-
pressive strength of the samples after 3 and 7 days of
hardening was 32.4 and 50 MPa, which is somewhat
lower than the compressive strength of the samples
formed from caustic magnesite.

The strength characteristics of the magnesian stone
obtained from the slime can be improved by adding
caustic magnesite to the chloromagnesian mixture.
Adding even minor amounts (8�10%) of a PMK-75
caustic magnesite to the slime accelerated the forma-
tion of the oxochloride phase and increased the mech-
anic strength of the magnesian stone. For example, ad-
ding 8 and 10% caustic magnesite with s : l = 1 : 0.43
raised the strength of the magnesian stone formed
after 28 days of hardening to 59.4 and 70.9 MPa, re-
spectively, in good agreement with the strength char-
acteristics of samples of caustic magnesite mixed with
a MgCl2 solution [8].

The microstructure of the solidified magnesian
stone formed from the slime is that of a dense con-
glomerate with reduced porosity.

CONCLUSIONS

(1) Magnesium-containing metallurgical wastes
formed in manufacture of metallic magnesium are
a valuable raw material of technological origin for
production of a magnesian binder.

(2) In mixing of the slime with water, hardening
occurs rather actively by the reaction of magnesium
oxide and chloride contained in the slime. However,
the resulting magnesian stone has a reduced compres-
sive strength, which can be substantially raised by
addition of caustic magnesite. Adding caustic mag-
nesite in an amount of 10% makes it possible to ob-
tain samples of a construction material with a com-
pressive strength of up to 70.9 MPa at a high harden-
ing rate.
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Abstract�The possibility of synthesizing composite sorbing materials on the basis of porous carbon powders
was studied. The sorption and porosimetric characteristics of the composites were examined.

The rapid development of sorption technologies
imposes increasingly stringent requirements upon the
properties of sorbents: adsorption selectivity, physi-
cochemical and physicomechanical characteristics.
The acute need for widely diverse and highly efficient
adsorbents becomes particularly pressing in connec-
tion with the problems of purification, concentration,
separation, and accumulation of technological gases
in modern high-output processes. The possibilities of
varying widely the required sorbent properties are
opened up by the creation of the so-called composite
sorbing materials (CSM) on the basis of highly porous
carbon powders with addition of a binder [1�3].

By distributing and binding monodisperse powders
in a certain way, in conformity with the closest-pack-
ing law, one can obtain sorbing carbon materials with
high specific pore volume of �0.5 cm3 cm�3 and nar-
row distribution of this volume over equivalent radii
[3�6].

Creating mixed sorbents on the basis of finely
ground porous powders, formed as by-products at
plants that manufacture activated carbon, and ultra-
dispersed additives makes it possible to obtain novel
CSM, which contain particles with narrow size distri-
bution, a kind of �binder,� in spaces between packed
particles of activated carbon (see scheme).

Depending on the CSM preparation conditions,
the pores of the carbon powder are 30�70%-filled
with this ultradispersed component, which determines
the volume and radius of mesopores [7].

In order to develop this concept further, the pos-
sibility of obtaining carbon sorbents with high po-
rosimetric characteristics and strength from half-prod-
ucts to be utilized and wastes formed in manufacture

of activated carbon was studied. An attempt was made
to develop technological foundations for synthesis of
microporous CSM from porous carbon (activated and
oxidized anthracite, activated salted carbon) and ul-
tradispersed powders (technical-grade carbon�carbon
black, activated carbon fiber). The choice of just these
combinations is based on the authors’ opinion that
coal must improve the strength characteristics of the
resulting formed material, and the ultradispersed pow-
der additives introduced must contribute significantly
to the development of porosity.

Table 1 lists characteristics of the starting compo-
nents used to obtain formulations. The stock for syn-
thesizing composite sorbing materials was prepared
by mixing the main components with a binder in cer-
tain mass ratios and then subjected to forming.
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Table 1. Characteristics of starting components used to
prepare the stock
����������������������������������������

�Dispersity, � Pore volume
Starting component � � for benzene,

� �m � Ws , cm3 g�1

����������������������������������������
Anthracite: � �

activated � 63�100 � 0.41
oxidized � 63�100 � 0.39

Technical-grade carbon � �50 � 0.44
(carbon black) � �
Dispersed activated fiber � �50 � 0.45
Activated salted carbon � 63�100 � 0.56
Binder � �50 � 0.016
����������������������������������������

It is known [8] that the conventional forming tech-
niques fail to satisfy the requirements to the struc-
tural homogeneity of these materials. The develop-
ment of new binders (polymeric resins) and forming
techniques open up wider opportunities for synthesis
of high-porosity materials.

High-porosity materials with uniformly distributed
pore structure were synthesized by the isostatic form-
ing method [9, 10]. This was done using a phenol-

formaldehyde resin binder whose amount in the mold-
ing powder ensured a sufficient mechanical strength
of the resulting half-finished articles.

The material formed was activated with water va-
por and/or carbon dioxide. When activating the CSM,
the method with temperature gradually raised at a rate
of 10 deg min�1 was used in order to preserve their
strength characteristics. The temperature was raised
within the range 150�850�C.

In activating the formed material, the combustion
loss during certain intervals of time was recorded,
and the sorption pore volume for benzene and meth-
anol was measured [11]. In some cases, the sorption
activity toward iodine and Methylene Blue was stud-
ied; isotherms of nitrogen adsorption were measured,
with the corresponding specific surface area evalu-
ated on a Quantochrome Autosorb Automated Gas
Adsorption System instrument (USA); adsorption of
methane under elevated pressure and its subsequent
desorption on relieving the pressure to its atmospheric
value were carried out on a volumetric installation.

The variation of the texture characteristics and
sorption properties of the composites in the course
of their activation is illustrated by Table 2.

Table 2. Variation of texture characteristics and sorption properties of composites in the course of activation
������������������������������������������������������������������������������������

� Acti- � � Com- � Sorption pore volume � Sorption � Specific surface
Com- � vating �

�, h � bustion � Ws, cm3 g�1 � activity � area Ssp for N2,� � � �������������������������������������������posite
� gas � � loss, % � for C6H6 � for CH3OH � for MB mg g�1 � for I2, % � m2 g�1

������������������������������������������������������������������������������������
KSM-1 � H2O � 0.5 � 37 � 0.49 � 0.48 � � �

� H2O � 1.0 � 53 � 0.56 � 0.61 � 68 � 66 � 854
KSM-2 � H2O � 0.5 � 27.5 � 0.38 � 0.37 � � �

� H2O � 1.0 � 42 � 0.47 � 0.45 � 60 � 62 � 756
KSM-3 � H2O � 0.5 � 14.7 � 0.57 � 0.53 � � �

� H2O � 0.85 � 25.2 � 0.59 � 0.59 � � �
� H2O � 1.0 � 35.4 � 0.60 � 0.61 � 118 � 68 � 942
� CO2 � 0.5 � 50.1 � 0.68 � 0.7 � 78 � 76 � 874

KSM-4 � H2O � 0.66 � 54.5 � 0.67 � 0.60 � 124 � 78 � 936
KSM-5 � CO2 � 0.5 � 37 � 0.54 � 0.51 � � �

� CO2 � 0.75 � 45.7 � 0.51 � 0.48 � 56 � 66 � 831
KSM-6 � H2O � 0.66 � 67.2 � 0.39 � 0.41 � 196 � 62 � 803

� CO2 � 0.5 � 38.2 � 0.47 � 0.47 � 133 � 52 � 650
KSM-7 � CO2 � 0.5 � 50.8 � 0.60 � 0.56 � 47 � 69 � 800

� H2O � 0.66 � 18.2 � 0.42 � 0.40 � � �
� H2O � 1.0 � 31 � 0.455 � 0.48 � � �
� H2O � 1.4 � 44.5 � 0.56 � 0.50 � 120 � 70 � 944

KSM-8 � H2O � 0.66 � 54.3 � 0.54 � 0.50 � 114 � 74 � 952
� CO2 � 0.5 � 37.3 � 0.49 � 0.58 � � �
� C2O � 0.75 � 39.2 � 0.44 � 0.46 � 46 � 64 � 798

KSM-9 � H2O � 0.66 � 56.2 � 0.60 � 0.57 � 74 � 78 � 923
������������������������������������������������������������������������������������
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The chosen forming method yields CSM with
good sorption characteristics (Ws = 0.5�0.7 cm3 g�1,
Ssp = 790�950 m2 g�1) and sufficiently high mech-
anical strength.

It should be noted that, when composites are acti-
vated with water vapor, higher sorption of nitrogen
is achieved, compared with the case of activation
with CO2, and the accordingly larger specific surface
area is developed. The best sorption characteristics are
observed for composites that contain activated anthra-
cite and carbon black, as well as activated anthracite
and carbon fiber. Introduction of a dispersed powder
of activated salted carbon into a composite does not
make such a significant contribution as the compo-
nents mentioned above do.

Figure 1 shows isotherms of low-temperature ad-
sorption of nitrogen, typical of the composites ob-
tained, and Fig. 2 presents the differential distribution
of pore volumes over equivalent pore radii. Analysis
of the isotherms shows that the CSM obtained exhibit
developed microporosity and small-size mesoporos-
ity, and the adsorption and capillary condensation in
these pores determines the run of the curves. Analysis
of the differential sorption isotherms shows that the
range of effective radii is 8�60 �.

Table 3 lists comparative porosimetric character-
istics of the best of the formed CSM samples obtained
and commercial granulated carbon of SKT brands,
prepared from a mixture of peat and coal dust by
chemical activation with K2S. It can be seen that the
CSM obtained are distinguished by higher micropore
volumes.

The ability of the samples with high sorption char-
acteristics to absorb gaseous methane was studied.
Typical amounts of adsorbed gas as a function of the
number of adsorption�desorption cycles are shown
in Fig. 3. It can be seen that the adsorption of methane
on a composite that contains carbon fiber differs sig-
nificantly from that for samples that contain carbon
black as an additive. Adsorption of natural gas on
porous carbon materials is accompanied by condensa-
tion of higher hydrocarbons (homologues of methane,
propane, and butane) in the micropores of a sample,
which leads to lower sorption capacity of the sor-
bents for methane in subsequent cycles of gas adsorp-
tion. The same behavior is observed in Fig. 3. For
a composite that contains carbon fiber as an ultradis-
persed additive, the activity falls dramatically (by
a factor of 2) in going from the first cycle to the sec-
ond and sorption of methane is virtually constant in
the subsequent cycles. For all other samples, a grad-

Fig. 1. Integral curves of nitrogen sorption. (V ) Volume
of nitrogen sorbed, and (P/P0) relative pressure. Sample:
(1) KSM-8 (activating gas CO2), (2) KSM-5, (3) KSM-8
(activating gas H2O), and (4) KSM-4; the same for Fig. 2.

Fig. 2. Differential curves of nitrogen sorption. (V ) Sorbent
pore volume and (R) pore radii in the sorbent.

Fig. 3. Amount of adsorbed methane, A, vs. the number
N of adsorption�desorption cycles. Sample: (1) KSM-5,
(2) KSM-9, and (3) KSM-8 (activating gas CO2).

ual filling of micropores with the condensate is ob-
served, and only after the fourth cycle the adsorption
of methane becomes virtually constant. Such a depen-
dence indicates, in the authors’ opinion, that the po-
rous structure of the additive introduced affects the
sorption properties of the composite as a whole.
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Table 3. Comparative porosimetric characteristics of the
CSM obtained and industrially manufactured SKT carbon
����������������������������������������

Carbon
� Specific pore volume, cm3 g�1 �

Ssp for
���������������������������

brand
� V

�
� Vmicro � Vmeso � Vmacro�

N2, m2 g�1

����������������������������������������
KSM-4� 0.73 � 0.60 � 0.07 � 0.06 � 936
KSM-8� 0.61 � 0.50 � 0.04 � 0.07 � 952
KSM-9� 0.68 � 0.57 � 0.03 � 0.08 � 923
SKT �0.85�0.98� 0.51 � 0.20 � 0.27 � �

SKT-2 � 0.75 � 0.45 � 0.09 � 0.21 � �

SKT-3 � 0.80 � 0.46 � 0.09 � 0.25 � �

SKT-6 � 1.11 � 0.60 � 0.28 � 0.23 � �

����������������������������������������

CONCLUSIONS

(1) The method of isostatic forming was applied
to demonstrate the possibility of obtaining highly
porous (with predominance of a microporous struc-
ture) composite sorbing materials, which have good
sorption characteristics (Ws = 0.5�0.7 cm3 g�1, Ssp =
790�950 m2 g�1) and retain sufficiently high mechan-
ical strength, from porous dispersed carbon materials.
The sorption and porosimetric characteristics of the
materials obtained are comparable with, and in some
case even surpass those of commercial industrial car-
bon of the SKT brand.

(2) The resulting formed adsorbents can be effec-
tively used to accumulate methane in cylinders, which
makes it possible to raise the adsorption capacity of
a unit volume and to diminish the pressure without
lowering the cylinder capacity.
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Abstract�In prolonged industrial desalination of natural water with KU-2�8 cation exchanger, humic
and fulvic acids are accumulated on the resin, which deteriorates its sorption characteristics and desalination
efficiency.

In the late 1950s, the Dutch production engineers
reported for the first time that the dynamic sorption
capacity of strongly ionized anion exchangers used for
industrial water desalination is deteriorated because of
the sorption of natural organic substances [1]. As for
cation exchangers, it was believed for a long time that
organic matter does not affect their sorption capacity.
However, several experimental facts show that this is
not the case. For example, in water treatment with a
cation exchanger, approximately 10% of organic im-
purities oxidizable with potassium permanganate is ac-
cumulated on the resin [2]. Accumulation of colored
substances (most likely humus substances) on a cation
exchanger was observed in [3]. In regeneration of
spent cation exchangers with aqueous acid, the filtrates
have high oxidizability, which is caused by removal
of organic substances accumulated on the resin [4].

In this study, we examined how humic (HA) and
fulvic (FA) acids accumulated on KU-2�8 cation
exchanger in the course of prolonged desalination of
natural water affect the physicochemical characteris-
tics of resin and its desalination efficiency.

EXPERIMENTAL

The dimeneralization of natural water was carried
out in two stages by passing it through different ion-
exchange filters of an industrial desalination installa-
tion: cation exchanger I � anion exchanger I � cat-
ion exchanger II � anion exchanger II or cation ex-
changer I � anion exchanger I � MF (mixed cation
exchange�anion exchange filter). The samples of cat-
ion exchanger were taken from filters I and II and also
from MF filter used for exhaustive desalination of

Table 1. Content of organic substances in natural water*

������������������������������������������������������������������������������������

Characteristic
� Water
������������������������������������������������
� Artesian � Bystritsa river � Neva river

������������������������������������������������������������������������������������
Oxidizability, mg O l�1 � 1.2�2.0 � 1.4�2.6 � 6.5�10.6
Color index, degree by the Cr�Co scale � 5 � 5�10 � 20�40
Humic acids, mg l�1 � 0.02�0.05 � 0.06�0.13 � 0.35�0.54
Fulvic acids, mg l�1 � 1.1�2.4 � 1.0�2.9 � 9.8�13.2
Amino acids, �g N l�1 � 20�27 � � � 6�11
Sugars, mg l�1 � 0.66�0.84 � � � 0.27�0.78
Esters, �g-equiv l�1 � 85�95 � � � 75�100
Carboxylic acids, �g-equiv l�1 � 8�10 � � � 20�25
Total salt content, �g-equiv l�1 � 4.8 � 2.5 � 1.1
������������������������������������������������������������������������������������
* A note to Table 1 was be omitted because it refers to the references cited in this paper (see references [5�7]).
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Fig. 1. IR spectra of (1) fresh commercial KU-2�8 cation
exchanger and (2) cation exchanger after its prolonged use
for industrial desalination of natural water. (A) absorp-
tion and (�) wave number.

water. The content of main organic impurities in nat-
ural water desalinated using the above ion-exchange
technique is given in Table 1. All the analyses were
carried out by the methods reported in [5�7].

Table 1 shows that the main organic matter present
in the natural water is composed of HA and FA, and
their content varies in parallel with the color index.
We found that, irrespective of the concentration of
organic matter in natural water, the color of the cat-
ion-exchange filters changes from yellow to brown
in the course of prolonged desalination. We believe
that this color change is caused by accumulation of
humus substances on the resin. The accumulation
of humus substances on KU-2�8 was confirmed by
the following experimental data.

(1) After desalination of natural water with KU-
2�8 during five years (Fig. 1), a noticeable band of
the C=O stretching vibrations at 1700 cm�1 appears in
its IR spectra, along with the absorption bands at 1458,
1420, 1510, and 1605 cm�1 typical of sulfonic cation
exchangers [8]. The enhancement of intensity of the
absorption bands at 1665 and 1635 cm�1 can be attri-
buted to amino groups [9, 10]. We believe that these
carboxy and amino groups enter the composition of
the peripheral amino acid groups of HA and FA mac-
romolecules accumulated on the spent resin [11, 12].

(2) Accumulation of humus substances on the cat-
ion-exchange resin was confirmed by their recovery
with chemical reagents. In these experiments, a KU-
2�8 sample preliminarily used for desalination of
an artesian water for eight years was treated for 15 and
30 days with solutions of the following composition
(wt %): NaCl (10), NaOH (2) + NaCl (10), Na4P2O7
(5), HCl (7), NaOH (2) + NH4OH (2), water�acetone
(1 : 1), water�dimethyl sulfoxide (1 : 4), and water�
ethanol (1 : 5). It was found that treatment of the resin
with alkali ensures the maximum recovery of humic
substances. In order to separate humic acids from
fulvic acids, the alkaline eluates were acidified with
1 M HCl to pH �2.

In studies of molecular structure of HA and FA,
these substances are subjected to acid hydrolysis to
recover separate chemical constituents of these macro-
molecules. From the molecular species determined in
the hydrolyzate, the initial humus substance structure
can be reconstructed [13]. In our experiments, the col-
ored organic substances recovered from the cation
exchanger were hydrolyzed with 6 M HCl on heating
in a sealed tube at 120 �C for 24 h.

The hydrolyzate was analyzed by descending paper
partition chromatography using butanol-acetic acid-
water mixture (4 : 1 : 5) as eluent and ninhydrin (0.05%
aqueous solution) as developer. The particular amino
acids were identified by comparison of the chromato-
grams of the hydrolyzate with those of model refer-
ence system containing twenty amino acids. The chro-
matograms of the hydrolyzates contain six bands
with Rf from 0.05 to 0.88, related to the amino acid
groups of natural HA and FA [12] (Table 2).

(3) After partial removal of HA and FA from spent
KU-2�8, the resin becomes lighter. After removal
of humus substances from the resin with a salt-alka-
li solution, the intensity of the absorption bands of
humic acids at 1690, 1560, 1533, 1470, 1400, and
1300 cm�1 decreases (relative to the intensity of the
most stable absorption band at 826 cm�1) (Table 3).
These spectroscopic data show that, in extraction with
alkali, the structural fragments of HA and FA contain-
ing the aliphatic and aromatic amino acid groups,

Table 2. Amino acids recovered from humus substances accumulated on KU-2�8 cation exchanger
������������������������������������������������������������������������������������

Humus substances � Amino acids recovered from hydrolyzate of humus acids
������������������������������������������������������������������������������������
Humic acids � Cysteine, lysine, glycine, leucine, arginine, histidine, asparagine, aspartic acid, alanine, valine
Fulvic acids � Cysteine, lysine, glycine, leucine, arginine, histidine, asparagine, aspartic acid, glutamine
������������������������������������������������������������������������������������
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Table 3. Relative intensity of the absorption bands in the IR spectra of KU-2�8 cation exchanger before and after
removal of organic impurities
������������������������������������������������������������������������������������

Wave number, cm�1, and

� Relative intensity of absorption bands
������������������������������������������������
�

before
� after treatment, days

� ��������������������������������
assignment of absorption bands [9, 10]

�
treatment

� 15 � 30
������������������������������������������������������������������������������������
1760, C=O in COOH dimers � 4.0 � 3.0 � 0
1690, C=O in aromatic acids and � 15.0 � 14.0 � 10.0
1673, C=O in COOH � 16.0 � 10.0 � 5.0
1560, C=O in COO� � 5.0 � 4.0 � 1.0
1533, C=O in COO� � 3.5 � 1.0 � 1.0
1470, C�H in CH2 � 15.0 � 8.0 � 5.0
1400, C=O in COO� � 18.5 � 7.0 � 5.0
1346, C�H � 4.5 � 1.0 � 1.0
1300, NH3 in salts of amino acids � 1.5 � 1.0 � 1.0
������������������������������������������������������������������������������������

Table 4. Content of organic substances in river water before and after desalination with KU-2�8 cation exchanger !
������������������������������������������������������������������������������������

Water
� FA content, �20 �g l�1 �

Increase of
� HA content, �20 �g l�1 �

Increase of��������������������������	 
�������������������������	
� before cation � after cation � � before cation � after cation �volume, m3

� exchanger � exchanger �
cFA, �g l�1

� exchanger � exchanger �
cHA, �g l�1

������������������������������������������������������������������������������������
80 � 860 � 200 � 660 � 70 � 270 � 200

400 � 300 � 1300 � 1000 � 140 � 300 � 160
1000 � 850 � 1750 � 900 � 60 � 190 � 130
1600 � 880 � 1040 � 160 � 80 � 160 � 80
1800 � 910 � 1030 � 120 � 50 � 75 � 25

������������������������������������������������������������������������������������

benzene rings with different substituents, aldehide
groups, etc, are removed from the resin. On remov-
ing HA and FA, the content of the methyl and meth-
ylene groups in the side aliphatic chains (1346 cm�1)
decreases.

(4) To elucidate how treatment of natural water
with KU-2�8 cation exchanger affects the chemical
composition of organic impurities, we recorded the IR
spectra of dry residues of the initial river water (sam-
ple 1) and of the water treated with the cation ex-
changer (sample 2). The IR spectrum of the initial
natural water contains absorption bands of the amino
(3400�3300, 1650�1630 cm�1) and carboxy (2800,
1720, 1700, 1460 cm�1) groups [9, 10]. After contact
with the cation exchanger, all these absoprtion bands
virtually completely disappear, and new absorption
bands at 3030, 1600, 1550, 1450 and 690 cm�1 ap-
pear, which can be assigned to the stretching vibra-
tions of the C�H, C=C, =C, and =C�H bonds in the

aromatic ring. This spectrum also contains absorption
bands of stretching vibrations of sulfonic groups
(1200�1100 cm�1). These data show that, in water
treatment with cation exchanger, the resin not only ac-
cumulates the ionic groups of organic impurities, but
simultaneously enriches water with products formed
in destruction of the resin itself.

We found that, in treatment of water of the Bystri-
tsa river with KU-2�8 resin, desalinated water is ad-
ditionally contaminated with organic matter. In these
experiments, natural water was passed through KU-
2�8 cation exchanger preliminarily regenerated with
aqueous acid. In the course of this experiment, 1-l wa-
ter samples were taken at regular intervals at the in-
let and outlet of the filter throughout the operation
period. The filtered water was neutralized with 0.1 M
KOH and dried, and the content of HA and FA in the
dry residue was determined. The results of these ana-
lyses are listed in Table 4.
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Fig. 2. Output curves of sorption of calcium cations on
(1) fresh commercial KU-2�8 cation exchanger and
(2) KU-2�8 after prolonged water desalination. (c and c0)
Concentration of calcium cations in water after and before
treatment with cation exchanger in the H form; (V ) number
of the column volumes of water passed.

Fig. 3. Kinetic curves of sorption of sodium cations on
(1) fresh commercial KU-2�8 cation exchanger,
(2) KU-2�8 from spent industrial filter after treatment
with salt-alkali solution and (3) KU-2�8 from spent
industrial filter. (F ) Degree of saturation of the resin
and (�) time.

Table 4 shows that the content of HA and FA in
the desalinated water exceeds that in the initial river
water. We believe that this excess of humus acids was
accumulated on the resin in the stage of its regenera-
tion with aqueous acid and was then gradually re-
leased in the course of desalination of the river water.
Thus, the natural organic impurities are accumulated
in ion-exchange water desalination, not only on anion,
but also on cation-exchange resins.

Our experimental results show that HA and FA
accumulated on the sulfonic cation-exchange resin in
the course of water desalination deteriorate its phys-
icochemical properties and performance.

We found that, after service in desalination for
2�5 years, the operative exchange capacity (OEC)
of the cation exchanger to breakthrough of cations
c/c0 = 0.03 (c and c0 are the contents of cations in the
desalinated and initial water, respectively) decreased
by 10�30%. The same decrease was observed for the
total exchange capacity. In sorption of calcium on
fresh commercial KU-2�8 cation exchanger, the
shape of the output curve of sorption (Fig. 2, curve 1)
shows that the mass transfer is controlled by external
diffusion [14] (extended initial part and shortened late
stage of sorption). In sorption of calcium on the spent
cation exchanger, the shape of the output curve of
sorption (Fig. 2, curve 1) shows that the mass transfer
is largely controlled by the internal diffusion (reduced
initial part of the sorption curve and its extension in
the final stage of sorption when the eluate contains
a rather large amount of calcium).

We believe that the appearance of a certain contri-
bution of the internal diffusion control to the total mass
transfer of calcium, along with the common external
diffusion mechanism typical of ion-exchange sorption
under dynamic conditions, is caused by accumulation
of HA and FA on the cation exchanger. These humus
acids produce the diffusion resistance to transfer of
mineral cations to cation-exchange sites, which de-
teriorates the kinetic characteristics of the resin. As
a result, the OEC of the spent resin decreases under
dynamic conditions. The humus substances accumu-
lated on the resin fill its porous space and decrease
the moisture content (from 1.020 to 0.885 g H2O/g).

To elucidate how prolonged desalination affects the
kinetic characteristics of KU-2�8 cation exchanger,
we studied the sorption of Na+ from aqueous 0.003 M
NaCl on a fresh commercial resin and on a resin used
for desalination of Neva water in the first stage of
the desalination installation for five years. Figure 3
shows that prolonged industrial use of the resin no-
ticeably deteriorates its kinetic characteristics: the
half-sorption time increases from 10 to 60 min. In
a separate experiment, an aliquot of the cation ex-
changer used for five years for desalination of Neva
water was treated with a salt-alkali aqueous solution
for 35 days to remove humus substances. The content
of HA and FA in this resin was found to be 68.4 mg
and 12.0 mg FA per gram of air-dry resin, respec-
tively. Our experiments showed that, after removal of
humus substances, the half-sorption time of Na+ de-
creased to 26 min (Fig. 3, curve 2) , i.e. the sorption
rate somewhat increased.

In separate model experiments, we found that con-
tamination of commercial cation exchanger with FA
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of Neva water increases the time to half-cation ex-
change from 10 to 16 min. This negative effect of
humus substances on the kinetic characteristics of the
ion exchanger is consistent with the pattern of deteri-
oration of the kinetic characteristics observed in func-
tioning of the industrial desalination filter.

We found also that humus substances accumulated
on the resin hinder the removal of HCl from regener-
ated KU-2�8. Figure 4 shows that, in the case of
fresh commercial KU-2�8 treated with HCl, HCl is
removed with five column volumes of distilled water.
At the same time, HCl was not removed even with
200 column volumes of water from spent KU-2�8
cation exchanger. If humus acids were preliminarily
partially removed from the spent industrial filter with
a salt-alkali solution, HCl was removed with 140 col-
umn volumes of water (i.e., the wash water volume
decreased by 30%) (Fig. 4, curve 2).

The presence of the amino groups in HA and FA
imparts to them anion-exchange features. The an-
ion-exchange capacity of resins from different ion-ex-
change filters varies from 0.15 to 0.70 mg-equiv cm�3

swollen resin. In regeneration of cation-exchange fil-
ters with HCl, the amino acids are protonated to form
salts Cl�[N+H3�CHR�COOH]. In washing with water,
these salts are hydrolyzed by the reaction

Cl�[N+H3�R�COOH] + H2O

�� OH�[N+H3�R�COOH] + HCl,

to give the zwitterion, which is the most stable amino
acid species in neutral solutions [15]. Because of this
reaction, the wash water is acidified and, therefore,
the larger water volume is required for complete re-
moval of the mineral acid. Since the cation-exchange
filters are washed to remove the mineral acid under
industrial conditions with natural mineralized water,
this procedure decreases the exchange capacity of the
resin. This decrease is the larger, the higher the min-
eralization of natural water.

CONCLUSIONS

(1) In desalination of natural water with a sulfonic
cation exchanger in the H form, the resin is contami-
nated with humic and fulvic acids, irrespective of their
content in natural water and position of the cation-
exchange filter in the process chain.

(2) The humus acids accumulated on the spent
cation exchanger fill its pores and decrease the mois-
ture content. These factors increase the diffusion re-

Fig. 4. Washing of KU-2�8 with water to remove HCl
after regeneration: (1) fresh commercial KU-2�8 cation
exchanger, (2) KU-2�8 from spent industrial filter treated
with a salt-alkali solution, and (3) KU-2�8 from spent
industrial filter without treatment. (c) HCl concentration
and (V ) number of column volumes of distilled water
passed through the column.

sistance to transfer of mineral cations from the bulk
to the cation-exchange sites and, as a result, decrease
the sorption capacity of the resin and deteriorate its
kinetic characteristics.

(3) In regeneration of spent cation-exchange filters
with hydrochloric acid, hydrogen chloride form salts
with the amino groups of HA and FA. In washing
the resin with water to remove HCl, these salts are
hydrolyzed and, therefore, a larger water volume is
required to remove the acid.

(4) To prevent poisoning of ion-exchange filters
in desalination of mineralized natural water, humus
acids should be preliminarily removed.
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Abstract�A procedure was developed for determination of metal traces in polypropylene on chromatographic
sorbents and phases of various polarities. The thermal stability of volatile aluminum, chromium, and gallium
acetylacetonates under the conditions of gas chromatography was studied. The influence exerted on the de-
termination process by the column material, temperature, and polarity of phases was examined.

Polyolefins, and polypropylene in particular, are
produced on catalysts containing complexes of Al, Ti,
Cr, and other metals [1�3]. Evaluation of the quality
of the finished product involves determination of the
residual catalyst, which is commonly done photomet-
rically. The capability of many metals to form ther-
mally stable volatile �-diketonates [4] offers an oppor-
tunity to use gas chromatography for determining
metals in polyolefins [5, 6]. Therefore, study of chro-
matographic properties of metal �-diketonates and
assessment of the possibility of using them to deter-
mine impurities in polyolefins is topical problem.

In this study, we examined the possibility of deter-
mining metals at their content of 10�3�10�4 wt %
by gas chromatography with a simplified sample pre-
paration procedure.

EXPERIMENTAL

The metal acetylacetonates Al(acac)3, Ga(acac)3,
and Cr(acac)3 were prepared as described in [7]. The
sample purity was checked by IR spectroscopy (400�
4000 cm�1, Specord M80 spectrophotometer). The
thermal analysis was performed with a Q-1500 deriv-
atograph in the temperature range 20�500�C at a heat-
ing rate of 10 deg min�1, using Al2O3 as reference.
The sample weight was 50 mg. Chromatographic ex-
periments were performed with a Chrom 5 chroma-
tograph equipped with a flame ionization detector.
Glass and Teflon columns were packed with Tsvetosil
M-SKT and Tsvetosil SKTFT diatomite supports
modified with chemically grafted silicone rubbers, or
with Chromosorb G AW DMDS impregnated with

SE-30, OV-1, or SKTFV-803 (phenylvinylsilicone
phase) liquid phases.

The metal impurities in polypropylene were deter-
mined as follows. A weighed portion of the polyolefin
powder (4 g) was placed in a 100 cm3 three-necked
round-bottomed flask, 12 cm3 of acetylacetone was
added, and the mixture was heated at 60�C for 60 min.
After cooling, the solution was filtered through a
finely porous glass frit and vacuum-evaporated to
dryness. The dry residue was dissolved in 6 cm3 of
CCl4. The sample volume was 0.4 �l. The chromato-
graphing conditions were as follows: column, vaporiz-
er, and detector temperatures 140, 190, and 180�C,
respectively; carrier gas flow rate 35 cm3 min�1.
The total analysis time was 1.5 h.

The possibility of direct reaction of �-diketones,
including acetylacetone, with metals embedded in
a polymeric matrix was demonstrated in [8, 9].
The metal transforms into the corresponding acetyl-
acetonate on treatment of the polymer powder with
the hot �-diketone. The IR spectra of the compounds
thus prepared agreed with published data [10]. The
strong bands at 1545 and 1590 cm�1, characteristic
of metal acetylacetonates, are indicative of the pres-
ence of a conjugated system of C=O and C=C bonds.
The CH3 bending vibration band is observed at
1390 cm�1. The IR data allow the compounds ob-
tained to be identified as acetylacetonates of the cor-
responding metals.

According to thermal gravimetric analysis, alumi-
num, gallium, and chromium acetylacetonates are
stable up to temperatures exceeding 170�C (Table 1).
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Table 1. Thermal stability of metal acetylacetonates
����������������������������������������

Chelate

� Temperature, �C � Degree of
������������������������ � evaporation
� onset of � weight loss � at 500�C,
� weight loss � maximum � %

����������������������������������������
Al(acac)3 � 185 � 290 � 94
Ga(acac)3� 175 � 275 � 75
Cr(acac)3 � 200 � 335 � 93
����������������������������������������

Table 2. Kovats retention indices I at 150�C on various
stationary phases
����������������������������������������
Chelate � SE-30 �OV-1� SKT � SKTFT � SFTFV-803
����������������������������������������
Al(acac)3 � 1647 �1678 �1480 � 1730 � 1658
Cr(acac)3 � 1844 �2429 �2134 � 1871 � 1995
Ga(acac)3� 1695 �1579 �1642 � 1770 � 1720
����������������������������������������

The thermal stability of acetylacetonates correlates
with their electronic structure. Chromium acetylaceto-
nate stabilized owing to the involvement of vacant
d orbitals in coordination sublimes at a higher tem-
perature than aluminum and gallium acetylacetonates;
gallium acetylacetonate, characterized by the filled
3d-electron shell of Ga, shows the lowest sublimation
temperature and the strongest tendency to decompose.
Aluminum acetylacetonate, in which vacant 3d orbit-
als may take part in donor�acceptor interaction [10],

Chromatogram of a mixture of acetylacetonates on
a 60 � 0.4-cm Teflon column. Stationary phase 5% SE-30
on Chromosorb G AW DMDS. Temperatures, �C: column
150, vaporizer 250, and detector 200; carrier gas He,
flow rate 60 cm3 min�1. (�) Retention time. (1) CCl4,
(2) products of Al(acac)3 decomposition, (3) Al(acac)3,
(4) Ga(acac)3, and (5) Cr(acac)3.

occupies an intermediate position. The gas-chroma-
tographic determination of Al, Ga, and Cr in the form
of acetylacetonates is possible at temperatures of up
to 170�C.

The Teflon columns are advantageous over the
glass columns because of the more inert column mate-
rial. On Teflon columns, Al(acac)3 and Cr(acac)3 gave
reproducible peaks even in the first injections, where-
as on glass columns the first peaks appear after re-
peated injections. Steel columns are wholly unsuitable
for this purpose because of the catalytic degradation
of the complexes on the column walls, to give large
amounts of degradation products.

We found that the chromatographic separation of
the �-diketonates under consideration is largely influ-
enced by the solvent. With chloroform, resolution of
the chelate and solvent peaks is unsatisfactory, and
with acetone, the chromatographic peaks are resolved
incompletely, probably because of the coordination
interaction with possible outer-sphere ligand ex-
change. The best results were obtained with CCl4.

For Al(acac)3, Ga(acac)3, and Cr(acac)3, we calcu-
lated the Kovats retention indices. The results are
listed in Table 2.

The retention index depends on the sorbate struc-
ture and strength of metal coordination in the chelate
ring. The retention indices of Al(acac)3 and Ga(acac)3
are similar, which is consistent with the fact that the
ionic radii of Al3+ and Ga3+ are approximately equal.
The specific features of the electronic structure of
chromium (presence of 3d electrons) are apparently
responsible for the appreciably longer retention time
of the acetylacetonate and increased logarithmic reten-
tion index. The minimal values of the Kovats index
are observed on the SE-30 nonpolar phase. With this
phase, the metal acetylacetonates can be determined
most quickly, without loss in the accuracy of analysis.
Acetylacetonates can also be separated on SKTFT and
SKTFV-803 phases. In the case of SKT and OV-1,
the high polarity of the phases results in a significant
increase in the retention time of Cr(acac)3 and in
broadening of its chromatographic peak. The chro-
matogram of Ga(acac)3, Al(acac)3, and Ga(acac)3,
obtained on a Teflon column with the SE-30 phase,
is shown in the figure.

The chromatogram reveals broadening of the peaks
due to decomposition of gallium and aluminum ace-
tylacetonates. As the vaporizer temperature is de-
creased, the peaks of decomposition products decrease
in intensity and finally disappear. With chromium
acetylacetonate, which is more stable thermally, we
detected no decomposition products. Thus, the tem-
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Table 3. Comparison of the suggested gas-chromatographic procedure for Al determination in polyolefins with the results
obtained by independent methods (n = 4�5, P = 0.95)
������������������������������������������������������������������������������������

Method � Sr � Detection limit, wt % � Analysis time, h
������������������������������������������������������������������������������������
Spectrophotometry � 0.06 � >0.005 � >4
Atomic emission spectroscopy � 0.11 � 10�6 � >4
Gas chromatography � 0.05 � to 0.001 � �1.5
������������������������������������������������������������������������������������

perature conditions of the analysis should be chosen
so as to minimize the degree of the chelate decompo-
sition, but, at the same time, ensure short time of anal-
ysis (10 min retention time of the last component).

Using the introduced�found method, we compared
our procedure with the most frequently used proce-
dure for photometric determination of residual Al in
polyolefins with Xylenol orange [11] and with atomic
emission analysis. The results of chromatographic
determination of the Al content (Table 3) coincide,
within a random error, with the results of indepen-
dent determinations, with the analysis time being
appreciably curtailed.

CONCLUSIONS

(1) The study of the gas-chromatographic behavior
of volatile aluminum, chromium, and gallium acetyl-
acetonates in packed columns showed that these
complexes can be determined quantitatively without
appreciable degradation when the temperatures are
relatively low and the columns are sufficiently short.
The retention parameters of the compounds on various
phases were measured experimentally.

(2) A procedure, based on the data obtained, was
developed for determination of metal traces in poly-
propylene. The metrological characteristics of this
procedure were compared with those of commonly
used procedures.
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Abstract�The catalytic activity of manganese oxide�containing anodic layers formed on titanium at room
temperature in CO oxidation to CO2 was studied.

Systems that contain MnO2, Mn2O3, and Mn3O4
catalyze numerous gas- and liquid-phase reactions
[1�4]. In particular, they are used as catalysts for
CO oxidation to CO2 [3, 5]. Manganese oxides are
commonly obtained by various chemical methods; for
example, Mn2O3 and Mn3O4 are prepared by heating
salts, oxides, or hydroxides of manganese to 700 and
1000�C, respectively [2].

Previously, surface structures with thickness of
up to 60 �m, which contained, together with TiO2,
oxides Mn2O3 and Mn3O4, have been obtained on
titanium by anodic-spark deposition at room temper-
ature from an electrolyte containing sodium tetrabo-
rate and salts of manganese [6]. In the process, both
the phase composition and the content of manganese
in the coatings (0�40 at.%) could be purposefully
altered by varying the concentration of manganese
salts and the forming modes.

This communication reports the results obtained in
evaluating the catalytic activity in CO oxidation of
manganese-containing structures formed on titanium.

EXPERIMENTAL

Electrolytes were prepared using distilled water
and commercial reagents Na2B4O7 � 10H2O and
Mn(CH3COO)2 � 4H2O of chemically pure grade.
Anodic films were formed by means of electric break-
downs on VT1-0 titanium samples in the galvanostatic
mode (i = 0.2 A cm�2) in the course of 4 or 10 min.
As current source served a thyristor converter with
unipolar current pulses. The process was performed
in the temperature range 13�40�C. The specific fea-
tures of electrolyte preparation, the design of the elec-

trochemical cell and units for solution cooling and
agitation, and the method for electrode pretreatment
were described in [6].

The phase composition of the coatings was deter-
mined on a DRON-2.0 diffractometer (CuK

�

radiation),
and the elemental composition, on a JXA-5A X-ray
fluorescence microanalyzer, with measurement error
of about 10%.

The molar ratio of the gaseous components changes
when the reaction 2CO + O2 � 2CO2 occurs. There-
fore, a setup that comprised a 400-cm3 quartz reactor
and a pressure gage connected to it was used for eval-
uating the catalytic activity of the structures synthe-
sized, in the reaction of CO oxidation to CO2. The
pressure gage provided measurements in the range
�0.1�0 MPa with an accuracy of 5 � 10�3 MPa. Sam-
ples with a total area of 40 cm2 were placed in the re-
actor. Preliminarily, a 2 : 1 gas mixture of oxygen
and carbon(II) oxide with a total volume of 300 cm3

was prepared volumetrically in a separate vessel.
A rarefaction was created in the reactor with a fore
pump. Then, the gas mixture prepared was admitted
into the reactor at room temperature and heated at
a rate of 20 deg min�1. Simultaneously, the variation
of pressure within the reactor was recorded.

The composition of the gas mixture at the reactor
outlet was determined with an LKhM-8MD chro-
matograph.

Figure 1a shows how the pressure in the reactor
varies with temperature in the presence (curves 1,
2) and in the absence (curve 3) of titanium with
manganese oxides in its surface layer. It can be seen
that, in the presence of manganese-containing layers,
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the pressure in the reactor decreases in the range 250�
350�C despite the rise in temperature. This indicates
that the molar ratio of the gaseous components in the
reactor changes because of the occurrence of the reac-
tion 2CO + O2 � 2CO2. This conclusion is confirmed
by the results presented below and by an analysis of
these.

Figure 2 shows chromatograms of a gas mixture
kept at 340�C in the absence (a) and in the presence
(b) in the reactor of titanium with manganese oxides
in its surface layer, cMn = 35.7 at.%. The decrease in
the area of the peaks related to CO directly indicates
that the reaction of CO oxidation to CO2 occurs in
the temperature range under study on manganese-con-
taining layers formed by the anodic-spark deposition
method.

Similar P = f (T ) dependences were obtained with
a platinum grid with an area of 8 cm2 charged into the
reactor with the gas mixture (Fig. 1b). In this case, the
conversion temperature was in the range 180�250�C.

When titanium or titanium that contains only TiO2
in its surface layer is placed in the reactor, the tem-
perature dependence of the pressure in the reactor is
similar to that obtained in the absence of manganese-
containing layers (Fig. 1a, curve 3). This result, on
the one hand, means that titanium and anodic-spark
layers that contain only TiO2 do not catalyze the reac-
tion of CO oxidation in the absence of manganese ox-
ides, and on the other, indicates that the influence ex-
erted by the oxidation of the titanium base on the
variation of the pressure in the reactor is insignificant
at the given temperatures.

The results obtained in measuring the catalytic ac-
tivity in five successive cycles of measurements on
one and the same sample demonstrate that the depen-
dences P = f (T ) are identical to those shown in Fig. 1a
(curves 1, 2) as regards both the temperature range
and the magnitude of changes in pressure. In this case,
the phase (Fig. 3) and elemental (Table 1) composi-
tion of the coatings changed only slightly. The crys-
tallinity of the coatings increased somewhat, and no
new crystalline phases appeared. The minor decrease
in the content of manganese, the increase in the con-
tent of titanium, and the corresponding change in the
calculated amount of oxygen in the surface layer be-
ing analyzed (analysis to a depth of 3�5 �m) may
be due both to the possible measurement errors and
to processes of thermal diffusion of elements across
the layer thickness and influence of crystallization
processes, which lead to cracking. Undoubtedly, the
problems of stability and working life of the systems
in question under the conditions mentioned invite fur-
ther investigation.

Fig. 1. Pressure P of the gas mixture vs. T, (1, 2) in the
presence and (3) in the absence of (a) titanium with man-
ganese oxides in its surface layer and (b) platinum grid.
(1) Heating, (2) cooling, and (3) heating�cooling.

Fig. 2. Chromatograms of a gas mixture kept in the re-
actor at 340�C for 30 min (a) in the absence and (b) in
the presence of titanium with manganese oxides in its
surface layer. cMn = 35.7 at. %. (t) Time. (1) O2, (2) N2,
and (3) CO.

Fig. 3. X-ray diffraction patterns of anodic-spark layers
formed on titanium: (a) initial layers and (b) those after
catalysis. (2�) Bragg angle. (1) Mn2O3 and (2) Mn3O4.
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Table 1. Elemental composition of coatings
����������������������������������������

Composition
� Content, at. %
������������������������
� Mn � Ti � Na � O*

����������������������������������������
Initial � 39.7 � 1.9 � 0.3 � 58.2
After five measure- � 33.0 � 3.0 � 0.3 � 63.3
ment cycles � � � �
����������������������������������������
* Calculated from the difference.

Table 2. Rate constant of CO oxidation on various man-
ganese-containing systems
����������������������������������������

System
� k � 104 (s�1) at indicated T, �C
��������������������������
� 260 � 290

����������������������������������������
Mn2O3 + Mn3O4, � �
cMn, at. %: � �

22.9 � 0.15 � 0.16
31.4 � 0.19 � 0.23
35.7 � 1.75 � 1.90
39.6 � 0.24 � 0.34

����������������������������������������
�-MnO2 � 0.88 � 0.90
����������������������������������������

It may be assumed that the change in the pressure
in the reactor in the first measurement cycle may be
due to oxidation of amorphous oxide MnO contained
in the coatings to amorphous MnO2 in the tempera-
ture range 250�350�C. In this case, the content of
oxygen in the coatings must substantially increase,
and the atomic ratio Mn/O must markedly decrease,
after a cycle of heating�cooling in an oxygen-contain-

Fig. 4. ln(P0 /Pt ) vs. time t of the process of CO oxidation
on anodic layers that contain manganese oxides of various
compositions, at 290�C. (P0, Pt) Partial pressure of CO
at the initial instant of time and at the instant of time t,
respectively. (1) Mn2O3, Mn3O4 and (2) �-MnO2.

ing gas mixture. At the same time, as follows from
the experimental data presented here, no decrease in
this ratio was observed. Calculations show that the
experimental data on the elemental composition of
the coatings correspond to presence of the compounds
TiO2, Mn2O3, and Mn3O4 both in the initial state and
after five cycles of catalytic activity measurements.

Thus, the experimental data obtained show that, un-
der the experimental conditions, the catalysts formed
on titanium by anodic-spark deposition, which con-
tain oxides Mn2O3 and Mn3O4, catalyze the reaction
of CO oxidation to CO2 in the temperature range 250�
350�C.

Figure 4 shows kinetic curves that describe the re-
action of CO oxidation at 290�C, plotted in the semi-
logarithmic coordinates ln (P0 /Pt )�t. The partial pres-
sures of CO, P0 and Pt , were calculated from the
known total pressure and molar ratio of the compo-
nents. It can be seen that a linear dependence is ob-
served in the presence in the reactor of titanium with
a layer of oxides Mn2O3 and Mn3O4, with a manga-
nese content cMn = 35.7 at.% (curve 1), and titani-
um with a �-MnO2 layer deposited by the conven-
tional pyrolytic method (curve 2) [7]. This depen-
dence indicates that, in both cases, the CO oxidation
formally proceeds by a first-order reaction and is due
to the presence of an excess amount of oxygen in
the reaction mixture. The rate constants of the reaction
of CO2 formation at 260 and 290�C, calculated using
the equation ln (P0 /Pt ) = kt for titanium with varied
content of manganese in the surface layer, are listed
in Table 2.

It can be seen that the rate of CO conversion to
CO2 depends on the content of manganese in the an-
odic layers. Samples that differed in the content of
manganese were obtained both by using electrolytes
with different concentrations of the components and
by varying the forming modes. The optimal content
of manganese at the chosen temperatures is 35.7 at.%.
This is presumably due to a change in the ratio of
the oxides, in their distribution in the surface layer,
and in the surface morphology and also to specific
features of coating formation by anodic-spark deposi-
tion.

CONCLUSIONS

(1) Manganese-containing anodic films on titani-
um, formed by the anodic-spark method, catalyze the
reaction of CO oxidation in the temperature range
250�350�C. The catalytic activity of structures of this
kind compares well with that of coatings obtained by
the conventional pyrolytic technique.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 2 2004

CATALYTIC ACTIVITY OF MANGANESE-CONTAINING LAYERS 221

(2) The rate of CO conversion on the anodic struc-
tures formed depends on the content of manganese in
these structures.
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Abstract�The cathodic deposition of zinc onto a rotating disc electrode was studied. The influence exerted
by various parameters on the process was examined. The observed phenomena were explained in terms of
corrosion and the positive difference-effect.

Purification of sewage to remove heavy-metal ions
is a problem of current importance for many industries.
Various methods can be used for sewage purification,
but electrochemical methods, such as electrocoagula-
tion, electroflotation, electrodestruction, and electro-
deposition of metals, are of particular interest. The
electric treatment makes it possible to purify wastewa-
ter of varied composition and dispersity without rais-
ing the content of salts in a water being purified and,
rather frequently, with precipitates not formed at all
or formed in a considerably decreased amount [1].
Among the electrochemical methods mentioned above,
the electrolysis is of special interest, since it can be
performed without use of chemicals in the course of
purification and yields a metal in the form of a target
product, which simplifies its further processing.

The electrodeposition of metals from dilute solu-
tions has its own specific features, which consist in
that the process rate is limited by delivery of a re-
agent to the electrode surface. This problem can be
solved by using a rotating disc electrode instead of
an immobile electrode. As shown previously [2], us-
ing a rotating disc cathode allows the rate of copper
electrodeposition from dilute solutions to be increased
by a factor of 5�10, with a high current efficiency
(CE) retained.

In this study, we continue to examine the electro-
deposition of metals onto a rotating disc electrode and
the cathodic deposition of zinc from solutions with
concentrations of up to 1 g l�1.

EXPERIMENTAL

Zinc was electrodeposited in a glass cell with a ro-
tating cathode. The cell volume was 0.5 l. As cath-
odes were used discs made of stainless steel, sheet
copper, and aluminum. The cathode area was 160 cm2.
Semi-discs made of titanium gauze coated with ru-
thenium(IV) oxide served as anodes. Prior to the ex-
periments, the cathodes were trimmed with an emery
paper and washed in the electrolyte solution.

The electrodes were polarized in the galvanostatic
mode with a B5-49 source of stabilized current and
voltage. The voltage was monitored with a V7-27 A/1
voltmeter.

The rate of rotation of the disc electrode was de-
termined and controlled using a tachometer.

Fig. 1. Effect of the rotation rate � on the current effi-
ciency CE by zinc in cathodic deposition from dilute so-
lutions. Supporting electrolyte 0.5 M Na2SO4, cZn2+ =
100 mg l�1, pH 6, copper cathode.
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The electrolyte solutions were prepared by the
gravimetric method by dissolving the appropriate dry
salts in distilled water. The current efficiency was
determined from the difference of the zinc concentra-
tions before and after the electrolysis. The content of
zinc(II) was determined by direct complexometric
titration.

The duration of electrolysis was calculated on
the basis of the initial concentration of zinc ions in
the solution, so that the amount of electricity passed
through the cell corresponded to the complete re-
covery of metal.

The dependence of CE on the rate of cathode rota-
tion is shown in Fig. 1. It can be seen that CE is 5%
for the immobile electrode. As the rotation rate is
raised to 52.3 rad d�1, CE increases to 35�40%.
With the rotation rate raised further, CE somewhat
decreases.

The pH value of the electrolyte solutions also af-
fects the current efficiency. The dependence of CE on
the solution pH passes through a maximum at pH 7
(Fig. 2).

Irrespective of the initial concentration of zinc ions,
the dependences of CE on current density also pass
through a maximum (Fig. 3), whose position shifts to
higher current densities as the concentration of zinc
ions in the electrolyte increases.

With a stainless steel electrode, no zinc is depos-
ited onto the cathode, whereas with copper and alu-
minum electrodes, the cathodic deposition of zinc is
rather effective (Fig. 4).

To account for the dependences obtained, it is nec-
essary to note that the electrodeposition of metals,
which stand to the left of hydrogen in the electro-
chemical series, is almost always complicated by
a concurrent reaction of hydrogen evolution. In addi-
tion, electronegative metals can displace hydrogen
from water, i.e., they may be subject to corrosion with
a hydrogen and oxygen depolarization. Therefore,
the CE by zinc in cathodic deposition will be deter-
mined by the relative rates of three processes: zinc re-
covery, hydrogen evolution, and corrosion of zinc
from the electrode surface. It is also necessary to note
that amphoteric metals, such as zinc, exhibit a positive
difference-effect in cathodic polarization, which orig-
inates from destruction of a protective zinc oxide film
upon alkalization of the near-cathode layer of the so-
lution through cathodic evolution of hydrogen.

The flux N of a solution across the boundary dif-
fusion layer, which appears on a rotating cathode and

Fig. 2. Effect of the pH of the initial solution on the
CE by zinc in cathodic deposition. Supporting electrolyte
0.5 M Na2SO4, cZn2+ = 100 mg l�1, i = 1 mA cm�2,
� = 52.3 rad s�1, copper cathode.

Fig. 3. Current efficiency CE by zinc in cathodic deposition
from dilute solutions with various concentrations vs. cur-
rent density i. Supporting electrolyte 0.5 M Na2SO4,
pH 6, � = 52.3 rad s�1, copper cathode. Zinc concentra-
tion (mg l�1): (a) 5, (b) 100, and (c) 1000.
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Fig. 4. Variation of zinc concentration cZn2+ in the
course of electrolysis with cathodes made of different
materials. Supporting electrolyte 0.5 M Na2SO4, pH 6,
� = 52.3 rad s�1. Cathode: (1) copper and (2) aluminum.
(�) Duration of electrolysis.

is at rest with respect to it, is directly proportional
to the diffusion coefficient D of the solution and to
the gradient of the solution concentration �c and in-
versely proportional to the thickness � of the boundary
diffusion layer �: [3]:

N = D�c /�. (1)

In turn, � can be calculated as follows [4]:

� = 1.61D1/3
�

1/6
�
�1/2, (2)

where � is the kinematic viscosity of the electrolyte
solution (cm2 s�1), and � is the angular velocity of
rotation of the electrode (s�1).

The concentration difference is given by

�c = c0 � cc, (3)

where c0 is the concentration of ions in the solution
bulk, and cc is the concentration of ions at the elec-
trode surface.

The latter concentration can be calculated as fol-
lows:

cc = c0 � ic�/(DFzi), (4)

where ic is the current flowing to the cathode, and
zi is the ion charge.

Substituting the expression for the boundary layer
thickness into Eq. (4), we obtain

cc = c0 � 1.62 ic�
1/6/(D1/3Fzi�

1/2). (5)

According to (5), the concentration of ions at the
cathode surface increases with the rotation rate. This
allows electrolysis to be performed at higher current
densities.

At the same time, at high flow velocities of the
electrolyte, the cathodically formed alkali is removed
from, and the oxidant (e.g., oxygen) delivered to
the cathode surface. As a result, the surface of fresh-
ly deposited zinc has enough time to be covered
with a protective oxide film. This explains why CE
increases when the rate of cathode rotation is raised to
52.3 rad s�1 (Fig. 1). However, as the rotation rate
increases further, CE decreases somewhat, which is
probably due to the fact that, at higher flow velocities
of the electrolyte, the corrosion becomes the so-called
impingement corrosion. In this case, the passivating
films, which were formed and existed before the onset
of corrosion, are torn off the metal surface by a liquid
jet, so that the metal without a protective film under-
goes intense corrosion [5].

The shape of the obtained CE-vs.-pH curve (Fig. 2)
can be accounted for by the influence of acidity on
processes of hydrogen evolution and zinc corrosion,
which occur simultaneously at the cathode.

It is known that the dependence of the hydrogen
overvoltage on the solution pH passes through a max-
imum at pH 7 [6]. Because zinc is an amphoteric met-
al, the rate of its corrosion also depends on the solu-
tion pH. The corrosion rate is the lowest in neutral
solutions and increases dramatically in acid and al-
kaline solutions [5, 7].

Thus, the appearance of a peak in the CE-vs.-pH
curve (Fig. 2) is due to the fact that, in acid and al-
kaline solutions, the processes of zinc corrosion and
hydrogen evolution prevail over the cathodic deposi-
tion of zinc.

The effect of current density on the CE by zinc in
cathodic deposition was studied in solutions with ini-
tial pH 6. The appearance of extrema in the CE�i
dependences is probably due to the fact that, at low
rates of the cathodic process, the pH of the near-
electrode layer increases, but does not exceed 7. Under
these conditions, the rates of hydrogen evolution and
zinc corrosion are the lowest. Therefore, the CE by
zinc in its cathodic recovery increases with current
density at low polarizing currents. After the current
densities at which pH 7 is established in the near-elec-
trode layer are attained, the rates of cathodic hydrogen
evolution and zinc corrosion start to increase. There-
fore, CE by zinc starts to decrease after a certain
polarizing current density is reached.

Presumably, the shift of the peak positions to
higher current densities, observed in the CE�i de-
pendences as the concentration of zinc(II) increases, is
due to acceleration of the cathodic recovery of zinc
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owing to a decrease in the overvoltage. In this case,
the rates of other concurrent processes remain virtual-
ly unchanged.

When zinc is deposited onto the surface of metals
that have a more positive standard potential than zinc,
it forms with them short-circuited galvanic microcells
[8], in which the more electropositive metal is a cath-
ode, on which hydrogen evolution occurs, and zinc is
a soluble anode. The dissolution of zinc is limited by
the cathodic evolution of hydrogen, which, in turn, is
dependent on the overvoltage of hydrogen evolution
on a given metal.

As is known, the overvoltage of hydrogen evolu-
tion on metals that constitute stainless steel (such
as iron and nickel) is lower than that on copper and
aluminum. Therefore, the rate of electrochemical cor-
rosion of zinc on the surface of a stainless steel elec-
trode is such that we do not observe its deposition.
At the same time, the deposition of zinc onto copper
and aluminum is rather effective, with the CE by zinc
in cathodic deposition being as high as 30�40%.

CONCLUSION

The study performed demonstrated that the deposi-
tion of zinc from dilute aqueous solutions onto a ro-
tating disc electrode is complicated by intense cor-
rosion. On an immobile cathode, the current efficiency
does not exceed 5%. On a rotating electrode, the cur-
rent efficiency by zinc grows with the rotation rate,
to reach its maximum value (35�40%) at a rate of
52.3 rad s�1. Irrespective of the initial concentration
of zinc(II) in a solution, the current efficiency first

increases and then decreases as the current density
becomes higher. The pH value of the electrolyte solu-
tions, at which the CE by zinc is at a maximum in
electrodeposition from dilute solutions with concen-
tration of up to 1 g l�1, is 6�7.
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Abstract�Voltammetry was applied to a study of joint electroreduction of Cd(II) and Te(IV) on a glassy
carbon electrode from an ammonia-chloride buffer electrolyte with pH 8.4. The optimal conditions of elec-
trodeposition of CdTe films were determined and their structure was examined by means of X-ray phase
analysis.

The optimal band gap width (Eg = 1.44 eV) and
the possibility of obtaining deposits with p- and n-type
conduction allow wide use of electrodeposited CdTe
films in photoelectric devices. CdTe films are com-
monly deposited electrochemically from acid elec-
trolytes at pH 1�3 [1�7]. One of the principal dis-
advantages of acid electrolytes is that corrosion pro-
cesses occur and elementary tellurium is codeposited
together with the CdTe deposit. This is so because, as
it follows from the potential�pH diagram of the CdTe
compound in aqueous solutions [8], the stability re-
gion of elementary tellurium in acid solutions is wide
and becomes narrower as pH increases. To prevent ac-
cumulation of elementary tellurium in CdTe films,
the concentration of Te(IV) ions in acid solutions is
chosen to be much lower than that of Cd(II) ions. The
Cd(II)/Te(IV) concentration ratio should be about 104.
In this case, the rate of CdTe formation in the pro-
cess of deposition is controlled by transport of HTeO2

+

ions to the electrode surface. The deposition is per-
formed at 363 K. Under these conditions, uniform
CdTe films with good adhesion cannot be always ob-
tained. The difficulties encountered can be eliminated
by using a complex electrolyte with high pH values.

The processes of CdTe formation affect the reac-
tion kinetics in two ways. First, the equilibrium po-
tential of the system HTeO2

+/Te depends on the pH
value, whereas that of the system (Cd2+ + Te)/CdTe
is independent of this parameter. Second, the rate of
electron transfer at the potential of HTeO2

+ reduction
decreases as pH increases. If the stage that governs
the stoichiometry is potential-independent (e.g., if this

is the subsequent chemical reaction), then the deposit
quality will improve with decreasing rate of the elec-
trochemical reaction.

The electrochemical deposition of CdTe films on
a glassy carbon was carried out using an ammonia-
chloride buffer electrolyte with pH 8.4, buffer capacity
� = 0.4, and ionic strength � = 2. This electrolyte
enhances the proton-donor capacity of aqueous solu-
tions and hinders hydrolysis of Cd(II) ions because
of the formation of Cd(NH3)n

2+ ammonia complexes.
The electrochemical processes that occur at the elec-
trode in electrodeposition of CdTe were studied by
means of voltammetry and X-ray phase analysis
(XPA).

EXPERIMENTAL

The voltammetric studies were performed using
a PI-50.1.1 potentiostat, with I�E curves recorded
with a PDA-1 XY recorder. The potential sweep rate
was 20 mV s�1. A three-electrode electrochemical
cell was in the form of a hermetically sealed thermo-
stated Pyrex glass vessel with separated anode and
cathode spaces. As working electrode served a glassy
carbon disc electrode with an apparent surface area of
0.07 cm2. As auxiliary electrode was used a platinum
wire with an apparent surface area of 1.5 cm2. All
the potentials are given in this paper relative to a sat-
urated silver chloride reference electrode.

The working solution was agitated with a mag-
netic stirrer. Measurements on the disc electrode were
performed at a temperature of 30�C, CdTe films on
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glassy carbon electrodes with an apparent surface area
of 1 cm2 were obtained at 80�C. Prior to experiments,
the glassy carbon was cleaned with a finely dispersed
Al2O3 powder and then washed with ethanol and dis-
tilled water. X-ray analysis of the films was made on
a DRON-3 instrument with Co radiation. Reagents of
special-purity and chemically pure grades were used
in the study. The solutions used were prepared with
twice-distilled water.

Figure 1 compares potentiodynamic voltammetric
curves of cathodic reduction of Te(IV) and Cd(II) ions
and their reverse runs (curves 1) in an ammonia-chlo-
ride buffer solution at pH 8.4 with voltammetric cur-
ves of their codeposition (curves 2). The cathodic
voltammetric curve obtained in a solution containing
3.8 � 10�4 M of Te(IV) (Fig. 1a, curve 1) shows a re-
gion of limiting current, which is due to Te(IV) re-
duction to Te(0), with peak current at a potential Em =
�0.6 V [Eq. (1)], and a peak of cathodic current
at a potential Ep = �0.9 V, which is associated with
further reduction of elementary tellurium to a tellu-
ride [Eq. (2)]. When the direction of potential sweep
is changed in the anodic region, elementary tellurium
is oxidized to Te(IV) (Ep = 0.09 V) in accordance
with Eq. (3):

TeO3
2� + 6H+ + 4e � Te0 + 3H2O, (1)

Te0 + 2e + H+
� Te2�, (2)

Te0
� 4e + 3H2O � TeO3

2� + 6H+. (3)

As the concentration of Te(IV) ions in the solution
bulk increases, the limiting current associated with
electroreduction of Te(IV) to Te(0) and the current in
the anodic peak at Ep = 0.09 V become higher.

Figure 1b shows the voltammetric curves of dis-
charge�ionization of Cd(II) ions on a glassy carbon
electrode in an ammonia-chloride buffer solution with
pH 8.4. The voltammetric curve shows a wave as-
sociated with reduction of Cd(II) (Ep = �0.9 V) and
a current peak related to oxidation of metallic cad-
mium (Ep = �0.87 V) in reverse sweep of the poten-
tial. The process of Cd(II) discharge�ionization in an
ammonia-chloride buffer solution is reversible. This
is indicated by the potential difference of the current
peaks of reduction and oxidation, �E = 0.03 V. With
increasing Cd(II) concentration, the heights of the cur-
rent peaks related to reduction of Cd2+ ions and oxida-
tion of metallic cadmium grow linearly.

Fig. 1. Voltammetric curves of joint discharge�ionization
of Te(IV) and Cd(II) ions on a glassy carbon electrode in
an ammonia-chloride buffer electrolyte of varied composi-
tion at pH 8.4. (I ) Current and (E ) potential; the same
for Figs. 2�4. (a) cTe(IV) = 3.8 � 10�4 M. cCd(II) (M):
(1) 0 and (2) 4.58 � 10�4. (b) cCd(II) = 3.8 � 10�4 M.
cTe(IV) (M): (1) 0 and (2) 6.3�10�4.

On addition of 4.58 � 10�4 M of Cd(II) to a solu-
tion that contains 3.8 � 10�4 M of Te(IV) (Fig. 1a,
curve 2), the wave of Cd(II) reduction is strongly
shifted to negative potentials, to E = �0.9 V, and
a new peak of cathodic current appears at E = �0.94 V.
In this case, the wave of Te(IV) reduction coincides
with that of Cd(II) reduction. The strong shift of
the wave of tellurium reduction to negative potentials
may be due to adsorption on the electrode surface
of outersphere complexes Cd(NH3)4

2+ � TeO3
2�, which

hinder tellurium reduction.

At the reverse run of the voltammetric curve of
codeposition of Te(IV) and Cd(II), there appear a cur-
rent peak (peak A) related to oxidation of metallic
cadmium that is unbound into the compound CdTe
[Eq. (4)], a minor peak (peak C ) associated with oxi-
dation of the compound CdTe to elementary tellurium
by Eq. (5), and a peak (peak B) related to oxidation of
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Fig. 2. Effect of Cd(II) concentration on the voltammetric
curves of joint discharge�ionization of Te(IV) and Cd(II)
ions on a glassy carbon electrode in an ammonia-chloride
buffer electrolyte. pH 8.4, cTe(IV) = 3.8 � 10�4 M; the same
for Fig. 3. cCd(II) (M): (1) 0, (2) 1.9 �10�5, (3) 3.8 �10�5,
(4) 5.7�10�5, (5) 7.6 � 10�5, (6) 9.5 � 10�5, (7) 1.1 � 10�4,
(8) 1.3�10�4, (9) 1.7�10�4, (10) 2.2�10�4, (11) 2.9�10�4,
(12) 3.3 �10�4, (13) 3.7 � 10�4, and (14) 4.6 � 10�4.

tellurium contained in the compound CdTe to TeO3
2�

at E = 0.22 V [Eq. (6)]:

Cd0
� 2e � Cd2+, (4)

CdTe + 4NH3
2�
� 2e � Cd(NH3)4

2+ + Te0, (5)

CdTe + 4NH3 + 3H2O � 6e � TeO3
2+ + Cd(NH3)4

2+ + 6H+.
(6)

The potential of the current peak B depends on
the Cd(II) concentration in the electrolyte solution and
varies within the range 0.1�0.22 V. As the concentra-
tion of Cd(II) increases, the potential of the current
peak related to oxidation of the compound CdTe is
shifted to more positive potentials.

On addition of a solution of 6.3 � 10�4 M of Te(IV)
to a solution that contains 3.8 � 10�4 M of Cd(II),
the current of the joint wave of reduction of Cd(II)
and Te(IV) ions grows (Fig. 1b, curve 2), with the

current of this wave lower than the total current of
Te(IV) and Cd(II) reduction at their corresponding
concentrations in the electrolyte. In the cathodic volt-
ammetric curve, as also in the voltammetric curve
shown in Fig. 1a (curve 2), there appears a current
peak at E = �0.94 V, which is associated with the re-
duction of the CdTe compound formed by the equa-
tion

CdTe + 2H+ + 2e � Cd + H2Te. (7)

In the reverse run of the voltammetric curve
(Fig. 1b, curve 2), no current peak related to oxidation
of elementary cadmium is observed, since the concen-
tration of Te(IV) exceeds that of Cd(II) as compared
with the 1 : 1 stoichiometric composition.

In order to consider in more detail the influence of
Cd(II) ions on the electrochemical reduction of Te(IV)
in an ammonia-chloride buffer solution, voltammetric
curves were measured at a constant Te(IV) concen-
tration of 3.8 � 10�4 M and various concentrations
Cd(II) ions. On adding to the electrolyte solution
even a minor amount of Cd(II) (1.9 � 10�5 M), the
wave of Te(IV) reduction is shifted to more negative
potentials, the current of Te(IV) reduction decreases,
and the current peak related to further reduction of
Te(0) to Te(�2) by reaction (2) becomes lower (Fig. 2,
curve 2). Raising the concentration of Cd(II) to 3.8 �
10�5 M leads to further shift of the wave of Te(IV)
reduction to the region of negative potentials (Fig. 2,
curve 3).

At a Cd(II) concentration of 5.7 �10�5 M, the wave
of Te(IV) reduction reaches a potential of �0.9 V
and coincides with the wave of Cd(II) reduction
(Fig. 2, curve 4). Under these conditions, Te(IV) is
reduced directly to Te(�2), with addition of six elec-
trons, and enters into chemical reaction with Cd2+

situated in the near-electrode layer to give the com-
pound CdTe.

TeO3
2� + Cd(NH3)4

2+ + 6H+ + 6e � CdTe + 4NH3 + 3H2O.
(8)

At potentials more negative than that of the joint
wave of Te(IV) and Cd(II) reduction, there appears
a minor peak related to formation of the CdTe com-
pound by Eq. (7). As the concentration of cadmium in
the electrolyte solution becomes higher, the potential
of this peak is shifted to more negative potentials and
the current grows.

As the Cd(II) concentration increases, the potential
at which the wave of joint reduction of Te(IV) and
Cd(II) remains constant, but the shape of this wave
changes: the current peak of reduction disappears and
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a limiting current appears at a Cd(II) concentration
of 9.5 � 10�5 M (Fig. 2, curve 6). The current of this
wave decreases gradually as the concentration of
Cd(II) ions is raised to 1.3 � 10�4 (Fig. 2, curve 8).
With the Cd(II) concentration increasing further, to
1.7 � 10�4, a minor peak reappears in the wave at
a potential of �0.9 V (Fig. 2, curve 9), and the current
of the joint wave increases with Cd(II) concentration.
At cCd(II) = 2.9 � 10�4 M, a minor peak associated
with oxidation of metallic cadmium to Cd(+2) by re-
action (4) appears in the reverse run of the voltam-
metric curve (Fig. 2, curve 11), which indicates that
free, elementary cadmium, unbound to tellurium, ap-
pears on the electrode surface. In this case, the peak
of CdTe reduction reaches its maximum magnitude.

Consequently, as the concentration of cadmium
grows, the total current of the reduction wave de-
creases, passes through a minimum, and again starts
to increase, with the total current not additive to
the currents of Te(IV) and Cd(II) reduction. The phe-
nomenon observed is due to the reaction of the prod-
uct formed in Te(IV) reduction with cadmium ions
present in solution, to give a poorly soluble compound
CdTe, which diminishes the flow of cadmium ions
toward the electrode. A similar phenomenon has been
observed in reduction of As(3+) and ions of bi- and
trivalent metals (Cd2+, Zn2+, In3+) on a mercury elec-
trode in neutral solutions [9].

Raising the Cd(II) concentration to 2.98 � 10�4 M
(Fig. 2, curve 11) and more leads to an increase in
the current of the joint reduction wave of Cd(II) and
Te(IV) ions at E = �0.9 V, and the current of reduction
of the CdTe formed decreases. Consequently, it may be
assumed that the concentration ratio Cd(II) : Te(IV) =
1 : 1�0.8 : 1 in the electrolyte solution is the optimal
for formation of the CdTe compound. The results ob-
tained are confirmed by the dependence of the mag-
nitudes of the anodic peaks related to CdTe electro-
oxidation on the concentration ratio of Cd(II) and
Te(IV) ions in solution (Fig. 3). The current peak ob-
served in the anodic portion of the voltammetric cur-
ves at potentials of 0.1�0.22 V, which correspond to
oxidation of tellurium contained in the compound
CdTe, reaches its maximum magnitude at a concen-
tration ratio Cd(II) : Te(IV) = 0.8 : 1. With increasing
content of Cd(II) ions in the electrolyte, the maximum
current decreases.

The dependence of the current of the anodic peak
of CdTe oxidation, observed at potentials of 0.15�
0.3 V, on the potential of electrodeposition of this
compound on a glassy carbon electrode in an am-
monia-chloride buffer electrolyte with pH 8.4 was

Fig. 3. Anodic voltammetric curves of CdTe ionization in
an ammonia-chloride buffer electrolyte of varied composi-
tion. cCd(II) � 104 (M): (1) 2.8, (2) 3.7, (3) 4.5.

Fig. 4. Effect of the potential of CdTe deposition in an am-
monia-chloride buffer electrolyte on the current of the an-
odic peak observed at potentials of 0.15�0.3 V at pH 8.4.

determined (Fig. 4). The electrodeposition was carried
out at different cathode potentials (plotted in the fig-
ure along the abscissa axis), in the course of 30 s,
with stirring. It was found that the maximum oxida-
tion current of the compound formed is observed
when CdTe is deposited onto the electrode surface
at a potential of �1.1 V.

The data obtained are confirmed by the results of
XPA. The X-ray phase analysis was carried out for
CdTe films electrodeposited in the potentiostatic mode
onto glassy carbon substrates with an apparent surface
area of 1 cm2. The electrodeposition of CdTe was
performed from an ammonia-chloride buffer electro-
lyte with pH 8.4 at 80�C in the course of 20 min, with
agitation of the electrolyte. The resulting films were
annealed at 400�C for 10 min.
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Fig. 5. X-ray diffraction patterns of CdTe films on a glassy
carbon electrode. (I ) Intensity and (2�) Bragg angle. Con-
centration (M): (1) 1.2 �10�3 Cd(II) and 1.2 � 10�3 Te(IV);
(2) 1.17 � 10�3 Cd(II) and 1.47 � 10�3 Te(IV); and (3) 3.7�
10�4 Cd(II) and 3.7 � 10�4 Te(IV). Deposition time (min):
(1, 2) 20 and (3) 60.

Figure 5 (curves 1, 2) shows X-ray diffraction
patterns of CdTe films electrodeposited at a potential
of �1.1 V from an ammonia-chloride buffer electro-
lyte at a concentration ratio of Cd(II) and Te(II) in
the electrolyte equal to 1 : 1 (diffraction pattern 1) or
0.8 : 1 (diffraction pattern 2). The clearly pronounced
reflections of the compound CdTe can be seen in
the figure. The three main reflections, which corre-
spond to the interplanar spacings of 3.74, 2.29, and
1.95 �, are in agreement with the ASTM file data for
CdTe. Using an ammonia-chloride buffer electrolyte
with pH 8.4 makes it possible to diminish the con-
tent of elementary tellurium in the CdTe deposit to
CdTe : Te = 1 : 0.079�1 : 0.08, as indicated by the
relative intensities of the main peaks of CdTe and Te
in the X-ray diffraction patterns. In the widely used
sulfate electrolytes, the CdTe : Te ratio is 1 : 0.30�1 :
0.31 [10]. Lowering the content of tellurium in the
deposit of the compound obtained improves its semi-
conducting properties. It was shown, based on the rel-
ative intensities of the main reflections in the X-ray
diffraction patterns, that CdTe films obtained from
the ammonia-chloride buffer electrolyte have a regular
cubic structure.

The effect of making longer (60 min) the time of
CdTe electrodeposition was studied (Fig. 5, diffrac-
tion pattern 3). The content of cadmium and tellurium
in the ammonia-chloride solution was cCd(II) = cTe(IV) =

3.7 � 10�4 M. It was found that sufficiently thick
semiconducting CdTe films, which contain no ele-
mentary tellurium, are obtained at longer electro-
deposition times. The reflections from the substrate
are weakly pronounced, but there appear minor reflec-
tions corresponding to the CdO compound.

Thus, the use of an ammonia-chloride buffer elec-
trolyte with pH 8.4 made it possible to obtain pure
films of the semiconducting CdTe, which contain no
elementary tellurium, and thereby to improve the semi-
conducting properties of the films obtained.

CONCLUSIONS

(1) In codeposition of cadmium(II) and telluri-
um(IV) from an ammonia-chloride buffer electrolyte
with pH 8.4 onto a glassy carbon electrode, the po-
tential of Te(IV) reduction is substantially shifted to
more negative potentials, so that the reduction po-
tentials of Cd(II) and Te(IV) coincide.

(2) The optimal conditions of CdTe electrodepo-
sition from an ammonia-chloride electrolyte with
pH 8.4 are as follows: deposition potential �1.1 V,
temperature 80�C, concentration ratio Cd(II) : Te(IV) =
1 : 1�0.8 : 1.

(3) Using the ammonia-chloride electrolyte with
pH 8.4 makes it possible to eliminate virtually totally
the codeposition of elementary tellurium together with
the CdTe deposit.
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Abstract�The optimal composition of a cathode material based on films of an oxide chromium compound
for a pulsed lithium chemical power cell that provides current densities of 80�140 mA cm�2 was determined.

Development of lithium chemical power cells that
operate in pulsed mode is one of the most important
tasks in view of the expanding range of their appli-
cation in electronics. The operation of electronic de-
vices (especially in its initial stage) frequently requires
a very short high-current pulse. With account of this
circumstance, the main requirement to chemical power
cells is that they should provide high current densi-
ties (>50 mA cm�2) in discharge through low external
loads of the order of tens of ohms.

Commonly, lithium-based chemical power cells of
pulsed type are fabricated using a thin-film technology
for obtaining a cathode material on the basis of oxide
systems of molybdenum, aluminum, and vanadium.
The specific power of a power cell of this kind may
be as high as 100 W g�1 [1]. The use of oxides is pref-
erable, compared with compounds of other classes,
since oxides are more stable in aprotic electrolytes,
less toxic, and undergo only slight structural changes
during operation of a chemical power cell.

At present, chemical power cells with a lithium
anode and a manganese dioxide cathode are being
commercially produced on a large scale. To their ad-
vantages belong the possibility of obtaining a rather
high specific power (up to 200 W h kg�1), stability
of the discharge characteristic, and capacity for op-
eration at low temperatures (below �20�C). A disad-
vantage of such a cell is the low discharge current
(<1 mA cm�2) [2].

The operation of lithium-based chemical power
cells is based on solid-phase reduction of oxide ma-
terials, whose rate-determining stage is lithium dif-
fusion in the solid phase. The diffusion coefficients

are low (10�9�10�13 cm2 s�1 [3], and, as a result,
the maximum current densities are low, too (com-
monly, �2 mA cm�2).

To make higher the discharge current of lithium
cells, a number of technological procedures have been
advanced. It particular, it was suggested to assemble
cells based on manganese dioxide into batteries, e.g.,
thin batteries with a voltage of 6 V. The discharge cur-
rent of batteries of this kind may vary within the range
0.03�150 mA in their operation in the continuous
mode (with the battery capacity being, in this case,
13 A h) and be as high as 1 A in the pulsed mode
(with the battery capacity not exceeding 0.85 A h) [4].

In the recent 10�15 years, a close attention has
been given to oxide compounds of nonstoichiometric
composition as possible electrode materials. It has
been established that the rate of electrochemical reac-
tions and, consequently, the achievable current density
are the higher, the stronger the deviation of the com-
position of a compound from the stoichiometry, which
determines the type of conduction, the defectiveness
of the structure, and the catalytic activity of a com-
pound [5�7].

Using the nonstoichiometric oxides makes it possi-
ble to raise the specific capacity of the electrode, and
varying the deviation of composition from the stoi-
chiometry allows control over the rate of introduction
of the lithium cation into the cathode material [8].
An important additional advantage of such oxides is
their mixed conductivity with a considerable share of
the electronic component [9]. In some cases, this ob-
viates the necessity for introduction of electrically
conducting additives (carbon black, graphite) into the
cathode material, which not only simplifies the fabri-
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cation technology of chemical power cells and, ac-
cordingly, lowers its cost, but also makes it possible
to raise the utilization factor of the cathode material.

Of particular interest among representatives of this
class of compounds are nonstoichiometric oxide com-
pounds of chromium [10�13]. For example, lithium
cells with a cathode material based on CrO2.66, which
have a specific power of 300�1000 W h l�1 and a spe-
cific capacity of 370�410 A h kg�1, have been sug-
gested [13]. However, the technology for synthesis of
this compound is rather complicated [14]: it is com-
monly obtained by removing a required amount of
oxygen from a stoichiometric chromium(VI) oxide.

It is known that chemical methods for obtaining
compounds of nonstoichiometric composition fail to
ensure its due reproducibility, require long time, and
are labor-consuming. Electrochemical synthesis yields
virtually compositionally reproducible compounds and
can be readily controlled with electrolysis parameters.

The aim of this study was to select a cathode ma-
terial for pulsed lithium-based chemical power cells
and to optimize its composition.

EXPERIMENTAL

The method of electrochemical synthesis from fluo-
rine-containing electrolytes has been used to obtain
a number of oxide compounds of copper, molybde-
num, nickel, and chromium of nonstoichiometric com-
position [9]. Preliminary studies of these compounds
as cathode materials for chemical power cells with
a lithium anode demonstrated that oxide compounds
of chromium and molybdenum are of particular inter-
est. The peak currents in a pulse at discharge time of
10 s and load of 1 k� are given below for lithium
power cells with cathodes made of the compounds
under study:

Oxide Cu(I) Cr Mo Ni Mn
Peak current in a pulse, mA 15 70 35 30 22

The highest discharge currents in the pulsed mode
were obtained for a cathode material based on chro-
mium compounds, and this material was chosen for
the further study. An additional advantage is that
oxide compounds of chromium can be deposited in
the form of thin films that firmly adhere to the base,
which obviates the necessity for introduction of
a binder and electrically conducting additives into
the cathode material. As a result, the fabrication tech-
nology of the lithium-based chemical power cell is
strongly simplified because of the elimination of
a number of technological procedures.

The oxide compounds of chromium were obtained
from an electrolyte containing 250 g l�1 of chromi-
um(VI) oxide and 0.1 to 0.8 g l�1 of hydrofluoric acid
[9]. The thickness of a film of an oxide chromium
compound, deposited onto the base, was 12�15 �m.
The composition of the oxide compounds obtained
was determined using the atomic-absorption and neu-
tron activation methods of analysis. The latter tech-
nique was used to determine the total oxygen, includ-
ing that contained in H2O and in OH� groups, in oxide
compounds of chromium [15]. Taking into account
the fact that the compounds under study are not stoi-
chiometric and, consequently, their density differs
from the tabulated values, the apparent and true den-
sities of the oxide compounds synthesized were de-
termined. The specific surface area of this compounds
was found using the BET method.

The conductivity (ionic and electronic) is a struc-
ture-sensitive parameter that governs the electrical
characteristics of a material. The total conductivity
and its constituents were found using the procedure
described in [16]. Also, the effect of the duration and
the mode of thermal treatment on these quantities and
on the peak current in a pulse of a lithium power cell
was studied.

The electrical characteristics of prototype lithium
power cells were determined with an S8-13 oscillo-
scope in the form of a 100-ms pulse on a load of
10 �. The prototype samples of lithium-based chem-
ical power cells of standard size 23 � 25 were assem-
bled in a box in the atmosphere of argon; as electro-
lyte served a 1 M solution of lithium fluoroborate in
�-butyrolactone.

The data on the composition of oxide compounds
of chromium and the peak current in a pulse are listed
in Table 1 in relation to the concentration of the li-
gand in the electrolyte. For example, raising the con-
centration of the F� ion in the electrolyte leads to
an increase in both the total and metallic chromium in
the samples. In the same order decreases the amount
of oxygen and OH groups, which stabilize the redox
systems Mn+/M(n � 1) in oxide compounds of this
type [4].

The peak current in a pulse of a lithium power cell
and the composition of an oxide compound used to
fabricate the cathode are determined by the concen-
tration of the ligand in the electrolyte: the maximum
current is observed for sample no. 1 and decreases on
passing to sample nos. 2�4, i.e., with increasing con-
centration of the ligand in the electrolyte. In the same
way decreases the share of ionic conductivity in the



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 2 2004

OXIDE COMPOUNDS OF CHROMIUM AS CATHODE MATERIAL FOR PULSED POWER CELLS 233

Table 1. Composition, share of ionic conductivity of oxide compounds of chromium obtained in HF solutions of various
concentrations, and peak current in a pulse of a lithium power cell on their base
������������������������������������������������������������������������������������

Sample
�

cHF,
� Composition of oxide compounds of chromium, % �

O2,
� Peak cur- � Share of ionic

� ����������������������������������������� � �� � � � rent in � conductivity
no.

�
g l�1

� �Cr � Cr(0) � Cr(II) � Cr(III) �
%

� a pulse, mA � �, %
������������������������������������������������������������������������������������

1 � 0.2 � 70.0 � 30.0 � 18.0 � 22.0 � 29.0 � 190 � 11.3
2 � 0.4 � 73.0 � 41.0 � 13.0 � 19.0 � 22.0 � 170 � 10.8
3 � 0.6 � 82.0 � 55.0 � 11.0 � 16.0 � 18.0 � 160 � 10.5
4 � 0.8 � 89.0 � 68.0 � 10.0 � 11.0 � 11.0 � 100 � 9.5

������������������������������������������������������������������������������������

Table 2. Density of oxide compounds of chromium at various HF concentrations in the electrolyte
������������������������������������������������������������������������������������

cHF, g l�1
� Density, g cm�3 	

cHF, g l�1
� Density, g cm�3

������������������������������
 �����������������������������
� true � apparent 	 � true � apparent

������������������������������������������������������������������������������������
0.2 � 2.1 � 1.41 	 0.6 � 2.27 � 1.65
0.4 � 2.25 � 1.58 	 0.8 � 2.29 � 1.78

������������������������������������������������������������������������������������

compounds studied. The data in Table 1 were used to
determine the optimal electrolyte composition for ob-
taining a cathode material for a pulsed lithium-based
chemical power cell. In the same order grow the
true and apparent densities of oxide compounds of
chromium (Table 2), which is due to an increase in
the content of metallic chromium in the samples stud-
ied. The specific surface area of the compounds ob-
tained varies from 0.5 m2 g�1 for pelletized samples
to 1.9 m2 g�1 for powdered samples.

To create lithium power cells that allow high dis-
charge rate, it seems necessary to study the conduc-
tivity of the cathode materials used, since it is this
parameter that largely determines the rate of the elec-
trochemical process that occurs in operation of a chem-
ical power cell. It is known that the conductivity of
a substance is strongly temperature-dependent. To
optimize the thermal treatment mode, temperature
dependences of conductivity were studied. The peak
currents in a pulse (current�time dependences) were
examined for a lithium power cell with a cathode
material based on an oxide chromium compound of
the optimal composition no. 1 (Table 1).

The figure shows how the share of ionic conductiv-
ity of the oxide compounds of chromium, synthesized
in this study, depends on the temperature of thermal
treatment and on the electrolyte composition. It fol-
lows from an analysis of these data that, as the con-
centration of the F� ion in the electrolyte increases in
electrosynthesis of oxide compounds of chromium,

the share of the ionic constituent of the conductivity
decreases. A similar influence is exerted by the tem-
perature of their subsequent thermal treatment. More-
over, after thermal treatment at 300�C the share of
the ionic constituent of conductivity is virtually zero.

The results obtained suggest that the ionic conduc-
tion is due to the presence of hydroxy groups, which,
in turn, predetermines the difference between the ionic
components of samples with different compositions.
This conclusion is confirmed by results of a thermo-
gravimetric analysis and IR spectroscopy, according

Share of ionic constituent of the conductivity � of oxide
compounds of chromium vs. temperature T of their thermal
treatment at different concentrations of the ligand in the
electrolyte in synthesis of these compounds. Concentration
(g l�1): (1) 0.1, (2) 0.2, (3) 0.4, and (4) 0.8.
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Table 3. Peak current in a pulse of a lithium power cell (23 � 25 standard size) in relation to the thermal treatment
mode of an oxide chromium compound and to the discharge duration (external load R = 10 �)
������������������������������������������������������������������������������������

� Peak current in a pulse (mA) at indicated 	 � Peak current in a pulse (mA) at indicated

T, �C
� discharge duration 	

T, �C
� discharge duration

����������������������������������
 ����������������������������������
� 100 ms � 100 �s 	 � 100 ms � 100 �s

������������������������������������������������������������������������������������
100 � 20�40 � 200 	 200 � 100�120 � 260
140 � 50�60 � 220 	 250 � 170�180 � 290

� � 	 300 � 120�140 � 130
������������������������������������������������������������������������������������

Table 4. Peak current in a pulse at varied number of successive switch-ons of a lithium power cell (23 � 25 standard size)
������������������������������������������������������������������������������������

� Peak current in a pulse, mA, at indicated resistance, �

����������������������������������������������������������������������������

�, ms
� 7 � 8 � 10 � 12
����������������������������������������������������������������������������
� and number of successive switch-ons
����������������������������������������������������������������������������
� 1 � 10 � 20 � 1 � 10 � 20 � 1 � 10 � 20 � 1 � 10 � 20

������������������������������������������������������������������������������������
10 � 280 � 275 � 260 � 260 � 250 � 240 � 220 � 200 � 190 � 180 � 160 � 130
15 � 280 � 275 � 260 � 260 � 250 � 240 � 220 � 200 � 190 � 180 � 160 � 130
20 � 280 � 275 � 260 � 260 � 250 � 240 � 220 � 200 � 190 � 180 � 160 � 125

100 � 230 � 220 � 200 � 230 � 200 � 190 � 180 � 175 � 165 � 150 � 140 � 110
������������������������������������������������������������������������������������

to which the crystallization water and OH� groups are
completely removed at 300�320�C. It should be noted
that a correlation is observed between the modes of
thermal treatment and the peak currents in the I�T
dependences for the prototype samples of lithium pow-
er cells. The variation of the peak current in a pulse
with the temperature of thermal treatment of oxide
compounds of chromium are is illustrated in Table 3
for different pulse durations. According to these data,
the optimal temperature of thermal treatment of oxide
compounds of chromium is 250�260�C. The share of
the ionic conductivity for the given cathode material
should not exceed 4�5%.

A lithium-based chemical power cell of this kind
allows multiple switch-ons (Table 4). Up to 20 suc-
cessive switch-ons of a power cell were carried out,
with the current pulse recorded. The peak current in
a pulse decreases only slightly during the first ten
successive switch-ons, but starts to fall more steeply
after 20th switch-on of the chemical power cell. How-
ever, the discharge current density of the lithium-
based power cell under study remains, even under
these conditions, 20�30 times the discharge current
density of the known lithium power cells.

Thus, there appears an opportunity to test prelimi-
narily both the potential electrode materials and the
systems as a whole for possible use in power cells
providing high (up to 140 mA cm�2 for a short inter-
val of time) discharge current densities at low external
loads.

CONCLUSION

The data obtained indicate that oxide compounds
of chromium can be used as cathode materials in lith-
ium-based chemical power cells that provide high
current densities (80�110 mA cm�2) in discharge
through low external loads during a short period of
time.
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Abstract�The fundamental aspects of electroless nickel and copper plating of carbon fibers with the use
of sodium hydroxymethane-sulfinate and thiourea dioxide as reducing agents were studied.

The development of modern technology requires
that new materials with special properties, including
electrically conducting metallized fibers, should be
created [1]. The efficiency of metallization depends
on the state of the fiber surface. Surface pretreatment
includes stages of cleaning, degreasing, etching, sen-
sitization, and activation. Tin compounds are com-
monly used as sensitizing agents; the activation is
done by treatment of a sensitized surface with solu-
tions of compounds of platinum-group metals, most
frequently with palladium salts [1, 2]. Of economic
interest are activation methods that use no palladium.
A disadvantage of the known techniques of this kind
is that the composition of the activating solution is
rather complex and the process is labor-consuming
because of the great number of successive technolog-
ical procedures involved [3, 4].

Of interest for further improvement of the existing
methods and development of new techniques for elec-
troless metallization is expansion of the number of the
reducing agents used. The conventionally employed
sodium borohydride and hypophosphite give no way
of obtaining impurity-free metal coatings, and their
solutions are insufficiently stable, especially in acid
media [5]. In [6], it was suggested to use thiourea
dioxide (TDO) and sodium hydroxymethane-sulfinate
(SHMS) for electroless nickel plating of polyacry-
lonitrile (PAN) fibers. In this case, coatings with high
adhesion can be obtained without activation with pal-
ladium salts.

The aim of the present study was to examine the
possibility of using TDO and SHMS (technical name
rongalite) for metallization of carbon fibers and to

analyze the physicomechanical aspects of formation
of metal coatings.

EXPERIMENTAL

Samples of black-reinforced epoxy plastic were
prepared from UUT-2 fabric with carbon fiber content
of 60% by the standard procedure [7, 8]. Thiourea di-
oxide (NH2)2CSO2 was synthesized from thiourea of
chemically pure grade by oxidation with hydrogen per-
oxide by the known technique [9], or a technical-grade
product was used after double recrystallization. Sodi-
um hydroxymethane-sulfinate HOCH2SO2Na � 2H2O
was obtained by double recrystallization of a techni-
cal-grade product from water. The content of the main
substance in the reducing agents prepared, monitored
iodometrically [10], was no less than 99.8%. Etching,
activation, and metallization solutions were prepared
from Ni, Cu, and Cd salts, potassium dichromate of
chemically pure grade, and H2SO4 acid of analyti-
cally pure grade. Carbon fiber samples were prelim-
inarily treated with concentrated sulfuric acid ( d =
1.83 g ml�1) with various additives for 3�10 min, with
subsequent washing with water as described in [11].
The reaction of Ni2+, Cu2+, and Cr2O7

2� with SHMS
or TDO was performed in air. The content of Ni2+

ions in solution was monitored by trilonometry, and
that of Cu2+ ions, by spectrophotometry (SF-46 spec-
trophotometer, �max = 740 nm), using the known pro-
cedures [12]. The amount of metal deposited was de-
termined gravimetrically, with correction made for
the content of sulfides and sulfites [12].1 Additionally,
����������
1 Admixtures of sulfides and sulfites may appear through de-

composition of sulfur-containing reducing agents.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 2 2004

ELECTROLESS NICKEL AND COPPER PLATING OF CARBON FIBERS 237

the metal deposit was analyzed for the content of Ni
and Cu by atomic-adsorption spectrometry (Saturn
spectrometer); the size of metal powder particles was
determined with a Tesla BS-300 electron microscope.
The adhesion strength of metal coatings with a black-
reinforced plastic substrate was evaluated by the �ther-
mal shock� and ultrasonic methods. The metal coat-
ings were subjected to the action of high-frequency
sound vibrations in a liquid medium, using a UD-20
ultrasonic integrator.2

In the experiments, the instant of time at which
disintegration of a metal film started and the time of
its complete disintegration (disintegration spot diam-
eter 5 mm) were recorded.

A study of reduction of Ni2+, Cu2+, and Cr2O7
2�

with SHMS and TDO demonstrated that, in the ab-
sence of a substrate, the decrease in the concentration
of the ions of the oxidizing agents at fixed concentra-
tion of a reducing agent, taken in excess, is described
by the kinetic equation of a pseudo-monomolecular
reaction. The effective rate constants of the reaction
are listed in Table 1. The data in the table were used
to calculate the activation energies and logarithms of
the pre-exponentials in the Arrhenius equation; the
dependences obtained are shown in Fig. 1. The strong
influence of temperature on the reaction rate and the
accordingly high activation energies of the process
(84�187 kJ mol�1) can be accounted for as follows.

It has been established previously [10, 13�15] that
the reactions of reduction of organic and inorganic
oxidizing agents with hydroxy and amine derivatives
of sulfinic acids proceed by two parallel pathways: via
direct interaction of reactant molecules (associative
pathway) and via cleavage of the reducing agents at
the C�S bond (dissociative pathway):

HOCH2SO2
� + H2O = HSO2

� + CH2(OH)2, (1)

NH2(NH)CSO2H + OH� = HSO2
� + (NH2)2CO. (2)

In the latter case, the role of reducing agents is
played by sulfoxylate ions HSO2

2� or secondary prod-
ucts of reactions (1) and (2), dithionite ions S2O2

2�.
The occurrence of these pathways and their contribu-
tion to the overall rate of reduction processes were
determined experimentally from the decrease in the
reaction rate in the presence of an admixture of for-
maldehyde, which binds sulfoxylate to HOCH2SO2

�

����������
2 A sample was placed in a vessel with distilled water and

the focusing attachment of the vibrator was mounted at a dis-
tance of 10 mm from the sample surface.

Fig. 1. Dependence of lnP on the activation energy Ea of
the reaction of reduction of nickel and copper salts with
(1, 2) SHMS and (3, 4) TDO in the presence of powdered
(1, 4) copper and (2, 3) nickel. (P) Pre-exponential in
the Arrhenius equation.

by a reverse reaction (1). It was established in [14]
that an activation energy of more than 100 kJ mol�1

corresponds to the dissociative pathway, whereas in
the case of an associative pathway, this quantity is
about 20 kJ mol�1, on average. The results obtained
in a study of the influence exerted by formaldehyde
additives [15] and a comparison of the activation en-
ergies indicate that the concepts developed are also
applicable to reactions in which salts of transition

Table 1. Rate constants of redox reactions in the absence
of substrate, found under various conditions from the loss
of the oxidizing agent in a solution
����������������������������������������
Solution composition� pH �

T, K
� Keff � 102,

���������������� � �
Ox � Red � value � � min�1

����������������������������������������
Cu2+ � TDO � 4.0 � 313 � 0.8

� � 4.0 � 323 � 8.5
� � 4.0 � 333 � 72.5
� SHMS � 4.0 � 313 � 1.7
� � 4.0 � 323 � 3.2
� � 4.0 � 333 � 13

Ni2+ � TDO � 4.0 � 313 � 0.4
� � 4.0 � 323 � 2.0
� � 4.0 � 333 � 9.8

Ni2+* � SHMS � 4.0 � 323 � 0.025
Ni2+ � � 4.0 � 333 � 0.11
Cr2O7

2� � TDO � 4.0 � 323 � 81
� � 6.0 � 323 � 149.5
� � 12.0 � 323 � 245
� SHMS � 4.0 � 323 � 145
� � 6.0 � 323 � 90
� � 12.0 � 323 � 60

����������������������������������������
* Data of [6].
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Fig. 2. Variation of the concentration of (a) SHMS and
(b) TDO in the course of decomposition (1) in the absence
of carbon fibers and in the presence of (2�5) carbon fibers
and (6) Ni and (7) Cu powders. [TDO] = [SHMS] = 0.48 M,
T = 298 K, pH 4.0. Carbon fiber: (2) untreated and (3�5)
activated in conc. H2SO4 (3) without additives and with
addition of 0.01 M of (4) Cd2+ and (5) Cr2O7

2�.

metals, nickel and copper, are reduced, with the dom-
inant role played in this case by the dissociative path-
way. It follows from Fig. 1 that, with allowance made
for the rather high errors in measuring these quantities
(�Ea = �20 kJ mol�1, lnP = �10), the activation par-
ameters lnP and Ea are correlated in terms of the
compensation effect. This indicates that the rate-de-
termining stages (1) or (2) proceed via intermediate
states with configurations of the same type [16].

Table 2. Influence exerted by the mode of carbon fiber
activation on the amount m of metal being deposited
(metallization conditions: [Ni2+] = [Cu2+] = 0.2 M, T =
343 K, t = 10 min, [SHMS] = [TDO] = 0.4 M)
����������������������������������������
Me-�

Solution composition, M
�

T, K
� t, �m, mg g�1

tal � � �min� of fiber
����������������������������������������
Cu � H2SO4 conc. � 293 � 6 � 1.2

� H2SO4 conc. + CdSO4, 0.01 � 293 � 6 � 2.8
� H2SO4 conc. + CdSO4, 0.3 � 353 � 6 � 3.8
� The same � 353 �10 � 2.4� � � �

Ni � H2SO4 conc. � 293 � 6 � 2.3
�H2SO4 conc. + K2Cr2O7, 0.3� 293 � 6 � 4.4
� The same � 353 � 6 � 5.8
� � � 353 �10 � 2.2

����������������������������������������

An important specific feature of the process of re-
duction with thiourea dioxide in a weakly acidic me-
dium at temperatures lower than 333 K, in contrast to
the process with SHMS, is that products of decom-
position of the reducing agent, sulfite and sulfide ions,
are virtually totally absent in the reaction system. This
circumstance leads to a significant advantage of TDO
over SHMS, since it furnishes an opportunity to ob-
tain high-purity metal powders and coatings [17]. It
can be seen from Table 1 that the rate constants of
Cr2O7

2� reduction are, on average, an order of mag-
nitude higher than those of Ni2+ and Cu2+ reduction.
Hence follows that, in the case of joint presence of
Ni2+, Cu2+, and Cr2O7

2� ions, the last type of ions will
be more rapidly reduced to Cr3+ and Cr2O3. Being
adsorbed on the surface of carbon fibers, these spe-
cies may act as active centers in chemical deposition
of metals [18].

In order to elucidate the mechanism by which car-
bon fibers affect the rate of redox reactions, decom-
position of the reducing agents was studied in the
presence of carbon fibers and Cu and Ni powder ad-
ditives or without these (Figs. 2a, 2b). It can be seen
that, in the presence of carbon fibers, the decomposi-
tion rate of SHMS (Fig. 2a) and TDO (Fig. 2b) in-
creases. This is particularly pronounced in the case
of a carbon fiber etched in conc. H2SO4 with addition
of Cd2+ and Cr2O7

2� (Figs. 2a, 2b; curves 4, 5). In
the presence of Ni and Cu powders (Figs. 2a, 2b;
curves 6, 7 ), the decomposition rate also increases,
even though to a lesser extent than in the presence
of an activated carbon fiber. It is known that Cu and
Ni metals catalyze the decomposition of SHMS [6].

The data in Fig. 2 are in good agreement with
the results obtained in determining the rates of re-
dox reactions in the presence of carbon fibers. It has
been found [11, 15] that, in reduction of Cu2+, the
highest rate is observed in the presence of a carbon
fiber etched in conc. H2SO4 with addition of Cd2+

(Keff = 3.6 � 10�3 min�1), whereas in reduction of Ni2+,
the most efficient treatment is that with conc. H2SO4
with addition of Cr2O7

2� (Keff = 9.3 � 10�3 min�1).
At the same time, the effective rate constants of re-
duction of Cu2+ and Ni2+ ions in the absence of car-
bon fibers are 1.4 � 10�3 and 3.4 � 10�3 min�1, respec-
tively.3 It is known that etching of carbon fibers leads
to a certain surface roughness, with simultaneous ap-
pearance of �C=O and �C�O� groups involved in
redox processes of formation of primary metal crystal-
lization centers [7]. The data in Table 2 indicate that
a sufficiently high content of copper and nickel in car-
����������
3 All values of Keff are related to a temperature of 298 K.
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bon fiber samples (up to 3.8�5.8 mg g�1) is achieved
in etching the substrate in conc. H2SO4 with addition
of Cd2+ (in Cu deposition) or Cr2O7

2� (in Ni deposi-
tion) for 6 min. It can be seen from Table 3 that the
optimal concentration of the additives in the etching
bath should be 0.3 g l�1 at the etching time of 6 min.

Thus, comparison of the data on the decomposition
rates of the reducing agents and the rates of redox
reactions in the presence and in the absence of a car-
bon fiber substrate gives reason to believe that the in-
fluence of the substrate on the rate of metal deposition
is determined by the following two factors. On the
one hand, there is a growing contribution from the
dissociative pathway and increasing quasi-stationary
concentration of intermediates, sulfoxylate ions. On
the other hand, the Cd(0) and Cr(III) species formed
on the substrate surface upon its activation exert an
accelerating action.

Figure 3 compares the adhesion strengths of nickel
coatings formed upon different kinds of pretreatment
of carbon fiber substrates. The data obtained indi-
cate that the adhesion strength of the nickel coating
formed using the suggested procedure is high. A sam-
ple treated with conc. H2SO4 with addition of Cr2O7

2�

significantly surpasses the samples treated with salts
of tin and palladium in the time of beginning and
completion of coating disintegration. Thus, the meth-
od of simultaneous etching and activation of carbon
fibers, suggested here, leads to enhanced localization
of the redox process on the surface and to improved
adhesion strength of the coating.

Analysis of the experimental data obtained makes
it possible to recommend a rather simple method for
electroless nickel plating of carbon fibers, protected
by a patent [19]. The procedure is as follows. The sur-
face of an article made of carbon fibers is etched for
6 min at a temperature of 353 K with a 0.3 M solution
of potassium dichromate in concentrated sulfuric acid
(d = 1.83 g cm�1). After that the article is placed,
without washing or removal of the etching mixture
remaining on its surface, in a metallization bath with
an aqueous solution of nickel chloride and SHMS or
TDO. The duration of this stage is 3�5 min, after
which the article is washed and dried. The method can
produce nickel coatings with a layer thickness of 4.5�
5.2 �m at an average metallization rate of 24 �m h�1.
The technique suggested makes the process less labor-
consuming. This is achieved by combining the stages
of activation and chemical metallization into a single
stage, eliminating the stages of washing and prepara-

Table 3. Influence exerted by the concentration of Cd(II)
and Cr(IV) additives in the etching solution on the mass
of the metal being deposited (metallization conditions:
[Cu2+] = [Ni2+] = 1.0 M, t = 6 min, [SHMS] = [TDO] =
0.2 M)
����������������������������������������
Metal* � Additive, g l�1 � m, mg g�1 of fiber
����������������������������������������

Cd2+

Cu � 0.005 � 0.47
� 0.3 � 2.76
� 0.6 � 0.81

Cr2O7
2�

Ni � 0.005 � 0.57
� 0.3 � 4.46
� 0.6 � 0.97

����������������������������������������
* Deposition of Cu or Ni onto carbon fibers activated with a so-

lution containing Cd(II) or Cr(IV), respectively.

tion of a special activating formulation, and exclud-
ing the use of highly expensive components (Sn and
Pd). Moreover, if sodium borohydrate is used, the
coating contains, in addition to the main substance,
a boron impurity. However, a keen interest in obtain-
ing pure metal coatings has aroused recently [2, 3, 5].
In this context, more promising reducing agents are
SHMS and TDO, which provide a 99.0�99.9% con-
tent of the main metal in a coating.

Fig. 3. Influence exerted by method used for pretreatment
of carbon fibers on the adhesion properties of a nickel coat-
ing. (I) Time elapsed before the beginning of film disin-
tegration and (II) that before completion of film disinte-
gration. Carbon fiber treatment: (1) with a PdCl2 solution
(0.5 g l�1), (2) 1 + sensitization with a colloid solution of
SnCl2 � 2H2O (0.25%), and (3) conc. H2SO4 containing
0.01 M of Cr2O7

2� + sensitization with a 0.01 M solution
of CuCl2 with addition of 0.1 M of TUDO or HMSS.
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CONCLUSION

A study of the influence exerted by a carbon fiber
substrate and methods of its activation on the rate
of chemical deposition of nickel and copper demon-
strated that use of sulfur-and-oxygen-containing re-
ducing agents, rongalite and thiourea dioxide, yields
coatings with high adhesion to the substrate and makes
the metallization process simpler and less expensive.
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Abstract�Biosensors based on a carbon paste electrode with immobilized cholinesterase and cobalt(II)
phthalocyanine as a mediator are studied. Electrochemical characteristics of the biosensors are investigated
in relation to the carbon paste composition, the enzyme and mediator immobilization procedures, nature of
the protective film and procedure of its application, and also storage conditions of the electrodes. A method
is suggested for fabricating a cholinesterase biosensor with cobalt(II) phthalocyanine mediator, providing
the maximum electrocatalytic response in electrooxidation of butyrylthiocholine iodide (substrate for cholin-
esterase).

The development of various biosensors has attracted
much attention [1�4]. Biosensors differ from each oth-
er in the composition and design of their biosensing
elements, and also in the design of the detection sys-
tem [5]. Among diverse existing biosensors, those with
electrochemical detection systems have found wide
application [6�8]. The use of biocatalytic and electro-
chemical reactions in combination allows development
of highly sensitive and fast methods for determining
various bioactive compounds [2�8]. One of the lines
in this area is the development of electrochemical
biosensors with immobilized mediators [9, 10]. Medi-
ators serve to provide facilitated electron transfer be-
tween active centers of the enzyme and a transducer.
The use of mediators in biosensors allows an increase
in the electrochemical response and selectivity by
virtue of a decrease in the electrode potential.

Biosensors with electron-transfer mediators can be
improved in different ways: development of novel
mediating systems and elaboration of advanced meth-
ods for immobilizing a mediator and an enzyme and
new techniques for fabricating a sensing element of
the electrode. The development of biosensors with
carbon paste electrodes is regarded as a promising
way for improving analytical characteristics of am-
perometric enzyme sensors [11]. The sensitivity of
amperometric determinations with carbon paste elec-
trodes (CPE) is limited by the background interference
and also by noises generated in electrochemical trans-
ducers. The signal-to-noise ratio can be improved

by lowering the residual current in such ways as de-
velopment of new sensing materials, modification of
the electrode surface, and immobilization of a red-
ox mediator.

Metals, metal oxides, complexes of metals, and
polymers can be used as mediators [5]. Ferrocene-like
compounds are frequently used for this purpose [10].
For example, ferrocenes have been successfully used
in glucose oxidase biosensors [12]. The same media-
tor has been employed for amperometric determina-
tions with the cholinesterase enzyme system [13].
Quinone has been used as a mediator in glucose oxi-
dase biosensors for determination of, e.g., glucose
[10]. Amperometric biosensors based on inorganic
polycrystalline materials show interesting properties
too [14, 15]. The use of electrodes modified with
Prussian Blue in biosensors [14] allowed an increase
in the current density of hydrogen peroxide reduction
and a decrease in the potential of the working elec-
trode, thus reducing the sensitivity of the biosensor
to oxygen, ascorbic acid, and other reducing agents.
However, iron(II) ferrocyanide films obtained by elec-
trochemical deposition are insufficiently stable, es-
pecially, in alkaline solutions. The stability of a glu-
cose oxidase biosensor can be improved by making
use of, e.g., synthetic copper(II) ferrocyanide incorpo-
rated into the carbon paste in addition to glucose oxi-
dase [15]. Such an electrode may operate at the phys-
iological pH �7.4. In contrast to the above-indicated
mediators, metallophthalocyanines (MPc) are charac-
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Fig. 1. Voltammograms of BTCH oxidation on (1) CPE
and (2�4) CPE-based CHE biosensors: (2) immobilized
CHE, (3) immobilized CHE + CoPc, and (4) the initial
carbon material pretreated with butyl acetate. (E ) Potential.
Solution: 2 � 10�3 M BTCH in borate buffer (pH 9.0);
the same for Figs. 2�4.

terized by both high catalytic activity in various elec-
trochemical reactions and sufficient chemical stability
[16, 17]. Therefore, metallophthalocyanines have been
used as mediators for biosensors too [18, 19]. The cat-
alytic activity of metallophthalocyanines depends on
the ligand structure and the nature of a metal. Among
3d metal complexes, Co(II) and Fe(II) phthalocyanines
demonstrate the highest catalytic effect in oxidation
of organic hydrosulfides [20]. In studying the electro-
catalytic properties of metallophthalocyanines-modi-
fied electrodes in the system constituted by cholin-
esterase (CHE) and thiocholine ester, we also demon-
strated that the highest catalytic effects are observed
on CoPc- and FePc-modified electrodes [21].

In this study, we examined how the composition of
the sensing element of the electrode and the procedure
of its formation affect the performance of CPE-based
biosensor with immobilized CHE and CoPc as a me-
diator.

In developing an amperometric CHE biosensor
with CoPc, we compared various methods for immobi-
lization of the enzyme and mediator, such as incorpo-
ration of all or some of components into carbon paste
or their application as films on the CPE surface.

It is known [22] that butyrylthiocholine (BTCH)
iodide is a specific substrate for CHE. Enzymatic
hydrolysis of BTCH produces butyric acid and thio-
choline (TCH) iodide:

�� C3H7COOH + HSCH2CH2N+(CH3)3I�.
CHE

C3H7C(O)SCH2CH2N+(CH3)3I� + H2O

�� C3H7COOH + HSCH2CH2N+(CH3)3I�.
CHE

C3H7C(O)SCH2CH2N+(CH3)3I� + H2O

The CHE activity was determined by amperometric
measurement of TCH iodide as a product of enzy-
matic hydrolysis of BTCH. Anodic voltammograms
were recorded in 2 � 10�3 M BTH in borate buffer
solution (pH 9.0) over the potential range 0.0�1.0 V.
We observed two steps in the anodic oxidation curve
of BTCH, measured with CPE after spontaneous hy-
drolysis (Fig. 1, curve 1). The first peak (Ep = 0.60 V),
corresponding to oxidation of TCH, was used as
the analytical response. Previously, we demonstrated
[21] that, in this potential range, TCH is oxidized and
iodide acts as a mediator:

I� � e � I, I + RSH � I� + ½RSSR + H+,�
����������������

I� � e � I, I + RSH � I� + ½RSSR + H+,�
����������������

where R = �CH2CH2N
+(CH3)3.

In the presence of both native CHE [21] and that
immobilized on carbon paste (Fig. 1, curve 2), the in-
tensity of the peak at Ep �0.60 V increased because of
the enzymatic hydrolysis of BTCH. Figure 1 (curve 3)
shows the curve of anodic oxidation of BTCH, ob-
tained with a biosensor fabricated using simultaneous
immobilization of CHE and CoPc, as a mediator, on
CPE. In this case, the anodic peak is observed within
the same potential range as that without mediator, but
it has higher intensity. In the presence of CoPc, het-
erogeneous electrocatalytic oxidation of TCH occurs
in addition to the above-described electrochemical re-
action. In this case, the electrochemically generated
Co(III)Pc acts as a catalyst [21]:

M(II)Pc � M(III)Pc + e, M(III)Pc + RSH � M(II)Pc�
�������������������������

+ ½RSSR + H+.

M(II)Pc � M(III)Pc + e, M(III)Pc + RSH � M(II)Pc�
�������������������������

+ ½RSSR + H+.

The structure of the CHE biosensor and the proce-
dure of its fabrication also affect the peak potential
and TCH oxidation current.

The CPE performance, including the residual cur-
rent, depends on a conducting carbon-based material
and a binder used. We used various types of carbon
materials such as spectroscopy-grade graphite powder,
activated carbon, and flake graphite. The current�volt-
age characteristics of the electrodes were compared
using the TCH oxidation data (Table 1). Globular
graphite powders (spectroscopy-grade graphite and
activated carbon) demonstrated better electrochemical
performance: lower peak potentials and higher anodic
peak currents. Carbon-paste electrodes fabricated from
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Table 1. Structure and electrochemical characteristics of carbon paste electrodes in BTCH oxidation
������������������������������������������������������������������������������������

Carbon � Binder � Solvent � Electrode resistance, k� � E, V � I, �A
������������������������������������������������������������������������������������
Spectroscopy-grade graphite � Nujol � Butyl acetate � 0.04 � 0.50 � 10.8
Activated carbon � � � � � 0.01 � 0.52 � 7.5
Flake graphite � � � � � 0.4 � 0.58 � 6.0
Spectroscopy-grade graphite � Paraffin � � � 0.1 � 0.58 � 4.6

� Polyethylene � � � 4.0 � 0.82 � 1.9
� Nujol �Methylene chloride � 20.0 � 0.80 � 6.4
� � � Acetone � 6.6 � 0.65 � 7.2
� � � Acetonitrile � 3.0 � 0.60 � 8.8
� � � Toluene � 1.9 � 0.58 � 10.0
� � � Ethanol � 1.4 � 0.55 � 9.6

������������������������������������������������������������������������������������

Table 2. Voltage�current characteristics of BTCH oxidation on electrodes with differently immobilized CHE*

������������������������������������������������������������������������������������
Exper- � � Order of reagent deposition on the electrode surface � �

� ��������������������������������������� �iment � Immobilization procedure � � E, V � I, �A
no. � � first layer � second layer � �

������������������������������������������������������������������������������������
1 �Adsorption of CHE** � � � � � 0.48 � 16.2
2 �Incorporation of CHE into CPE � � � � � 0.74 � 20.8
3 �Covalent binding of CHE to GA: � � � �

� (a) in carbon paste � � � � � 0.50 � 20.4
� CHE + GA � � � �
� (b) on CPE surface � CHE + GA � � � 0.48 � 26.8
� � CHE � GA � 0.62 � 20.2
� � GA � CHE � 0.45 � 21.6
� � GA � CHE** � 0.68 � 32.8
� (c) in GA vapor � CHE � GA vapor*** � 0.65 � 30.8

4 �Incorporation into polymer films � NC � CHE + GA � 0.58 � 22.8
� � NC + CHE + GA � � � 0.50 � 20.2
� � CHE + GA � NC � 0.53 � 10.2
� � The same � Gelatin � 0.52 � 28.0
� � CHE + GA + gelatin � � � 0.60 � 25.2
� � CHE + GA � Agar-agar � 0.50 � 27.7
� � The same � Chitosan � 0.58 � 26.2

������������������������������������������������������������������������������������
* (GA) Glutaraldehyde and (NC) nitrocellulose. ** CHE was adsorbed from a 22.5 mg ml�1 solution for 15 min. *** At 4�C for 12 h.

flake graphite show a lower conductivity and, as a re-
sult, higher peak potentials, lower peak currents, and
worse reproducibility of the electrochemical response.
The nature of a binder influences the ohmic resistance
of the electrode and, therefore, the detection sensitiv-
ity. The finer a powder, the larger amount of a binder
is needed. But an increase in the amount of a binder
results in that the ohmic resistance of the electrode be-
comes higher. The TCH oxidation current decreases in
the order Nujol > paraffin > polyethylene. The ohmic
resistance of the electrode and the residual current are at
a minimum for the electrode fabricated from spectros-
copy-grade graphite with Nujol as a binder (Table 1).

The CPE characteristics are strongly affected by
pretreatment of the initial carbon material with an or-
ganic solvent. Such a pretreatment, followed by re-
moval of a solvent, occasionally leads to a consider-
able decrease in the electrode polarization. We com-

pared properties of CPEs treated with various sol-
vents, such as butyl acetate, ethanol, toluene, acetoni-
trile, acetone, and methylene chloride (Table 1). As
can be seen, the best characteristics (lower resistance
and higher peak current) were provided by pretreat-
ment with butyl acetate. Furthermore, pretreatment of
activated carbon with butyl acetate shifts the peak
potential by 150 mV (Fig. 1, curve 4).

The crucial point in development of biosensors is
to properly arrange an enzyme molecule on the elec-
trode surface. We tested various methods of CHE im-
mobilization such as adsorption on the electrode sur-
face, incorporation into carbon paste, chemical (co-
valent) binding, and incorporation into a polymeric
film (Table 2).

Immobilization of CHE by adsorption on the elec-
trode surface (Table 2, experiment no. 1) or by in-
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Fig. 2. Peak current Ip of BTCH oxidation on CHE bio-
sensor vs. (1) CHE and (2) glycerol concentration c in
the film.

Fig. 3. Peak current Ip of BTCH oxidation on CHE bio-
sensor vs. (1) NC, (2) gelatin, (3) agar-agar, and
(4) chitosan concentration c in the film.

corporation into the carbon paste (Table 2, exper-
iment no. 2) resulted in a low and poorly reproducible
(Sr > 10%) TCH oxidation current, because of the rap-
id washout of the enzyme from the electrode surface.

To more tightly fix CHE in the electrode matrix, we
employed covalent binding with a bifunctional agent,
glutaraldehyde (GA) (Table 2, experiment no. 3).
The carbon powder was impregnated with butyl ace-
tate and then with a mixture of CHE and GA, fol-

lowed by removal of the solvent. The optimal CHE
to GA ratio has been established previously [23]. The
resulting biosensor demonstrated better metrological
characteristics (Sr < 5%) and a satisfactorily low Ep =
0.50 V (Table 2, experiment no. 3a). In fabricating
a biosensing element in the form of a layer on CPE
(Table 2, experiment no. 3b), a drop of an aqueous
solution containing CHE and GA was deposited onto
the electrode surface. We also varied the order of
CHE and GA deposition: the CHE layer was depos-
ited first, and the GA layer, second, and vice versa.
One more variant of immobilization was deposition
of the GA layer, followed by adsorption of CHE from
its aqueous solution. In this case, the optimal CHE
concentration on the electrode surface was created
by adsorption from a 5 mg ml�1 solution (Fig. 2,
curve 1). The best electrochemical (Ep and Ip) and
metrological (Sr < 5%) characteristics were obtained
with a sensor fabricated by deposition of a mixture
of CHE and GA on the electrode surface.

Another procedure used for CHE immobilization
was exposure of the electrode, modified with adsorbed
CHE, to a GA vapor [24]. Varying the temperature,
we established that the highest response is observed
with CHE covalently bound to GA at 4�7�C (Table 2,
experiment no. 3c). However, we observed an increase
in Ep in this case.

To stabilize the electrochemical response and cat-
alytic activity of immobilized CHE, the electrode sur-
face was coated with a film of various polymeric ma-
terials, such as nitrocellulose, gelatin, agar-agar, and
chitosan (Table 2, experiment no. 4). The films were
obtained by deposition of 0.1 ml of a solution with
various polymer concentrations on the electrode sur-
face with subsequent removal of the solvent. A mix-
ture of butyl acetate and toluene was used as a solvent
for NC, and water, for the other polymers. The opti-
mal NC concentration in the solution used for the film
preparation was established from the dependence of
the TCH oxidation current on the polymer concentra-
tion to be 1 mg ml�1 (Fig. 3). The optimal concentra-
tions of gelatin, agar-agar, and chitosan were found
to be 6�15, 20, and 25 mg ml�1, respectively (Fig. 3).

In a series of experiments (Table 2, experiment
no. 4) we varied the sequence of reagent deposition
on the electrode surface. Adsorption of CHE over the
NC layer did not increase the TCH oxidation peak; in
addition, in this case, CHE is rapidly washed out from
the electrode surface. The immobilization of CHE
bound to GA in an NC film improved the reproduc-
ibility of the peak current, but strongly decreased the
enzyme activity, which was reflected in a decreased
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Table 3. Current�voltage characteristics of BTCH oxidation on biosensors with CPE variously modified with CoPc
mediator
������������������������������������������������������������������������������������

Exper- � Mode of incorporation into a film
�����������������������������������������������������������������������������iment �

no. � first layer � second layer � third layer � E, V � I, �A
������������������������������������������������������������������������������������

1 � CoPc � CHE + GA � � � 0.50 � 40.8
� CoPc � The same � Gelatin � 0.50 � 41.2
� CoPc + CHE + GA � � � � � 0.54 � 32.4

2 � NC + CoPc � CHE + GA � � � 0.63 � 34.0
� NC � CoPc � CHE + GA � 0.54 � 21.4

3 � CoPc + PVP (electrochem.) � CHE � Gelatin � 0.52 � 29.8
� CoPc + PVP � CHE � � � 0.53 � 35.0
�����������������������������������������������������������������������������
� Mode of incorporation into a paste
�����������������������������������������������������������������������������
� paste composition � first layer � second layer � E, V � I, �A
�����������������������������������������������������������������������������

4 � CoPc � CHE + GA � � � 0.60 � 43.2
� CoPc � The same � Gelatin � 0.62 � 44.0

5 � CoPc + CHE + GA � � � � � 0.50 � 30.8
� The same � Gelatin � � � 0.52 � 31.8

6 � NC + CoPc + CHE + GA � � � � � 0.52 � 29.5
� The same � Gelatin � � � 0.54 � 31.2

������������������������������������������������������������������������������������

analytical response. The deposition of an NC film
over the layer of CHE, covalently bound to GA, to-
tally inactivated CHE, i.e., the peak current was equal
in this case to that in the absence of CHE, which is
probably due to the inhibiting effect of the organic
solvent used for NC dissolution.

In a similar experiment, but with gelatin instead
of NC, we also observed a decrease in the enzyme
activity, but it was considerably less pronounced.
A higher response was obtained on an electrode suc-
cessively coated with a layer of CHE + GA and a lay-
er of gelatin. With the use of agar-agar and chitosan,
better results were also obtained when polymeric films
were applied over the enzyme-containing layer (Ta-
ble 2, experiment no. 4).

Thus, application of a polymeric film improved
the reproducibility of the electrochemical response
of the biosensors, but decreased the catalytic activity
of the enzyme. The use of films of natural polymers
favored tight binding of CHE to the electrode matrix,
and, unlike NC, had no inhibiting effect on the cata-
lytic activity of immobilized CHE.

It should be pointed out that the storage conditions
also influence the electrochemical characteristics of
the biosensors. The activity of biosensors decays with
time. However, if stored under conditions of increased
humidity, the biosensors demonstrated even better met-
rological characteristics, and their lifetime increased
to a week.

Introduction of some �water-like� compounds into
the enzyme-containing layer of a biosensor increases
the activity of immobilized CHE, including that upon
in storage. For example, introduction of glycerol con-
siderably increases the CHE activity. In [25, 26], it
was demonstrated for the example of proteins other
than CHE that raising the sorbitol content in a chymo-
trypsin preparation leads to a higher enzyme activity,
and the absence of glycerol in the immobilized en-
zyme results in a total loss of activity [26]. Most like-
ly, such compounds as sorbitol [25] and glycerol [26]
provide a favorable environment for an enzyme in de-
hydration compensating hydrogen bonds. Evidently,
that is why the introduction of glycerol into the film
considerably increases the CHE activity. In special
experiments, we established the optimal glycerol to
CHE ratio in the sensing element (Fig. 2).

In development of biosensors with mediators, it is
important to provide conditions for facilitated electron
transfer between an enzyme and a transducer. This
can be done through optimal orientation of enzymes
and mediators on the electrode surface. Therefore, we
studied various immobilization modes of the enzyme
(CHE) and mediator (CoPc) on CPE.

In fabricating biosensors, we used various electrode
modification procedures, such as successive deposition
of layers of the mediator, enzyme, and other compo-
nents or formation of a biosensing membrane contain-
ing all these components (Table 3, experiment no. 1).
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Table 4. Parameters of flow-injection analysis for heavy metals with CHE biosensor with CoPc mediator (regression
equation: log I = a + b log c; I, �A; c, M)
������������������������������������������������������������������������������������
Cation� Concentration, M � a � b � R � cmin, �g l�1 � MPC, �g l�1 [29]
������������������������������������������������������������������������������������
Zn2+ � 1 	 10�6�1 	 10�3 � 0.94 
 0.02 � �0.180 
 0.005 � 0.9991 � 8 	 10�7 (52) � 1000
Cd2+ � 1 	 10�8�1 	 10�5 � 1.05 
 0.02 � �0.048 
 0.002 � 0.9995 � 5 	 10�9 (0.56) � 100
Cu2+ � 5 	 10�10�1 	 10�6 � 2.20 
 0.04 � �0.150 
 0.006 � 0.9997 � 1 	 10�10 (0.01) � 500
������������������������������������������������������������������������������������

In this case, higher currents were observed for elec-
trodes manufactured by successive application of the
layers of CoPc, CHE covalently bound to GA, and
gelatin, or of CoPc, CHE, and gelatin. The decrease in
the TCH oxidation current observed with CPE mod-
ified with CoPc and CHE + GA can be attributed to
decreasing number of enzyme active sites or lesser
accessibility of the substrate for the enzyme. To fix

Fig. 4. FIA response to BTCH oxidation on CHE biosensor
vs. (a) injected sample volume V and (b) flow rate u.
(Ip) Current.

Fig. 5. FIA response to BTCH oxidation on CHE biosensor
with CoPc mediator vs. the applied potential E. Initial
BTCH concentration 2 � 10�3 M; injected sample volume
V = 0.5 ml; and flow rate u = 3.0 ml min�1. (�) Time.

the mediator on the electrode surface, we used a non-
conducting film of NC and polyvinylpyridine (PVP),
which were obtained electrochemically or by deposi-
tion of a drop of an organic solution on the CPE sur-
face followed by solvent removal. However, incorpo-
ration of CoPc into the film did not increase the TCH
oxidation current (Table 3, experiment nos. 2, 3).

In developing carbon paste electrodes, special ef-
forts are made to provide high stability and reproduc-
ibility of the analytical response and easy renewabil-
ity of the electrode surface. For this purpose, we in-
corporated in this study CoPc, taken in various combi-
nations with other components, into the carbon paste
(Table 3, experiment nos. 4�6). Deposition of the
CHE + GA layer over the CoPc-modified CPE pro-
vided high and reproducible response (Table 3, exper-
iment no. 4). A lower response was obtained with the
biosensor fabricated by successive incorporation of
CoPc and CHE + GA into the carbon paste (Table 3,
experiment no. 5). However, this procedure allowed
a decrease in Ep to 0.50 V. Furthermore, is becomes
possible in this case to mechanically renew the elec-
trode surface. Incorporation of NC into the paste
improved the reproducibility of the response, but im-
paired the sensitivity of the biosensor (Table 3, ex-
periment no. 6).

Finally, the best characteristics were obtained with
biosensors fabricated using immobilization of CHE
bound to GA on the surface of a CoPc-modified CPE
or over a CoPc layer deposited on the CPE surface.
Evidently, the optimal coupling of the enzymatic and
electrocatalytic reactions is achieved in these cases.
Application of a protective gelatin film in all cases
improved the stability of the electrochemical response.

The biosensor in its optimal version was tested
under conditions of flow-injection analysis (FIA).
The maximum FIA response was obtained at a flow
rate u = 3.0 ml min�1 and injected sample volume
V = 0.5 ml (Fig. 4). Since the FIA response was re-
corded in the controlled potential mode, we studied
the effect of the applied potential on the BTCH ox-
idation current. Figure 5 shows that the maximum re-
sponse is observed at E = 0.50 V.
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The FIA response is a linear function of the BTCH
concentration over the concentration range 1 � 10�5�
2 � 10�3 M, and it can be fitted with the equation I =
a + bc (I, �A; c, M) with a = (7.78 � 0.09) � 10�3

and b = (1.65 � 0.08) � 103 (r 0.9992). The detection
limit was found to be 4 � 10�6 M. Within the working
concentration range, the standard deviation was with-
in 5% at n = 10.

It is known that many metal ions inhibit the activ-
ity of both native and immobilized CHE [27]. In this
study we used a CHE biosensor with a CoPc mediator,
to assess the inhibiting effect of such heavy metal cat-
ions as Cu(II), Cd(II), and Zn(II) on immobilized
CHE. The reversible inhibiting effect of the metal
cations was evaluated by the decrease in the FIA re-
sponse initiated by injection of a metal-containing
sample in the presence of BTCH, compared to the
blank experiment without a metal. The results of de-
terminations of metal cations are listed in Table 4.
Like other CHE biosensors [28], the biosensor with
CoPc mediator is the most susceptible to the effect of
copper(II). The concentration ranges in which the FIA
response is a linear function of the concentration of
the metals studied coincide with those obtained pre-
viously in determining the inhibiting ranges for of
the CHE activity by these ions [28]. Incorporation of
the mediator into the biosensing element has more
a pronounced effect on the inhibitors detection sensi-
tivity. The detection limits of the metal ions on the
CHE biosensor with CoPc mediator are lower by sev-
eral orders of magnitude as compared to the corres-
ponding maximum permissible concentrations.

EXPERIMENTAL

DC votammograms were recorded on a PU-1 po-
larograph with a three-electrode cell. The working
electrodes were CPE, chemically modified electrode
(CME), and biosensor with a mediator. The reference
electrode was Ag/AgCl, and the anode, Pt wire. The
CPE fabrication procedure was described elsewhere
[20]. The surface was renewed by mechanical polishing
of the electrode surface with filter paper and tracing
paper. In constructing CME, we used CoPc (2 wt %)
in addition to the common CPE components (carbon
powder and Nujol). The modifier was either incorpo-
rated into the carbon paste or deposited onto CPE.
In manufacturing the biosensor, the enzyme (CHE)
was also incorporated either into CPE or into the films
applied onto the CPE surface.

The flow-injection analysis system included a DLV-1
peristaltic pump, an injector, a mixer, a flow-through

electrochemical cell (V = 0.2 ml), and a polarograph
as a recording device.

In manufacturing a biosensing element of the sen-
sor, we used a cholinesterase preparation (EC 3.1.1.8)
with an activity of 110 units per mg protein (Biomed
Research and Production Association, Perm, Russia).
As a specific substrate for CHE, we used recrystal-
lized BTCH. Other chemicals used were CoPc (Fluka,
Switzerland), GA (Reanal, Hungary), glycerol (chem-
ically pure grade), NC [C6H7O2(OH)3 � x (ONO2)x]n of
the colloxylin type with a nitrogen content from 10.7
to 12.2%, gelatin, agar-agar, and chitosan (chemically
pure grade). As analytes, we used Cd(II), Cu(II), and
Zn(II) as chlorides.

Solutions were prepared gravimetrically using dou-
ble-distilled water or organic solvents (butyl acetate,
ethanol, toluene, acetonitrile, acetone, and methylene
chloride). Nitrocellulose was dissolved in a mixture
of butyl acetate and toluene. Gelatin and agar-agar
were dissolved on heating on a water bath until com-
plete dissolution. Chitosan was dissolved in 1% acetic
acid, then 1% KOH was added, and the resulting gel
was filtered off, washed with water, dried a little, and
repeatedly dissolved in 1% acetic acid. An electrode
with a poly(2-vinylpyridine) membrane modified
with CoPc was fabricated by the procedure described
in [30].

Amperometric determinations were carried out in
a borate buffer solution (pH 9.0). The solution pH
was measured with a pH-150 pH-meter.

CONCLUSIONS

(1) The composition of cholinesterase biosensor
with CoPc mediator has been optimized. The biosen-
sor was constructed by immobilization of cholinester-
ase chemically bound to glutaraldehyde on the carbon-
paste electrode surface modified with CoPc, followed
by application of a gelatin layer. Another fabrication
procedure involved successive deposition of the layers
of CoPc mediator, a mixture of cholinesterase with
glutaraldehyde, and gelatin.

(2) The cholinesterase biosensor with Co(II) phtha-
locyanine mediator was used for flow-injection deter-
mination of butyrylthiocholine iodide (substrate for
cholinesterase) and Zn(II), Cd(II), and Cu(II) (cholin-
esterase inhibitors).

(3) The flow-injection analysis response was re-
corded at the applied potential E = 0.50 V, flow rate
u = 3.0 ml min�1, and injected sample volume V =
0.5 ml. The response is a linear function of the buty-
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rylthiocholine iodide concentration over the concen-
tration range 1 � 10�5�2 � 10�3 M. In metal determina-
tions, linear logarithmic dependences of the response
on the metal concentrations were observed over the
concentration ranges 1 � 10�6�1 � 10�3, 1 � 10�8�

1 � 10�5, and 5 � 10�10�1 � 10�6 M for Zn(II), Cd(II),
and Cu(II), respectively (Sr < 0.07).

(4) High analytical and metrological performance
of the cholinesterase biosensor with CoPc mediator
makes it suitable for determination of cholinesterase
substrates and inhibitors.
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Abstract�Treatment of drinking water to remove heavy metal ions Pb2+, Cu2+, Cd2+, Co2+, Ni2+, and
Zn2+ with commercial fibrous carboxylic ion exchangers FIBAN Kh-1, K-3, K-4, and K-5 was studied.
Features of metal ion sorption from two-component solutions were determined. A comparative evaluation
of the sorption selectivity of FIBAN fibrous ion exchangers with respect to heavy metal ions was made.

Fibrous carboxylic ion exchangers are of interest
in treatment of natural water and wastewater to re-
move heavy metal ions [1�4]. However, methods usu-
ally used in studying metal sorption with both fibrous
and granulated ion exchangers do not allow assess-
ment of their practical efficiency in water purification.
These methods give too optimistic estimations and
reveal no significant differences between various car-
boxylic ion exchangers. The capacity with respect
to an ion being recovered, which is the criterion of
the sorptive power, is determined by a static method
at a preset volume ratio of the sorbent to the solution
containing a metal in a too high concentration [5, 6].
The model solution containing 1�5 g l�1 heavy metal
ions is prepared with distilled water with addition of
0.5 M supporting ions, usually Na+. Carboxylic ion
exchangers are very weakly selective with respect to
these ions as compared to double-charged ions. Thus,
the data obtained are related to the systems far from
the real water for which the sorbents are intended.
In such experiments, the amount of sorbed ions is
actually determined by the total ion-exchange capacity
and pH of the initial and equilibrium solutions.

In natural water, the concentration of heavy metal
ions is usually substantially lower than that used in the
model solution, and the content of these ions should
be monitored at the maximum permissible concentra-
tion (MPC) limit. As a rule, water to be purified con-
tains a background of metal ions (Na+, Ca2+, Mg2+,
Fe2+/Fe3+ ) with the concentrations exceeding the con-
centration of toxic ions by 2�5 orders of magnitude.
The problem of water treatment to remove iron is

solved separately, and then water containing Na+,
Ca2+, and Mg2+ is usually subjected to purification.
Water with moderate hardness contains 1.5�3 mM
(Ca2+ + Mg2+ ) ions, which are also selectively sorbed
by carboxylic ion exchangers and compete with heavy
metal ions for ion-exchange centers. In the static
method of sorption, pH and concentrations of support-
ing and target ions change simultaneously in the equi-
librium solutions, and hence each point of the sorption
curve is related to different conditions. Therefore, the
static method of determination of the ion exchanger
sorption power in a multicomponent solution inade-
quately characterizes the sorbent behavior in purifica-
tion of real drinking water.

In this study, real possibilities of commercial
FIBAN carboxylic ion exchangers in treatment of
drinking water to remove heavy metal ions Pb2+,
Cu2+, Cd2+, Co2+, Ni2+, and Zn2+ were assessed under
the dynamic conditions.

EXPERIMENTAL

FIBAN Kh-1, K-4, and K-3 ion exchangers pro-
duced by the Institute of Physical Organic Chemistry
and FIBAN K-5 ion exchanger produced by Ekofil-
Deko Research and Production Association in the form
of a staple with single fibers about 30 �m in diameter
and 66 mm long were used in the experiments. FIBAN
Kh-1, K-3, and K-5 ion exchangers are products of
chemical modification of Nitron polyacrylonitrile
(PAN) fiber. They contain several kinds of carboxy
groups and a certain amount of various basic groups.
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Table 1. Properties of FIBAN fibrous ion exchangers
����������������������������������������

� Functional � SEC,* �Swelling in H+

� groups � mmol g�1 � form, g H2O
� �������������� of an ion � � per g of ion
� exchanger ��COOH��NR2� exchanger

����������������������������������������
Kh-1 ��COOH, � 3.76 � 0.6 � 0.60

��N(CH2COOH)2 � � �� � � �
K-4 ��COOH � 4.25 � � � 0.85� � � �
K-3 ��COOH, =NH, � 5.3 � 1.8 � 0.46

��N � � �� � � �
K-5 ��COOH, �NH2, � 5.6 � 1.3 � 0.44

�=NH, �N � � �
����������������������������������������
* SEC is the static exchange capacity of an ion exchanger.

FIBAN K-4 is the product of radiation grafting of
acrylic acid to polypropylene (PP) fiber and contains
carboxy groups only. The main characteristics of
the ion exchangers studied are listed in Table 1.

The acid�base properties of the ion exchangers
were studied by a potentiometric titration procedure
described in [7, 8], and titration curves were inter-
preted in terms of acidity parameters by computer
analysis [9]. Staple fibers were additionally cut to
1�3 mm length. Titration was performed by the meth-
od of a single sample with 1.0 M KOH + 1.0 M KCl
titrant. Initially, the ion exchanger sample based on
Nitron fiber was introduced into a cell containing HCl
solution to completely convert the carboxy groups
into the H+ form, and amino groups, into the Cl�

form, with the same supporting electrolyte. The cell
was isolated from ambient air to prevent penetration
of CO2 into the solution during titration. A FIBAN

Fig. 1. Experimental points and calculated curves of
potentiometric titration of FIBAN fibrous sorbents. Sup-
porting electrolyte 1.0 M KCl. (g) Titrant amount. Sor-
bent: (1) K-4, (2) Kh-1, (3) K-5, and (4) K-3. Sample
weight, g: (1) 0.6169, (2) 0.6067, (3) 0.5285, and
(4) 0.535. Initial HCl excess, mM: (2) 2.74, (3) 2.54, and
(4) 6.6. Initial solution volume V0, ml: (1) 19.4, (2) 20.5,
(3) 22.0, and (4) 20.

K-4 fiber sample was used in the H+ form. The titrant
was added to the solution in weighed portions at
20-min intervals (time sufficient for the equilibrium
to be attained in the system). After reaching pH 12,
the back-titration of certain ion exchangers with 1 M
HCl in 1 M KCl supporting electrolyte was performed.
pH was measured with an OP 211/1 digital laboratory
pH-meter equipped with an OP-0808P combination
pH electrode.

To study the sorption of heavy metal ions, two
kinds of salt solutions were prepared. The first was
a binary solution containing 2 mM of any heavy metal
ion (Cu2+, Pb2+, or Ni2+) and 2 mM of Ca2+ back-
ground. Sorption was performed at optimal pH 4�7
adjusted by adding small amounts of NaOH or HNO3
solutions. The second is a multicomponent solution
containing Pb2+, Cu2+, Cd2+, Co2+, Ni2+, and Zn2+

ions (each in a concentration of 2 � 10�2 mM) and
2 mM of Ca2+. Sorption of each heavy metal ion was
determined at pH 6.

The metal ion sorption was studied under dynamic
conditions. In the first series of experiments, a 0.2-g
ion exchanger sample in the H+ form was placed in a
glass column, and a binary solution containing 2 mM
of one of heavy metal ions (Cu2+, Pb2+, or Ni2+) and
2 mM of Ca2+ was passed through it at optimum pH at
a flow velocity of about 1.5 cm min�1. The salt solu-
tion was passed in an amount of 4 l through each sam-
ple to attain equilibrium, when the ion concentrations
and pH in the initial solution and in the solution out-
flowing from the column become equal. Heavy metal
and calcium ions sorbed were eluted with 1 M HNO3.

In the second series, a dilute solution containing
heavy metal ions and 2 mM calcium background was
pumped through a column 12.5 mm in diameter and
30 mm high, packed with an ion exchanger (packing
density 0.13�0.23 g cm�3). The solution flow velocity
was 9.5 cm min�1. The ion exchanger was prelim-
inarily treated with acetate buffer solution with pH 6
to convert it into a mixed H+ + Na+ form. After sorp-
tion, the excess solution was removed by blowing air
through the sorbent bed, and then metal ions were
desorbed with 1 M HCl or 1 M HNO3 with the linear
flow velocity of 0.8 cm s�1. The metal ion contents
were determined on a Vista PRO atomic-emission
spectrometer with inductively coupled plasma (Varian)
under the following conditions: RF plasma 1.1 kW,
plasma-forming argon flow 15, axial argon flow 1.5,
and argon flow to the sprayer 1.2 l min�1.

The curves of potentiometric titration of FIBAN
Kh-1 chelate ion exchanger and weakly acidic FIBAN
K-4, K-3, and K-5 ion exchangers are shown in Fig. 1.
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Table 2. Acidity parameters of FIBAN ion exchangers
������������������������������������������������������������������������������������
Ion exchanger � E1 � pK1 � �pk1 � E2 � pK2 � �pk2 � E3 � pK3 � �pk3 � E4 � pK4 � �pk4
������������������������������������������������������������������������������������

Kh-1 � 1.5 � 3.2 � 0.8 � 1.1 � 5.0 � 0.4 � 1.5 � 9.0 � 0.6 � 0.7 � 11.5 � 0.3
K-4 � � � � � � � 4.85 � 5.3 � 2.0 � � � � � � � � � � � �

K-3 � 0.7 � 4.0 � 0.35 � 5.2 � 5.0 � 2.0 � 0.5 � 8.7 � 0.25 � 1.7 � 10.5 � 0.85
K-5 � 0.6 � 3.0 � 0 � 5.6 � 5.0 � 2.0 � 0.7 � 9.0 � 0.3 � 1.1 � 10.5 � 0.4

������������������������������������������������������������������������������������

To calculate the potentiometric titration curves (CPT),
computer simulation described in [9] was used.
The software developed allows determination from
the experimental titration curve of exchange capacities
with respect to each type of Ei groups and of the ion
exchanger acidity parameters pKi and �pki, where Ki
is the H+�Me+ exchange constant and ki, equilibrium
constant:

�pki = pki (x = 1) � pki (x = 0).

The titration curve was reconstructed by the inverse
calculation; its coincidence with the experimental
curve indicates reliability of the parameters found. In
all calculations of the kind, the parameters Ei, pKi,
and �pki cannot be determined unambiguously. There-
fore, to interpret the results, independent data on
properties, chemical composition, and synthesis meth-
od of ion exchangers should be invoked. However, in
simple cases, the acidity parameters are determined
with a high degree of reliability. This is confirmed
by practical coincidence in all the details between the
experimental and calculated titration curves shown
in Fig. 1.

Among the ion exchangers considered, FIBAN K-4
ion exchanger has the simplest structure. It is a mo-
nofunctional ion exchanger containing carboxy groups
only (this follows from the synthesis method) and is
well described by a single set of acidity parameters
(Table 2). In contrast to it, all the other ion ex-
changers studied, which were synthesized on the basis
of PAN fibers, are inevitably polyfunctional and con-
tain not only carboxy groups but also anion-exchange
(various nitrogen-containing) groups protonated in
the acid medium. Carboxy groups are formed by hy-
drolysis of the nitrile groups, and amino groups,
during treatment of PAN fibers with hydrazine or
polyamines [10], which are used to cross-link the
polymer chains to prevent the polymer dissolution
after hydrolysis. Thus, ion exchangers based on
PAN fibers are polyampholytes. At definite pH, they
form intramolecular salts or strong associates of
RCOO� + R3HN+ = RCOOH �R3N type, which sub-
stantially complicates the shape of the titration curve.

To obtain the total curves of polyampholyte titra-
tion, it is necessary to start from one pure ionic form
of the ion exchanger: completely protonated or com-
pletely deprotonated. This means that, in the first
case, the ion exchanger should contact with a solu-
tion containing excess acid, and in the second, with
a solution with excess alkali. The excess amount of
these reagents can be arbitrary and can be determined
by a computer analysis of the titration curve de-
scribed above [9]. We titrated ion exchangers based
on PAN fibers in the presence of excess hydrochloric
acid. Under these conditions, the ion exchanger con-
tains undissociated carboxy groups �COOH and pro-
tonated basic groups �N �HCl, or, at higher HCl con-
centrations, associates of the �N � (HCl)n type [11].
Titration of this system includes the following reac-
tions:

HCl + KOH � KCl + H2O, (1)

R�N �HCl + KOH �
� R�N + KCl + H2O, (2)

R�N + R�COOH �
� R�N �HOOC�R, (3)

R�COOH + KOH �
� RCOOK + H2O, (4)

R�N �HOOC�R + KOH �
� R�N + R�COOK + H2O. (5)

Reaction (1) corresponds to titration of excess HCl.
Reaction (2) is the reaction of an alkali with HCl
bound with weakly protonated basic groups, which
then form an intramolecular bond with carboxy groups
[reaction (3)]. In the case of excess carboxy groups
with respect to basic groups, their neutralization is
the next stage [reaction (4)]. Finally, carboxy groups
incorporated in intramolecular complexes and show-
ing the weakest acidity are neutralized [reaction (5)].

In real systems, as in our case, the pattern is further
complicated by the presence in the ion exchanger
phase of different kinds of carboxy and weakly basic
groups. The results of the computer analysis of ion
exchangers studied are listed in Table 2. It follows
from Tables 1 and 2 that the ion exchangers strongly
differ in the acidity parameters, although having com-
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Table 3. Total dynamic capacity of FIBAN ion exchangers with respect to metal ions in sorption from binary M2+
�Ca2+

solutions as a function of pH (metal ion concentration in the solution 2 mM)
������������������������������������������������������������������������������������

� Total dynamic capacity (mmol g�1) at indicated pH
�������������������������������������������������������������������������������
� 4.5* � 5.0* � 5.0 � 7.0
�������������������������������������������������������������������������������
� Cu2+ � Pb2+ � Cu2+ � Pb2+ � Ni2+ � Ca2+ � Ni2+ � Ca2+

������������������������������������������������������������������������������������
Kh-1 � 1.3 � 1.4 � 1.8 � 1.6 � 1.15 � 0.3 � 1.35 � 0.2
K-4 � 1.5 � 1.7 � 1.75 � 2.1 � 1.0 � 0.45 � 1.25 � 0.3
K-3 � � � 1.35 � � � 1.45 � 0.9 � 0.4 � 1.2 � 0.25
K-5 � 1.45 � 1.8 � 1.9 � 1.7 � 1.3 � 0.5 � 1.6 � 0.35

������������������������������������������������������������������������������������
* Sorption of Ca2+ with the ion exchanger is less than 0.05 mmol g�1.

parable static exchange capacities with respect to car-
boxy groups. FIBAN K-3 and K-5 ion exchangers are
the most similar in the acid-base properties. They con-
tain about 5 mmol g�1 carboxy groups with pK 5 and
�pk 2.0. Among the ion exchangers studied, a special
place is occupied by FIBAN Kh-1, which contains
more acidic groups with pK 3.2 and �pk 0.8, since
the existence of functional groups with such acidity
parameters cannot be caused by reaction (2) as in the
case of FIBAN K-3 and K-5 because of the small ca-
pacity of FIBAN Kh-1 with respect to amino groups.

It follows from the above data that all the carbox-
ylic ion exchangers studied strongly differ in the
chemical composition, acidity, and set of functional

groups. However, in sorption from binary solution
with equal concentrations of heavy metal ions and
Ca2+, there is no substantial difference in sorption
properties of ion exchangers (Table 3). In all the cases,
different ion exchangers sorb only heavy metal ions,
while Ca2+ ions are not appreciably sorbed. This
produces an illusion of equal sorption efficiency of
any carboxylic ion exchanger in water purification.
However, the results substantially changed when the
solutions used more closely simulated the real water
to be purified.

The outlet curves of sorption are shown in Fig. 2,
and the working capacities with respect to heavy
metal ions at their concentrations of 2 � 10�2 mM

Fig. 2. Outlet curves of sorption of heavy metal ions by fibrous ion exchangers (a) FIBAN Kh-1, (b) FIBAN K-4, and
(c) FIBAN K-5 and with (d) ANKB-35 granulated ion exchanger. (c/c0) Ratio of metal ion concentration in the solution
outflowing from the column to the concentration in the initial solution and (V) volume of the solution passed through the column
with the ion exchanger. Cation sorbed: (1) Co2+, (2) Ni2+, (3) Zn2+, (4) Cd2+, (5) Cu2+, and (6) Pb2+.
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with a higher Ca2+ background concentration (2 mM)
are listed in Table 4. As can be seen from these data,
the ion exchangers show quite specific individual
properties. Among fibrous ion exchangers, FIBAN K-3
and K-5 prepared by saponification of cross-linked
PAN fibers are the least effective. FIBAN Kh-1 ion
exchanger containing chelate groups is the most uni-
versal. It showed the best results in water treatment
to remove all the heavy metal ions studied. Granulated
chelate ion exchanger ANKB35 which is based on
styrene and divinylbenzene copolymer and contains
functional groups similar to those in FIBAN Kh-1 is
ineffective in heavy metal ion sorption from water by
the dynamic method. All heavy metal ions studied ap-
pear already in the first portions of the eluate in con-
centrations exceeding 0.05 mg l�1. At the same time,
FIBAN K-4 monofunctional fibrous ion exchanger
proved to be almost as effective as FIBAN Kh-1 with
respect to Cu2+ and substantially exceeded the latter
in the efficiency of removal of Cd2+ and Pb2+. How-
ever, FIBAN K-4 is inefficient in water treatment to
remove Ni2+, Co2+, and Zn2+. It should be noted that
FIBAN Kh-1 has a substantial advantage over the oth-
er ion exchangers studied in water treatment to re-
move Fe2+, which makes it the most suitable ion ex-
changer for natural water purification to obtain tech-
nical and drinking water.

Thus, the study of heavy metal ion sorption from
dilute solutions against a background of high Ca2+

concentration revealed features of selective sorption of
these ions by FIBAN fibrous ion exchangers from
multicomponent aqueous solutions. Among the ion
exchangers based on PAN fibers, the best results
in water treatment to remove heavy metal ions were
obtained with FIBAN Kh-1 chelate ion exchanger,
which substantially suprasses FIBAN K-3 and K-5
cation exchangers in the dynamic capacity. Good re-
sults were also obtained with FIBAN K-4 monofunc-
tional carboxylic cation exchanger based on PP fibers.

CONCLUSIONS

(1) A dynamic study of sorption properties of
FIBAN Kh-1, K-3, K-4, and K-5 with respect to heavy
metal ions showed that, in sorption from binary M2+�
Ca2+ solutions containing 2 mM of each cation, all
the ion exchangers studied almost equally sorb Pb2+,
Cu2+, or Ni2+ and do not noticeably sorb Ca2+.

(2) In sorption from a multicomponent system con-
taining heavy metal ions in concentrations close to their
maximum permissible concentration (2 � 10�2 mM),

Table 4. Dynamic capacity (to metal ion breakthrough)
of FIBAN fibrous ion exchangers (metal ion concentration
in the solution 2 � 10�2 mM)
����������������������������������������

� Dynamic capacity (mmol g�1) to breakthrough
� of 0.05 mg l�1

������������������������������������
� Cu2+� Pb2+ � Ni2+ � Co2+ � Cd2+ � Zn2+

����������������������������������������
Kh-1 � 0.46 � 0.35 � 0.18 � 0.07 � 0.05 � 0.05
K-4 � 0.45 � 0.75 � 0 � 0 � 0.15 � 0
K-3 � 0.11 � 0.10 � 0 � 0 � 0.04 � 0
K-5 � 0.12 � 0.12 � 0.005� 0.04 � 0.05 � 0
����������������������������������������

with the background of 2.0 mM Ca2+, FIBAN Kh-1
chelate ion exchanger based on polyacrylonitrile fibers
is the most universal ion exchanger for water treat-
ment to remove heavy metal ions, while FIBAN K-4
monofunctional carboxylic cation exchanger based on
polypropylene fibers is the best for water purification
to remove Pb2+ and Cd2+.
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Abstract�Binding of lipids from aqueous protein-lipid suspensions with a natural polysaccharide, chitosan,
was studied in order to develop a procedure for removal of impurities from water. The physicochemical nature
of this process was analyzed. The mechanism involving formation of structurally ordered chitosan precipitates,
and adsorption and solubilization of lipids with chitosan macromolecules was discussed. The best conditions
for defatting of aqueous protein-lipid dispersions with the aid of chitosan were determined.

Removal of proteins and lipids from industrial waste-
water is being studied extensively. The conventional
physicochemical procedures used to remove proteins
and lipids from aqueous dispersions with high content
of these impurities (e.g., wasterwater of fish industry
and hydrobiont reprocessing) are sorption on various
sorbents and flotation with preliminary coagulation of
proteins and lipids with inorganic electrolytes and mac-
romolecular flocculants. Inorganic coagulants, such
as aluminum and iron salts, calcium compounds, and
dry lime, are ineffective for purification of aqueous
dispersions with low lipid content (e.g. protein hy-
drolyzates). Moreover, some of these compounds are
toxic. Proteins and lipids recovered with the aid of
synthetic flocculants (e.g., polyacrylamides and poly-
meric quarternary ammonium salts) cannot be used as
forage additives without additional purification [1, 2].

Hence, a search for new nontoxic biodegradable re-
agents suitable for exhaustive removal of peptides and
lipids from aqueous dispersions is a topical problem.
Natural macromolecular polysacharides including a
cationic polysacharide, chitosan, can be used for this
purpose. Chitosan is produced by deacetylation of
the natural biopolymer, chitin [3]; it consists of res-
idues of 2-deoxy-2-amino-D-glycose bound via �-1,4-
bonds. Chitosan contains reactive free amino groups.
This polysacharide coagulates peptide-lipid colloids
[4�6] and can be used for efficient recovery of lipids
from aqueous dispersions [7], e.g., from peptide hy-
drolyzates. Peptide hydrolyzate is a dispersion con-
taining low-molecular-weight peptides, suspended sub-

stances, free amino acids, and lipids. Peptide hydro-
lyzates are mainly used for preparing microbiological
culture media [8, 9]. Lipids and, in particular, fatty
acids are toxic for most of bacterial cultures [10].

The interaction mechanism in the systems contain-
ing peptides and lipids and macromolecular compounds
has been recently studied [11�13]. It is known [11]
that macromolecular compounds can solubilize small
amounts of oleophilic compounds to form colloids.
Probably, the solubilization of lipids can affect the
quality of purification of peptide hydrolyzates with
chitosan.

The aim of this study was to examine sorption
of lipids from aqueous peptide-lipid dispersions on
chitosan and to determine the physicochemical mech-
anism of this process.

EXPERIMENTAL

Protein hydrolyzates of wastes from processing of
northern shrimp fishery (SFW), king crab (KCW),
Icelandic comb (ICW), and sea cucumber (cucumaria)
(CW) were prepared and characterized by the con-
ventional procedures [14, 15]. The wastes were treated
with a Model 1094 (Tecator) homogenizer. The pro-
teins were hydrolyzed for 6 h in the presence of pro-
teinases at 50�C and a protein : water weight ratio of
1 : 1. Proteinases were synthesized from hepatopan-
crease of king crab [16, 17].

Protein hydrolyzates were treated with chitosan
solutions in the ratio of 0.125�1.000 g of the polymer
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Table 1. Influence of chitosan concentration c on the quality of protein hydrolyzate prepared from ICW
������������������������������������������������������������������������������������

c,
� Effect observed
�������������������������������������������������������������������������������

g l�1
� before centrifuging � after centrifuging

������������������������������������������������������������������������������������
0.125 � No changes in the solution � Turbid solution, lipid film on its surface
0.250 � Slight turbidity of the solution � The same
0.375 � Flocculation in the whole solution volume, formation of � Transparent solution, thinner lipid film

� fat drops on the surface �
0.500 � Flocculation in the whole solution volume, fat in � Transparent solution, traces of lipid film

� completely bound with chitosan �
0.750 � Large readily precipitated flakes � Transparent solution, no lipid film
1.000 � The same � The same
������������������������������������������������������������������������������������

per 1 l of the hydrolyzate solution. The degree of de-
acetylation of the chitosan samples with average mo-
lecular weight of 285, 265, and 255 kDa was 75.1,
91.2, and 99.8%, respectively. Chitosan was dissolved
in 1% acetic acid or 0.1 N hydrochloric acid. A chi-
tosan solution was added to protein hydrolyzate acid-
ified to pH 6.5 and the mixture was stirred. Chitosan
was precipitated by addition of a 1% NaOH solution
to pH 7�9.5. The resulting dispersion was left to co-
agulate for a time of 10 min to 3 h. The precipitate
was separated by centrifuging. To determine the pro-
tein concentration in the hydrolyzate, the optical
density of the solution at 280 nm was measured on
a UV 3101 PC Shimadzu spectrophotometer by the
conventional procedure [18].

Lipids were extracted from hydrolyzates with hex-
ane. The optical density of the extract in the UV�Vis
range was measured relative to pure hexane.

The degree of defatting of the hydrolyzate was
estimated from the relative optical density Drel (%)
at 195 nm.

Drel = D/D0 � 100,

where D is the optical density of the extract of the hy-
drolyzate treated with a chitosan solution; D0 is
the optical density of the extract of hydrolyzate with-
out chitosan addition.

To study the solubilizing power of chitosan, we
used oleophilic lipid, cod-liver oil, prepared from cod
liver [GOST (State Standard) 3714�72].

The solubilzation of cod-liver oil with chitosan
solutions was determined by the degree of solution
turbidity [19], which, in turn, was measured on a
KFK-3 photocolorimeter in 5-cm cells at the wave-
length of 540 nm. This method is based on the fol-

lowing phenomenon. When a saturated solution of
an oleophilic compound in an aqueous solution of
a macromolecular compound (MMC) is formed, ex-
cess MMC is emulsified and the turbidity of the sys-
tem increases. The saturation point of the system
with the oleophilic component, taken as the measure
of the solubilizing power of the solution at a definite
polysaccharide concentration, was determined from
the inflection point in the dependence of the optical
density on the concentration of the oleophilic com-
ponent.

The Gibbs energy �G0
T, P , enthalpy �HT, P , and

entropy �ST, P of binding of the solubilizate were cal-
culated by the equations given in [11].

In preliminary experiments, we studied the in-
fluence of chitosan additives on the concentration of
low-molecular-weight proteins contained in the hy-
drolyzate and not precipitated with 10% trichloro-
acetic acid. We found that chitosan did not precipitate
these compounds under the experimental conditions
and hence did not decrease the yield of the target hy-
drolyzate.

Chitosan is completely coprecipitated with lipids
and insoluble proteins (Table 1) after its addition
in amount of 0.75 g l�1 of the incubation solution
(1.5 g kg�1 of the initial hydrolyzate).

The efficiency of defatting of protein hydrolyzates
was studied at different pH values. The relative op-
tical density D/D0 of the hydrolyzate containing 1 g
of chitosan per 1 kg of the solution was constant
(65%) at pH from 5.5 to 9.5. Hence defatting of
the hydrolyzate is independent of pH in this range.
However, at higher pH, the transparency of the so-
lution increased and the lipid film formed on the so-
lution surface after centrifuging decreased and then
disappeared at all.
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Fig. 1. Efficiency of defatting of ICW hydrolyzates with
chitosan deacetylated to (1) 75.1, (2) 90.1, and (3) 99.8%
vs. chitosan concentration c. Precipitated at pH 8.3.
(Drel) Relative optical density; the same for Fig. 2.

Fig. 2. Efficiency of defatting of (1) ICW, (2) NSW,
(3) KCW, and (4) CW hydrolyzates vs. the concentration c
of chitosan with 90.1% degree of deacetylation. pH of
precipitation 8.3.

The influence of the degree of chitosan deacetyla-
tion on the efficiency of defatting of the hydrolyzates
is shown in Fig. 1. Chitosan deacetylated to 90%
provides the maximum defatting. At lower or higher
degree of deacetylation, the degree of defatting de-
creases.

Probably, the sorption capacity of chitosan for lip-
ids is determined by its degree of deacetylation and
the presence of inter- and intramolecular chemical
bonds.

As the degree of deacetylation increases, the num-
ber of active sorption centers grows. However, in
the samples with a high degree of deacetylation, intra
and intermolecular interaction of chitosan molecules is
observed. As a result, the number of sorption centers
decreases owing to both globulation of the macro-
molecules and formation of strong intermolecular
bonds to give ordered structures. The sorption prop-

erties of chitin and chitosan depends on their crystal-
linity. It is known [20, 21] that the sorption capacity
of chitosan increases with a decrease in the degree of
its crystallinity, i.e., with an increase in the content
of the amorphous phase of the polymer. At a high
degree of deacetylation (from 91 to 96%), the mech-
anical and spectral properties of chitosan appreciably
change owing to an increase in its crystallinity [22].

In the initial stages, lipids are probably bound with
dissolved chitosan molecules. In the course of pre-
cipitation, the chitosan structure is ordered owing
to the formation of intermolecular bonds. As the de-
gree of chitosan deacetylation increases, the intra-
molecular bonds between amino and hydroxy groups
are strengthened, and foreign molecules (in our case
lipids) are �forced out� from the internal structure and
are sorbed on the free surface of the precipitate. As
a result, the concentration of centers capable of sorb-
ing lipids decreases.

The chitosan concentration optimal for defatting of
ICW hydrolyzates is 1 g kg�1 of the solution. Defat-
ting of hydrolyzates of king crab and cucumaria pro-
duction wastes by chitosan treatment is less efficient.

The dependence of the relative optical density of
the NSW hydrolyzates on the chitosan concentration
passes through a sharp minimum at low chitosan con-
centration and has a maximum at the higher concen-
tration (Fig. 2).

The abnormal decrease in the optical density at
low chitosan concentration (about 0.1 g kg�1 solution)
is of interest. In this case, the hydrolyzate remains
turbid, as also does the reference sample without
chitosan additive. The dependences observed with
the other hydrolyzates examined are similar to some
extent (Fig. 2).

At a low chitosan concentration, the dissolved ma-
cromolecules partially bind lipids. However, this con-
centration is insufficient for complete precipitation.
Probably, only free lipids are extracted in hexane.
The growth of Drel with increasing chitosan concen-
tration is caused by two factors. On the one hand,
at a high concentration of chitosan, it is precipitated
from the solution and hence the concentration of
dissolved chitosan capable of binding the lipids de-
creases. On the other hand, lipids and proteins prob-
ably compete for the sorption centers of chitosan
macromolecules.

The increase in the relative optical density is most
likely due to the formation of a dense precipitate with
an ordered structure at high chitosan concentration,
which results in lipid desorption. This is confirmed
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by a gradual increase in D/D0 during aging of the pre-
cipitate, probably accompanied by its ordering.

As the chitosan concentration growths further,
D/D0 increases owing to a rise in the adsorption sur-
face area of the chitosan precipitate.

Thus, the mechanism of interaction of lipids with
chitosan is complex. Probably, sorption of lipids on
chitosan macromolecules is caused by electrostatic
interaction of positively charged functional groups of
chitosan and deprotonated carboxy groups of lipids,
which is indicated by a rise in the lipid sorption with
increasing degree of chitosan deacetylation (Fig. 1).
In addition, the shape of Drel = f (c) curve depends
not only on the sorption but also on solubilization
of lipids with chitosan macromolecules. Probably,
extraction of solubilized lipids in hexane is more
difficult.

One of the processes responsible for binding of lip-
ids with chitosan is the solubilization of lipids. To
study the solubilizing effect of chitosan, we used
a model system containing cod-liver oil as the lipid
component. The chitosan concentration varied from
0 to 0.5 g l�1. At this concentration, chitosan macro-
molecules do not precipitate in the pH range examined
(1.2�9.5). Chitosan solutions were prepared in 1%
acetic acid.

The solubilization of cod-liver oil grows with in-
creasing chitosan concentration. Clearly, the total ca-
pacity of the hydrophobic regions grows with increas-
ing chitosan concentration.

The solubilization of oleophilic compounds with
the polymer is due to the formation of hydrophobic
�intramolecular micelles� of the macromolecules bound
by the hydrophobic bonds [11]. Probably, binding of
lipids with chitosan is caused by this phenomenon.

Solubilization can be regarded as distribution of
a third component among two immiscible phases.
This approach makes it possible to calculate of the
thermodynamic parameters of solubilization, estimate
the free energy of solubilizate binding, and determine
the solubilization mechanism. We calculated the ther-
modynamic parameters of solubilization of the exam-
ined systems by the procedure used in [11] for calcu-
lations system constituted by a protein and low-mo-
lecular-weight hydrocarbons. The results are presented
in Figs. 3 and 4.

A calculation of �S and �G in solubilization of
cod-liver oil with chitosan solution demonstrated that
�G < 0 and �S > 0 in the whole range of pH. The
Gibbs energy is at a minimum in acidic and neutral
solutions. In alkaline solutions (pH > 10), �G in-

Fig. 3. Gibbs energy �G of solubilization of cod-liver oil
with chitosan solutions at (1, 3) 20 and (2, 4) 40�C vs. pH.
Chitosan concentration (mg l�1): (1, 2) 25 and (3, 4) 250.

Fig. 4. Entropy �S of solubilization of cod-liver oil in
chitosan solution with chitosan concentration of (1) 25 and
(2) 250 mg l�1 vs. the solution pH.

creases owing to a decrease in the solubilizing power
of chitosan and deterioration of the solubilization con-
ditions.

The sign of the thermodynamic parameters (�G <
0; �S > 0) is in agreement with the statistic thermo-
dynamic model of hydrophobic bonding. These par-
ameters are close to those of transfer of nonpolar sub-
stances from polar to nonpolar medium [23]. Thus,
these calculations and analysis of the published data
show that the solubilization of cod-liver oil in chito-
san solutions, as well as that of other oleophilic com-
pounds, is a spontaneous thermodynamically favor-
able process. In this case, cod-liver oil penetrates into
internal hydrophobic regions formed by chitosan
macromolecules.

The dependence of the degree of defatting of pro-
tein hydrolyzates on the chitosan concentration and
on the precipitation time can also be understood in
terms of the solubilization mechanism. We found that
lipids are desorbed from the precipitate formed in
more than 1 h. Freshly prepared amorphous chitosan
gradually crystallizes with time. As a result, the num-
ber of amorphous hydrophobic regions in the chitosan
precipitate decreases and lipids are desorbed into the
solution.
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Table 2. Chemical composition of the hydrolyzates before and after treatment with chitosan solutions
������������������������������������������������������������������������������������

Com- � NSW hydrolyzates � ICW hydrolyzate � Com- � NSW hydrolyzates � ICW hydrolyzate
���������������������������������	 ���������������������������������ponent � � � ponent � �

content, � no � after pre- � no � after pre- � content, � no � after pre- � no � after pre-
wt % �chitosan� cipitation �chitosan� cipitation � wt % �chitosan� cipitation �chitosan� cipitation

�����������������������������������������
������������������������������������������
Moisture � 3.00 � 3.67 � 1.7 � 0.43 � Ash � 4.60 � 4.28 � 12.80 � 12.60
Lipids � 1.84 � 0.33 � 2.30 � 0.56 � Proteins � 90.56 � 91.72 � 83.20 � 86.40
������������������������������������������������������������������������������������

Thus, small amounts of chitosan can be effectively
used for clarification and defatting of protein hy-
drolyzates of NSW and ICW.

As can be seen from Fig. 2, the weight fraction
of lipids in WSF and ICW hydrolyzates treated with
chitosan under the optimal conditions decreases by
a factor of 4�5.

The chemical composition of the hydrolyzates be-
fore and after treatment with chitosan is listed in
Table 2.

CONCLUSIONS

(1) The degree of clarification and defatting of
protein hydrolyzates depends on the degree of de-
acetylation of chitosan. The relative optical density
Drel of the extract of the hydrolyzates treated with
chitosan deacetylated to 90% is at a minimum. At
higher degree of deacetylation, Drel increases again.

(2) The degree of defatting is determined as in-
fluenced by pH of the solution, chitosan concentra-
tion, and time of treatment of the hydrolyzate with
a chitosan solution. The best conditions of the chi-
tosan treatment are as follows: chitosan concentration
from 1.0 to 1.5 g kg�1 of hydrolyzate, precipitation at
pH 8.0�8.5, and time of incubation after addition of
chitosan shorter than 1 h.

(3) The suggested mechanism of defatting of pro-
tein hydrolyzates involves crystallization of chitosan
precipitate, adsorption, and solubilization of lipids
with chitosan macromolecules.
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Abstract�The stability and reactivity of carboxyethyl dextran azides toward amines, and also the influence
exerted by the pH of the reaction medium and pKa of the amine on the number of amide groups in acylation
products were studied.

The assortment of physiologically active polymers
(PAPs) used in medicine steadily grows. Among the
routes to PAPs, the �carboxyethyl� route is the least
studied. At the same time, the use of longer spacers be-
tween the polymer and a biologically active substance
(BAS) can make the active fragment more accessible
and enhance the effect of the biopolymer. Therefore,
development of procedures for preparing carboxyethyl
polysaccharide derivatives and study of their reactivity
is a topical problem from both theoretical and applied
viewpoints.

The carboxyethyl route suggested in [1�3] for
modification of polysaccharides with amines with the

aim to develop new physiologically active polymers
has a number of significant darwbacks: The H form
and esters of carboxyethyl dextran (CED) react with
amines at high temperature, which is unacceptable for
binding to polysaccharides of such BASs as antibiot-
ics and enzymes. At the same time, more reactive
CED azides are poorly studied.

Therefore, our goal was to study the stability and
reactivity of CED azides in reactions with amines.

EXPERIMENTAL

The chemical scheme for acylation of amines with
CED azides is as follows:

����������
[C6H7O2(OH)3 �m(OCH2CH2COONa)m � k(OCH2CH2CONHNH2)k]m

A
��

NaNO2, HCl

[C6H7O2(OH)3 �m(OCH2CH2COOH)m � k(OCH2CH2CON3)k]m
B
��

RNH2

[C6H7O2(OH)3 �m(OCH2CH2COO
�

N
+

H3R)m � k(OCH2CH2CONHNR)k]m
C
��

NaOH

[C6H7O2(OH)3 �m(OCH2CH2COONa)m � k(OCH2CH2CONHR)k]m,
D

R = PhCH2, Ph, p-MeOC6H5, p-MeC6H5, p-NO2C6H5, p-BrC6H5.
����������

CED hydrazides A containing 0.3�0.35 hydrazide
group and 1.0�0.9 carboxyethyl group per mono-
saccharide unit of the polymer were prepared from
CED amides and hydrazine hydrate at 10�15�C [3].
These products were dissolved in a 0.5 N solution of
sodium nitrite; the mixture was acidified with HCl to

pH 2 and stirred for 1.5 h at 0�5�C. To the resuilting
solution of CED azide B, an appropriate amine was
added, pH 2�10 was adjusted with an acid or alkali,
and the reaction was performed for 1�18 h at 15�
20�C; the molar ratio of the amine to the monosac-
charide units was 5 : 1. The reaction product C was
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precipitated with ethanol and reprecipitated from
0.1 N NaOH solution to decompose the ammonium
salt whose absence in the product D was checked by
TLC. Amides D were vacuum-dried (20�25 mm Hg)
at 61�C. The substituted amides D are colorless or
yellow amorphous powders readily soluble in water
but insoluble in ethanol, acetone, diethyl ether, and
most of other organic solvents.

The IR spectra of CED azides B contain a �(N3)
stretching band at 2150 cm�1, disappearing on treat-
ment of azides with amines. The IR spectra of amides
D treated with an acid contain the absorption bands
at 1540�1550, 1650�1670, and 1490�1610 cm�1,
characteristic of �(N�H) (amide II), �(C=O) (amide I),
and �(C

�

���C) of the benzene ring, respectively, and
absent in the spectra of the starting polysaccharides;
the carboxy group band at 1720�1730 cm�1 is pre-
served. In the IR spectra of sodium salts D, the bands
of amide groups are obscured by the strong absorption
band of the carboxylate ion (1570 cm�1).

The UV spectra of the synthesized amides D in
0.1 N NaOH contain absorption peaks characteristic
of aromatic compounds. The position of the peaks
in the UV spectra of CED N-benzylamide, benzyl-
amine, and N-benzylacetamide is the same. The UV
spectra of CED N-arylamides also coincide with those
of the respective anilides, but the �max values for the
free amines are different. CED azides B show no
absorption in this range. Hence, UV spectroscopy is
a convenient method for analysis and evaluation of the
purity of the compounds. The calibration plots were
constructed using benzylamine and the corresponding
anilides.

Amides D were characterized by the degree of ami-
nocarbonylethylation Nace (number of amide groups
per monosaccharide unit of the polysaccharide), which
was calculated from the UV and elemental analysis
data. The reactions of CED azides B with different
amines were characterized by the degree of amidation,
Nam (%), which was calculated by the formula Nam =
(Nace /Nhce ) � 100, where Nhce is the number of hy-
drazide groups per monomeric unit of hydrazide A.

To find the best conditions for the reactions of
azides B with amines, we studied the stability of
aqueous solutions of azide B in time, as influenced by
the temperature and pH. The concentration of azides B
in solutions was determined spectrophotometrically
after addition of hydroxylamine and FeCl3 [4] (Fig. 1).

Azides B are stable in strongly acidic aqueous so-
lutions. At pH 2, the content of azide groups decreases
with time only slightly (by 5�10%). The difference

Fig. 1. Content of azide groups Naz (relative to the initial
content of azide groups in CED azide) vs. time � of keeping
CED azide in solution at (a) 0 and (b) 20�C. pH: (1) 2,
(2) 4, (3) 6, (4) 8, and (5) 10.

Fig. 2. Degree of amidation Nam of azides B with
(1) p-bromoaniline, (2) aniline, and (3) p-phenetidine
vs. pH. 17�20�C; 18 h; 5 mol of amine per mole of mono-
saccharide units; the same for Fig. 3.

between the losses of azide groups observed at 0
and 20�C is insignificant, which allows the acylation
to be performed at a higher temperature (and hence
at a higher rate). However, as the solution pH is in-
creased, the content of azide groups capable of acyl-
ating amines drastically decreases. At 0�C, it decreases
within several minutes to 85% at pH 6 and to 40%
at pH 10. Therefore, the order of adding the reactants
in acylation of amines with CED azides is essential.
When aniline is added first and then KOH is added
to adjust the required pH, the degree of amidation is
approximately 30% higher than when KOH is added
first.

When studying the acylating power of azides B to-
ward amines, we expected that, similarly to carboxy-
methyl dextran azides [5], the solution acidity would
exert a major influence on the degree of conversion
of the azide groups into amide groups. The optimal
pH is specific to each particular amine, in accordance
with pKa of the amine. Indeed, acid�base transforma-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 2 2004

262 KRASNIKOVA et al.

Optimal pH values of solution (pHopt) and degrees of conversion of azide groups into amide groups in reactions of azides
B with amines (17�20�C; 18 h; 5 mol of amine per mole of monosaccharide units)
������������������������������������������������������������������������������������

Amine � pKa � �p � pHopt � Nam � Amine � pKa � �p � pHopt � Nam
������������������������������������������������������������������������������������
PhCH2NH2 � 9.37 � � � 10 � 70 � PhNH2 � 4.6 � 0 � 5.5 � 50.1
p-EtOC6H4NH2 � 5.25 � �0.24 � 7 � 72.0 � p-BrC6H4NH2 � 3.9 � 0.232 � 4 � 37.5
p-MetC6H4NH2 � 5.12 � �0.17 � 6 � 61.9 � p-NO2C6H4NH2 � 1.02 � 0.778 � 0 � 10.0
�����������������������������������������	������������������������������������������

tions of amines in the reaction medium exert a major
effect on the reaction results (Fig. 2). When the pH
deviates from the optimal value, Nam may decrease
by a factor of 10. The lower the nucleophilicity of
the amine, the lower the pH at which the degree of
amidation of azides B is maximal. By contrast, strong
bases better react with azides B in neutral and alkaline
media. For example, the optimal pH is 10 for benzyl-
amine and 5�6 for aniline. The optimal pH values at
which the degrees of amidation of CED azides with
aromatic amines are maximal linearly correlate with
pKa of the amines: pH = 1.5636 pKa � 1.7201; n = 5,
R2 = 0.9833) (Fig. 3). With this correlation, it is pos-
sible to estimate the optimal acylation conditions from
the known pKa value of an amine without preliminary
experiments.

As in the case of carboxymethyl dextran [5], the
degree of conversion of azide groups into amide
groups in reactions of azides B with aromatic amines
also depends on the substituent in the benzene ring.
Electron-donor substituents increase, and electron-
acceptor substituents decrease Nam as compared to the
reaction of azide B with aniline (see table). For exam-

Fig. 3. Correlation between pKa of aromatic amines and
optimal pH (pHopt) of their reaction with azides B.

ple, the degree of amidation of azides B with aromatic
amines increases from 10% with p-nitroaniline to 72%
with p-phenetidine, which may be due to increasing
nucleophilicity of the amines. The correlation of Nam
with the Hammett constants of substituents 	p is line-
ar: Nam = �58.05	p + 53.266 (n = 5, R2 = 0.9812).

CONCLUSIONS

(1) Aqueous solutions of carboxyethyl dextran
azides can be used for acylation of aromatic and ali-
phatic amines in acidic and alkaline solutions at 0�
20�C.

(2) The pH at which the degree of conversion of
carboxyethyl dextran azide into amide passes through
a maximum is specific to each particular amine and,
in the case of aromatic amines, correlates with pKa of
the amine.

(3) The degree of amidation of azides with car-
boxyethyl dextran grows with increasing pKa of the
aromatic amine and linearly correlates with the Ham-
mett 	p constants of substituents.
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Abstract�The reaction of carboxymethyl polysaccharides and their ethyl esters with amines was studied
with the aim to determine how the structure of the polymeric acylating agent affects the composition of
the reaction products.

Previously, we heve studied the reactions of carboxy-
methyl dextran and its ethyl esters with aliphatic and
aromatic amines [1, 2] and, based on these results, de-
veloped procedures for designing physiologically active
polymers (PAPs) with the aim to prepare new biolog-
ically active substances and improve the existing drugs
[3]. In view of the fact that PAPs are prepared with
polysaccharides of different structures, we studied
the reactions of amines with carboxymethyl polysac-
charides (CMPs) and their ethyl esters, aiming to de-
termine how the structure of the polymeric acylating
agent affects the composition of the reaction products.

Our experiments were performed with aubasidan
[branched �-1,3-�-1,6-�-1,4-D-glucan produced by

Aureobasidium pullulans, molecular weight (5�9) �
106]; corapulan (linear �-1,3-D-glucan prepared from
aubasidan by Smith degradation); amylose (isolated
from potato starch by the procedure described in [4],
mean molecular weight 4 � 105); rhodexman (linear
�-1,3-�-1,4-D-mannan produced by Rhodotorula
rubra, molecular weight 6.5 � 104); cellulose [mo-
lecular weight (1.5�2) � 104]; and also dextran
commercially produced in Russia (used in produc-
tion of Poliglyukin plasma-substituting antishock
agent), with the average molecular weight of (6 �1) �
104.

Chemical modification of polysaccharides was per-
formed by the scheme

����������

[C6H7O2(OH)3]n �������
ClCH2COOH, NaOH

[C6H7O2(OH)3 � m (OCH2COONam]n �����
KU-2 � 8 (H+)

�
�

����

�
�����������������
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�
�
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�
�
�
�
�
�
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�
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�����������������
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�
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����������

Carboxymethyl polysaccharides and their ethyl
esters (CMPEEs) were prepared as described in [4, 5].
Polysaccharide I was alkylated with monochloroacetic

acid in isopropanol in the presence of alkali [4]. Poly
acid III was prepared by treatment of aqueous solu-
tions of CMP salt II with KU-2 � 8 cation exchanger.
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Table 1. Ionization constants of carboxymethyl polysac-
charides
����������������������������������������

Polysaccharide � Ccm � Ka � 105 � pKa
����������������������������������������
Carboxymethyl dextran � 0.94 � 9.772 � 4.01
Carboxymethyl rhodexman � 1.07 � 7.079 � 4.15
Carboxymethyl amylose � 1.61 � 4.57 � 4.32
Carboxymethyl cellulose � 0.91 � 3.715 � 4.43
Carboxymethyl corapulan � 1.73 � 2.512 � 4.60
Carboxymethyl aubasidan � 1.11 � 1.259 � 4.90
����������������������������������������

Table 2. Degree of esterification Ce of carboxymethyl
polysaccharide samples as influenced by pKa of the poly
acid
����������������������������������������

Polysaccharide � Ccm � pKa � Ce , %
����������������������������������������
Carboxymethyl dextran � 1.09 � 4.01 � 49
Carboxymethyl aubasidan � 1.11 � 4.90 � 48
Carboxymethyl rhodexman � 1.07 � 4.15 � 37
Carboxymethyl cellulose � 0.91 � 4.43 � 37
Carboxymethyl amylose � 1.61 � 4.32 � 34
Carboxymethyl corapulan � 1.04 � 4.60 � 28
����������������������������������������

To prepare CMP ethyl ester IV, the poly acid was
refluxed in excess ethanol under conditions of auto-
catalysis [5]. The resulting CMP and CMPEE sam-
ples were characterized by the degree of carboxy-
methylation, Ccm , and degree of alkoxycarbonyl-
methylation, Cacm (numbers of carboxymethyl and
ester groups, respectively, per polysaccharide mono-
meric unit).

CMP sodium salts are white amorphous powders
soluble in water (solubility: carboxymethyl aubasidan
Na salt 10%; carboxymethyl rhodexman Na salt 15%;
carboxymethyl dextran Na salt 20%) but insoluble in
alcohol, acetone, ether, and most of other organic
solvents.

For the CMP samples synthesized, we deter-
mined the acid ionization constants. Solutions of
the poly acids were prepared by passing CMP sodium
salts through a cation-exchange column, which
was followed by potentiometric titration of the
acid. The content of carboxy groups was determined
by volumetric titration. The acid ionization con-
stant was calculated as described in [6]. The rel-
ative error of the mean result did not exceed 4%
(Table 1).

The apparent ionization constants of the carboxy-
methyl derivatives of dextran and cellulose coincided
with the published values [7, 8].

One of the factors responsible for a decrease in
the ionization constants in going from carboxy-
methyl dextran to carboxymethyl aubasidan (Table 1)
may be different positions of substituents in the mo-
nomeric units of the polysaccharides. The effects of
the monosaccharide unit on the carboxy group in po-
sitions C2�O, C3�O, C4�O, and C6�O are different.
The ionization constant of the C2�O-carboxymethyl
group is higher, compared to the other positions.
The electron-withdrawing effect of the carbonyl
group of the monosaccharide unit is in this case
the strongest. Hence, the higher the content of car-
boxymethyl group in the C2�O position of the mono-
saccharide unit, the higher the ionization constant of
the poly acid.

It should be noted that the capability of linear
CMPs to form esters in reactions with ethanol corre-
lates with pKa of the poly acids (Table 2), except in
the case of carboxymethyl amylose. Carboxymethyl
dextran reacts with alcohol the most readily, and car-
boxymethyl corapulan, the least so. However, taking
into account that, at Ccm > 1, Ce decreases, on the av-
erage, by 20�25% with increasing degree of substi-
tution of CMP [5], carboxymethyl amylose, as ex-
pected, reacts with the alcohol more readily than car-
boxymethyl cellulose.

Acylation of amines with CMPs and their esters
was performed in dioxane at 50�100�C for 4�16 h at
a fivefold excess of the amine. The compounds were
precipitated and reprecipitated with ethanol, acetone,
or their mixtures with ether from aqueous solution of
an alkali to remove low-molecular-weight impurities.
The absence of low-molecular-weight impurities in
the reaction products was checked by TLC. The CMP
amides were examined by IR and UV spectroscopy,
conductometric titration, and elemental analysis. The
IR spectra of the reaction products in the H form
contain absorption bands at 1535�1590 and 1640�
1685 cm�1, which are absent in the spectra of the start-
ing substances and are characteristic of �(N�H) (am-
ide II) and �(C=O) (amide I).

The content of amide groups in polysaccharide
samples was determined by elemental analysis and
UV spectroscopy. The acylation was characterized
by the degree of amidation, Cam (percentage of acyl
groups of the polysaccharide converted into amide
groups).
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Table 3. Results of reactions of carboxymethyl poly-
saccharides with aniline and benzylamine in dioxane
(100�C, 6 h, molar ratio of amine to carboxy groups
5 : 1)

����������������������������������������
� � �Cam (%) in reaction with
� � ������������������Polysaccharide � Ccm �

Ce ,
�

� �
%

� benzylamine � aniline
����������������������������������������
Carboxymethyl � 0.9 � 49 � 26 � 43
dextran � � � �
Carboxymethyl � 1.11 � 48 � 18 � 39
aubasidan � � � �
Carboxymethyl � 0.91 � 37 � 14 � 27
rhodexman � � � �
Carboxymethyl � 1.06 � 37 � 10 � 26
cellulose � � � �
Carboxymethyl � 1.61 � 34 � � � 26
amylose � � � �
Carboxymethyl � 1.04 � 28 � 10 � 11
corapulan � � � �
����������������������������������������

The results of acylation of benzylamine and aniline
with CMPs and their ethyl esters are given in Tables
3 and 4.

These results show that the reactivity of CMPs
toward amines varies approximately similarly to the
reactivity of the poly acids toward ethanol (Table 3).
The dextran and aubasidan derivatives are modified
with amines the most readily. The reactivities of the
rhodexman, amylose, and cellulose derivatives to-
ward amines are similar and somewhat lower than
that of the dextran and aubasidan derivatives. Car-
boxymethyl corapulan reacts with amines the most
difficultly. The same trend, with a minor exception
(Table 4), is observed in acylation of benzylamine and
aniline with ethyl esters of carboxymethyl polysac-
charides under the conditions when only esters react
with the amines. The influence of the polymer struc-
ture on the reactivity of CMPs and their ethyl esters
is probably also associated with different arrange-
ments of substituents in the monosaccharide unit and
with structural features and properties of these poly-
saccharides.

Experiments on acylation of benzylamine and ani-
line with different CMPs showed that, in all the cases,
aniline reacts under equal conditions with CMPs
almost a factor of 2 faster than benzylamine. This is
probably due to the higher stability of benzylammoni-

Table 4. Degree of amidation of carboxymethyl poly-
saccharide ethyl esters in reactions with benzylamine
(50�C, 4 h) and aniline (70�C, 16 h) in dioxane (fivefold
excess of amine)

����������������������������������������
� � �Cam (%) in reaction with
� � ������������������Ethyl ester of � Ccm �Cacm �
� � � benzylamine � aniline

����������������������������������������
Carboxymethyl � 0.36 � 0.56 � 38 � 82
dextran � � � �
Carboxymethyl � 0.58 � 0.53 � 45 � 72
aubasidan � � � �
Carboxymethyl � 0.57 � 0.34 � 35 � 56
cellulose � � � �
Carboxymethyl � 1.06 � 0.55 � 31 � 55
amylose � � � �
Carboxymethyl � 0.67 � 0.39 � 31 � 49
rhodexman � � � �
Carboxymethyl � 0.75 � 0.29 � 31 � 45
corapulan � � � �
����������������������������������������

um salts of polymeric carboxylic acids under acyla-
tion conditions and hence to lower concentrations
of the acid (H form) and free amine in the reac-
tion mixture (the carboxylate ion does not acylate
amines). With CMP ethyl esters, benzylamine, being
a stronger nucleophile, reacts considerably faster
than aniline.

CONCLUSIONS

(1) Carboxymethyl derivatives of polysaccharides
of different structures and their esters are simple
and convenient acylating agents in reactions with
amines.

(2) The apparent ionization constant of carboxy-
methyl polysaccharides depends on the position of the
carboxymethyl groups in the monosaccharide unit of
the polymer.

(3) The acylating activity of carboxymethylated
linear polysaccharides and their ethyl esters grows
with decreasing pKa of the poly acid.
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Abstract�Physical aging of amorphous polymers was studied, and a theoretical description of the process
in terms of fractal analysis was attempted.

Physical aging of polymers involves modification
of their structure and properties with time and reflects
the thermodynamically nonequilibrium nature of these
materials. Physical aging typically results in increased
brittleness of polymeric materials, which makes it im-
portant to forecast how the structural characteristics
vary with time, so as to estimate the safe service life
of polymeric articles. For network polymers, Kozlov
et al. [1, 2] quantitatively estimated the structural
changes in terms of the fractal analysis [3] and of the
cluster model of the structure of polymers in the amor-
phous state [4, 5]. In the present, these models were
applied to description of physical aging of polycar-
bonate (PC) based on bisphenol A. Also, we exam-
ined in more detail the behavior of PC during physi-
cal aging by using the concept of the quasiequilibrium
state of the polymer structure [6] and to the model of
a thermal cluster [7], which is a variant of the per-
colation theory.

EXPERIMENTAL

We studied granulated commercial PC of the Lexan
brand (USA). The reduced viscosity �red of a 0.5%
chloroform solution of PC, measured on an Ubbelohde
viscometer at 298 K, was 0.12 m3 kg�1. We prepared
4 � 6 � 50-mm samples by pressing at �7 MPa and
490 K. The physical aging of the PC samples was
carried out at Tag = 403 K, which is below the glass-
transition point of 423 K for PC [8]. The aging con-
tinued for 1000 h, during which time mechanical tests
were run at 200-h intervals. Also, the reduced viscos-
ity �red was measured at 200-h intervals for the same
samples and proved to be constant, which suggests
the lack of thermal-oxidative degradation. Impact tests

were carried out at 293 K by the Charpy technique on
a UT-1/4 pendulum impact machine equipped with
a piezoelectric load sensor. This installation records
the load�time, P��, diagrams suitable for calculat-
ing the elasticity modulus E [9] and the yield stress �y
[10]. These parameters, in turn, allow calculation
of the Poisson coefficient � by the relationship [11]

�� = ������ .
6(1 + �)
1 � 2�

E

�y
(1)

In terms of the model [4, 5], the PC structure can
be characterized by the relative proportion of the do-
mains exhibiting local ordering (clusters), �cl, which
is an order parameter in the strict physical sense [12].
For the starting PC, �cl is calculated by the relation-
ship [12]

�cl = 0.03(Tg � T )0.55, (2)

where T is the test temperature (K); and Tg, the glass-
transition point (K).

In terms of fractal analysis [13], the polymer struc-
ture is characterized by the fractal (Hausdorfian) di-
mensionality df and by the dimensionality of the ex-
cess energy localization domains, Df, which charac-
terizes the degree of the energetic excitation of loosely
packed areas of the polymer structure and the size
distribution of microcavities of the fluctuation free
volume [6]. The dimensionalities df and Df can be
calculated by the equations [13]

df = 2(1 + �), (3)

(4)Df = ������ .
2(1 � �)
1 � 2�
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Fig. 1. (a) Resilience Ap and (b) fractal dimensionality
of the structure df vs. the aging time �ag for PC.
The vertical dashed line indicates the �ag

qe parameter
calculated by Eq. (11).

Common knowledge [14] suggests that physical ag-
ing involves a decrease in the plasticity of PC, which
is manifested in a decrease in the resilience Ap with
the aging time �ag (Fig. 1). Figure 1a shows that Ap
tends to decrease during the first 500 h of aging,
whereupon the Ap-vs.-�ag plot flattens out with minor
absolute values of Ap of �4.5 kJ m�2. Such a run
of this plot may be due to the fact that the structure at-
tains a certain limiting state which is defined as a qua-
siequilibrium state [6]. In terms of the model [4, 5],
the tendency toward thermodynamic equilibrium, ex-
hibited by the nonequilibrium structure of the polymer
during physical aging, is expressed by an increase in
the degree of local (short-range) order, �cl [1, 2]. In
a certain stage of aging, however, the entropy-related
chain tension counterbalances this tendency, and �cl
ceases to increase [6], thus yielding the quasiequilib-
rium state. The dimensionality of the domains charac-
terized by excess energy localization for this state,
Df

qe, is defined by the equation [6]

Df = �������� ,
qe

ln (1/fff )Tg

4�T
(5)

where fff is the relative fluctuation free volume, and
T, test temperature.

Novikov and Kozlov [15] have found earlier that
the polymer structure can be modeled as a thermal
cluster whose formation is governed by both geomet-
ric and thermal interactions. The order parameter �cl
for such a cluster is defined by the equation [7]

�cl = ����� ,
Tg

Tg � T �
�

�
�

	 


�t

(6)

where �t is the critical index of the thermal cluster;
T, test temperature (K); and Tg, the glass transition
point (K).

Novikov and Kozlov [15] have shown earlier that
�t is generally a function of the degree of molecular
mobility of the polymer and that �t 	 �, where � is
the corresponding critical index of the percolation
cluster whose formation is controlled by geometric
interactions only [16]. The �t = � equality is attained
only when molecular mobility is totally suppressed,
i.e., in the quasiequilibrium state.

Figure 1b shows the df��ag plot calculated by
Eqs. (1) and (3), which illustrates the evolution of
the PC structure during physical aging. It is seen that,
at �ag > 500 h, the plot flattens out, with Ap at-
taining a value of �2.46. The parameter fff for this
case [� = 0.23 from Eq. (3)] can be calculated by
the equation [11]:

fff � 0.017����� .
(1 � 2�)
(1 + �)

(7)

Next, we can calculate Df
qe by Eq. (5) and then

estimate the corresponding df
qe using the relation-

ship [13]

Df = 1 + ����� .qe

3 � df
qe

1
(8)

Using Eqs. (5) and (8), we obtain Df
qe = 2.68

and df
qe = 2.41. The latter value agrees well with

the above-cited df value for the asymptotic branch of
the df��ag plot (Fig. 1b). Thus, the fact that the plot
for resilience Ap (kJ m�2) flattens out (Fig. 1a) is
due to the attainment of a quasiequilibrium state by
the PC structure in the course of physical aging.

Next, we estimate �cl in the quasiequilibrium state,
using Eq. (6) and determining �t = � as [17]:

�t = � = 1/df , (9)

where � is the critical index of the percolation cluster.

Calculation by Eq. (6) yields �cl
qe = 0.619. Next,

aqe
f can be estimated from the expression [6]
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df = 3 � 6 ��� ,
SC�

�cl �
�



�
�

	

1/2
(10)

where S is the cross-section area of the macromolecule
(for PC, S = 30.7 
2 [18]), and C�, a characteristic
ratio that reflects the statistical flexibility of the chain
[19] (for PC, C� = 2.4 [21]).

Calculation by Eq. (10) yields df
qe = 2.45, which

agrees well with the above-cited values. Thus, the
thermal cluster model adequately describes the poly-
mer structure and, in particular, the conditions of re-
alization of the quasiequilibrium state.

Using Eqs. (4), (5), and (8), we estimated Df
qe

to be 2.85, 2.68, and 2.82, respectively, which also
shows that the techniques mentioned give well con-
sistent results.

Let us estimate the time of physical aging, �qe
ag,

required for attainment of the quasiequilibrium state.
To this end, we use the equation derived by Aharoni
[20]:

�cl = k�cl �ag ,qe (df � 2)(df � df )qe

(11)

where k is a constant equal to 0.14 [2], and �cl, the
relative fraction of the clusters for the initial polymer;
�ag is given in seconds.

The parameters in Eq. (11) can be estimated as fol-
lows. The parameter �cl

qe is calculated at Tag by Eq. (6),
and �cl, also at Tag according to Eq. (2). Next, df and
df

qe at Tag can be calculated by Eq. (10) for the cor-
responding �cl and �qe

cl. The �qe
ag value of ca. 438 h,

calculated in the given conditions by Eq. (11), is
indicated in Figs. 1a and 1b with a vertical dashed
line. It is seen that �qe

ag agrees well with �ag that cor-
responds to flattening out of the Ap��ag and df��ag
plots. Thus, we can estimate the transient (nonstation-
ary) period �ag

tr (h) during which the structure and
properties of the polymer are modified by physical
aging (�tr

ag � �qe
ag).

It is known [14] that Ap grows with increasing mo-
lecular mobility associated with the mobility of the
chains in loosely packed domains of the polymer struc-
ture [21]. The model discussed in [4, 5] treats such
a domain as a loosely packed matrix in which the
clusters are embedded. The relative proportion of such
a domain �lm can be determined by the equation [11]

�lm = 1 � �cl. (12)

Figure 2 presents the Ap��lm plot, which has
the expected shape. According to Aharoni [14], Ap

Fig. 2. Resilience Ap vs. the relative proportion of
the loosely packed matrix �lm for PC.

tends to linearly grow with increasing �lm, and Ap = 0
corresponds to �lm � 0.352, rather than to the expected
�lm = 0. According to Eq. (12), �lm � 0.352 cor-
responds to �cl � 0.648, which is fairly close to
�cl � 0.619 at 293 K. This is consistent with the pos-
tulated total extension of the chains in the quasiequi-
librium state, which restrict the growth of �cl, and
with the resulting total suppression of the molecular
mobility, which yields Ap = 0, i.e., totally brittle
polymer.

CONCLUSION

Physical aging of amorphous polymers was theo-
retically described in terms of the fractal analysis and
the thermal cluster model, taking polycarbonate as
a typical example. It was shown that, during physical
aging, the polymer structure attains a quasiequilibrium
state. The evolution of the structure and properties of
polymers during this process can be quantitatively de-
scribed.
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Abstract�Radiation aging of poly(methyl methacrylate) and copolymers of methyl methacrylate with trans-
1,2-di(methacryloxy)cyclohexane, 3,4-di(methacryloxy)sulfolane, and 9,10-di(methacryloxymethyl)anthracene
was studied.

The radiation resistance of polymers is influenced
by the chemical structure of a polymer, its supra-
molecular structure, and chain mobility. Any of these
factors can be decisive, depending on conditions.
Studies of the radiation resistance of ionomers (co-
polymers of ethylene with acrylic acids, in which the
carboxy groups are partially converted to Mn, Pb,
and Cd salts) showed that, upon irradiation, these co-
polymers exhibit higher strength than polyethylene
(PE) irradiated with the same doses (PE macromole-
cules cross-link under the action of high-energy radia-
tion [1]).

The crystallinity decreases in going from PE to the
ionomer [2], which should result in lower radiation re-
sistance [3]. The higher, compared to PE, resistance of
the ionomers to radiation (at doses of up to 70 Mrad
[4]) cannot be accounted for by the presence of metal-
containing fragments only (as these fragments protect
the polymers only at irradiation doses not exceeding
0.1 Mrad [4]) but can be explained in terms of struc-
tural protection. In ionomers, the macromolecules
(and also separate fragments of a macromolecule)
form with each other not only common van der Waals
and hydrogen bonds, but also ionic bonds [2] decreas-
ing the molecular mobility. As a result, the probability
of radiation-induced intermolecular cross-linking, im-
pairing the PE properties, decreases.

It seems interesting to evaluate the effect of inter-
molecular cross-links on the radiation aging of a poly-
mer degrading under high-energy radiation, poly-
(methyl methacrylate) (PMMA). To this end, we ex-
amined in this study the radiation resistance of copoly-

mers of methyl methacrylate (MMA) with trans-1,2-
di(methacryloxy)cyclohexane (DMCH), 3,4-di(meth-
acryloxy)sulfolane (DMS), and 9,10-di(methacryloxy-
methyl)antracene (DMMA). The main macromolecular
chains in these copolymers are cross-linked with cy-
clohexane, sulfolane, and dimethylanthracene bridges.
The cross-links have the following structure:

�C(CH3)�CH2���
C�

O
��
OR�OC
�O��
�C(CH3)�CH2�

���������
CH2��

��
CH2��
	SO2


��
���

��
R = , , .

EXPERIMENTAL

The radiation resistance of MMA copolymers was
evaluated by comparing the accumulation curves and
radiation-chemical yields of radicals and the thermo-
mechanical properties of irradiated samples with the
respective characteristics of the homopolymer.

Polymer samples were prepared by bulk polymeri-
zation, performed to full conversion, at 40�C in the
presence of dicyclohexyl peroxydicarbonate initiator
with various amounts of DMCH or DMMA, or at
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Fig. 1. Relative change in the flow point, (Tf
0
� Tf ) / Tf

0,
of (1) PMMA and copolymers of MMA with (2) DMMA,
(3) DMS, and (4) DMCH vs. the absorbed dose D. Content
of the second comonomer in the polymer 0.7 mol %;
the same for Fig. 5. (Tf

0, Tf) Flow points (�C) of the un-
irradiated and irradiated samples, respectively.

50�C in the presence of azobis(isobutyronitrile) and
DMS. DMCH, DMMA, and DMS were prepared ac-
cording to [5�7] and were added to the polymeri-
zation mixture in amounts of 0�5.1, 0�1.3, and
0�4.5 mol %, respectively. The copolymers are in-
soluble in organic solvents. The molecular weight of
PMMA is 9.11 � 105.

From the polymer blocks, we cut disks 3 mm in
diameter and 4 mm high and irradiated them with
60Co �-rays at 25�C on an Issledovatel’ installation
(dose rate 0.15 Mrad h�1, absorbed dose 0�60 Mrad).

The ESR spectra of the irradiated samples were
recorded on an RE-1301 spectrometer at 77 K; the
relative error in determination of the macroradical
concentration was 5�10%.

The radiation-chemical yields of radicals (per
100 eV of absorbed energy) were determined from
the slopes of the linear portions of the radical-accum-
ulation curves.

Thermomechanical tests were performed on an in-
stallation providing progammed heating of the sam-
ple, by the method of constant loading. The load was
0.13 MPa, and the heating rate, 0.04 deg s�1. The
glass transition (Tg) and flow (Tf) points were deter-
mined by the method of interception of tangents to the
initial portions of the thermomechanical curves.

Poly(methyl methacrylate) degrades under the
action of ionizing radiation, with scission of the back-
bone at the quaternary carbon atom. These scissions
are random, and the molecular weight of the polymer

considerably decreases even in the initial step of ir-
radiation. A similar pattern is observed with MMA
copolymers: Their Tf (which directly correlates with
the molecular weight, the parameter that is the most
sensitive to irradiation) drastically decreases (Fig. 1).
However, with MMA�DMCH and MMA�DMS copo-
lymers this trend is appreciably less pronounced than
with PMMA (cf. curves 1, 3, 4 in Fig. 1). Neither
dissipation of the absorbed energy nor deactivation of
the intermediate reactive states can be responsible
for the observed protection effect. In the sulfolane
groups of DMS�MMA copolymers, all the six valence
electrons of the S atom involved in the formation of
the S=O and C�S bonds. In contrast to bivalent sul-
fur compounds, sulfolane has no electrons capable of
excitation to the d level. The cyclohexane fragment
in the MMA�DMCH copolymer contains no conju-
gated double bonds and, similarly to the sulfolane
group, cannot be involved in redistribution of the ab-
sorbed energy. In radiolysis, these groups do not
generate species able to deactivate macroradicals.
The stabilization of the polymer is apparently due to
structural features of the macromolecules. The cross-
links decrease the mobility of the macromolecules,
and radicals arising in a macromolecule cannot cause
degradation of another macromolecule, as it takes
place, e.g., in PMMA [8].

The radicals decay by interaction with the radiation
field (leading to the polymer degradation) and recom-
bination (inhibiting degradation) [9]. Cross-links favor
stabilization of radicals by complicating their decay
both via thermal recombination and via direct interac-
tion with the radiation (e.g., by dissociation to form
stable molecules and hydrogen atoms recombining with
the nearest radicals [9]). The rate constant of radical
decay in irradiated MMA�DMS copolymer by direct
interaction with the radiation is 0.23 Mrad�1, whereas
in PMMA it is 0.37 Mrad�1 [10]. The activation ener-
gy of bimolecular radical decay in 110 kJ mol�1 in
PMMA [10] and 146 kJ mol�1 in the copolymer.
The inhibition of radical recombination in the copoly-
mer is apparently due to a decrease in their �rotational�
mobility in a cage and to the decreased probability of
their escape from the cage.

The cross-linking of PMMA macromolecules of
the sulfolane group causes a stronger radiation-protec-
tive effect than cross-linking with the cyclohexane
fragment (curve 3 in Fig. 1 lies below curve 4). This
is apparently due to the lower concentration of free
radicals accumulating in the MMA�DMS copolymer,
compared to the copolymer with DMCH, in the exam-
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ined ranges of the irradiation doses (Fig. 2) and co-
monomer concentrations in the copolymers (Fig. 3).
As seen from the table, the radiation-chemical yield
of free radicals G in the MMA�DMS copolymer is
lower than in the MMA�DMCH copolymer.

The cross-links decrease the mobility of separate
fragments of polymeric chains and give rise to me-
chanical stresses. Therefore, in the cross-linked poly-
mers, compared to PMMA, the probability of macro-
molecule scission, the concentration of radicals, and
their radiation-chemical yield increase. Furthermore,
the comonomers can increase the concentration of
defects of macromolecular packing owing to the ste-
ric effect, which may also be responsible for the ex-
perimentally observed growth of the radical concen-
tration in proportion to the amount of the comonomer
(Fig. 3).

Despite the higher, compared to PMMA, radiation-
chemical yields and concentrations of radicals in the
cross-linked samples, these samples appear to be more
resistant to high-energy radiation. This means that, for
the copolymers in hand, the macromolecular mobility
is the major factor affecting the radiation aging, al-
though the effect of the first two factors is also notice-
able.

In real network polymer samples, not all the mole-
cules are cross-linked, i.e., the sol fraction is present.
The macromolecules that are not incorporated in the
network exhibit not only hyperelastic but also viscous-
flow properties. The contribution of the viscous-flow
deformation depends on the content of such macromol-
ecules. In copolymers of MMA with DMCH, DMS,
and DMMA, the content of non-cross-linked PMMA
macromolecules should be significant, since the con-
centrations of the comonomers are low (�5.1 mol %).
Furthermore, apparently, not all the comonomer mole-
cules are involved in cross-linking of the macromole-
cules in the course of the synthesis. Some of them can
be present as fragments of the linear copolymer chain
and can participate in cross-linking by radiation-
induced copolymerization of the pendant methacryl-
oxysulfolane (or -cyclohexane, -methylanthracene)
group with PMMA. This process may be responsible
for the fact that Tg of the MMA�DMS copolymer,
in contrast to Tg of PMMA, tends to increase up-
on �-irradiation with small doses (Fig. 4).

Cross-linking with anthracene groups (in MMA�
DMMA copolymer) enhances the radiation resistance
of the polymer to a still greater extent. DMMA, com-
pared to DMCH and DMS, inhibits to a greater extent
the decrease in the flexibility of the whole macromol-
ecule (factor responsible for the polymer flowability,

Fig. 2. Curves of radical accumulation in (1) PMMA and
copolymers of MMA with (2) DMMA, (3) DMCH, and
(4) DMS. Comonomer concentration 0.7 mol %. (N) Con-
centration of radicals and (D) irradiation dose.

Fig. 3. Concentration of macroradicals N in the maximum
of the accumulation curve vs. the content c of (1) DMMA,
(2) DMS, and (3) DMCH in the copolymer.

Fig. 4. Glass transition point Tg of (1) PMMA and
(2) MMA�DMS copolymer (0.7 mol % DMS) vs. the ir-
radiation dose D.
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Radiation yield of radicals G (per 100 eV) in irradiated
homo- and copolymers of MMA (25�C)
����������������������������������������

Comonomer � Concentration, % � G
����������������������������������������

� � � � 2.6
DMCH � 0.7 � 3.2

� 3.0 � 4.2
� 5.1 � 5.3

DMS � 0.7 � 3.0
� 1.4 � 3.5
� 3.0 � 3.9
� 4.5 � 4.1

DMMA � 0.25 � 0.4
� 0.7 � 1.4
� 1.3 � 2.3

����������������������������������������

Fig. 1) and in the mobility of separate chain segments
(factor responsible for the glass transition, Fig. 5),
occurring upon �-irradiation.

The curves of radical accumulation in MMA�
DMMA copolymers upon irradiation at 25�C level
off at D > 30 Mrad, whereas for PMMA and the other
copolymers they pass through a maximum (Fig. 2).
The descent of the curve after the accumulation of
a certain concentration of radicals in PMMA and co-
polymers of MMA with DMS and DMCH is appar-
ently due to the fact that the radiation-induced deg-
radation of the polymers appreciably alters the mac-
rochain mobility, making possible subsequent thermal
transformations of the radicals since irradiation is
performed at a relatively high temperature. When
PMMA is irradiated at low temperatures, such trans-
formations are impossible, and the plot of the radical
concentration vs. irradiation dose levels off [9]. In
MMA�DMMA copolymers, the transformations of

Fig. 5. Change in the glass transition point, Tg
0
� Tg, of

(1) PMMA and copolymers of MMA with (2) DMS and
(3) DMMA vs. the irradiation dose D.

radicals are hindered by the high rigidity of the an-
thracene core and of macromolecules containing it.

The maximal concentration of free radicals, attained
in irradiation of this copolymer, is lower than that at-
tained in MMA�DMCH and MMA�DMS copolymers
(Fig. 1). This relationship is preserved when the con-
tent of DMMA units in the copolymer is increased to
1.3 mol % (Fig. 3; the upper concentration limit cor-
responds to the limit of DMMA solubility in MMA).

The anthracene groups present in the MMA�
DMMA copolymer are capable to absorb the incident
energy by the system of conjugated double bonds
and to dissipate it in the form of heat and light so
rapidly that the polymer has no time to degrade.
Apparently, owing to this protective effect (�radiation
sponge�), the radiation-chemical yield of radicals in
this copolymer appears to be lower, compared to
MMA�DMS and MMA�DMCH copolymers and to
PMMA (see table). The anthracene fragments, on the
one hand, protect the polymer from radiation and, on
the other hand, when present in certain concentration,
alter its supramolecular structure, stabilizing the mac-
roradicals: As the DMMA content in the copolymer is
increased, the radiation-chemical yield of the radicals
and their concentration grow.

Mechanical blending ot antracene with PMMA,
compared to preparation of MMA�DMMA copoly-
mers, provides the same radioprotective effect at
5�10 times higher content of anthracene. This fact is
indicative of a complex protection mechanism in the
copolymer, involving both the redistribution of the ab-
sorbed energy by aromatic cores and the structural
protection due to cross-linking of the macromolecules.

Thus, in copolymers of MMA with monomers that
act as cross-linking agents, radiation-induced degrada-
tion is inhibited.

CONCLUSIONS

(1) Cross-linking of poly(methyl methacrylate)
macromolecules with cyclohexane and sulfolane
bridging groups in copolymers of methyl methacrylate
with trans-1,2-dimethacryloxycyclohexane and 3,4-di-
methacryloxysulfolane enhances the radiation resis-
tance of the polymer owing to a decreased mobility of
macromolecules, despite the higher radiation-chemical
yields and concentrations of the radicals, compared to
the homopolymer.

(2) Introduction of anthracene fragments into poly-
(methyl methacrylate) enhances the radiation-protec-
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tive effect of cross-linking owing to the capability of
aromatic cores to participate in redistribution of the
incident energy.
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Abstract�Thermal stability of the electret state of polytetrafluoroethylene films with element oxide struc-
tures on the surface was studied. The frequency factor and the activation energies of the newly formed groups
of deep centers that capture the electret charge were determined.

As is known [1], when irradiated with charged par-
ticle fluxes, polymer insulators accumulate a positive
or a negative charge on their surface, yielding an elec-
tret state. Such materials are called electrets, and the
charge on their surface can be preserved for a fairly
long time, depending on the external conditions and
properties of the polymer. This effect finds application
in electroacoustic transformers and sensors, as well as
in nonlinear-optics components [2]. Of great practical
importance for such systems is the stability of the
electret state. For nonpolar polymers, such a stability
is afforded by creation on their surface of deep charge
capture centers, using specially developed procedures
[3]. For example, fluoropolymers are characterized by
extremely low mobility of charge carriers [1�3]. Their
equilibrium concentration is so small, compared to
that of the injected charges, that the deciding role in
relaxation of the electret state is played by the surface
traps [3]. Therefore, it is not surprising that, the sta-
bility of the nonequilibrium charge injected into non-
polar polymers during charging in the corona dis-
charge, is strongly dependent on the chemical struc-
ture of the surface [3�5]. Rychkov and Boitsov [3]
showed that, with increasing degree of hydration of
the surface of nonpolar fluoropolymer films, the cur-
ves of thermoinduced relaxation of the surface po-
tential tend to regularly shift to higher temperatures.
X-ray photoelectron spectroscopic (XPS) studies re-
vealed major defluorination of the surface being
modified [3]. Thus, chemical modification of the sur-
face can efficiently control the electret characteristics
of polymers.

Modification of the energy spectrum of the surface
traps is the most pronounced in hydration of the poly-

tetrafluoroethylene (PTFE) surface. Rychkov et al.
[3, 6] revealed a correlation between the thermal sta-
bility of the surface potential and the concentration
of the OH groups on the film surface. At the same
time, it is known that the concentration of the active
sites chemisorbing the OH groups on the film surface
can be significantly increased by molecular layer de-
position (MLD). This method is based on chemical
reactions between the functional groups of the solid-
phase matrix and volatile low-molecular-weight re-
agents [7, 8].

EXPERIMENTAL

In this study, we examined the nature of the centers
that capture the electret charge in PTFE films with
element oxide nanostructures on their surface and also
determined the microscopic parameters of the forming
surface traps of the positive homocharge.

We studied 10-�m-thick F4-EA grade PTFE films
coated with aluminum on one side. The desired
composition of the surface was achieved by using
chemical nanotechnology based on the MLD prin-
ciples.

The element oxide groups were synthesized in
a flow reactor, by treating 50�20-mm film samples of
the polymer material with a PCl3 vapor. The choice
of PCl3 as the modifying agent was dictated by the
high hydrolytic activity of polar phosphorus-containing
groups. After synthesis, the physisorbed PCl3 and HCl
were removed by a dried air flow until they ceased to
evolve at the reactor outlet. To replace the chloride
ions with OH groups in the products of the reaction of
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PTFE with the modifier vapor, the samples were sub-
jected to vapor-phase hydrolysis. The completion of
this hydrolysis was ascertained by ceased evolution of
HCl at the reactor outlet. The modification tempera-
ture was 180�C, the times of treatment of the samples
with PCl3 and H2O vapor, 1 h and 30 min, respec-
tively, and the flow rate of air dried to a dew point
(from �50 to �55�C), 100 cm3 min�1.

The electret state in the initial and modified films
was created by charging in a positive corona discharge
on a setup shown schematically in Fig. 1. The initial
surface potential V0 = +500 V was set by the voltage
on grid 2. The charging time was 1 s, and the charg-
ing temperature, 290 K.

The electret properties of the samples were studied
by the method of thermoinduced relaxation of the sur-
face potential (TIRSP) [3] in the linear heating mode
at �1 = 0.10 and �2 = 0.17 deg s�1. This method
allows recording of the temperature dependences of
the surface potential of electrets. Simmons et al. [9]
suggest that, for nonpolar fluoropolymers, the TIRSP
curves can be described by the expression [3]

��� = 1 � � D f0 (Es) N (Es) dT �,V0 �
1V (T ) �
�
T0

T
* * (1)

Es = T log�� + a b � c.
�s
�

�
�

	



(2)

Here, Es is the activation energy of surface traps;
f0

*(Es )N (Es ), distribution function of the filled sur-
face traps with respect to activation energies; D =
1.2�EsT

�1, a weakly temperature-dependent coeffi-
cient [9]; and �s, frequency factor of surface traps.

The constants a, b, and c are determined by the
system of units chosen. For Es measured in eV, and
T, �s, and �, in International System units, these
constants take the following values: a = 1.66, b =
1.92 � 10�4, and c = 0.015 [9].

Equations (1) and (2) show that, in terms of the mo-
del accepted, TIRSP of the electret state is fully de-
termined by the parameters of the energy spectrum of
the surface traps. The dV/dT dependence on the tem-
perature T reflects the distribution of the traps with
respect to energies. Thus, to derive the distribution
function of the filled surface traps with respect to ac-
tivation energies from the experimental data, it is suf-
ficient to transform the dV/dT scale to the f0

*(Es )N (Es )
scale, and the temperature scale, to the energy scale.
These transformations present no difficulties, since
the required frequency factor �s can be determined
experimentally from the shift of the maximum of

Fig. 1. Schematic of the setup for polarization in a corona
discharge: (1) corona discharging electrode, (2) grid,
(3) sample being charged, (4) stabilized power supply, and
(5) high-voltage source.

the derivative of the TIRSP signal with respect to
temperature depending on the heating rate, using
the formula [9]

log �s = ��������������� � a,
T2 log �2 � T1 log �1

* *

T2 � T1
* * (3)

where T *
1 and T *

2 are the temperatures corresponding
to the peaks of the dV/dT�T curves recorded at the
heating rates �1 and �2, respectively.

Chemical modification, evidently, involves grafting
of phosphorus-containing groups to the polymer ma-
trix surface. According to the XPS data [3], the chem-
ical structure of PTFE includes �CF2�CF=CF�CF2�
groups incorporating double bonds, which can be ac-
tive in reactions with PCl3:

�CF2�C�C�CF2� + PCl3 � �CF2�C�C�CF2�
��
F
��
F

��
F
��
F

����
Cl PCl

�CF2�C�C�CF2� + PCl3 � �CF2�C�C�CF2�
��
F
��
F

��
F
��
F

����
Cl PCl

A chemical analysis showed that the phosphorus
concentration in the modified samples is insignificant
(ca. 0.01 wt %).

In our earlier communication [10], we reported
similar chemical transformations, namely, addition of
phosphorus-containing groups to the surface of non-
polar low-density polyethylene via scission of the
C=C bond, as revealed by various methods (chemical
analysis, IR spectroscopy). The subsequent vapor-
phase hydrolysis of the modified films results in re-
placement of the chloride ions and an increase in
the concentration of OH groups.

Also, the surface of real polymers contains chemi-
sorbed molecules strongly fixed to certain moieties
of the polymer chains. These moieties include OH,
CO, C�C, C=C, CH2, CH3, and other groups, among
which oxygen-containing groups result from poly-
meric material the contact of an air [11]. These defects
are, evidently, reactive and can exhibit activity during
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Fig. 2. Thermoinduced relaxation of the surface potential
V/V0 as influenced by the surface modification modes for
the electret structures of PTFE-A1. (T ) Temperature.
(1) Initial sample; (2) treatment in water; (3) gas-phase
modification with PCl3 vapor; (4) gas-phase modification
with PCl3 vapor, followed by gas-phase hydration; and
(5) sample no. 3 subjected to additional treatment with
water; the same for Fig. 3.

surface modification of the PTFE film with PCl3
vapor. Thus, the chemical structure of the modified
polymer can be represented schematically as follows:
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Figure 2 shows the TIRSP of the samples depend-
ing on the surface treatment modes. Curve 1 corre-
sponds to relaxation of the potential of the initial
PTFE film. As already mentioned, the sample treated
by the known hydration procedure (the time of contact
between the film surface and water 10 s [3]) exhibits
a much greater thermal stability of the surface poten-
tial (Fig. 2, curve 2).

Chemical modification of the polymer with PCl3
vapor is also responsible for the increased thermal sta-
bility of the potential of electret structures (Fig. 2,
curve 3) relative to untreated samples (curve 1). How-
ever, the highest thermal stability is achieved in the
case of a complex treatment, when the polymer films
with element oxide surface nanostructures are addi-
tionally hydrated by 10-s contact with water (Fig. 2,
curve 5). Notably, the kinetics of the relaxation pro-
cesses is less affected by the gas-phase treatment of

phosphorus-containing PTFE-A1 with water vapor
(Fig. 2, curve 4).

Our results suggest that chemical modification of
the surface of the PTFE films yields additional centers
that of the electret charge. The deciding role in
homocharge accumulation belongs to surface traps, by
which are usually meant specific surface defects such
as, e.g., chain breaks, adsorbed molecules, oxidation
products, etc. Sessler [1] distinguished three types of
such traps, namely, primary, secondary, and tertiary.
Thermal activation of charge carriers from these traps
occurs in different temperature ranges. The least ther-
mally stable are primary traps which are represented
by atoms incorporated in macromolecules. The release
of charge from them is limited by small-scale motions
of the macromolecular chain. The tertiary traps are ac-
tivated at higher temperatures, when the crystal struc-
ture of the polymer is rearranged. Our experimental
data suggest (Fig. 2) that treatment with water yields
charge capture sites at the interface between a crystal-
lite and a amorphous phase, which is specifically re-
sponsible for the high thermal stability of the potential
of the electret structures (Fig. 2, curve 2).

Thus, it can be assumed that the chemical modi-
fication of the PFTE film surface with PCl3 vapor
yields new charge capture centers in the near-surface
layers of the polymer film, which can be treated as
primary traps.

The theoretical concepts being developed in this
study regard the thermal stability of the electret state
in the PTFE films as being strongly dependent on
the degree of surface hydration. The steady-state con-
tact angles � were estimated at 92� for the initial sam-
ple, at 88� and 79� for samples treated with PCl3
vapor and water, respectively, and at 57� for the sam-
ple subjected to complex treatment (gas-phase modi-
fication with PCl3 vapor, followed by treatment with
water). The contact angles were determined by a stan-
dard technique [3] involving the contact of a micro-
drop (1�2 mg) of distilled water with the sample sur-
face. The above-mentioned data are average values
obtained for no less than seven points on the sample
surface.

It is seen that, whatever the treatment procedure,
the contact angle tends to decrease after treatment,
most profoundly in the case of the complex treatment,
which suggests a high surface energy of the modified
film [11].

Thus, introduction of chemisorbed reactive phos-
phorus-containing groups into the polymer chain of
PTFE increases the concentration of the OH groups
on the surface being modified. The structures being
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formed act as deep centers that capture the electret
charge. Therefore, it is of interest to determine the
microscopic parameters characterizing these capture
sites.

To this end, we carried out the following exper-
iments. We varied the heating rates for samples during
TIRSP and, using formulas (1)�(3), determined the
frequency factor and reconstructed the energy spec-
trum of the surface traps. Notably, in a number of
cases, the TIRSP curves exhibit initial rise in the sur-
face potential during heating. Rychkov and Boitsov
found earlier [3] that the rise in the potential is due
exclusively to a decrease in the electric capacitance of
the fluoropolymers with rising temperature rather than
to relaxation of the electret charges. Therefore, to
determine the distribution functions, we normalized
the experimental curves, taking into account the tem-
perature dependence of the electric capacitance of the
film.

Figure 3 demonstrates how the distribution of
the electret charge capture centers with respect to
energy varies with the modification mode. It is seen
that modification of the PTFE film surface yields new
groups of capture centers lying deep in energy. For
example, for unmodified sample (Fig. 3, curve 1) the
frequency factor �s was estimated at 7 � 1013 s�1,
and the energy at the distribution maximum Es

*, at
1.23 eV, and for the sample treated with water, at
1 �1013 s�1 and 1.39 eV, respectively (Fig. 3, curve 2).
Upon chemical modification of the film surface with
PCl3 vapor, �s decreases to 8 � 1012 s�1, Es

* being
1.26 eV (Fig. 3, curve 3). Additional gas-phase mod-
ification with H2O vapor of the surface modified with
PCl2 groups favors formation of traps characterized by
�s = 9 � 1012 s�1 and Es

* = 1.34 eV (Fig. 3, curve 4).
However, the spectrum of the surface capture centers
is the most profoundly affected by the complex treat-
ment of PFTE films (Fig. 3, curve 5). In this case,
�s = 6 � 1012 s�1, Es

* = 1.4 eV, and also a new group
of traps with Es

* = 1.48 eV is formed.

The rise in the efficiency of capture of positive
electret homocharge on the polymer surface is usually
attributed to the structures having a higher affinity
for holes. In the given case, the P(OH)2 groups oc-
curring in the polymer chain of PTFE can well act as
such capture centers. At the same time, the resulting
functional groups can indirectly affect the thermal
stability of the electret charge. Specifically, the non-
stoichiometric defects such as new surface functional
groups introduced into the macromolecules can sig-
nificantly decrease the molecular mobility via an in-
crease in the chain packing density and growth of the

Fig. 3. distribution function f0
*(Es ) N *(Es ) of the surface

traps with respect to the activation energies Es for PTFE
films depending on the surface modification procedure.

effective length of the kinetic segments. The resulting
capture centers can be treated as secondary traps re-
sponsible for a growth of the glass-transition tempera-
ture of the amorphous phase on the polymer surface
[2]. From the viewpoint of charge accumulation and
retention, this should be manifested in a decreased fre-
quency factor of the capture centers owing to increased
moment of inertia of the kinetic units [12]. This was
actually revealed by our TIRSP experiments.

CONCLUSIONS

(1) Chemical modification of the polytetrafluoro-
ethylene film surface is an efficient means for con-
trolling its electret characteristics.

(2) Introduction of phosphorus-containing nano-
structures into the surface layer of the polymer films
presumably increases the concentration of the OH
groups. These groups form new deep centers that cap-
ture positive electret charge; they are characterized by
a quasicontinuous distribution with respect to the ac-
tivation energies.
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Abstract�Morphological features of the first growth stages of polytetrafluoroethylene films from the active
gas phase on the silicon surface treated by various methods were studied. The influence of the surface energy
of the support on the distribution of polymer microparticles in these stages and on the distribution kinetics was
determined.

Thin films with unique properties can be grown
from an active gas phase formed by electron-beam
dispersion of initial polymer [1�3]. This method is
used to solve complex technical problems, includ-
ing dressing and coloration of fiber-fabric materials,
growth of 0.1�5.0 �m polymeric films with a low
constant of friction and high resistance to wear, and
preparation of thin-film recording systems [1�4].

Growth of a polymeric coating on the support sur-
face involves sorption of low-molecular-weight par-
ticles of the dispersion, their migration along the sur-
face, and subsequent polymerization. The structure
and physicochemical properties of these films are
mainly determined by the features of the initial stages
of formation of the polymer-support interface, den-
sity and orientation of polymeric particles, kinetics
of their growth, intermolecular interactions, etc. Nu-
cleation of the polymeric phase, unlike that of the solid
phase, is a nonequilibrium process [5]. The parameters
of the surface particle size distribution and the changes
in the particle density in the course of deposition in-
dicate that the density of polymerization nuclei de-
pends on the presence of surface defects. Chemisorp-
tion of molecular fragments on the support surface is
also possible and the interface shows strong structural
nonuniformity.

In this context procedures that affect the state of
the surface can be effectively used to control the struc-
ture and properties of the coatings.

The aim of this study was to examine the structural
and morphological features of nucleation and the first

growth stages of polytetrafluoroethylene (PTFE) coat-
ings on the surface of single-crystalline silicon ac-
tivated by various methods.

The morphology and adsorption properties of PTFE
coating in the first deposition stages were studied as
influenced by the pretreatment conditions of the sup-
port. The coatings were grown from the active gas
phase obtained by electron-beam dispersion of the in-
itial polymer in a vacuum [6]. The thickness of PTFE
coating was controlled with the aid of a special device
with a controllable shutter. The growth rate was
measured with a quartz thickness gage (QTG) by
the conventional procedure. Single-crystalline silicon
wafers treated with an organic solvent and a beam of
N+ and Ar+ ions (ion energy 3 keV and flux density
1.2 A m�2) for 5 min was used as the supports.

To eliminate the influence of the nonuniformity of
the flux density in the cross section of the ion beam
on the treatment efficiency, the radial distribution
of ions in the flux was preliminarily estimated with
the aid of a Faraday cylinder. The experimental data
were processed with account to this correction.

The adsorption activity of the support was deter-
mined from the surface energy and its Livshits�van
der Waals, acid, and base constituents which, in turn,
were calculated from the angle of contavt between
the sample surface and twice-distilled water, glycerol,
and dimethyl sulfoxide [7].

The morphology of the surface of the treated films
was studied by atomic force microscopy (AFM) on
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Surface energy of silicon E, MJ m�2

����������������������������������������

Surface energy
� Treatment agent
����������������������

components
� solvent � N+ � Ar+

����������������������������������������
Livshits�van der Waals � 19.9 � 27.6 � 27.5
Acid � 40.5 � 66.2 � 53.8
Base � 3.1 � 1.4 � 1.6
����������������������������������������
Total � 63.5 � 95.2 � 82.9
����������������������������������������

a NANOTOP-203 setup. The scanning was performed
in the tapping mode. To determine the features of
formation of three-dimensional supramolecular struc-
tures, thick films were etched with nitrogen ions.
A fractal analysis on the surface structures was
performed by Feder’s procedure [8].

Fig. 1. AFM image of the surface of a PTFE coating on
(a) active and (b) inactive regions of the silicon surface
treated with the solvent and the distribution of micro-
particles with respect to the base surface area S, corre-
sponding to section (a). Apparent thickness of the coating
3.8 nm. The image was scanned in a 12.6 � 12.6 �m area;
the same for Figs. 2�4.

The total surface energy of single-crystalline sil-
icon wafers and its components dramatically change
after the treatment with nitrogen and argon ions
(see table).

The maximum increase in the surface energy (by
a factor of 1.5) and especially in its acid component
was observed after the treatment of the silicon surface
with nitrogen ions.

The morphology and properties of PTFE coatings
depend on the conditions of the support activation.
Adsorption and nucleation of polymeric microparticles
on the silicon surface treated with the solvent are non-
uniform. There are surface regions on which relatively
large particles are formed even in the first deposition
stages (Fig. 1a).

For example, at an apparent film thickness of
3.8 nm, particles growing on these regions are dome-
shaped with a base area of 0.6 �m2 and a height
of up to 20 nm. The calculated fractal dimension of
these structures (D = 2.73 � 0.19) is close to that of
nonfractal surfaces (D = 3). There are also surface
regions in which virtually no microparticles are ob-
served in this deposition stage (Fig. 1a). These results
agree with our previous data [5] and indicate that ad-
sorbed molecular fragments can easily move along
the surface and the growth of polymerization nuclei
is mainly lateral. We also conclude that the aerosol
mechanism fails to describe the formation of volatile
dispersion products under these conditions [9].

In the course of further deposition of the polymeric
coating, the particles grow and, what is the most im-
portant, they are nucleate on less active surface re-
gions (Fig. 2).

At the apparent film thickness greater than 10 nm,
the monotonic particle distribution with respect to
the base area transforms into a curve with a sharp
peak, suggesting a change in the deposition mech-
anism. The first non-steady-state stage of continuous
nucleation of the particles gives way to the stage in
which the bases of deposited stable particles predom-
inantly grow. This is confirmed by the calculated frac-
tal dimension. The fractal dimension calculated at
the apparent thickness of PTFE layer d = 7.6, 11.5,
and 15.3 nm is D = 2.84 � 0.12, 2.66 � 0.14, and
2.38 � 0.29, respectively.

The mechanism of deposition of volatile dispersion
products on the silicon surface treated with nitrogen
and argon atoms is different (Fig. 3, I, II ).

Formation of morphologically discrete structures
typical of a solvent-treated silicon surface was not
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Fig. 2. AFM image of the surface of a PTFE coating with an apparent thickness of (a) 7.6 , (b) 11.5, and (c) 15.3 nm on
the silicon surface treated with the solvent and the corresponding distributions of microparticles with respect to the base surface
area S.

Fig. 3. AFM image of the surface of a PTFE coating with an apparent thickness of (a) 3.8 and (b) 19.1 nm on the silicon
surface treated with (I ) argon and (II ) nitrogen ions.

detected in the first deposition stages on the ion-
treated surface.

In this case, the energy of the silicon surface
treated by different procedures (see table) corre-
lates with the microrelief parameters of the de-
posits. The higher the surface energy, the denser
the coatings, i.e., the adsorption growth mechanism
prevails.

Thick PTFE coatings contain alternating relief
structures formed by intermolecular interaction to give
primary supramolecular structures. This is confirmed

by the morphology of these coatings etched in a glow
discharge plasma (Fig. 4).

Fig. 4. AFM image (phase contrast mode) of the surface
of a silicon-supported PTFE coating etched in a glow dis-
charge plasma.
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We found that supramolecular structures more than
20 nm in size and stable to ion etching are formed in
the bulk of the polymeric coating. These structures
can be regarded as macromolecular plates.

Thus, we have studied the morphological features
of the growth of PTFE coatings on the silicon surface
activated by different methods and the adsorption
properties of these coating. On the solvent-treated sil-
icon surface, the polymeric coating is deposited selec-
tively. This is due to nonuniform adsorption proper-
ties of the silicon surface. The deposition on the sil-
icon surface treated with nitrogen and argon ions is
characterized by low activation energy and yields con-
tinuous polymeric layers even at a low apparent thick-
ness.
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Abstract�Thermal and thermal-oxidation stability of organosilicon copolymers with linear or/and cyclic
oligosilane fragments in the backbone was studied by thermal gravimetric analysis in an inert gas and in air.
The dependence of the thermal characteristics of polysilane-siloxanes on the number of SiMe2 units in
the oligosilane fragment of copolymers was established.

The development of modern branches of industry
(mechanical engineering, machine building, aircraft
industry, etc.) requires production of new construction
materials with high strength and high thermal char-
acteristics. Of particular interest are silicon carbide
and silicon carbide oxide construction ceramics hav-
ing unique properties, untypical of the traditional
structural materials [1, 2].

In this connection, development of new precursors
of ceramic materials is an important scientific and
practical problem. At present, polycarbosilanes are of
the most practical importance as precursors of silicon
carbide ceramics [1]. For production of silicon carbide

oxide ceramics, polysilane-siloxanes of various struc-
tures may be of certain interest. New permethylpoly-
silane-siloxanes with linear and cyclolinear structure
of the backbone and permethylpolyoxysilane have
been synthesized previously [3�8] (see table). In this
study, we examined the thermal and thermal oxidation
stability of the synthesized copolymers with the aim
to assess the prospects for their use as precursors of
Si�O�C ceramic materials.

EXPERIMENTAL

Linear polysilane-siloxanes Ia�Ie were synthesized
by heterofunctional polycondensation of �,�-dichlo-

Yields, viscosities, molecular weights*, and spectral (UV) characteristics of copolymers

������������������������������������������������������������������������������������
Copolymer� Yield, % � [�], dl g�1� Mw �10�3 � Mn � 10�3 � Mw /Mn � �max, nm �Coke residue (air/argon), %
������������������������������������������������������������������������������������
Ia � 35.2 � 0.05 � 7.6 � 4.9 � 1.55 � 201 � 62 / 28
Ib � 34.4 � 0.10 � 11.6 � 7.7 � 1.51 � 223 � 41 / �
Ic � 57.3 � 0.11 � 14.1 � 8.4 � 1.68 � 238 � 58 / 24
Id � 52.4 � 0.07 � 8.6 � 5.0 � 1.72 � 258 � 38 / 8
Ie � 57.9 � 0.25 � 31.1 � 15.3 � 2.03 � 265 � 49 / 12
IIa � 70.2 � 0.08 � 3.4 � 1.4 � 2.42 � 280 � 67 / 32
IIb � 67.1 � 0.10 � 4.7 � 3.2 � 1.47 � 280 � 66 / 27
������������������������������������������������������������������������������������
* Data of gel-permeation chromatography.
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Fig. 1. (a) TGA and (b) DTA curves of (1�5) copolymers
Ia�Ie, respectively, in air. (M ) Weight of residue, (T ) tem-
perature, the same for Figs. 2 and 4.

Fig. 2. (1�4) TGA curves of copolymers Ia and Ic�Ie, re-
spectively, in argon.

ropermethyloligosilanes Cl(Me2Si)mCl (m = 2�6) with
1,5-dihydroxyhexamethyltrisiloxane [5, 6, 8]. Cyclo-
linear polysilane-siloxane IIa and permethylpolyoxy-
silane IIb were synthesized by heterofunctional poly-
condensation of 1,3-dihydroxydecamethylcyclohexa-
silane with 1,7-dichlorododecamethylcyclohexasilox-
ane and 1,3-dichlorohexamethyltrisilane, respectively
[3, 4, 6, 7]. Some characteristics of the resulting co-
polymers are listed in the table.

The thermal and thermal-oxidation stability of co-
polymers Ia�Ie, IIa, and IIb was studied by thermal
gravimetric analysis (TGA) and differential thermal

analysis (DTA) on a Q-1500D MOM derivatograph
(Hungary). The 60�80-mg samples were heated in
argon or air in the range 20�700�C at a heating rate
of 10 deg min�1.

The IR spectra were recorded on a Specord M-82
spectrophotometer in the range 400�3700 cm�1, using
thin films on a KBr support or compacted KBr pellets.
The UV spectra were recorded on a Specord M-40
spectrophotometer from thin films on a quartz sup-
port.

Thermal oxidative degradation of copolymers Ia�Ie
in air (Fig. 1) proceeds in two stages: the first at
200�300�C, and the second at 300�560�C. Com-
parison of the TGA curves (Fig. 1a) shows that, in the
range 200�300�C, the weight loss of copolymers with
an even number of SiMe2 units in the oligosilane frag-
ment (copolymers Ia, Ic, and Ie with m 2, 4, and 6;
curves 1, 3, and 5) is approximety 9 wt %, which is
less than that for copolymers with an odd number of
SiMe2 units, copolymers Ib and Id with m 3 and 5
(curves 2 and 4). These trends are retained in the sec-
ond stage of degradation of copolymers in the range
300�560�C, i.e., the copolymers with an even number
of SiMe2 units give a larger amount of the coke res-
idue, 50�60% against 40% (see table). At a higher
temperature, the amount of coke residue for all the
copolymers studied remains virtually the same. It
should be noted that, in the series of the copolymers
with both even and odd number of SiMe2 units, the
thermal stability of the copolymers decreases with
increasing m. With respect to the thermal oxidation
stability dependent on the number of SiMe2 units in
the oligosilane fragment, copolymers Ia�Ie can be
ranked in the following order: m = 2 > m = 4 > m =
6 > m = 3 > m = 5.

The DTA curves of copolymers Ia�Ie are shown
in Fig. 1b. The weight loss in copolymers is ac-
companied by exothermic effects, which suggests that
of atmospheric oxygen is involved in chemical trans-
formations that proceed in the copolymers at elevated
temperatures. The shapes of exothermic peaks are
similar for copolymers with m = 1, 2, and 3 (Fig. 1b,
curves 1�3). In the case of copolymers with m = 5 and
6 (Fig. 1b, curves 4 and 5), the pattern is different:
A strong exothermic peak is observed at about of
460�C, which may be due to a decreased thermal ox-
idation stability of copolymers with the length of di-
methylsilane fragment increased to five or six units.

The TGA curves of copolymers Ia and Ic�Ie under
argon are shown in Fig. 2. The main weight loss is
observed in the range 350�550�C; at higher tempera-
tures, the weight of the samples remains virtually
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unchanged. The trends in thermolysis of the copoly-
mers are the same as in the case of thermal oxidative
degradation: the thermal stability of copolymers de-
creases with increasing number of SiMe2 units in
the copolymer chain and the thermal stability falls in
passing from copolymers with even m to copolymers
with odd m. Similar trends have been observed pre-
viously in thermolysis of permethylpolyoxysilanes
�[(SiMe2)mO]n� [9].

The chemical transformations that occurr in the oli-
gosilane fragment of linear copolymers Ia�Ie in ther-
molysis were studied by IR spectroscopy for the ex-
ample of copolymer Ic (Fig. 3). The main weight loss
of copolymer Ic in the range 350�550�C (Fig. 2) is
accompanied by degradation, cross-linking, and tran-
sition to an insoluble form. This is apparently caused
by the abstraction of methyl groups from the silicon
atoms in the copolymer chain and rearrangement of
the skeleton of the copolymer chain, which is sug-
gested by the appearance of Si�H stretching bands
in the spectrum of copolymer Ic in the region of
2110 cm�1 after heating at 450�C for 0.5 h (Fig. 3,
spectrum 2) and Si�CH2�Si bending bands in the re-
gion of 1360 cm�1, and also by broadening of the ab-
sorption band in the range 1100�1000 cm�1. The
broadening is apparently caused by superposition of
Si�O�Si stretching bands (1085 and 1034 cm�1) and
Si�CH2�Si bending bands (1050 cm�1). The appear-
ance of abnormal Si�H bonds and �Si�CH2�Si� units
in the copolymer chain is apparently caused by Yajima
rearrangement in the oligosilane fragment of the co-
polymer at 450�C [10�12]:

��Me2Si�� ���� ��Si�CH2�� .
450�C, Ar�
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After heating at 1000�C for 0.5 h, copolymer Ic
loses the majority of methyl groups and transforms
into a silicon carbide oxide material: In the IR spec-
trum (Fig. 3, spectrum 3), there are absorption bands
of the residual CH3 groups in the region of 2960
and 2900 cm�1, a broad band corresponding to the
Si�CH2�Si vibrations, and overlapping Si�O�Si vi-
brations, and also an absorption band of the Si�C
bonds. At the same time, the Si�H absorption band is
absent. As judged from the IR spectra, thermolysis of
the other linear copolymers proceeds similarly.

Similar processes, the Yajima rearrangement and
formation of silicon carbide oxide material, have been
observed in thermolysis of linear permethylpolyoxy-
silanes, in which the oligosilane fragments of the
macromolecule are linked by oxygen bridges [9].

Fig. 3. IR spectra of copolymer Ic (1) before and after
heating at (2) 450, and (3) 1000�C. (A) Transmission and
(�) wavenumber.

Fig. 4. DTA curves (a) in air and (b) in argon of copoly-
mers (1) IIa and (2) IIb.

The spectra, similar to spectra 2 and 3 in Fig. 3, were
recorded after heating of these polymers for 2 h at
500�C and 1000�C, respectively. The 29Si MAS NMR
spectra of the coke residue of copolymers contained
the signals of the SiC, SiCO3, SiC2O2, and SiC3O
fragments.

Similarly to linear copolymers Ia�Ie, thermal ox-
idative degradation of cyclolinear copolymers IIa and
IIb proceeds in two stages: the first at 200�300�C and
the second at 300�530�C, at which the main weight
loss of the copolymers is observed (Fig. 4a). Further
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heating of the copolymers does not result in a de-
crease in the amount of the coke residue. Cyclolinear
copolymers IIa and IIb, whose backbone consists of
a cyclohexasilane fragment linked by oxygen bridges
to cyclohexasiloxane or to linear trisilane fragments,
respectively, exceed linear copolymers Ia�Ie in the
thermal oxidation stability, which is apparently due to
the presence of the cyclohexasilane unit in the mac-
romolecules of copolymers IIa and IIb.

The TGA curves of copolymers IIa and IIb in
argon are shown in Fig. 4b. The main weight loss of
the copolymers is observed in the range 300�500�C,
and at higher temperatures the weight of the sam-
ples remains the same. The coke residue of copoly-
mers IIa and IIb was approximately 30% and ex-
ceeded the similar characteristic of linear copolymers
Ia�Ie.

Owing to the presence of oligosilane fragments in
the polymer chain, copolymers Ia�Ie, IIa, and IIb
retain the UV absorption characteristic of oligo- and
polysilanes [13, 14]. The wavelength �max of the ab-
sorption peak in the spectra of linear copolymers
Ia�Ie grows with increasing number of SiMe2 groups
in the oligosilane fragment of the copolymer (see
table).

The UV absorption of copolymers IIa and IIb is
caused by the presence of the cyclohexasilane frag-
ment in the copolymer chain. In the UV spectrum of
copolymer IIb, there is an absorption peak at
280 nm, characteristic of the cyclohexasilane unit of
the copolymer, and the absorption peak corresponding
to the linear trisilane fragment is absent. A similar
pattern (the presence of the absorption peak of the
cyclic fragment and the absence of the absorption
peaks of linear fragments) has been observed pre-
viously in the UV spectra of cyclolinear compounds
on the purely silane structure, �,�-bis(cyclopenta-
silanyl)oligodimethylsilanes [15].

It has been shown previously [16] that oligodimeth-
ylsilanoxanes, oligomers in which (Me2Si)n fragments
alternate with (Me2SiO)m groups, are effective vul-
canizing agents in photolytic curing of silicone rub-
bers. The synthesized copolymers Ia�Ie, IIa, and IIb
are transparent viscous liquids readily soluble in poly-
dimethylsiloxanes. The trial experiments showed that,
similar to oligosilanoxanes, copolymers Ia�Ie, IIa,
and IIb can cause vulcanization of polymethylvinylsi-
loxanes: under UV radiation of a mixture of liquid
siloxane rubber with polysilanesiloxane and polyoxy-
silane copolymers (3�5 wt %), silicone rubber was
cured within a few minutes.

CONCLUSIONS

(1) The thermal and thermal oxidation stability of
linear permethylpolysilane-siloxanes is governed by
the number of dimethylsiloxane units in the oligo-
silane fragment of the copolymers. In passing from
copolymers with an even number of SiMe2 units to
copolymers with an odd number of SiMe2 units in the
oligosilane fragment of copolymers, and also with in-
creasing number of SiMe2 units, the thermal and ther-
mal oxidation stability of the copolymers decreases.

(2) A study of the thermal and thermal oxidation
stability of permethylated linear and cyclolinear poly-
silane-siloxanes and polyoxysilanes showed that co-
polymers IIa and IIb with cyclolinear structure of
the backbone have the best thermal characteristics:
the amount of coke residue was approximately 65%
in air and 30% in argon. These copolymers are of in-
terest as precursors of Si�O�C ceramic materials.

(3) The linear and cyclolinear copolymers studied
show promise as polymeric photoinitiators of cross-
linking of organosilicon rubbers and as cross-linking
agents for compounds based on these.
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Abstract�The possibility of using acetic acid in the organic sol�gel synthesis of a monolithic SiO2 gel both
in the presence of water and in an anhydrous medium was studied.

The science of organic-inorganic nanohybrids is
a new area of research that has appeared at the in-
terface between organic chemistry, macromolecular
chemistry, and colloid chemistry. The rapid develop-
ment of this field, especially in the last ten years, has
resulted in the synthesis of novel materials, whose
distinctive feature is the nanosize of their structural
elements.

One of the simplest and, consequently, promising,
from the preparative standpoint, methods for obtaining
hybrids of this kind is the sol�gel synthesis [1]. Un-
fortunately, the standard sol�gel technique for obtain-
ing inorganic materials, which involves hydrolysis of
silicon alkoxides and polycondensation of the form-
ing compounds, requires that polar solvents, strong
inorganic acids (in performing the sol�gel process in
an acid medium), and water should be used as the
necessary components of the sol�gel system [2]. This
considerably restricts the possibility of varying the
organic component of the hybrid. The reason is that
the overwhelming majority of organic compounds
(with both low and high molecular weight) are spar-
ingly soluble in water-containing systems. Therefore,
the variety of organic components introduced into
the inorganic SiO2 matrix in the sol�gel synthesis
of nanocomposites is commonly limited to a number
of strongly polar organic substances, such as poly-
alcohols [3], polyamines [4], and other organic com-
pounds of varied molecular weight, soluble in water�
alcohol systems.

At the same time, the possibility of obtaining poly-
organosiloxanes by various methods of heterofunc-
tional condensation of silicon alkoxydes in the ab-
sence of water has been studied previously [5�7]. The
studies performed demonstrated that heating of a num-

ber of monocarboxylic acids (formic, acetic, chloro-
acetic, propanoic, and butyric) with diethyldiethoxy-
silane yields polydiethylsiloxanes in up to 98% yield
[6]. With account of this fact, the possibility of syn-
thesizing a monolithic inorganic SiO2 matrix, with
tetramethoxysilane (TMOS) solutions in the above
organic acids without addition of water used as the
sol�gel system, has been studied [8].

There also exist, however, a great number of prac-
tically promising compounds, which are soluble sole-
ly in strongly polar solvents (alcohol, water, organic
amides, etc.). To these belong, e.g., complexes of
transition metal ions (Cu+, Cd2+, Pt2+, Ru2+, Er3+,
etc.) with various ligands (2,2�-dipyridine, 1,10-phen-
anthroline, diacetyl, etc.), which are of great practical
importance. Being stable in a neutral medium, some
of them (e.g., Cu+ complexes) are decomposed in
the presence of strong mineral acids. But even when
these organometallic complexes are stable at any
acidity of the medium (e.g., Ru2+ complexes), the
so-called drying control chemical additives (DCCA)
should be introduced into a sol�gel system to obtain
a monolithic organic-inorganic hybrid [9, 10].

Despite the fact that the total amount of these re-
agents can be considerably reduced, their use leads to
formation of low-volatile organic impurities in gel
pores [11], which impairs the mechanical and, espe-
cially, optical properties of the monoliths obtained.
That is why a novel catalyst, trifluoroacetic acid, has
been suggested for organic sol�gel process [8]. Its use
instead of a strong inorganic acid enabled optimiza-
tion of the processes of TMOS hydrolysis and poly-
condensation of the forming compounds without
DCCA reagents [8]. This optimization is done by
means of gradual removal of trifluoroacetic acid from
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Table 1. Physicochemical characteristics of the gels obtained
������������������������������������������������������������������������������������

Sample � t, h, � SiO2 � C � � Wop � Wt � T,� ������������������� �������������������������no. � at 60�C � wt % �
d, g cm�1

� % � kg mm�2

������������������������������������������������������������������������������������
1 � 60* � 77.5 � 4.46 � 1.25 � 28.0 � 38.2 � 34.0
2 � 45* � 77 � 1.53 � 1.07 � 45.8 � 53.48 � 15.1
3 � 44* � 77.5 � 1.10 � 0.97 � 50.7 � 57.83 � 11.6
4 � 1.15 � 83.5 � 1.10 � 1.39 � 30.9 � 39.6 � 82.4
5 � 1.25 � 82 � 1.0 � 1.45 � 30.6 � 36.7 � 83.5
6 � 1.25 � 81.5 � 1.65 � 1.39 � 31.6 � 39.5 � 83.5
7 � 1.35 � 81 � 3.38 � 1.37 � 32.0 � 40.5 � 80.3
8 � 1.45 � 80 � 4.15 � 1.29 � 36.6 � 43.8 � 51.3
9 � 1.50 � 79.5 � 1.46 � 1.16 � 40.5 � 49.7 � 33.2

10 � 1.60 � 78.5 � 1.85 � 1.01 � 46.7 � 55.08 � 22.6
11 � 1.95 � 89 � 0.35 � 1.48 � 15.3 � 35.6 � 103

������������������������������������������������������������������������������������
* t as obtained at 70�C.

the sol�gel system in the form of its volatile methyl
ester. With acetic acid used as solvent, methylacetate
is also present, in addition to methyl trifluoroacetate,
in the dispersion medium, i.e., acetic acid itself re-
acts with methanol under the conditions of a sol�gel
process. This reaction suppresses alcoholysis of the
Si�O�Si bond, promotes condensation, ensures fast
removal of residual amounts of the low-volatile ace-
tic acid, and leads to the minimum content of car-
bon in the gel matrix. To make the sol�gel system
even simpler, a decision was made to abandon use
of trifluoroacetic acid as a catalyst and to study the
possibility of synthesizing a monolithic SiO2 gel in
a two-component system constituted by TMOS and
acetic acid (AcOH) or in a three-component system,
TMOS�AcOH�H2O.

EXPERIMENTAL

To study the gelation of TMOS in the presence
of acetic acid, we prepared sample nos. 1�10, which
contained (per 1 mol TMOS) 4 mol water (nos. 4�10)
and different amounts of AcOH (mol):

Sample no. 1 2 3 4 5 6 7 8 9 10
AcOH 4 6 8 0.2 0.5 0.7 1 2 3 4

The resulting solutions were placed in hermetically
sealed polypropylene test tubes and heated at 70�C
for 4 days. Then the hermetic stoppers of the test
tubes were replaced with stoppers with apertures
(d �1.5 mm), and humid gels were dried in the fol-
lowing temperature mode: heating from 70 to 100�C
for 6 h, keeping at 100�C for 20 h, heating from 100
to 120�C for 4 h, and keeping at 120�C for 30 h.
Samples of gel no. 11 were obtained by gelation of

solution no. 7 in the presence of 0.1 mol CF3COOH
catalyst and were additionally dried at 150�C for
20 h.

For the resulting samples were determined the open
and total porosity, Wop and Wtot, and the apparent and
true, da and dt, density (by the Archimedes method
with toluene as saturating fluid and water as second
working fluid). The gelation point t (h) was found as
the time after which the gel lost its fluidity. The hard-
ness T of the samples was measured on a PMT-3
microhardness meter. A thermal analysis was done on
a Q-1500D derivatograph (Hungary) at temperatures
of up to 1000�C at a heating rate of 20 deg min�1.
The content of SiO2 (wt %) in the gels obtained was
determined thermogravimetrically, and the carbon
content was found from the change in the electrical
conductivity of a Ba(OH)2�CO2 solution that served
as absorber of CO2 formed in burning of the sam-
ples in oxygen. The porous structure of the gels ob-
tained was studied by analyzing the adsorption�de-
sorption of ethanol on a McBain spring vacuum bal-
ance. The pore volumes V (cm3 g�1), specific sur-
face area S (m2 g�1), and predominant pore radii r (�)
were calculated by the standard procedures [12] from
the adsorption data. An electron-microscopic study
of the gels was performed on an EM-125 microscope
at an accelerating voltage of 75 kV, with cellulose
replicas prepared on freshly cleaved surfaces of the
gels studied.

All the gels synthesized were monolithic transpar-
ent cylinders; sample nos. 4�11, colorless, and sample
nos. 1�3, yellow-pale. Table 1 lists the physicochem-
ical characteristics of gel nos. 1�11.

The data presented show that raising the amount of
AcOH in the sol�gel system makes lower the hardness
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Fig. 1. TG and DTA curves of the gels.(�m) Mass loss and
(T ) temperature. The curve numbers denote the gel numbers.

and density of the gels synthesized. It should be noted
that this is true both for sol�gel processes that occur
in the presence of water (gel nos. 4�11) and for those
proceeding in an anhydrous medium (gel nos. 1�3),
although the mechanisms of both the processes are
fundamentally different.

The standard sol�gel system consists of four com-
ponents: e.g., TMOS, water, alcohol (solvent), and
acid (catalyst). As is known, the rate of tetrametho-
xysilane hydrolysis in an acidic medium is propor-
tional to the concentration of protons. This predeter-
mines the use of strong inorganic acids as catalysts
[2]. Raising the amount of AcOH, which is a weak
acid (K = 1.75 � 10�5), in the sol�gel system from
0.2 mol (sample no. 4) to 4 mol (sample no. 10) should
not substantially affect the rate of TMOS hydrolysis.
In this case, as indicated by kinetic studies, AcOH is
an inefficient catalyst for TMOS hydrolysis, i.e., the
content of the unhydrolyzed product and low-molec-
ular-weight siloxanes is very high even in the vicinity
of the gelation point. It appears that trifluoroacetic
acid (K = 0.23) is a considerably more efficient cat-
alyst for the sol�gel process [8]. Despite this circum-
stance, gel nos. 4�7 are only slightly inferior to sam-
ple no. 11 in hardness and density. The reason for
such a high efficiency of acetic acid is that the follow-
ing reaction occurs

CH3COOH + CH3OH � CH3COOCH3 + H2O.

Acetic acid reacts with the residual methanol (as
confirmed by a study of the dispersion medium of
the sol�gel process), with the volatile methyl acetate
CH3COOOCH3 removed from the system in drying
of the xerogel. The occurrence of this reaction sup-
presses alcoholysis of silanols formed in hydrolysis
of TMOS and promotes their condensation.

In this study, AcOH served not only as a catalyst,
but as a solvent, too. Water and TMOS, which are
mutually insoluble, are soluble in AcOH. Moreover,
raising the AcOH concentration, which leads to a
slight acceleration of the hydrolysis, makes higher
the concentration of methanol, the product of TMOS
hydrolysis. Methanol is also a solvent for the sol�gel
process. Therefore, the initial hydrolysis of TMOS
and the homogenization of the system occur virtually
instantaneously at an AcOH amount in the sol�gel
system equal to 1 mol and more, whereas at an AcOH
amount decreased to 0.2 mol, the heterogeneous sys-
tem is to be vigorously stirred for a long time.

At the same time, AcOH is a low-volatile com-
pound. Therefore, raising its concentration in the sys-
tem to above 0.5�1.0 M leads to a drastic deteriora-
tion of the physicochemical properties (gel nos. 8�10
in Table 1). In this case, the content of SiO2 in the gel
matrix falls, despite a decrease in the total content
of carbon and in the number of unhydrolyzed methoxy
groups in it. This is confirmed by thermogravimetric
data (Fig. 1) and by analysis of the silica gel for the
content of carbon.

Taking into account the results obtained, we sug-
gested a novel method for sol�gel synthesis, which
does not require introduction of water into the initial
sol�gel system. This method enables synthesis of
a monolithic SiO2 gel in the two-component system
TMOS�AcOH in the absence of water. In this case,
acetic acid serves not only as the catalyst and the sol-
vent, but also as a reagent of the sol�gel process. At-
tempts to use other organic acids, such as monochlo-
roacetic, propionic, butyric, and oxalic acid, failed.
Use of formic acid was also unsuccessful: owing
to the low thermal stability of this compound, the
SiO2 matrix obtained contained a too large amount
of thermally decomposed organic impurities and
did not possess the necessary strength, although the
possibility of using this acid in the sol�gel process
has been reported [13]. It should be emphasized that
the sol�gel synthesis in the two-component system
TMOS�AcOH differs fundamentally from that de-
scribed in the literature [14, 15], in which water is
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generated in situ and methanol is introduced into
the sol�gel system, along with AcOH. In this case,
gradual formation of water through the reaction of
methanol with the acid ensures hydrolysis and poly-
condensation by the standard mechanism.

The mechanism of processes that occur when two-
component system TMOS�AcOH is used in sol�gel
synthesis is more complex. In any case, the first stage
of the process is condensation of tetraalkoxysilane
with acetic acid [6, 7]:

Si(OMe)4 + AcOH � (MeO)3SiOAc + MeOH.

The forming methanol can either enter into a fur-
ther reaction with acetoxysilane or esterify acetic acid,
with water released in the process also leading to for-
mation of silanols through hydrolysis. In this study,
the occurrence of these chemical reactions was con-
firmed by addition to the initial sol�gel system of
methanol in one case and acetic anhydride in another,
as it was done in [14, 16]. The addition of methanol
makes considerably shorter the gelation time, whereas
acetic anhydride (which reacts with methanol in quan-
titative yield) inhibits the sol�gel process.

A study of the porosity of some of the gels syn-
thesized (Table 2) demonstrated that the nanostructure
of the samples obtained is about the same, although
raising the AcOH concentration always leads to an in-
crease in the average pore radius.

The drastic drop in the hardness and density of the
samples, which occurs in this case, can be understood
by comparing their electron micrographs, shown in
Fig. 2. The dense and uniform structure of gel no. 11
(and the closely similar structure of gel no. 7), with
the average size of visible pores of about 80�120 �
(Fig. 2a), becomes much looser, channel-like (with
the size of visible pores of about 180�220 �) on
passing to gel no. 10 (Fig. 2b). A similar conclusion
can be made when comparing gel nos. 1 (Fig. 2b)
and 3 (Fig. 2c), which were obtained in an anhydrous
medium.

CONCLUSIONS

(1) A novel method for sol�gel synthesis with-
out addition of water or polar solvents (alcohol)
to the system is suggested. The method employs
acetic acid as solvent, catalyst, and reagent simulta-
neously, which makes a sol�gel system considerably
simpler and allows synthesis of organic-inorganic
hybrids from components insoluble in polar sys-
tems.

Table 2. Porosity characteristics of the gel samples
����������������������������������������
Sample no. � V, cm3 g�1 � S, m2 g�1 � r,* �

����������������������������������������
1 � 0.316 � 530 � 12.0
3 � 0.595 � 660 � 18
7 � 0.29 � 490 � 12.0

10 � 0.51 � 620 � 16�17
11 � 0.061 � � � �

����������������������������������������
* Isotherm for sample no. 11 has no adsorption hysteresis, and,

therefore, the pore size cannot be determined (r � 10).

(2) It is demonstrated that the traditional sol�gel
synthesis in the system TMOS�solvent�catalyst�water
can be performed with acetic acid used as a solvent
and a catalyst. In this case, the low efficiency of
AcOH as a catalyst is compensated for by its reaction
with methanol formed in the sol�gel system, which
suppresses the alcoholysis of the Si�O�Si bond and
promotes condensation processes.

(3) Monolithic gels formed in hydrolytic poly-
condensation do not crack in drying and have a high
hardness and density, which are comparable with the
analogous characteristics of gels synthesized in the
presence of trifluoroacetic acid.

Fig. 2. Electron micrographs of gel nos. (a) 11, (b) 10, (c) 1,
and (d) 3. Magnification: (a, b, d) 60 000 and (c) 80 000.
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Abstract�Polymerization of 1-hexene on the catalytic system TiCl4�Al(C6H13)3 �Mg(C6H13)2 was studied.

Copolymerization of ethylene and propylene with
a small amount of higher �-olefins yields polymeric
materials with a wide range of consumer character-
istics (density, melting point, crystallinity) [1�4]. Data
on homopolymerization of higher �-olefins allow
better understanding of their behavior in copolymer-
ization. At the same time, homopolymers based on
higher �-olefins with high molecular weight (MW)
show promise as depressing agents, w3hich improve
the rheological characteristic of crude oil. Among
the catalysts tested, the most efficient catalysts for
production of these materials are supported titanium�
magnesium catalytic systems [5, 6]. By contrast, me-
tallocene catalysts, which have rather high activity,
favor formation of polymers with low MW [2, 7�10].

It has been shown previously [11] that the use of
higher magnesium aluminum alkyls (MAA) as organo-

Fig. 1. Kinetic curves of polymerization of 1-hexene on
the system TiCl4�AlMg(C6H13)5 at (1) 25, (2) 15, and
(3) 45�C. Polymerization conditions: [TiCl4] = 0.028 M,
[1-hexene] = 2.24 M, [TiCl4] : [AlMgR5] = 1 : 1, solvent
hexane; the same for Figs. 2 and 3. (�) Degree of con-
version and (�) time.

metallic components of Ziegler catalysts significantly
increases the yield, MW, and isotacticity of polystyrene
in comparison with the classic systems. The catalytic
systems based on MAA are also effective in synthesis
of ultra-high-molecular-weight polyethylene and its
copolymers with higher �-olefins [12]. In this context
it was interest to study the polymerization of 1-hex-
ene on the system TiCl4�Al(C6H13)3 �Mg(C6H13)2.

Data on the polymerization of 1-hexene on the cat-
alytic system TiCl4�Al(C6H13)3 �Mg(C6H13)2 at vari-
ous temperatures are presented in Figs. 1 and 2. Fig-
ure 1 shows that the process decelerates on heating,
whereas in polymerization of styrene the reaction rate
on this system decreases with as the temperature is
lowered [11, 13]. The maximum rate of hexene-1 po-
lymerization is reached at 25�C. At this same tempera-
ture, the catalytic system exhibits the highest activity,

Fig. 2. Activity of the catalyst TiCl4�AlMg(C6H13)5, A, vs.
the polymerization time � at (1) 25, (2) 15, and (3) 45�C.
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Fig. 3. Molecular weight of poly-1-hexene, Mw, vs. the po-
lymerization time � at (1) 15, (2) 25, and (3) 45�C.

Fig. 4. 13C NMR spectrum of poly-1-hexene prepared on
the TiCl4�alMg(C6H13)5 system at 25�C. (�) Chemical
shift; the same for Fig. 5.

which abruptly decreases with time (Fig. 2). This
abrupt decrease in the catalyst activity may be due to
hindered diffusion of the monomer to the active cen-
ters, since within 10�15 s after the beginning of po-
lymerization the reaction mixture becomes viscous. At
other temperatures, the activity reaches a maximum
within 2.5�5 min and then slightly decreases and
tends to a constant value. The low activity of the cat-
alyst is apparently caused at high temperatures by
a high rate of deactivation of the active centers of
polymerization, and at low temperatures, by slow ac-
tivation of the catalyst. A similar temperature depen-
dence of the catalyst activity was observed in poly-
merization of 1-hexene on post-metallocene catalyst
(maximum activity of the catalyst was reached at
28�C) [14]. In polymerization of higher �-olefins on
supported titanium-magnesium catalyst in the range

25�60�C, the polymerization rate and the catalyst ac-
tivity increase steadily with temperature [5, 6].

It should be noted that, in polymerization of
1-hexene, the catalytic system TiCl4�Al(C6H13)3 �
Mg(C6H13)2 is more active (30�100 kg mol�1 Ti h�1)
than the supported titanium-magnesium catalysts
(15�35 kg mol�1 Ti h�1) [5]. We showed that the
maximum activity of the catalyst is reached at the
AlR3 : MgR2 ratio in MAA equal to 1 : 1, and a de-
crease or increase in the content of magnesium di-
alkyl results in a decreased activity of the catalytic
system [15]. This is apparently due, on the one hand,
to higher alkylating power of MAA, compared to the
equivalent amount of AlR3, which result from in-
volvement of two radicals from MgR2 in this process,
whereas in the case of AlR3 only one alkyl radical
participates in the process [16]. On the other hand, at
a high content of magnesium dialkyl in the organo-
metallic component, the low activity can be caused by
overreduction of TiCl4 with excess MgR2 [17]. It
should be noted that the molecular-weight distribution
(MWD) of the polymer synthesized is rather wide
(Mw /Mn = 28�29) and suggests the presence of sev-
eral types of active centers, which can alter their ac-
tivity in the course of polymerization [18]. This fact
also confirms participation of both AlR3 and MgR2 in
alkylation of TiCl4.

Figure 3 shows that the molecular weight of poly-
1-hexene is significantly higher at lower synthesis
temperature. The MW of the polymer increases with
polymerization time [19]. This is apparently caused
by stabilization of the Ti�C bond owing to formation
of triple Ti�Al�Mg complexes, which hinders the de-
activation of active centers and hampers the chain
termination and transfer. It was found that the weight-
average molecular weight of the synthesized polymer
Mw, similarly to Mw of poly-1-hexene prepared on
supported titanium-magnesium catalyst, is 2 � 105�
6 � 105, which is significantly higher than the mo-
lecular weight of the polymer synthesized on metal-
locene catalysts [7�10].

It has been shown previously that polymerization
of styrene on the catalytic system TiCl4�Al(C6H13)3 �
Mg(C6H13)2 yields the polymer with a high degree
of isotacticity [11]. Here, we studied the structure of
the forming polymers by 13C NMR (Fig. 4). The 13C
NMR spectrum of poly-1-hexene prepared at 25�C
consists of six resonance lines. The chemical shifts of
six carbon atoms well correlate with published data
[8, 14]. As a rule, the degree of isotacticity of higher
�-olefins is evaluated as the ratio of the intensity of



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 2 2004

POLYMERIZATION OF 1-HEXENE ON CATALYTIC SYSTEM TiCl4�Al(C6H13)3 � Mg(C6H13)2 297

the C-3 line at approximately 35.0 ppm (Fig. 5) to
the total intensity of the signals at 34.0�35.0 ppm
[8, 14]. The degree of isotacticity of the polymer,
evaluated by this method, was 35%.

It should be noted in conclusion that the resulting
polymers can be efficiently used as depressants for
crude oils with a high solidification point.

EXPERIMENTAL

Polymerization of 1-hexene was carried out in hex-
ane at 15�65�C. The catalyst was prepared by re-
duction of TiCl4 with an AlMg(C6H13)5 solution
for 10 min at 20�C. The components were added in
the following order: TiCl4, metallorganic component
and solution of monomer in hexane. The reaction was
terminated by adding a mixture of ethanol and HCl.
The polymer was separated from the reaction mixture,
washed with ethanol, and dried in a vacuum at 60�
75�C to constant weight. The compounds Al(C6H13)3
and Al(C6H13)3 � Mg(C6H13)2 were prepared by the
procedure described in [20]. All manipulations in
synthesis of the catalysts and polymerization were
performed under argon. 1-Hexen and hexane were
dried and twice distilled from CaH2. The viscosity-
average molecular weight Mv of poly-1-hexene was
evaluated by the equation [�] = 2.05 � 10�4 Mv

0.72

(cyclohexane, 25�C) [21]. The weight-average molec-
ular weight and MWD of polymers were determined
by gel-permeation chromatography on a Waters device
equipped with three Styro-gel columns with the pore
size of 1 � 103, 5 � 104, and 5 � 105 �. THF was
used as a solvent. The elution rate was 1.2 ml min�1.
The structure of the resulting polymers was studied by
13C NMR on a Bruker AC-400 spectrometer operating
at 100.6 MHz. The spectra were recorded in CD2Cl2
at 25�C.

CONCLUSIONS

(1) The catalytic system TiCl4�Al(C6H13 )3 �
Mg(C6H13)2 is more active in polymerization of 1-hex-
ene than supported titanium-magnesium catalysts and
favors synthesis of the polymer with a high molecular
weight (Mw = 2 � 105�6 � 105). The activity of the
catalytic system and the molecular weight of the re-
sulting polymers strongly depend on the polymeriza-
tion temperature.

(2) The microstructure of the synthesized polymers
was studied by 13C NMR. It was found that this sys-
tem yields polymers with degree of isotacticity of
approximately 35%.

Fig. 5. C-3 region of the 13C NMR spectrum of poly-1-
hexene prepared on the TiCl4�AlMg � (C6H13)5 catalyst
at 25�C.
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Abstract�The effect of a piperylene modification of Ziegler�Natta catalytic systems was studied by sed-
imentation analysis in the gravity field. The rate of isoprene polymerization was analyzed as influenced
by additional crushing of catalyst particles and formation of uniform reaction mixture in mixing of the initial
components in a tubular turbulent prereactor of the diffuser-confuser design.

The production cost of synthetic products is deter-
mined by the cost of raw materials and power con-
sumption in separate stages of industrial production.
In synthesis of polymers, in particular, the cost of
treatment of the final product to remove the catalyst
residues reaches 30�40% of the overall production
cost. Thus, to improve the profitability of the polymer
production by catalytic polymerization, the consump-
tion of expensive catalysts should be decreased, which
would simultaneously decrease the production coast
due to simpler polymer treatment to remove the cat-
alyst residues. It has been found [1] that, in stereospe-
cific polymerization of isoprene using Ziegler�Natta
catalytic systems, the reaction rate grows and, as a re-
sult, the catalyst consumption decreases with increas-
ing stirring rate of the reaction mixture. However, in-
tensive turbulent mixing of a high-viscosity reaction
mixture directly in the reaction zone is difficult to
ensure by mechanical stirring. In this case, the use of
small tubular diffuser-confuser reactors with a high
output capacity [2], which provide intensive turbulent
mixing of the reaction mixture in catalytic (co)poly-
merization of olefins and dienes, seems promising
[3, 4].

In this study we examined the disperse composition
and activity of the catalyst as influenced by the tur-
bulent mixing in the stage of formation of the reaction
mixture and microheterogeneous TiCl4�Al(i-C4H9)3
Ziegler�Natta catalytic systems in stereospecific po-
lymerization of isoprene.

A schematic of the experimental setup for isoprene
polymerization is shown in Fig. 1. The starting re-
agents were purified by standard procedures com-
monly used in stereospecific polymerization of dienes
in the presence of Ziegler�Natta catalysts. Under sim-
ilar polymerization conditions [Ti : Al : piperylene
molar ratio 1 : 1.25 : 2], piperylene modifying agent
(M) was added to a solution of the catalytic system in
the course of its keeping prior to the process [keeping
time �ck 30 min at 273 K , polymerization temperature

Fig. 1. Schematic of the experimental installation:
(1, 2) vessels for reagents, (3) prereactor, (4) 500 cm3

reactor, (5) magnetic stirrer, and (6) three-way valve.
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Fig. 2. Isoprene polymerization in the presence of catalytic
systems: (1�3) TiCl4�Al(i-C4H9)3 and (4�6) TiCl4�
Al(i-C4H9)3�piperylene. cTi = 6 mM, cM = 1.5 M, Ti : Al :
piperylene = 1 : 1.25 : 2, �ck = 30 min at 273 K, toluene
solvent, 298 K. (�) Product yield and (�p) polymerization
time. (1, 4 ) Blank tests; polymerization modes: (2, 5) 1,
(3) 2, and (6) 3.

298 K, toluene solvent, cTi = 6 mM, cM = 1.5 M].
Several process modes were tested.

Mode 1. Pretreated two- or three-component catalyt-
ic system [TiCl4�Al(i-C4H9)3 or TiCl4�Al(i-C4H9)3�
piperylene] and solvent from vessels 1 and 2, respec-
tively, were mixed in the tubular turbulent unit 3 at
a linear flow velocity in the wide section (diffuser) of
no less than 0.5 m s�1 and a residence time of the re-
actants in the mixing zone of 2�3 s (hydrodynamic
treatment the catalytic system in the turbulent mode).
Then, the catalyst solution from unit 3 was fed into
the 500-cm3 vessel 4, isoprene was added, and poly-
merization was carried out with slow agitation.

Mode 2. Solutions of TiCl4 and Al(i-C4H9)3 from
vessels 1 and 2, respectively, were fed through unit 3
into reactor 4, in which the catalytic system was kept
at 273 K for 30 min with subsequent monomer addi-
tion (formation of the catalytic system in the turbulent
mode).

Mode 3. Solutions of the pretreated three-com-
ponent catalytic system and monomer from vessels 1
and 2, respectively, were mixed in unit 3 and then
fed into unit 4 (formation of the reaction mixture in
the turbulent mode). Polymerization of isoprene was
carried out under slow agitation with a magnetic stirrer
5 (100 rpm) under the standard conditions; in this
case, the tubular turbulent unit 3 worked as a prere-
actor (Fig. 1).

For each of the above experimental modes we per-
formed blank tests, simulating the traditional process

(the starting reagents without mixing in prereactor 3
are fed directly into reactor 4 ). The conversion curves
of isoprene polymerization were recorded by a gravi-
metric procedure. The quality of microheterogeneous
catalytic systems after hydrodynamic treatment in
the turbulent mode (mode 1) and blank test was de-
termined by sedimentation using a torsion balance [5].
The sediment accumulation curves were graphically
differentiated, and these results were used to evaluate
the equivalent weight-average radius re (radius of the
spherical particle settling at the same rate).

Hydrodynamic treatment of the separately prepared
Ti�Al catalytic system in the turbulent mode (mode 1)
does not noticeably affect the rate of isoprene poly-
merization as compared to the standard process modes
(blank test; Fig. 2, curves 1, 2). In this case, the cat-
alyst can be activated owing to formation of the cat-
alytic system in mixing of the initial components
directly in the tubular turbulent prereactor with sub-
sequent keeping at 273 K (mode 2, Fig. 2, curve 3).
A somewhat different pattern is observed in modifica-
tion of the Ti�Al catalytic system with diene (pip-
erylene) additives. In the presence of the modified
Ti�Al catalyst, the rate of isoprene polymerization
significantly increases even in the blank tests (Fig. 2,
curves 1, 4 ). This phenomenon is widely used in in-
dustry for activation of the Ziegler�Natta catalytic
systems for diene polymerization.

Hydrodynamic treatment of the three-component
catalytic system in its mixing with the solvent in
the turbulent mode (mode 1) at maximum activity in
the blank tests (Fig. 2, curves 1, 4) increases the yield
of the final product by nearly 10% at a polymerization
time of 1 h (Fig. 2, curve 5). A more pronounced ac-
celeration of isoprene polymerization is provided by
a hydrodynamic treatment of the reaction mixture in
the course of its formation, i.e., in mixing of the solu-
tion of the monomer and catalytic complex in the tur-
bulent mode (mode 3). In this case, the yield of iso-
prene reaches �80% at a polymerization time as short
as 20 min (Fig. 2, curve 6). The acceleration of iso-
prene polymerization, observed in the above tests, is
obviously due to the fragmentation of the particles
of microheterogeneous catalysts based on TiCl4. To
verify this assumption, we performed a dispersion
analysis of particles of the catalytic systems prepared.

When the Ti�Al catalytic system is formed with-
out diene modification, relatively coarse catalyst par-
ticles are formed (�3�4 �m average radius). As com-
pared with the standard process, hydrodynamic treat-
ment of the two-component Ti�Al catalytic system in
the turbulent mode (mode 1) does not noticeable af-
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fect the size of the catalyst particles and, hence, its
specific surface area (Fig. 3, curves 1, 2). As a re-
sult, the rates of isoprene polymerization are similar
(Fig. 2, curves 1, 2).

When the Ti�Al catalytic system is formed in
the presence of piperylene (three-component system),
the size of the catalyst particles decreases to re �
1.5 �m (Fig. 3, curve 3). Since the active centers of
stereospecific polymerization are located at the defects
of the catalyst crystal structure (in our case, �-TiCl3
[6]), the increase in the specific surface area of the cat-
alyst should increase the polymerization rate, which is
observed experimentally (Fig. 2, curve 4). A hydrody-
namic treatment of the modified Ti�Al catalytic sys-
tem in the turbulent mode (mode 1) also decreases the
catalyst particle size to re � 1 �m (Fig. 3, curve 4),
providing an increase in the polymerization rate as
compared with the traditional process (Fig. 2, cur-
ves 4, 5). Apparently, when the catalyst is formed in
the presence of dienes, macrochains of piperylene frag-
ments start to form on the active particles, which de-
creases the strength of the solid phase structure and,
thus, simplifies its fragmentation in the turbulent flow.
The hydrodynamic treatment in the tubular turbulent
prereactor (mode 1) is similar to fragmentation of
heterogeneous Ziegler�Natta catalysts in the course of
polymerization [6]. The increased polymerization rate
in the case when the catalytic system is formed in
the turbulent mode (mode 2; Fig. 2, curve 3) and
TiCl4 and Al(i-C4H9)3 solutions are mixed directly in
the tubular turbulent prereactor; is also accounted for
by a simultaneous increase in the specific surface area
of the catalyst. In this case, at high rate of micromix-
ing attained in the turbulent prereactor, the rate ratio
of the crystal nucleus formation and crystal growth
increases, so that the number of the crystal nuclei
grows and re decreases.

Our experimental data show that the increase in
the specific surface area of the catalyst in stereospe-
cific polymerization of dienes is a necessary but in-
sufficient factor to accelerate the polymerization. Sig-
nificant activity of the catalyst system is achieved by
premixing of the catalyst and monomer solutions in
the turbulent mode (mode 3; Fig. 2, curve 6). In this
case, the catalyst particles are disintegrated (Fig. 3,
curve 4) and uniformly distributed in the reaction
mixture. Moreover, the effect can be enhanced by
elimination of the diffusion limits to linking of the
first monomer molecule with the active center (initia-
tion proceeding at a high rate [3]).

Thus, the process rate strongly depends on the
mode of isoprene polymerization in the presence of
the Ziegler�Natta catalytic systems. High reaction rate

Fig. 3. Differential size distribution of particles in the cat-
alytic systems (1, 2) TiCl4�Al(i-C4H9)3 and (3, 4) TiCl4�
Al(i-C4H9)3�piperylene. (re ) Particle size. cTi = 12 mM,
Ti : Al : piperylene = 1 : 1.25 : 2, �ck = 30 min at 273 K,
298 K. (1, 3) Blank tests and (2, 4) polymerization mode 3.

is attained using a simple tubular turbulent prereactor,
which provides a residence time of the reaction mix-
ture of 2�3 s in the mixing zone. Modification of the
Ti�Al catalytic systems with dienes increases the spe-
cific surface area in the case of catalyst and, in turn,
the polymerization rate. This effect can be enhanced
by additional fragmentation of the catalyst particles
under hydrodynamic treatment in the turbulent mode.
The polymerization rate in the case of premixing of
the monomer and catalyst solutions in the turbulent
mode is the highest, which is due to the increase in
the specific surface area of the catalyst and its more
uniform distribution in the reaction mixture. The
modes of isoprene polymerization in the presence of
microheterogeneous Ti�Al catalytic system given
above allow the catalyst consumption and, thus, the
production cost of the final product to be decreased.

CONCLUSIONS

(1) Turbulent premixing of the components of
the reaction mixture and Ziegler�Natta catalytic sys-
tem in isoprene polymerization using a tubular tur-
bulent diffuser-confuser prereactor allows the process
rate to be varied widely and the catalyst consumption
to be decreased.

(2) The dispersion composition and the activity of
microheterogeneous Ziegler�Natta catalysts can be
improved by their modification with dienes, and the
strongest effect is observed in the case of hydrody-
namic pretreatment of the reaction mixture in the
turbulent mode.
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Abstract�Spontaneous polymerization of N-(3-dimethylaminopropyl)methacrylamide in concentrated aqueous
solutions in the presence of inorganic and organic acids was studied. A common mechanism of initiation
of spontaneous polymerization of amine-containing (meth)acrylamides and (meth)acrylic acid esters in
water was suggested.

Much attention has been given recently to sponta-
neous polymerization of (meth)acrylic monomers
in concentrated aqueous solutions. The process was
studied for acrylamide [1], 2-acrylamido-2-methyl-
propanesulfonic acid [2], and N,N-dialkylaminoethyl
methacrylate salts [3�5]. The reaction was shown to
occur by the radical mechanism, with the monomer
molecules being the sources of radical [1]; the initia-
tion mechanism was suggested in [5].

In this study, we examined spontaneous polymer-
ization of N-(3-dimethylaminopropyl)methacrylam-
ide (I) salts in concentrated aqueous solutions.

Our preliminary experiments showed that spontane-
ous polymerization of amide I in water at 50�70�C
occurs at a noticeable rate in weakly alkaline, neutral,

Fig. 1.Variation of the content of C=C bonds A (relative
to the initial content) with time � in the system amide I�
H2SO4, as influenced by the amount of sulfuric acid. [I]0 =
50 wt %, 70�C; the same for Fig. 2. [I]0 : [H+]0 ratio:
(1) 1 : 0, (2) 1 : 0.5, (3) 1 : 0.8, (4) 1 : 1, (5) 1 : 1.1,
(6) 1 : 1.5, and (7) 1 : 2.

and acidic solutions (pH � 8) at the monomer concen-
tration exceeding 20 wt %. The process is suppressed
by adding inhibitors of radical polymerization (hydro-
quinone, phenothiazine).

Figure 1 shows the kinetic curves of consumption
of C=C bonds in the course of spontaneous polymeri-
zation of I at various degrees of its neutralization with
sulfuric acid. It is seen that, without acid additions
or with insufficient amounts of the acid (curves 1, 2),
no reaction occurs. The polymerization becomes no-
ticeable only after 80% of the amino groups of the
monomer are neutralized (pH 8). However, even un-
der these conditions, the reaction is slower than that
in an acidic solution (curves 5�7). The influence of
the ratio of the acid and amino components of the sys-
tem on the initial rate is illustrated by Fig. 2. The curve

Fig. 2. Initial rate of amide I polymerization V0 in the pres-
ence of sulfuric acid vs. the ratio of the acid and amine,
K = [H+] : [I].
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Fig. 3. Variation of the content of C=C bonds A (relative
to the initial content) in amide II with time �, as influenced
by temperature. [II]0 = 66 wt %. T, �C: (1) 25, (2) 50,
(3) 60, (4) 70, and (5) 90.

Fig. 4. Variation with time � of the content of C=C bonds
B in amides (1�3) II and (4�6) III in the course of spon-
taneous polymerization in the presence of H2SO4, as influ-
enced by the amide concentration. [H+] = 0.4 mg-equiv g�1,
70�C; (�) time. [Amide]0, wt %: (1) 70, (2) 41, (3) 25,
(4) 80, (5) 50, and (6) 30.

passes through a maximum at approximately 50%
excess of the acid groups relative to amino groups.
It should be noted that a similar maximum in the pH
dependence of the initial reaction rate was observed in
spontaneous polymerization of 2-acrylamido-2-meth-
ylpropanesulfonic acid [2].

Figures 3 and 4 illustrate the influence of tem-
perature and initial monomer concentration on the
course of polymerization in solutions of N,N-dimethyl-
ammoniopropylmethacrylamide sulfate II and N,N,N-
trimethylammoniopropylmethacrylamide methyl sul-
fate III. As the temperature and monomer concentra-

tion are increased, the reaction dramatically accel-
erates. From the temperature dependences, we deter-
mined the overall activation energy of spontaneous
polymerization of II: 51 kJ mol�1. This value is close
to that obtained in [4] for spontaneous polymerization
in water of a related ester, N,N,N-trimethylammonio-
ethyl methacrylate methyl sulfate (63.5 kJ mol�1).
Figure 4 shows that tertiary salt II polymerizes more
actively than quaternary salt III. In particular, a de-
crease in the concentration of II from 70 to 25 wt %
causes only deceleration of the process, whereas in
the case of III, spontaneous polymerization does not
occur at all at a monomer concentration of 30 wt %
(Fig. 4).

The influence exerted by the solution acidity and
by the initial concentration and structure of the mono-
mer on the spontaneous polymerization should be an-
alyzed, in our opinion, taking into account the asso-
ciation of the compounds in water. The association
has been detected previously in aqueous solutions of
acrylamide [6] and N,N-dimethylaminoethyl methac-
rylate [7] on the basis of viscosity and surface tension
data. Furthermore, we showed in [5] that the sponta-
neous polymerization of amino methacrylate salts is
largely governed by association of the monomers. To
evaluate the tendency of amino amide I and its salts
to associate in water, we measured the concentration
dependences of the viscosity (Fig. 5).

We found that, at a monomer concentration of 10�
15 wt %, the linearity of the dependences is disturbed,
and the viscosity sharply grows, suggesting an as-
sociation of the monomeric molecules. It should be
noted that both the amino amide salts and free mono-
mer I tend to associate. Since spontaneous polymer-
ization occurs only in concentrated solutions, it can
be concluded that the necessary condition for the poly-
merization is the formation of monomeric associates
of a definite structure. In dilute solutions, conditions
for the association are unfavorable. Therefore, appar-
ently, the polymerization does not occur if the mono-
mer concentration is below a certain limit. However,
the association of the amides does not necessarily lead
to their polymerization. For example, amide I and
N,N,N-dimethylbenzylammoniopropylmethacrylamide
IV do not undergo spontaneous polymerization under
the conditions indicated in the caption to Fig. 4, de-
spite their strong tendency to associate in water. Such
a difference in the behavior of the monomers may be
due, e.g., to �favorable� or �unfavorable� molecular
packing in the associate (following the terminology
of [8]). Hence, the association of monomers is a nec-
essary but insufficient condition for spontaneous
polymerization.
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The acid anion exerts a significant effect on the
polymerization of I (Fig. 6). The reaction occurs in
the presence of not only strong mineral acids, but also
weaker organic acids. Furthermore, acetic and formic
acids appeared to be more active than strong hydro-
chloric acid, and with hydrofluoric acid the reaction
did not occur at all. Hence, the acid strength is not
the major factor affecting the polymerization.

The experimental results, combined with published
data, show that, in the absence of anions, there is no
self-initiation of radical polymerization of acrylic
monomers in aqueous solutions. For example, upon
dissolution of free amide I in water, no spontaneous
polymerization occurs, despite the association in con-
centrated solutions. Additions of inorganic salts do
not induce polymerization of the amides either. For
example, no changes in the concentration of I were
observed in 4.1 M solution of I containing 0.5 M
Na2SO4 upon keeping for 5 h at 70�C.

To sum up, we can state that the influence of the
initial monomer concentration, solution acidity, and
nature of the acid added, observed in our systems, is
largely similar to the trends observed previously in
spontaneous polymerization of amino methacrylate
salts [5], for which a hypothesis was put forward that
the polymerization is initiated in monomeric associates
by a redox reaction of the anions present in the system
with the C=C bonds. A similar mechanism of radical
generation was suggested in [9] for polymerization of
acrylamide in surfactant micelles in the presence of
Na2SO3. Thus, presumably, the spontaneous polymer-
ization of (meth)acrylic monomers occurs by a similar
mechanism in all the cases.

EXPERIMENTAL

Amino amide I was twice distilled in a vacuum
before use. Quaternary ammonium salts were prepared
from amide I and the corresponding alkylating agents
in toluene or acetone. Tertiary salts were prepared by
mixing of equivalent amounts of the amine-containing
monomer and protonic acid with cooling.

Spontaneous polymerization of the monomeric
salts was studied at 50�90�C and initial reactant con-
centrations of 25�80 wt %.

The course of the polymerization was monitored
by measuring the concentration of C=C bonds and
by isolating the reaction products. The products were
isolated by precipitation into acetone, followed by
separation of the unchanged starting compounds by
repeated washing. After washing, the polymers were
dried in a vacuum (20�C, 2 mm Hg) to constant weight.

Fig. 5. Specific viscosity � of aqueous solutions of amides
(1) I, (2) II, (3) III, and (4) IV at 25�C vs. the amide
concentration.

Fig. 6. Spontaneous polymerization of amide I in the
presence of different acids. [I]0 : [HAn]0 = 1 : 1, 70�C.
(A) Amount of monomeric salt of I (relative to the initial
amount) and (�) time. Acid: (1) HF, (2) HCl, (3) HCOOH,
(4) CH3COOH, and (5) CH3CH2COOH.

The concentration of C=C bonds was determined by
bromide�bromate titration. The intrinsic viscosity of
the monomers was measured in an Ubbelohde vis-
cometer with the capillary diameters of 0.56, 0.73,
and 0.99 mm at 25�C. The 13C NMR spectra were
recorded on a Varian Gemini-300 Fourier spectrom-
eter (75 MHz, solvent D2O, reference DMSO).

Poly-N,N-dimethylammoniopropylmethacryl-
amide sulfate. To 7.12 g (0.0419 mol) of amide I in
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1.4 ml of water, we added with stirring and cooling
4.62 g of 50% sulfuric acid. The solution was heated
at 70�C for 4 h, and the resulting polymer was pre-
cipitated into acetone, washed twice with acetone, and
vacuum-dried (20�C, 2 mm Hg). Yield 3.21 g (35%).
The product contained no C=C bonds. The 13C NMR
spectrum contained the following signals, �C, ppm:
179.6�179.2 (�CONH�), 55.7 (�CH2N�), 54.0�53.8
(�CH2� in the chain), 45.6�45.3 (�C� in the chain),
43.1 (CH3�N), 37.5 (�CH2�NH�), 24.6 (�C�CH2�C�),
18.5�17.2 (CH3�C�).

CONCLUSIONS

(1) Spontaneous polymerization of tertiary and
quaternary salts of N-(3-dimethylaminopropyl)meth-
acrylamide occurs in concentrated aqueous solutions
at pH � 8.

(2) The initial reaction rate is the highest at a 50%
excess of the acid relative to the amide and depends
on the anions present in the system.

(3) The presence of anions and association of
N-(3-dimethylaminopropyl)methacrylamide salts are
necessary conditions for spontaneous polymerization.
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Abstract�The kinetics of radical copolymerization of sodium 2-acrylamido-2-methylpropanesulfonate with
N-vinylpyrrolidone in water and dimethyl sulfoxide at pH 9 and 50�C in the presence of potassium per-
oxodisulfate initiator were studied dilatometrically.

The interest in synthesis of copolymers of 2-acryl-
amido-2-methylpropanesulfonic acid (H-AMS) salts
with N-vinylpyrrolidone (VP) is due to unusual and
insufficiently studied features of radical copolymeriza-
tion of ionic monomers [1, 2] and VP [3�5] in various
media, and also to prospects for diverse applications
of these copolymers in industry and medicine as floc-
culants [6], adhesives, antistatic agents [7], thickeners,
and complexing agents [4, 8]. Previously we have
studied some features of copolymerization of H-AMS
sodium salt (Na-AMS) with VP in aqueous solutions
[9�11] and evaluated the effect of the solution ion-
ic strength and kind of single- [12, 13] and double-
charged [13, 14] cations on the copolymerization. In
this study, we revealed new features of radical copoly-
merization of Na-AMS with VP in water and dimethyl
sulfoxide (DMSO).

EXPERIMENTAL

Na-AMS was prepared by neutralization of H-AMS
[Lubrizol 2404 (Lubrizol, the United Kingdom), mp
185�C, main substance content 99%) solutions with
NaOH to pH 9. VP (Merck, Germany) was used after
double distillation in a vacuum from 0.1% KOH,
nD

20 1.5117, main substance content (GLC) >99%.
Potassium peroxodisulfate (PP) was recrystallized
twice from aqueous solutions; the main substance
content, as determined by the redox method, was
97.8%. The other chemicals were of chemically pure
or analytically pure grades.

The kinetics of copolymerization of Na-AMS (M1)
with VP (M2) was studied in 10 and 15% solutions in
water and DMSO at pH 9 and 50�C. The reaction was

initiated by thermal decomposition of PP ([PP] 7.4 �
10�4 M). The pH was maintained with the aim to
prevent hydrolysis of VP [15] and to ensure the effec-
tiveness of PP as initiator [16] and a constant initia-
tion rate under the conditions when the solution ionic
strength varies in the course of copolymerization
owing to variation of the Na-AMS concentration [17].
The copolymerization was performed under homo-
geneous conditions, and no spontaneous polymeriza-
tion was observed. However, in concentrated solutions
of the monomers in DMSO, partial microheterogene-
ity of the process was not excluded.

The kinetic information on the process was ob-
tained dilatometrically. The initial copolymerization
rates V0 were determined at low conversions (x < 3%)
from the slope of the linear portions of the kinetic
curves. The experimental procedures are similar to
those described in [10].

After the synthesis, Na-AMS�VP copolymers were
precipitated from reaction solutions with acetone,
washed with acetone, and dried in a vacuum at 50�C
to constant weight. The yields of the copolymers were
determined gravimetrically. The molecular weights of
the copolymers were judged from the intrinsic viscos-
ities [�], which were determined in 0.5 M NaCl at
30�C with a VPZh-3 viscometer (capillary diameter
0.43 mm).

The content of ionic units in the VP�Na-AMS
copolymer

��(�[�CH2�CH�]n�[�CH2�CH�]m)p�
C�O��

NaO3S�CH2�C(CH3)2NH

��
�

H2C

H2C

C�O

CH2

N
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Fig. 1. (a) Initial rate V0 of copolymerization of Na-AMS with VP and (b) intrinsic viscosity [�] of copolymers vs. Na-AMS
mole fraction M1 in the starting monomeric mixture. Solvent: (1) water and (2, 3) DMSO. [M1 + M2], %: (1, 2) 10
and (3) 15.

was determined by elemental analysis for sulfur, per-
formed as described in [18].

The electrical conductivity of solutions of mixtures
of the monomers and copolymer was measured at
25�C with an Anion-410A ionomer�conductometer
equipped with a DKV-1 sensor.

The pH was determined at 25�C with a pH-121
pH-millivoltmeter using an ESL-63-07 glass indicator
electrode and an EVL 1M3 silver chloride reference
electrode.

To examine how the copolymerization of Na-AMS
with VP is influenced by the composition of the start-
ing monomeric mixture, we performed the reaction in

Table 1. Yield of Na-AMS�VP copolymer in copolymer-
ization in water and DMSO as influenced by the Na-AMS
mole fraction in the starting monomeric mixture M1
([M1 + M2] = 10%)
����������������������������������������

M1

� Yield, %
��������������������������������
� in H2O � in DMSO

����������������������������������������
0.1 � � � 21
0.2 � 23 � 30
0.3 � 26 � 31
0.4 � 31 � 38
0.5 � 47 � 50
0.6 � 46 � 51
0.7 � 47 � 47
0.8 � 52 � 56
0.9 � 58 � 67

����������������������������������������

concentrated solutions of the monomers ([M1 + M2]
10 and 15%) in water and in DMSO under equal other
conditions. Figure 1 shows the dependences of V0 and
[�] of the resulting copolymers on the Na-AMS mole
fraction in the starting monomeric mixture M1. As
seen, V0 and [�] vary with M1 similarly. Both the
dependences, V0 = f (M1) (Fig. 1a) and [�] = f (M1)
(Fig. 1b) in water (curves 1) and DMSO (curves 2),
pass through maxima at the equimolar ratio of the
monomers in the starting mixture ([M1] : [M2] = 1 : 1).
This is in good agreement with published data [9, 10]
and confirms the donor�acceptor character of the
reaction of Na-AMS with VP [19]; Na-AMS shows a
medium electron-acceptor power, and VP, a medium
electron-donor power. Figure 1a shows that the rate of
copolymerization in DMSO grows with increasing
total concentration of the comonomers (curves 2, 3),
which is well consistent with the general relationships
of radical copolymerization.

Comparison of data in Fig. 1a at [M1] = const
shows that, in a wide range of compositions of the
starting monomeric mixture, V0 increases in going
from water to DMSO. At the same time, the intrinsic
viscosities of the copolymers obtained in water and
DMSO differ insignificantly (Fig. 1b) because of
the negligible contribution of the chain transfer to
DMSO molecules. Such a loss of the capability of
compounds to participate in chain transfer has been
noted previously for alternating copolymerization in
other systems [20].

The yields of Na-AMS�VP copolymers in copoly-
merization are listed in Table 1. It is seen that, both
in water and DMSO, the copolymer yield grows with
increasing content of Na�AMS in the starting mixture;
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it also grows somewhat in going from water to DMSO
(at the same [M1]).

To obtain an equation of the overall rate of copoly-
merization of Na-AMS with VP in DMSO, we per-
formed experiments at various concentrations of Na-
AMS, VP, and PP under equal other conditions. The
influence exerted on the copolymerization by the Na-
AMS concentration was examined in the range 0.110�
0.661 M. The V0 values found in this experimental
series are plotted in Fig. 2, and the intrinsic viscosities
and yields of the copolymers are listed in Table 2.
As the Na-AMS concentration is increased, V0
(the reaction order with respect to Na-AMS is 1.0,
Fig. 2, straight line 1), [�], and the yield of the co-
polymer grow (Table 2).

The influence of VP on the copolymerization was
examined in two concentration ranges, 0.145�3.112
and 0.437�4.298 M, under equal other conditions. We
found that V0 grows with increasing VP concentra-
tion (Fig. 2, straight lines 2, 3); in both experimental
series, the reaction order with respect to VP was 0.5.
It should be noted that an unusual (lower than unity)
reaction order with respect to the monomer has also
been observed previously in radical polymerization of
VP at 1 < [VP] < 6 M [3, 21] and in graft polymeri-
zation of VP on chitosan [22].

As the initiator (PP) concentration was increased
in the range (1.57�7.4) � 10�4 M, V0 grew (Fig. 2,
straight line 4); the reaction order with respect to
the initiator was 1. The intrinsic viscosity decreased
with increasing PP concentration (Table 2), in agree-
ment with the general relationships of radical poly-
merization.

From the above data, we obtained an empirical
equation for the overall rate of copolymerization of
Na-AMS with VP in DMSO:

V = kc [M1]1.0[M2]0.5[PP]1.0, (1)

where kc is the copolymerization rate.

Below is given for comparison the corresponding
equation for the copolymerization in water, obtained
in [10]:

V = kc [M1]0.9[M2]0.7[PP]0.5. (2)

Comparison of Eqs. (1) and (2) shows that the
kinetic orders of the reaction with respect to the co-
monomers change insignificantly in going from water
to DMSO, whereas the order with respect to the initi-
ator changes appreciably. Similar changes in the reac-

Fig. 2. log�log plot of the rate V0 of copolymerization of
Na-AMS with VP in DMSO vs. concentration of (1) Na-
AMS, (2, 3) VP, and (4) PP. Concentrations, M: VP
(1, 4) 0.44; PP (1�3) 7.4 � 10�4; Na-AMS (2, 4) 0.44
and (3) 0.53.

tion orders with respect to [M1] and [PP] in going
from water to DMSO have been observed previously
in copolymerization of acrylamide with Na-AMS [23]
and with another strong unsaturated electrolyte, sodi-
um p-styrenesulfonate [2]. The reaction order of 0.5
with respect to the initiator in Eq. (2) suggests a bi-
molecular termination of the kinetic chains, and the
first order with respect to the initiator in Eq. (1) sug-
gests a monomolecular chain termination due to par-
tial microheterogeneity of the process in concentrated
solutions of the monomers in DMSO.

To explain the kinetic effects revealed in copoly-
merization of Na-AMS with VP in water and DMSO,

Table 2. Intrinsic viscosity [�] and yield of Na-AMS�VP
copolymer at various concentrations of Na-AMS and PP
([VP] = 0.437 M; [M1 + M2] = 10%)
����������������������������������������
[Na-AMS] � [PP] � 104 � [�], �

Yield, %������������������� �
M � cm3 g�1

�
����������������������������������������

0.11 � 7.4 � 66 � 39
0.15 � 7.4 � 70 � 40
0.22 � 7.4 � 86 � �

0.44 � 7.4 � 119 � 64
0.66 � 7.4 � 124 � 90
0.44 � 2.4 � 134 � 72
0.44 � 4.1 � 126 � �

0.44 � 7.4 � 119 � �

����������������������������������������
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Fig. 3. Reduced viscosity �sp /c of Na-AMS�VP copoly-
mer vs. the copolymer concentration c in (1) water and
(2) DMSO at 30�C. [�] = 260 cm3 g�1; content of Na-AMS
units 34 mol %.

Fig. 4. Equivalent electrical conductivity � of (1, 2) mix-
ture of the monomers ([M1] : [M2] = 20 : 80) and
(3, 4) Na-AMS�VP copolymer ([m1] : [m2] = 20 : 80,
[�] = 260 cm3 g�1) (1, 3) in water and (2, 4) in DMSO
vs. the square root of the concentration of the monomer
mixture or copolymer c1/2 at 20�C.

let us consider the ionization equilibrium of ionic
groups of Na-AMS and their units in macromolecules:

A�X+ �� A���X+ �� A� + X+, (3)

I II III

where A� is the monomer anion or macroanion and
X+ is the cation; I, II, and III are, respectively, the
contact ion pairs, solvent-separated ion pairs, and
free ions.

As the solvent polarity decreased in going from
water to DMSO, the effective degree of ionization of

the sulfonate groups of the monomer and macroradi-
cals decreased, with equilibrium (3) shifted to the left.
As a result, the ratio of different ionic species in
the reaction mixture and the intensity of their electro-
static interactions changed, affecting the relative activ-
ities of the monomer (copolymerization constants r1
and r2 ). Along with the multicomponent composition
of the system, the nonisoionic synthesis conditions
(due to variations in the content of the ionic monomer
in the starting mixture and with conversion) could
also cause changes in r1 and r2. Thus, copolymeriza-
tion involving an ionic monomer cannot be described
by fixed values of r1 and r2 [2].

The change in the effective degree of ionization of
sulfonate groups in Na-AMS and macromolecules of
Na-AMS�VP copolymer on replacement of water with
DMSO is confirmed by viscometric (Fig. 3) and con-
ductometric (Fig. 4) data. The concentration depen-
dences of �sp /c (Fig. 3) and electrical conductivity �
(Fig. 4) are typical of polyelectrolytes and indicative
of an appreciable electrostatic interaction of the sul-
fonate groups in Na-AMS and its copolymer with VP
in water and DMSO. In going from water to DMSO,
�sp /c (at c = const) and the effective size of macromo-
lecular globules of Na-AMS�VP copolymer decrease
(Fig. 3). The electrical conductivities � of the Na-
AMS�VP copolymer (Fig. 4, curves 1, 2) and a mix-
ture of the monomers of a similar composition (Fig. 4,
curves 3, 4) decrease also. Figure 4 shows that, in
the same solvent and at c = const, � decreases in
going from the monomeric mixture to the copolymer.
This is due to the lower effective degree of ionization
of the sulfonate groups in the copolymer, compared to
Na-AMS monomer, owing to the specific binding of
Na+ ions with the copolymer macromolecules [24].

In view of these facts, it can be noted that the elec-
trostatic repulsion between the similarly charged Na-
AMS monomer and macroradical with the terminal
Na-AMS unit in the chain propagation events should
decrease in going from water to DMSO. Therefore, an
increase in the rate constant of chain propagation k11
was the decisive factor responsible for the growth of
V0 of Na-AMS�VP copolymerization in going from
water to DMSO. Another possible factor could be
the complexation between VP as electron donor and
DMSO as electron acceptor. The presumed structure
of the complex is as follows:

(4)
��
�

H2C

H2C

C�O�S
�+�O

��

CH2

N

H2C�CH
��
��

CH3

CH3
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We also studied how the composition of the Na-
AMS�VP copolymer correlates with the composition
of the starting monomeric mixture, for the process
performed in water and DMSO (Fig. 5, curves 1 and
2, respectively). From the experimental data, we cal-
culated the effective relative activities of the mono-
mers r1 = k11/k12 (for Na-AMS) and r2 = k22 /k21 (for
VP) using the Mayo�Lewis equation. The m1 = f (M1)
plot for copolymerization in water corresponds to r1 =
0.35 � 0.01 and r2 = 0.15 � 0.08, r1r2 = 0.05, and that
for copolymerization in DMSO, to r1 = 0.11 � 0.07
and r2 = 0.44 � 0.36, r1r2 = 0.05. These values of the
relative activities of the monomers r1 and r2 show
that, both in water and in DMSO, both kinds of mac-
roradicals react considerably faster with the monomer
of the other kind than with the �own� monomer,
owing to complexation between the monomers. This
results in the formation of alternating copolymers of
regular composition, which is confirmed by the r1r2
values. In both solvents, the system has an azeotropic
point (Fig. 5). Figure 5 shows that, at [M1] = const, the
content of the ionic units in the copolymer decreases
in going from water to DMSO (going from curve 1
to curve 2) in a wide range of compositions of the
starting monomeric mixtures. Apparently, DMSO
molecules compete with Na-AMS in complexation
with VP [scheme (4)], enhancing the activity of VP
in copolymerization and increasing the content of VP
units in the copolymer.

The intrinsic viscosities and compositions of the
Na-AMS�VP copolymers in the course of copolymeri-
zation in DMSO at Na-AMS mole fractions in the
starting monomeric mixture of 0.5 and 0.7 are shown
in Fig. 6. It is seen that [�] increases with conversion
(curves 1�, 2�). Similar dependences have also been ob-
served in other systems with alternating copolymeriza-
tion [20]. The composition of the copolymer at M1
0.5 varies with conversion only slightly (curve 1),
whereas at M1 0.7 the variation is significant (curve 2).
One of the possible factors responsible for the varia-
tion of the copolymer composition with conversion is
that the synthesis conditions are not isoionic, which
affects the activity of the ionic comonomer in copoly-
merization [2].

CONCLUSIONS

(1) In radical copolymerization of sodium 2-acryl-
amido-2-methylpropanesulfonate with N-vinylpyrro-
lidone in water and dimethyl sulfoxide, V0 grows as
the concentrations of M1, M2, their sum, and initiator
increase and passes through a maximum (at equimolar
ratio of the comonomers) with variation of [M1] : [M2];

Fig. 5. Mole fraction m1 of Na-AMS units in the copolymer
with VP at <3% conversion vs. the mole fraction M1 of
Na-AMS in the starting monomeric mixture. Solvent:
(1) water and (2) DMSO. [M1 + M2] = 10%; the same
for Fig. 6.

Fig. 6. (1�, 2�) Intrinsic viscosity [�] and (1, 2) mole frac-
tion m1 of Na-AMS units in the copolymer with VP vs.
time 	 of copolymerization in DMSO. Na-AMS mole frac-
tion M1 in the starting monomeric mixture: (1, 1�) 0.5
and (2, 2�) 0.7.

V0 also increases in going from water to dimethyl sul-
foxide.

(2) The intrinsic viscosities of the copolymers pass
through a maximum with variation of [M1] : [M2]
and grow as the [M1] and conversion increase and
in the initiator concentration decreases.

(3) The content of ionic units in the copolymer
decreases on replacement of water with dimethyl sulf-
oxide and as the conversion becomes lower.
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Abstract�Mixed solutions of chitosan and polymers with different chain rigidities (polyvinyl alcohol and
methyl cellulose) in 2% acetic acid, at various component ratios, were studied viscometrically. The com-
patibility of the components in solutions and in the solid phase was assessed, and the mechanical charac-
teristics of films prepared from these blends were determined.

Chitosan is a nontoxic biocompatible and biode-
gradable polymer used in various fields of medicine
and cosmetics as a drug carrier and as a material for
separation membranes and sutures [1�5]. However,
fibers and films prepared from pure chitosan are rela-
tively brittle, and making them more elastic is an top-
ical problem. One of the ways to improve the per-
formance of polymers is their modification with other
polymers. Blending allows preparation of systems
with properties significantly differing from those of
the starting components, without sophisticated chem-
ical modification procedures or synthesis of new mac-
romolecular compounds. Forming of articles from
polymer blends in a common solvent is a relatively
simple and accessible procedure.

Published data show that addition of some poly-
mers to chitosan improves the mechanical character-
istics of films therefrom. As modifying additives have
been used oligomers [6], polyvinyl alcohol (PVA)
[7�10], polyoxyethylene (POE) [10], polyethylene
glycol [11], polygalacturonic acid [12], polyvinylpyr-
rolidone [13], and disperse cellulose [14]. Additions
of chitosan considerably decrease the solubility and
water absorption of PVA�chitosan films [7]. Mukhina
et al. [8] revealed a certain enhancement of the mech-
anical characteristics of films prepared from chitosan�
PVA blends: The strength and elongation at break in-
creased by 10�30% at 20% content of PVA. Howev-
er, strengthening of chitosan films with PVA was not
observed in other studies [7, 9]. It has been shown
previously that the strength of films prepared from
chitosan�POE blends at a stoichiometric ratio of the

components is two times higher, and the elongation at
break, six times higher as compared to the films pre-
pared from blends of other compositions or from pure
components [15]. It was also shown [15] that this pair
of polymers is only partially compatible, and it was
suggested that the improvement of the deformation-
strength characteristics of the polymers is due to a fa-
vorable steric arrangement and to ordering of poly-
meric chains in the films, rather than to formation of
interpolymeric complexes, suggested in [10].

It seemed appropriate to continue systematic stud-
ies of blends of chitosan with macromolecular modi-
fiers, with the aim to obtain promising chitosan-
containing materials and reveal correlations between
the properties of modifying polymeric additives and
the deformation-strength characteristics of films pre-
pared from these blends.

In this study, we used as polymeric additives two
water-soluble polymers: a flexible-chain film- and
fiber-forming polymer, PVA, and a semirigid-chain
polymer, methyl cellulose (MC).

EXPERIMENTAL

We used the following polymers: chitosan (Ald-
rich, the United States), Mw = 2.5 � 105, degree of
deacylation 0.75�0.85; PVA (Plastpolimer, St. Peters-
burg, Russia), [�] = 0.86, M� = 1.2 � 105 (evaluated
by the formula [�] = 7.5 � 10�4M0.6 in water at 25�C
[16]), 3% acetate groups; and MC (Aldrich), Mn =
8.6 � 104, degree of substitution 1.6�1.8.
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Fig. 1. Specific viscosity �sp of mixed solutions of chitosan
(component I) with (1) MC and (2) PVA (com-
ponent II) in 2% acetic acid vs. the mixture composition.
Total concentration of solutions, %: chitosan�MC 0.028
and chitosan�PVA 0.035. Dashed lines are calculated
additive values.

In all the experiments, we used 2% acetic acid as
common solvent (hereinafter, solvent).

Films were prepared from 1.5% solutions of the
components. It should be particularly noted that, since
PVA is soluble in 2% acetic acid only on heating, we
initially dissolved it in distilled water with heating, to
avoid changes in the solvent composition. The con-
centration of the aqueous solution was about 3%.
Then the cooled solution was diluted with a more
concentrated solution of acetic acid, so as to obtain a
solution containing 2% acetic acid and 1.5% polymer.
Then the solutions of the components were mixed in
volume ratios of 0.9 : 0.1, 0.8 : 0.2, 0.6 : 0.4, 0.4 : 0.6,
0.2 : 0.8, and 0.1 : 0.9. The mixed solutions were
stirred and kept until air bubbles fully disappeared.
Films were prepared by casting onto silicone-coated
glass support, followed by drying in air to constant
weight. All the films were homogeneous and trans-
parent; their thickness was 30�50 �m.

The occurrence of intermolecular interactions in
dilute mixed solutions of the polymers was judged
viscometrically. Measurements were performed in a
capillary Ubbelohde viscometer at a solvent outflow
time of about 125 s at 25 � 0.1�C. The measurement
error did not exceed 3%.

The intermolecular interactions in films were stud-
ied by sorption of solvent vapor with films of various
compositions (chitosan�PVA and chitosan�MC), us-
ing an experimental installation with a quartz spring
balance at a saturated vapor pressure of the solvent at
room temperature. Our approach was based on study-
ing the equilibrium sorption of vapor by a polymer

blend, which furnishes information on the polymer�
polymer interactions. The experimental error did not
exceed 5%.

Mechanical tests of the films were performed with
a UMIV-3 tensile-testing machine in the extension
mode at a rate of 5 mm min�1 (sample length 25 mm,
width 2 mm, interclamp distance 15 mm). The tensile
strength, relative elongation at break, and Young’s
modulus of the films were determined from the ex-
perimental stress�strain curves with a �10% error.

Specific intermolecular interactions of polymeric
components in solutions (e.g., formation of interpoly-
meric complexes) are usually studied viscometrically,
as this method is relatively simple and furnishes rich
information. If the measured specific (or relative)
viscosity of a polymer blend in a common solvent,
�exp, differs from the calculated additive value �ad,
this is regarded as an evidence of complexation. The
procedure is well known [17�19]. The additive values
are calculated from the experimental concentration
dependences of the specific viscosities �sp, measured
for each component in the course of dilution with a
pure solvent (2% acetic acid in our case) [19]:

�sp, ad = �sp, A (cA ) + �sp, B (cB ), (1)

where �sp, A (cA ) and �sp, B (cB ) are the specific viscos-
ities of polymers A and B at their concentrations
cA and cB , respectively; cA + cB = c, where c is
the total concentration of the polymers in the blend.

Deviation of the experimental dependence of �sp
from the calculated additive dependence suggests the
formation of complexes. A coincidence of the experi-
mental and additive dependences means that interac-
tions between the components are not pronounced:
either the complexes are not formed, or the hydrody-
namic volume of the complex macromolecule is equal
to the sum of the hydrodynamic volumes of the com-
ponents (which is most often due to the low molecular
weight of one of the components). The same criterion
is used as the criterion of compatibility of the poly-
mers in solutions.

The experimental specific viscosities of 0.028%
chitosan�MC and 0.035% chitosan�PVA solutions are
plotted in Fig. 1 vs. the component ratio. It is seen that
the calculated additive values coincide with the exper-
imental values for all the polymer blends studied.
These results suggest that strong specific intermolec-
ular interactions in the chitosan�MC system are ab-
sent, and complexation is insignificant. In chitosan�
PVA blends, the specific viscosities of PVA solutions
at this concentration are extremely low (in contrast to
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MC having �sp comparable with that of chitosan).
Therefore, it is difficult to make any definite conclu-
sions about the occurrence or absence of complexation
between chitosan and PVA.

Similar results for chitosan�PVA blends have been
obtained previously [9]. However, Mukhina et al. [8]
and Mucha [10] did detect formation of interpolymer-
ic complexes of chitosan with PVA. This discrepan-
cies may be due to the fact that, firstly, the sources of
chitosans were evolutionarily different (from crab
shells, Russia [8]; from Antarctic crill, Poland [10];
from crab shells, Japan [9]; chitosan purchased from
Aldrich, this study), and, secondly, different solvents
were used (0.33 M CH3COOH + 0.3 M NaCl [8]; 1%
CH3COOH for chitosan and water for PVA and POE
[10]; and 2% CH3COOH for all the polymers in this
study). Since chitosan�PVA and chitosan�MC blends
remain transparent at concentrations of up to 1.5%
and any component ratios, and the experimental �sp
of the blends do not differ from the calculated additive
values, we can conclude that there is no phase segre-
gation of the components in the concentration range
studied.

The compatibility of the polymeric components in
the blends was judged from the polymer�polymer
interaction parameter �23 [20], calculated from the
results of experiments on sorption of saturated vapor
by films cast from mixed 1.5% chitosan�MC and
chitosan�PVA solutions in 2% acetic acid. The curves
of solvent vapor sorption by films formed from poly-
mer blends with various component ratios were ob-
tained, and the equilibrium values of the specific
sorption A (g g�1) were determined. The polymer�
polymer interaction parameters for films of each com-
position were calculated as follows [20]:

[ ln�1 + (1 � �1) + (1 � �1)(�12�2 + �13�3)]
�23 = ��������������������������������, (2)

�2�3

where subscript 1 refers to the solvent (2% acetic
acid), 2, to chitosan, and 3, to the modifying polymer
(PVA or MC); �23 is the polymer�polymer (chitosan�
MC or chitosan�PVA) interaction parameter charac-
terizing interactions of segments of different poly-
mers; �1 is the volume fraction of the solvent ab-
sorbed by the film in the course of the experiment;
�2 and �3 are the volume fractions of the respective
polymers in the swollen film; and �12 and �13 are the
Flory�Huggins polymer�solvent (e.g., chitosan�2%
aqueous acetic acid) interaction parameters.

The parameters �12 and �13 were calculated from
the results of separate sorption experiments with films

cast from solutions of the respective polymers, taken
separately, in 2% acetic acid:

�12 = �( ln�1
* + �2

* ) / (�2
* )2,

(3)
�13 = �( ln�1

* + �3
* ) / (�3

* )2,

where �1
*, �2

*, and �3
* are, respectively, the volume

fractions of the solvent, chitosan, and modifying poly-
mer (PVA or MC) in the swollen film cast from the
solution of the separately taken polymer.

The polymer volume fractions �2
* and �3

* (in
the films cast from solutions of the separate com-
ponents) and �pol (�pol = �2 + �3 in the films cast
from the polymer blend; �2 and �3 were calculated
from the initial component ratio in the blend) were
calculated from the specific sorption A for each film:

�2
* = (1 + A�2 /�1 )�1,

�3
* = (1 + A�3 /�1 )�1, (4)

�pol = (1 + A�pol /�1 )�1,

where 	2, 	3, and 	pol are the polymer densities de-
termined gravimetrically; 	1 is the solvent density
determined with a densimeter; and A is the specific
sorption for each film.

The dependence of the specific sorption A on the
film composition is shown in Fig. 2a. It is seen that,
in chitosan�MC films with the fraction of MC exceed-
ing 0.8 (Fig. 2a, curve 1), the specific sorption of
acetic acid vapor is appreciably decreased. All the
other values differ insignificantly. The �23 values cal-
culated by formula (2) (Fig. 2b, curve 1) are close to
zero at an MC fraction in the films of up to 0.4 and
positive at larger MC additions. These data show that,
in blends with the MC fraction of 0.1�0.4, all the
polymer�polymer and polymer�solvent interactions
are identical to those occurring in solutions of each
component, taken separately, in 2% aqueous acetic
acid. An increase in the MC fraction above 0.4 makes
this polymer incompatible with chitosan. Taking into
account the viscometric data, these polymers can be
concluded to be partially compatible in the blend.

For chitosan : PVA = 0.9 : 0.1 blends, addition of
PVA drastically (by a factor of 2.5) decreases the
specific sorption (Fig. 2a, curve 2). As the PVA con-
tent in the system is increased further, the specific
sorption smoothly decreases. The calculated �23 val-
ues for these films are negative at any compositions
(Fig. 2b, curve 2), unambiguously suggesting full
compatibility of this pair of the polymers.
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Fig. 2. (a) Specific sorption of the solvent (2% aqueous acetic acid), A; (b) polymer�polymer interaction parameter �23;
(c) strength �; (d) elongation at break, �; and (e) Young’s modulus E of (1) chitosan (I)�MC (II) and (2) chitosan (I)�
PVA (II) films vs. their composition.

The results of mechanical tests of the films cast
from blends of different compositions are shown in
Figs. 2c�2e. The composition dependences of the
elongation at break, strength, and Young’s modulus
deviate from the additivity. As the MC fraction in a
chitosan�MC blend is increased to 0.5, the strength 


(Fig. 2c, curve 1) and Young’s modulus E (Fig. 2e,
curve 1) decrease to a similar extent (by approximate-
ly a factor of 1.4), compared to pure chitosan, where-
as the elongation at break remains unchanged (Fig. 2d,
curve 1). At larger amounts of the MC added, the
Young’s modulus varies insignificantly (Fig. 2e,
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curve 1), but the strength (Fig. 2c, curve 1) and espe-
cially elongation at break (Fig. 2d, curve 1) grow: by
approximately factors of 1.2 and 4.8, respectively.
Thus, the MC fraction in chitosan�MC blends of 0.6
and higher is preferable.

In the chitosan�PVA system, no significant changes
in the mechanical properties were revealed at any
component ratios. As the PVA fraction in the blend
was increased to 0.6, the strength (Fig. 2c, curve 2)
and Young’s modulus (Fig. 2e, curve 2) increased by
a factor of approximately 1.2 compared to pure chito-
san. Further increase in the PVA fraction in the blend
caused a decrease in the strength and no changes in
Young’s modulus as compared to the above-indicated
maximal values. The elongation at break varies in-
significantly with the composition of chitosan�PVA
films (Fig. 2d, curve 2).

Comparison of the data obtained for the chitosan�
MC and chitosan�PVA systems with those obtained
previously for the chitosan�POE system [14] shows
that the elastic properties of chitosan-containing films
are improved at relatively high weight fraction of the
second component: 0.6 MC in chitosan�MC films and
0.17 POE in chitosan�POE films. Actually we deal
with polymer blends and films therefrom, rather than
with modification of chitosan. Despite good fiber- and
film-forming properties of PVA, the chitosan�PVA
system is of no interest from the viewpoint of improv-
ing the elasticity of the films.

It should be noted that the weight fraction of the
second component (MC or POE) that provides the best
elastic properties of chitosan-containing films approx-
imately corresponds to the stoichiometric ratio of the
components in the blend. Furthermore, the compo-
nents in the above systems are only partially compat-
ible, and improvement of the elastic properties of the
films is observed just in the composition range at
which the components become incompatible (stoi-
chiometric ratio; Fig. 2b, curve 1). Thus, the improve-
ment of the mechanical properties of films cast from
solution and, in particular, the appreciable increase in
their elongation at break, are due to combination of
a favorable steric arrangement of macromolecules of
different kinds and their partial compatibility, rather
than to thermodynamic rigidity of the polymeric addi-
tive or specific interactions with chitosan (complexa-
tion with chitosan was not detected). Specifically the
partial compatibility of the components, which does
not result in their phase segregation, favors the order-
ing of the different macromolecules. Apparently, fur-
ther search for chitosan-containing films and fibers

with improved mechanical properties should be per-
formed taking into account the polymer�polymer in-
teraction parameter.

CONCLUSIONS

(1) In the systems chitosan�methyl cellulose and
chitosan�polyvinyl alcohol, strong specific intermo-
lecular interactions that would lead to formation of
interpolymeric complexes do not occur.

(2) Experiments on sorption of solvent vapor show
that chitosan and methyl cellulose are partially com-
patible, whereas chitosan and polyvinyl alcohol are
compatible in the entire composition range.

(3) The strength of films cast from chitosan�
methyl cellulose blends at any component ratio does
not exceed that of the films cast from separate com-
ponents.

(4) At a stoichiometric ratio of the components in
the chitosan�polyvinyl alcohol system, the strength
grows, but Young’s modulus and elongation at break
are close to those for films obtained from pure poly-
vinyl alcohol.
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Abstract�Rheological properties of urethane-containing oligomers as influenced by intermolecular inter-
actions in them were studied.

The great diversity of structures of urethane-con-
taining oligomers and the complex nature of their syn-
thesis reactions present a severe problem in studying
the composition, final structure, and properties of
these polymers [1].

The properties of urethane-containing oligomers
are primarily governed by specific intermolecular in-
teractions in them. Published data [1�4] suggest that
intermolecular interactions and, in particular, hydro-
gen bonding, largely affect the physicochemical prop-
erties of oligomers containing reactive groups. A par-
ameter highly sensitive to structural changes is vis-
cosity of oligomers [5].

Romanovskii et al. [6, 7] have shown that the vis-
cosity of oligomers whose molecules contain groups
capable of hydrogen bonding significantly exceeds that
of the oligomers of comparable molecular weights,
but lacking such groups. It is believed that the major
factor affecting the rheological properties of urethane-

containing polymers, e.g., oligodienourethanoepoxide,
are intermolecular interactions involving functional
groups.

In this study, we examined the rheological proper-
ties of urethane-containing oligomers as influenced by
intermolecular interactions. This seems to be a topi-
cal task in view of the development of studies of the
structure and properties of polymers characterized by
strong intermolecular interactions, as well as in view
of the growing applications of such oligomers.

EXPERIMENTAL

Our experimental studies were performed with
oligodienourethanoepoxide samples differing in the
content of epoxy groups (see table).

The rheological properties were studied on a Rheo-
test 2.1 rotary viscometer at 25�60�C at shear rates
of 0.024 to 70 s�1.

Band intensities of the epoxy groups and bound and free carboxy groups, ratio of the band intensities of bound and free
epoxy groups, and ratio of room-temperature viscosities at shear rates of 0.024 and 2.33 s�1

������������������������������������������������������������������������������������
Sample � Content of epoxy � I1223 � I1735 � I1710 � I1735 � �0.024� � � � � ����� � �����

no. � groups � (epoxy group) � (�C=O free) � (�C=O bound) � I1710 � �2.33
������������������������������������������������������������������������������������

1 � 1.84 � 0.570 � 0.466 � 0.374 � 1.25 � 1.93
2 � 1.80 � 0.570 � 0.473 � 0.374 � 1.26 � 1.25
3 � 1.84 � 0.431 � 0.435 � 0.342 � 1.27 � 1.23
4 � 1.84 � 0.693 � 0.555 � 0.454 � 1.22 � 2.62
5 � 1.97 � 0.621 � 0.510 � 0.417 � 1.22 � 0.24
6 � 1.79 � 0.653 � 0.530 � 0.444 � 1.19 � 14.1
7 � 2.00 � 0.646 � 0.539 � 0.454 � 1.19 � 4.55
8 � 1.90 � 0.635 � 0.533 � 0.453 � 1.19 � 4.33

������������������������������������������������������������������������������������
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Fig. 1. Viscosity � of the oligodienourethanoepoxide samples vs. the shear rate �
� at (a) 25, (b) 40, and (c) 60�C.

Figures at curves correspond to sample nos. in the table; the same for Fig. 2.

The chemical structure of the samples was studied
by infrared multiple attenuated total internal reflec-
tion (IR MATIR) spectroscopy on a Bruker IFS 66/S
Fourier spectrometer using a KRS-5 crystal (� = 45�).

Figures 1a�1c show the results of the rheological
studies. It is seen that the oligomer of interest is
a non-Newtonian liquid. The maximum viscosity at
high shear rates at all the temperatures was exhibited
by sample nos. 1�3. Also, sample nos. 3 and 5 showed
an abnormal rheological behavior: their viscosity
tended to grow with increasing shear rate. This may

be due to the branched structure of the molecules of
these samples.

We determined the optical density ratio of the ana-
lytical to the reference band. As the reference served
the band of the component whose concentration is
known and invariable under the actual conditions
[8, 9], in our case, the band at 2915 cm�1, belonging
to �CH2� groups.

For oligodienourethanoepoxide samples under
study, the Amide I band lies 1760�1680 cm�1. As
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Fig. 2. (a) Total IR spectrum and (b, c, d) fragments corresponding to (b) Amide-I vibrations, (c) stretching vibrations of NH
groups, and (d) vibrations of epoxy groups in different oligodienourethanoepoxide samples.(A) Absorption and (�) wave number.

seen from the spectrum (Figs. 2a, 2b), this region
contains a band at 1710 cm�1 (C=O). This band
belongs to associates of urethane groups and can sur-
pass in intensity the band at 1735 cm�1, characterist-
ic of the free C=O group. For the batch under study,
the band at 1710 cm�1 is rather intense for all the
samples, which suggests the presence of associates
of urethane groups [10, 11].

The existence of three-dimensional associates in
the oligomers under study is also evidenced by the IR
data for the region corresponding to urethane groups,
namely, bands at 3200�3500 cm�1 characteristic of
stretching vibrations of the NH groups (Fig. 2c). It
is seen from Fig. 2c that, in the spectra of sample
nos. 1�5, the band corresponding to �free� NH groups
(3440 cm�1) is virtually lacking.

The tabulated data suggest that the relatively weak
dependence of the viscosity of oligodienourethanoep-
oxides on the shear rate for sample nos. 1�3 is due to
a lower concentration of hydrogen bonds (I1735/I1710)
in these samples. At the same time, the high viscos-
ities of these samples are, apparently, due to increased
molecular weight of the product, as evidenced by the
lower content of epoxy groups in these samples (see
table; Figs. 2a, 2d).

CONCLUSIONS

(1) The rheological properties of oligodienoureth-
anes that differ in the content of epoxy groups are
strongly influenced by the chemical structure and in-
termolecular interactions. A decrease in the number
of epoxy groups increases the molecular weight and,
thus, the viscosity of the oligomer.

(2) A high content of hydrogen bonds is respon-
sible for the increased viscosity and stronger influence
of the shear rate on the non-Newtonian rheological
behavior of the rubber.
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Abstract�Relationship between the swellabilities of butyl rubber and polybutadiene in organic solvents
and the physicochemical characteristics of solvents, including their capability for nonspecific and specific sol-
vation, was studied.

The problem of quantitative evaluation of the sol-
vent effect on the swellability of polymers in organic
solvents is not yet satisfactorily solved. This is, ev-
idently, due to the fact that the swelling process is at-
tempted to be described using one-parameter equation.
For example, the most commonly used relationships
between the swellability and Hildebrand’s solubility
parameter �, based on the regular solution theory and
Flory�Huggins theory [1], yield fuzzy bell-shaped
curves with strong deviations [2]. More or less ac-
ceptable correlation factors have been obtained only
for homologous series of solvents [3]. This is true also
for correlations with the molar volume of solvents [4].
It is well known, however, that the integral solvent
effect is a resultant of a number of particular solvation
effects. Therefore, in the chemistry of solutions, the
solvent effect is treated in terms of the principle of
linear free energies, using multiparametric equations
that take into account the total change in the thermo-
dynamic potential: �G = � �gi [5�8].

Such an approach appeared to be suitable for ana-
lysis of data on swellability of polyethylene [9] and
natural carbonaceous polymers (coals) [10]. However,
these polymers have relatively simple structures, and
it was appropriate to check the applicability of multi-
parametric correlations to generalization of the swell-
ability data for polymers of more complex structure.

Therefore, we applied in this study this approach
to generalization of data on the swellability of vulca-
nized butyl rubber and polybutadiene in various or-
ganic solvents. Unlike other synthetic rubbers, these
polymers contain no cycles or polar groups, so that
their structures are, in principle, similar to the struc-

ture of polyethylene, which permits comparison of
the swellability data. Rostler and White [11] studied
the swellability of polyethylene in ten solvents. How-
ever, as they themselves noted, only qualitative con-
clusion like �the similar swells in the similar� could
be drawn from their results (data were presented only
graphically could not be used for quantitative process-
ing). Reviewing this study, we only note that the max-
imum swelling to above 300 vol % was observed in
cyclohexane. The increase in the volume in alkanes,
dichloroethane, and CS2 was determined to be above
200, and that in benzene, about 150 vol %. At the
same time, in polar solvents, such as aniline, acetone,
and hexanol, the swelling is less than 10 vol %, i.e.,
virtually no swelling is observed. Diethyl ether stands
intermediately.

Bristow and Watson [2] the studied swelling of bu-
tyl rubber in more detail. They used Butyl-400 com-
mercial polymer containing 5% ZnO, 2% S, 1% tetra-
methylthiuram disulfide, and 1% stearic acid, vul-
canized at 150�C, and then extracted with acetone.
The density of the sample was 0.91 g ml�1. The 0.25-g
samples were swollen for three days at 25�C, dried,
and weighed. The results were represented as the po-
lymer volume fraction V2 in the swollen sample
(Table 1). However, analysis of these data in terms of
Flory’s theory appeared to be unsuccessful: even in
a series of n-alkanes C5�C16, the dependence of V2 on
the Hildebrand’s solubility parameter � was repres-
ented by a fuzzy broken-line function with a min-
imum for n-heptane.

Bristow and Watson [2] wrote that the cohesion
energy density may be only an available indication
of a certain mutuality in the system polymer�sol-
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Table 1. Polymer volume fraction V2 in swollen butyl rubber [2] and solvent uptake SM (mol), determined experimentally
and estimated by Eq. (2)
������������������������������������������������������������������������������������

Solvent � V2 � SM � log Sexp � log Scalc � �Scalc
������������������������������������������������������������������������������������
n-Pentane � 0.3616 � 0.0169 � �1.7737 � �1.6079 � 0.1658
n-Hexane � 0.2670 � 0.0231 � �1.6398 � �1.6361 � 0.0037
n-Heptane � 0.2320 � 0.0248 � �1.6078 � �1.6791 � �0.0712
n-Decane � 0.2930 � 0.0136 � �1.8665 � �1.7927 � 0.0738
n-Hexadecane � 0.2886 � 0.0093 � �2.0356 � �2.0792 � 0.0435
Isooctane � 0.3175 � 0.0143 � �1.8444 � �1.6589 � 0.1855
Cyclohexane � 0.1818 � 0.0458 � �1.3396 � �1.4752 � �0.1356
Methylcyclohexane � 0.1959 � 0.0365 � �1.4517 � �1.5251 � �0.7334
Benzene � 0.3891 � 0.0194 � �1.7144 � 1.7458 � �0.0314
Toluene � 0.2786 � 0.0269 � �1.5746 � �1.7611 � �0.1865
Dichloromethane � 0.2778 � 0.0446 � �1.3503 � �1.2990 � �0.1865
Chloroform � 0.2361 � 0.0446 � �1.3549 � �1.4651 � �0.1102
Tetrachloromethane � 0.1942 � 0.0472 � �1.3256 � �1.4646 � 0.1390
Bromoethane � 0.2907 � 0.0359 � �1.4325 � �1.2302 � 0.2024
1,2-Dibromoethane � 0.7119 � 0.0052 � �2.2875 � �2.7206 � �0.1225
Bromoform � 0.6820 � 0.0059 � �2.2320 � �2.4916 � 0.2310
Pyridine � 0.8439 � 0.0025 � �2.5981 � �1.6386 � 0.6802
1,4-Dioxane � 0.8719 � 0.0006 � �2.7226 � �1.4765 � 0.7556
������������������������������������������������������������������������������������

vent, but only a rather approximate indication, as,
generally, other significant factors exert influence too.

It is noteworthy here that the use of the polymer
volume fraction in a swollen polymer as a correlating
factor is incorrect: if swelling is considered a thermo-
dynamically reversible process, it is necessary to use
the mole fraction of a solvent as a parameter. There-
fore, we recalculated V2 to the solvent uptake in moles
SM (Table 1). Because of the high average molecular
weight of the polymer, we did not recalculate the poly-
mer volume to the moles.

We generalized data from [6] using Eq. (1).

log SM = a0 + a1��� + a2���
�

_ 1
n 2 + 2 2� + 1
n2 _ 1

+ a3B + a4ET + a5�
2 + a6VM , (1)

where n is the refractive index; �, the dielectric con-
stant; B, Palm’s basicity [5]; ET, Reichardt’s electro-
philicity index [2]; �, Hildebrand’s solubility parame-
ter; and VM, molar volume of a solvent.

The first four terms of the equation reflect the ef-
fects of specific and nonspecific solvation. They are
commonly used in the chemistry of solutions to re-
produce the solvent effect on the chemical reaction
rate, some spectroscopic characteristics, etc. The co-
hesion energy density characterizes self-association of
a solvent and, correspondingly, the energy consump-

tion for detachment of its molecule from the structure.
High molar volume of a solvent, as a rule, hinders pen-
etration of solvent molecules to the polymer structure,
thereby decreasing the swellability. However, Amin-
abhavi et al. [4] have demonstrated that these are cor-
related, but not proportional parameters. Accordingly,
for all the 18 solvents studied, calculation by Eq. (1)
gives the multiple correlation factor R = 0.876, which
is unacceptably low [1]. After excluding from con-
sideration data for only two solvents, bromoform and
dibromoethane, as the most outlying, R increased to
0.977. In this case, we obtain Eq. (2) reproducing
the solvent effect on the swellability of butyl rubber
with an acceptable accuracy.

log S = �0.911 + (6.45 � 1.50) f (n2) + (4.32 � 0.74) f (�)

� (3.47 � 0.25) � 10�3B � (0.07 � 0.03)ET

� (1.69 � 0.93) � 10�3
�

2
� (3.62 � 0.54) � 10�3VM; (2)

R = 0.977, s � 0.09.

This equation, as well as all the equations presented
below, is adequate, as demonstrated by comparison of
the estimated Fisher test parameter F with the tabu-
lated values for the corresponding number of degrees
of freedom at a 95% confidence level [12]. Analysis
of the signs at separate terms of the equation shows
that the capacity of the solvents for specific interac-
tion prevents their penetration into the nonpolar struc-
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Table 2. Solvent volume fraction V2 in swollen polybutadiene [14] and solvent uptake SM (mol), determined
experimentally and estimated by Eq. (5)
������������������������������������������������������������������������������������

Solvent � V2 � SM (exp) � log SM (exp) � log SM (calc) � � log S
������������������������������������������������������������������������������������
Hexane � 1.40 � 0.0110 � �1.9731 � �1.9325 � 0.0406
Heptane � 1.48 � 0.0100 � �1.9983 � �1.9483 � 0.0499
Octane � 2.14 � 0.0130 � �1.8831 � �1.9729 � �0.0898
Cyclohexane � 3.05 � 0.0280 � �1.5494 � �1.5486 � 0.0886
Tetrachloromethane � 4.35 � 0.0450 � �1.3460 � �1.3861 � �0.0401
p-Xylene � 3.84 � 0.0310 � �1.5123 � �1.4829 � 0.0294
Ethylbenzene � 3.63 � 0.0300 � �1.5280 � 1.4998 � 0.0281
Toluene � 3.91 � 0.0370 � �1.4366 � �1.4175 � 0.0191
Benzene � 3.51 � 0.0390 � �1.4060 � �1.4365 � �0.0305
Choroform � 4.50 � 0.0560 � �1.2525 � �1.2534 � �0.0875
Nitrobenzene � 0.98 � 0.0098 � �2.0186 � �0.4917 � �0.0153
1,4-Dioxane � 1.32 � 0.0150 � �1.8099 � �1.8167 � �0.0068
������������������������������������������������������������������������������������

ture of the polymer; as expected, an increase �
2 and

VM has an antiswelling effect. At the same time, non-
specific solvent�rubber interactions favor swelling.
However, low pair correlation factors (r1 = 0.176,
r2 = 0.549, r3 = 0.804, r4 = 0.664, r5 = 0.302, and
r6 = 0.08) do not permit evaluation of the separate
contributions of the equation parameters, and high
standard deviations of some regression coefficients
suggest their nonsignificance.

The significance of contributions of particular fac-
tors to log SM was examined by alternate exclusion
of separate terms of the equation, with R determined
in each case [12]. The calculation revealed nonsignif-
icance of the cohesion energy: its exclusion has no
considerable effect on R.

log SM = �0.07 + (4.84 � 1.34) f (n2) + (4.59 � 0.80) f (�)

� (3.55 � 0.27) � 10�3B � (0.10 � 0.02)ET

� (3.48 � 0.59) � 10�3VM; (3)

R = 0.972, s � 0.10.

But exclusion of any other term, especially VM or
B, decreases R to below the acceptable value R 0.95.

As can be seen from Table 1, for all the solvents
studied, except CHBr3 and C2H4Br2, the �S values
(� log S = log Scalc � log Sexp) are within the determi-
nation error (s � 0.10) or only slightly exceed it.

Therefore, generalization of data on the swellability
of butyl rubber in various solvents allows prediction
of swelling of butyl rubber in other solvents. Also,
multiparametric analysis of the solvent effect provides
a better insight into the swelling mechanisms.

To validate our approach, we similarly generalized
data on swelling of polybutadiene, reported by Scott
and Magat [13]. They determined the solvent uptake
in 5 days at 25�C. The density of the initial cross-
linked sample was 0.976, and the average molecular
weight of the polymer units between cross-links,
5600, i.e., the cross-links are arranged at average
intervals of 400 carbon atoms.

The solvent uptake in volumes per unit volume of
the polymer (V2) and in moles (SM), and also log SM
values are listed in Table 2.

The initial value R 0.909, obtained for the entire
set of 13 solvents, is unsatisfactory. According to the
IUPAC recommendations for generalization of cor-
relation analysis data [8], we excluded from consid-
eration the data for nitrobenzene as the most outlying,
and obtained Eq. (4) characterized by an excellent
R 0.996, s �0.02, and the following pair correlation
factors: r1 = 0.707, r2 = 0.702, r3 = 0.064, r4 = 0.570,
r5 = 0.598, and r6 = 0.703.

log SM = �1.17 + (3.24 � 0.63) f (n2) + (5.08 � 0.89) f (�)

� (1.85 � 0.43) � 10�3B � (0.10 � 0.02)ET

+ (4.03 � 0.84) � 10�3
�

2
� (1.56 � 0.77) � 10�3VM. (4)

As in the case of polyethylene [9], the higher the
solvent molar volume VM and its capacity for specific
interaction, the lower the swellability of polybutadi-
ene. At the same time, the strong tendency of a sol-
vent toward nonspecific solvation promotes swelling.

The terms of the cohesion energy density f (�2) and
basicity (B) in Eq. (4) are nonsignificant, and the sol-
vent effect on swelling of polybutadiene can be sat-
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isfactorily reproduced using a four-parameter equa-
tion (5).

log SM = �0.51 + (5.77 � 0.61) f (n2) + (6.39 � 0.71) f (�)

� (0.11 � 0.01) ET � (4.63 � 0.76) � 10�3VM; (5)

R = 0.988, s � 0.04.

Further decrease in the number of parameters is
unacceptable, as resulting in an abrupt decrease in R.

The sign and significance of separate terms of
Eqs. (2) and (4), and (3) and (5) only slightly differ
from each other, suggesting that, despite the difference
in the polymer structure (methyl branching in butyl
rubber and double bonding in polybutadiene), the
swelling mechanisms are quite similar, being con-
trolled essentially by their backbone structure.

CONCLUSIONS

(1) The swellability of a polymer in organic sol-
vents depends on the integral solvent effect, which
can be estimated on the basis of the principe of linear
free energies, using multiparametric equations.

(2) Swelling of butyl rubber and poly(isobutylene)
is controlled essentially by the molar volume of a sol-
vent. Both nonspecific and specific solvation effects
also contribute significantly, but not the cohesion en-
ergy density of a solvent.
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Abstract�Formation of a consolidated bed by carbon sorbent and oil in sorption removal of spilled oil was
observed and substituted experimentally; the dynamics of this process was analyzed. A process for eliminating
oil spills on the water surface using a carbon sorbent was developed.

Large-scale spills of oil and petroleum products
upon mechanical or corrosion failure of pipelines and
upon incidents on water, railway, and motor transport
are important sources of environmental pollution,
often causing real ecological catastrophes. The envi-
ronmental damage on spilling of 1 ton of oil in water
and soil can be estimated at 3104500 and 3528000
rubles, respectively (costs as of 1997) [1]. Removal of
oil and petroleum products spilled over the soil and,
especially, water surfaces is rather complex and labo-
rious technical problem. Oil is removed from the water
surface using barrier and pump systems, oil-spill boats,
and various sorbents [2�6], including both special
sorbents or industrial and agricultural wastes [7�10]
(Table 1).

Finely dispersed sorbents, e.g., chopped straw and
cane, peat, moss, buckwheat husk, rubber crumb, and
special sorbents (Lessorb, Peat Sorb) allow relatively
simple collection of spilled oil. This procedure in-
cludes two main stages: distribution of the sorbent
over the oil�spill surface and collection of the sorbent
with adsorbed oil from the surface using gauze frames,
shovels, scoops, and other instruments, with the col-
lected matter in special tanks. However, analysis of
the physical interaction of various sorbents with oil
layer revealed rather important dynamic changes in
the sorbent�oil system upon their contact.

A fine sorbent added to an oil layer forms a spe-
cific three-dimensional structure between the upper
surface of the oil layer and water surface (Fig. 1).
Within several minutes, oil fills these free voids, and

the resulting sorbent�oil system can be recovered
using, e.g., gauze apparatus. However, the resulting
sorbent�oil system is unstable, and in the course of
removal not only water, but also certain fraction of
sorbed oil escape through the gauze. In this case, the
sorbent�oil system acts as a non-Newtonian liquid and
spreads from the zone of treatment of the oil spill to
the zone of removal of the spent sorbent (Fig. 2). As
a result, the total area of the oil spill remains un-
changed, with only result that the sorbent bed layer
containing oil on the water surface becomes thinner.
In this case, manual labor expenditures are very high,
because multiple treatment to remove diffluent spent

Fig. 1. Formation of an unstable layer of the sorbent�oil
system on the water surface: (1) water, (2) oil, (3) sorbent,
and (4) voids in the unstable layer.
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Table 1. Sorption capacity of some sorbents with respect to oil and water
������������������������������������������������������������������������������������

Sorbent
� Sorption capacity for oil � Sorption capacity for water � Oil
�������������������������������������������� � extraction
� g g�1 � ratio, %

������������������������������������������������������������������������������������
Industrial organic sorbents

Polystyrene foam plastic (granules) � 9.26 � 4.45 � 0
Polypropylene (granules) � 1.60 � 0.80 � 0
Tire crumb � 3.58 � 7.20 � 55
Rubber crumb � 5.11 � 0.30 � 0
Urea-formaldehyde resin: � � �

fragments � 23.30 � 0.10 � 0
powder � 39.60 � � � 60

Phenol-formaldehyde resin (powder) � 4.42 � 14.54 � 0
Sheet foam-rubber, mm � 14.50 � 1.30 � 75

3 � 35.2 � 25.92 � 85
18 � 36.89 � 30.71 � �

Foam-rubber granulated (5�8 mm) � 46.31 � 42�52 � 94
Sin-tepon � 46.31 � 42�52 � �

Ground lignite � �1 � � � �

Ground bitumen � 4�4.5 � 0.2�1 � �

SINTAPEKS (wastes of spinning industry) � 24.45 � 0.20 � 83
Nonwoven fabric (Lav-san): � � �

sample A � 14.05 � 13.91 � 82
sample B � 7.27 � 7.08 � 66
sample C � 4.71 � 4.33 � 60

Agril A: � � �
smooth surface � 13.90 � 1.46 � 0
rough surface � 13.60 � 1.80 � 0

Agril B: � � �
smooth surface � 8.20 � 1.48 � 0

Sheet wadding � 24�27 � 0.5 � 87
Cotton coiled linen � 3.2 � � � �

Industrial inorganic sorbents

Foamed Nickel (5 mm thick) � 2.91 � 3.03 � 0
Fiber glass � 5.42 � 1.72 � 60

Agricultural wastes

Chopped wheat straw � 4.10 � 4.30 � 35
Chopped cane � 8.20�2.66 � 4.68 � 18�30
Saw dust � 1.72 � 4.31 � 10�20
Buckwheat husk � 3.05�3.50 � 2.20 � 44
Wastes of cotton wool production � 8.30 � 0.26 � 60
Dried moss: � � �

unbroken � 3.5 � 3.1 � �

chopped � 5.8 � 3.5 � �

peat � 17.71 � 24.28 � 74

Special oil sorbents

Lessorb (treated peat dust) � 9.10 � 2.50 � 66
Peat Sorb (Clon Ink. Co., Germany) � 6.19 � 0.71 � 0
������������������������������������������������������������������������������������
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Fig. 2. Removal of the unstable sorbent�oil layer from the
water surface. (a) Initial layer, (b) removal of a certain frac-
tion of the layer, (c) oil spilling from the layer over cleaned
water surface, and (d) spreading of the unstable layer over
the water surface. (1) Water, (2) unstable layer, (3) removal
of a certain fraction of the layer with a scoop, (4) spill of
oil and water from the scoop onto the cleaned water surface,
(5) oil spill from the layer, and (6) spreading of the layer.

from the same section of the oil spill is required. For
the same reason, the efficiency of mechanical devices
in removal of spent sorbent, e.g., bucket elevator with
gauze ladles, is also low.

Quite a different pattern is observed in sorption of
spilled oil using carbon sorbents. The carbon sorbent
(CS), being a product of carbonization of the wastes
of merchantable wood treatment, is produced on an
industrial scale [11]. Finely dispersed macroporous
carbon sorbent (technical carbon) produced in this
process is characterized by 0.170 g cm�3 bulk density
and free volume of 4.18 cm3 per gram of sorbent. This
sorbent, consisting predominantly of needle-like par-
ticles (3.5�6 mm long and 0.47�0.71 mm thick), ex-
hibits high hydrophobic and lipophilic properties, and
it can sorb up to 4 g oil per gram of sorbent (Table 2).
Hence, it is rather competitive compared with the
other sorbents studied (Table 1).

The data on the oil removal performed on the mod-
el systems with oil spill 0.5 m in diameter and in
the course of pilot tests of the carbon sorbent at an ac-
cidental oil spill near Pyt’-Yakh town (Khanty-Mansi
Autonomous District) showed that the system con-
sisted by a carbon sorbent and oil is characterized by
some specific features untypical of other sorbents.
Removal of the CS�oil system in 1�5 min after treat-
ment of the oil spill proceeds similarly to that with
the other fine sorbents (Fig. 2), whereas keeping this
system on the water surface for several hours causes
formation of a rather strong sorbent�oil system, which
prevents spill of oil from the recovered spent sorbent

Fig. 3. Removal of the consolidated bed formed by car-
bon sorbent and oil from water surface: (a) initial layer,
(b) removal of a certain fraction of the bed, and (c) steady
state of the system. (1) Water, (2) consolidated bed,
and (3) removal of a certain fraction of the bed with
a scoop.

over the cleaned water surface; this is also the case
when the spent sorbent is removed from the water sur-
face using gauze frames (Fig. 3). We also observed
no spreading of the layer remaining on the water sur-
face toward the cleaned zone. Such a strong CS�oil
layer was named consolidated bed. The strength of
this bed is so high that it holds branches and boards
on the surface, though its density is smaller that that
of the load (wood).

Two concepts concerning the mechanism of for-
mation of this consolidated bed were suggested.
(1) Evaporation of the light oil fractions in the course
of keeping of the CS�oil system provides strengthen-
ing of the system owing to increasing viscosity of
the oil remaining in the consolidated bed. (2) Forma-
tion of the �carpet� CS�oil system is related to slow
diffusion of oil in microchannels at the particle in-
terface due to capillary forces, which �glues� sor-

Table 2. Sorption capacity of carbon sorbent in removal
of petroleum products from the water surface, 5 min con-
tact time
����������������������������������������

Petroleum product � Sorption capacity,
� g per gram of sorbent

����������������������������������������
Oil from Tyumen field � 4.27�4.34
Oil from Shaim field � 4.13�4.35
Oil from Arlan field � 4.4�4.5
Diesel oil � 4.04�4.13
����������������������������������������
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Fig. 4. Formation of a consolidated CS�oil bed on the
water surface: (1) water, (2) oil, and (3) sorbent.

Fig. 5. Force of adhesion in the CS�oil system, G, vs.
the consolidation time � for (1) fresh and (2) aged oil at
layer thickness of (I) 10 and (II) 20 mm.

bent particles and improves the retention of oil in
the free voids of the sorbent (Fig. 4).

The mechanism of the sorbent�oil consolidation on
the water surface was studied on a laboratory setup
equipped with a different-arm balance allowing regis-
tration of the forces appearing in removal of a frag-
ment of the sorbent�oil system from the water surface
with a gauze. In the course of the experiments, we de-
termined the force of adhesion between the gauze and
water, the force required to remove certain fragment
of the sorbent�oil system from the whole layer of
the spent sorbent, the weight of this removed fraction,
the force acting at the perimeter and over the area of
the boundary between the whole sorbent�oil system
and its removed fragment. In our experiments, we
used both fresh oil of the Arlan field (801 kg m�3 den-
sity, 30 mm2 s�1 viscosity) and oil artificially aged by
evaporation in air for 2 weeks in a hood, whose vis-
cosity was greater than that of the fresh oil by a factor
of 15 (920 kg m�3 density, 450 mm2 s�1 viscosity).

It was found that, with increasing contact time in
the CS�oil system, the degree of consolidation of

the system increases to a certain level for both fresh
and aged oil (Fig. 5). The reliability of experimental
data in a series of replicate tests was confirmed by sta-
tistical analysis in accordance with Student’s test [12].

In both cases, the stable consolidated CS�oil sys-
tem is formed in 2 h. Our experimental data showed
that the formation of this consolidated CS�oil bed is
not due to partial evaporation of the oil and the related
increase in its density and viscosity on keeping for
2�6 h, because the consolidation of the aged oil pro-
ceeds similarly to that of the fresh oil. If evaporation
of the light oil fractions were responsible for the bed
consolidation, then, for the aged oil, the dependence
of the force acting at the perimeter and over the area
of the boundary between the whole sorbentoil system
and its removed fragment would be nearly constant in
time. However, as can be seen from the experimental
data, these dependences are similar for both aged and
fresh oil.

The second concept of fuller impregnation of
the sorbent bed with oil in the course of the system
keeping as the reason for bed consolidation was not
confirmed either, because our additional studies of
the kinetics of oiling of a 60�70-mm sorbent bed
on bringing its bottom in contact with an oil layer
showed that, already after 10 min of contact, the
height of the oil lift was 10�20 mm. The kinetics
of sorption of the oil of Arlan field aged for 1 month
(67 mm sorbent bed, 531.5 mm s�1 viscosity) on the
carbon sorbent is illustrated below:

Height of the oil lift Contact time of oil
in the sorbent, mm and sorbent, min

2 2
5 5

10 10
20 15
30 17
40 19
50 21
60 23

In the studies of the consolidation of the CS�oil
system, the layer thickness was 10 mm. A twofold
increase in the layer thickness after the same contact
time of the sorbent and oil did not change the specific
disruptive force at the boundary between the whole
sorbent�oil system and its fragment being removed.

Our experimental data suggest that an additional
intermolecular interaction appears between the sor-
bent surface and oil in narrow slits between the fine
sorbent particles. This concept is confirmed by com-
puter simulation of nanostructures formed by spread-
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Table 3. Evaluation of the oil spill capacity
������������������������������������������������������������������������������������

Area of the � Volume of the oil spill (m3) at indicated oil layer thickness, mm
������������������������������������������������������������������������

oil spill, m2
� 50 � 20 � 10 � 5 � 3 � 1 � 0.5 � 0.1

������������������������������������������������������������������������������������
1 � 0.05 � 0.02 � 0.01 � 0.005 � 0.003 � 0.001 � 0.0005 � 0.0001
3 � 0.15 � 0.06 � 0.03 � 0.015 � 0.009 � 0.003 � 0.0015 � 0.0003
5 � 0.25 � 0.1 � 0.05 � 0.025 � 0.015 � 0.005 � 0.0025 � 0.0005

10 � 0.5 � 0.2 � 0.1 � 0.05 � 0.03 � 0.01 � 0.005 � 0.001
30 � 1.5 � 0.6 � 0.3 � 0.15 � 0.09 � 0.03 � 0.015 � 0.003
50 � 2.5 � 1 � 0.5 � 0.25 � 0.15 � 0.5 � 0.025 � 0.005

100 � 5 � 2 � 1 � 0.5 � 0.3 � 0.1 � 0.05 � 0.01
300 � 15 � 6 � 3 � 1.5 � 0.9 � 0.3 � 0.15 � 0.03
500 � 25 � 10 � 5 � 2.5 � 1.5 � 0.5 � 0.25 � 0.05

1000 � 50 � 20 � 10 � 5 � 3 � 1 � 0.5 � 0.1
3000 � 150 � 60 � 30 � 15 � 9 � 3 � 1.5 � 0.3
5000 � 250 � 100 � 50 � 25 � 15 � 5 � 2.5 � 0.5

10000 � 500 � 200 � 100 � 50 � 30 � 10 � 5 � 1
������������������������������������������������������������������������������������

Table 4. Consumption of carbon sorbent for removal of oil (0.85 g cm�3 oil density)
������������������������������������������������������������������������������������

Area of the � Sorbent charge (kg) at indicated oil layer thickness, mm
�������������������������������������������������������������������������oil spill, m2
� 50 � 20 � 10 � 5 � 3 � 1 � 0.5 � 0.1

������������������������������������������������������������������������������������
1 � 10.7 � 5.66 � 3.2 � 2.12 � 1.8 � 0.85 � 0.7 � 0.4
3 � 32.1 � 17 � 9.6 � 6.7 � 5.4 � 2.55 � 2.1 � 1.2
5 � 53.5 � 28.3 � 16 � 10.6 � 9 � 4.25 � 3.5 � 2.1

10 � 107 � 56.6 � 32 � 21.2 � 17.6 � 8.5 � 7.1 � 4.2
30 � 321 � 170 � 96 � 67 � 54 � 25.5 � 21 � 12
50 � 535 � 283 � 160 � 106 � 90 � 42.5 � 35 � 21

100 � 1070 � 566 � 320 � 212 � 176 � 85 � 71 � 42
300 � 3210 � 1700 � 960 � 670 � 540 � 255 � 210 � 120
500 � 5350 � 2830 � 1600 � 1060 � 900 � 425 � 350 � 210

1000 � 10700 � 5660 � 3200 � 2120 � 1760 � 850 � 710 � 420
3000 � 32100 �17000 � 9600 � 6700 � 5400 � 2550 � 2100 � 1200
5000 � 53500 �28300 �16000 �10600 � 9000 � 4250 � 3500 � 2100

10000 � 107000 �56600 �32000 �21200 �17600 � 8500 � 7100 � 4200
Rated sorbent � 4 � 3 � 2.5 � 2 � 1.5 � 1 � 0.6 � 0.2
capacity, g oil � � � � � � � �
per g sorbent � � � � � � � �
������������������������������������������������������������������������������������

ing of small drops over microheterogeneous supports
[13]. These data show that four compact �legs� are
formed in the microdrop, which support its upper
section and provide strong and stable contact between
the nanoobject and heterogeneous solid surface. At
low- and high-energy sections of the surface the mo-
lecular clusters are formed, which round low-energy
sections or link high-energy sections. This concept
is confirmed by the fact that the cogesion energy
(energy necessary for rupture of the oil layer) deter-
mined from the surface tension of the fresh and aged

oil, respectively, constitutes 0.08�0.10 g cm�2, which
is smaller by a factor of 5�7 than the specific dis-
ruptive energy at the boundary between the whole
sorbent�oil system and its fragment being removed
(0.68�0.75 g cm�2).

This phenomenon of consolidation of the CS�oil
system allows the process of oil removal to be sim-
plified by elimination of a multiple treatment of the
oil spill with sorbent the consumption of the sorbent
and labor and the cost of the process thereby lowered.
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We suggest the following scheme for removing oil
spill with the use of a dispersed carbon sorbent.

(a) Evaluation of the oil spill capacity by its area
and oil layer thickness according to Table 3.

(b) Evaluation of the amount of carbon sorbent
required, using Table 4.

(c) Uniform distribution of the dispersed carbon
sorbent over the oil spill area with a pneumatic batcher
to provide complete oiling of the sorbent.

(d) Keeping of the sorbent bed with sorbed oil for
at least 2 h to form a consolidated sorbent�oil system.

(e) Removal of the consolidated sorbent�oil bed by
scoops or mechanical elevators or drags and storage of
the spent sorbent in special tanks.

(f) If necessary, secondary treatment of the water
surface with a small amount of dispersed carbon sor-
bent to remove separate spots and films of oil.

(g) Transportation of the spent sorbent to special
installation for oil recovery.

(h) Further regeneration of the spent sorbent, e.g.,
burning out of residual oil.

CONCLUSIONS

(1) At a contact time of no less than 2 h, a con-
solidated CS�oil bed is formed upon treatment with
carbon sorbent of an oil spill on the water surface;
this bed is easily removed from water without its sec-
ondary pollution.

(2) The specific disruptive energy at the boundary
between the whole sorbent�oil system and its frag-
ment being removed is greater by a factor of 5�7 than
the cohesion energy (energy of the oil layer rup-
ture).

(3) A scheme of the process for removal of spilled
oil from the water surface using a carbon sorbent to
form a consolidated sorbent�oil bed is suggested.
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Abstract�The partial pressure of sodium nitrite was measured in the system NaNO2�NaNO3 at tempera-
tures of 798, 823, and 848 K and the logarithm of the NaNO2 pressure was obtained as a function of inverse
temperature. The coefficients A and B of the Clausius�Clapeyron equation and the partial molar heats of
evaporation were calculated. The activities and activity coefficients of sodium nitrite were determined for
various compositions of the system NaNO2�NaNO3.

In continuation of studies of the physicochemical
and thermodynamic properties of molten nitrite�nitrate
systems [1�4], the partial pressure of saturated sodium
nitrite vapor was measured over the system NaNO2�

NaNO3.

The procedure of salt preparation, the experimental
setup, and the method used for analyzing the con-
densate of the vapor phase have been described pre-
viously [1, 4]. The saturated vapor pressure of sodium
nitrite over liquid NaNO2�NaNO3 mixtures was
measured at 798, 823, and 848 K. The temperature
dependence of the sodium nitrite vapor pressure is
described by the Clausius�Clapeyron equation log P =
B � A/T.

The results obtained in measuring the vapor pres-
sure of sodium nitrite over melts of various composi-
tions, as well as the calculated coefficients of the
Clausius�Clapeyron equation and partial molar heats
of NaNO2 evaporation, are listed in Table 1. The log-
arithm of the vapor pressure of sodium nitrite at its
varied content in the melt is shown as a function of
inverse temperature in Fig. 1.

The coefficient of linear correlation of log P as
a function of 1/T is in the range from 0.78 (at low
sodium nitrite concentrations) to unity.

As shown previously [4], the concentration be-
havior of the curves for partial pressures of sodium

Table 1. Saturated vapor pressure PNaNO2
, coefficients A and B of the Clausius�Clapeyron equation, and partial

molar heats of sodium nitrite evaporation, �Hevap
NaNO2, in the system NaNO2�NaNO3

������������������������������������������������������������������������������������
cNaNO2

� PNaNO2
(Pa) at indicated temperature, K � Coefficients of equation �

�Hevap
NaNO2 � 10�3,

�������������������������������������������������������������in melt, � � �
mol % � 798 � 823 � 848 � A � 10�3, K � B � J mol�1

������������������������������������������������������������������������������������
10 � 1.20 � 2.78 � 5.36 � 8.781 � 11.083 � 168.13
20 � 2.76 � 5.75 � 11.30 � 8.308 � 10.850 � 159.07
40 � 6.65 � 13.67 � 25.95 � 7.986 � 10.831 � 152.91
50 � 9.05 � 18.06 � 33.73 � 7.716 � 10.627 � 147.74
60 � 11.71 � 22.95 � 42.39 � 7.541 � 10.520 � 144.39
80 � 17.83 � 34.17 � 61.40 � 7.256 � 10.345 � 138.93
90 � 22.35 � 41.50 � 74.39 � 7.054 � 10.193 � 135.06

100 � 26.61 � 48.82 � 86.50 � 6.934 � 10.114 � 132.77
������������������������������������������������������������������������������������
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Table 2. Activities a and activity coefficients � of sodium nitrite in the system NaNO2�NaNO3 at various temperatures
������������������������������������������������������������������������������������

T, K
� Values of a and � at indicated NaNO2 content in the melt, mol %
���������������������������������������������������������������������������
� 10 � 20 � 40 � 50 � 60 � 80 � 90

������������������������������������������������������������������������������������
� 0.045* � 0.11 � 0.25 � 0.34 � 0.44 � 0.67 � 0.84

798 � ���� � ��� � ��� � ��� � ��� � ��� � ���� 0.45 � 0.54 � 0.63 � 0.68 � 0.73 � 0.84 � 0.93
� 0.057 � 0.12 � 0.28 � 0.37 � 0.47 � 0.70 � 0.85

823 � ���� � ��� � ��� � ��� � ��� � ��� � ���� 0.57 � 0.61 � 0.69 � 0.73 � 0.78 � 0.87 � 0.94
� 0.062 � 0.13 � 0.30 � 0.39 � 0.49 � 0.71 � 0.86

848 � ���� � ��� � ��� � ��� � ��� � ��� � ���� 0.62 � 0.66 � 0.75 � 0.78 � 0.81 � 0.89 � 0.96
������������������������������������������������������������������������������������
* a, numerator; �, denominator.

nitrite and nitrate shows negative deviations from the
Raoult law. Under isothermal conditions, the vapor
pressure of sodium nitrite grows steadily with decreas-
ing content of the second component.

As the content of sodium nitrite in the system
decreases, the heat of its evaporation becomes higher,
which points to increasingly enhanced interaction of
particles in the melt.

The experimental values of the saturated vapor
pressure over a pure component, Pi

0, and partial pres-
sures of this component, Pi, in the system were used
to calculate the activities ai and activity coefficients
�i of sodium nitrite in the system NaNO2�NaNO3.
The results obtained are listed in Table 2.

Fig. 1. Vapor pressure of sodium nitrite, PNaNO2
, in

the system NaNO2�NaNO3 vs. temperature T. NaNO2 con-
tent in the melt (mol %): (1) 20, (2) 40, (3) 50, (4) 60,
(5) 80, and (6) 100.

The activities and activity coefficients of sodium
nitrite in the system under study have been reported
previously [4].

Figure 2 shows the temperature dependences of
the activity and activity coefficient of sodium nitrite
and nitrate vs. the content of NaNO3 in the system
at 798 and 848 K.

It can be seen from Fig. 2 that the activities of
sodium nitrite and nitrate show negative deviations
from the concentrations expressed in mole fractions,
and, therefore, the calculated activity coefficients are
less than unity. The isotherms of sodium nitrite ac-
tivity show large negative deviations. The negative
deviations point to a certain extent of complexing in

Fig. 2. Activity a and activity coefficient � of sodium
nitrite and nitrate in the system NaNO2�NaNO3 at tem-
peratures of (1, 3) 798 and (2, 4) 848 K.
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the system [4, 5]. With increasing temperature, the
negative deviations become less pronounced.

CONCLUSIONS

(1) The partial pressure of sodium nitrite in the
system NaNO2�NaNO3 was determined at 798, 823,
and 848 K. The temperature dependence of the vapor
pressure was found to be described by the Clausius�
Clapeyron equation.

(2) The experimental values of the saturated vapor
pressures over pure components and the partial pres-
sures of these components over the system were used
to calculate the activities and activity coefficients of
sodium nitrite. It was established that the activities of
both the components show negative deviations from

the ideal behavior, and the activity coefficients are
less than unity. This points to a certain extent of com-
plexing in the system.
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Abstract�The composition of products formed in catalytic transformations of bornyl chloride under the ac-
tion of AlCl3 was studied.

Turpentine, which is a mixture of monoterpenes
C10H16, is one of the main products of the wood-
chemical industry and serves as starting raw material
for synthesis of various substances, e.g., those used in
the perfumery-cosmetic industry [1]. In some cases,
obtaining the target product involves a preliminary
isomerization of the starting monoterpenes, which
yields substances with various types of carbon skele-
tons. In the course of isomerization under the action
of acid catalysts, the double bonds of monoterpenes
are frequently involved in polymerization processes,
which leads to a decrease in the output of the target
product [2, 3]. Therefore, it seemed appropriate to
study acid-catalytic transformations of mono halogen
derivatives of monoterpenes. In this case, the poly-
merization processes mentioned above do not occur,
which makes it possible to synthesize valuable prod-
ucts in good yield from the available vegetable raw
materials.

EXPERIMENTAL

Bornyl chloride (BCh), endo-2-chloro-1,7,7-tri-
methyl[2.2.1]bicycloheptane, which can be easily
synthesized from �- and �-pinenes [4, 5], was chosen
as object of study. As catalysts were taken AlCl3
(Aldrich) and ZnCl2 (prepared by calcination of ZnCl2
in the presence of several drops of concentrated HCl),
which are a strong and a relatively weak Lewis acids,
respectively. It was assumed that treatment of BCh
with these acids leads to formation of a mixture of
halogenocycloalkanes C10H17Cl (isomeric to BCh),
whose structure and relative amounts depend on the
process conditions. Despite the fact that the isomeriza-
tion transformations of hydrochlorides of bicyclic
monoterpenes have been already studied for 80 years
[6], the mechanisms of the rearrangements observed
remain open to question [7].

The starting BCh was obtained by addition of HCl
to �-pinene [4] and, after recrystallization from petro-
leum ether (40�70�C) and further purification by col-
umn adsorption chromatography (silica gel, petroleum
ether as eluent), had melting point of 135�136�C [96%
main substance according to gas�liquid chromatography
(GLC)]. As solvent in the reaction of catalytic treat-
ment served hexane or trichloroethylene. The condi-
tions of the catalytic treatment are listed in the table.

After decomposition and drying, the composition
of the reaction mixture was analyzed on a Hewlett�
Packard 5995 mass-spectrometer in the programmed-
temperature mode. The chromatogram was recorded
as the total ion current in the range of masses 50�300.

An analysis of the composition of the reaction prod-
ucts by chromato-mass-spectrometry demonstrated that
the catalytic transformations of BCh yield multicom-
ponent mixtures, in which it is difficult to distinguish
any main component. The peaks in the chromatograms
can be distinctly divided, depending on their retention
time, into several groups, among which groups with
retention times of 5.5�1.5, 13�18, 20�23, and 33�
45 min were distinguished.

An analysis of the mass spectra of the compounds
that correspond to each of the groups distinguished
showed that the first group comprises hydrocarbons of
composition C10H16 and C10H18, for which the cor-
responding peaks of molecular ions were recorded. By
comparison with a spectrum contained in the database
of the spectrometer, one of the compounds was identi-
fied as trans-decaline, which was additionally con-
firmed by GLC. A comparison of the mass-spectra ob-
tained with those of trimethyl bicyclo[2.2.1]heptanes,
reported in [8], revealed the presence of endo-1,2,4-
trimethyl, exo-1,2,4-trimethyl, and 1,4,7-trimethyl de-
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Influence of reaction conditions on the composition of products formed in catalytic transformations of bornyl chloride
under the action of AlCl3 and ZnCl2
������������������������������������������������������������������������������������
Run �BCh : catalyst : sol-�

�, h
�

T, �C
�

Products
no. � vent mole fraction � � �
������������������������������������������������������������������������������������

1 � 1 : 1 : 20 � 24 � 20 �C10H18, C20H32, C20H34
2 � 1 : 1 : 20 � 48 � 20 �C10H18, C20H32, C20H34
3* � 1 : 1 : 20 � 24 � 20 � �

4 � 1 : 1 : 20 � 4 � 20 �C10H16, C10H18, C10H17Cl, C10H16Cl2, C20H32, C20H34, C20H33Cl
5 � 1 : 3 : 4 � 4 � 20 �C10H16, C10H18, C10H17Cl, C10H16Cl2, C20H32, C20H34, C20H33Cl
6 � 1 : 3 : 20 � 4 � 20 �C10H16, C10H18, C10H17Cl, C10H16Cl2, C20H32, C20H34, C20H33Cl
7 � 1 : 3 : 200 � 4 � 20 �C10H16, C10H18, C10H17Cl, C10H16Cl2, C20H32, C20H34, C20H33Cl
8 � 1 : 3 : 20 � 4 � 0 �C10H16, C10H18, C10H17Cl, C10H16Cl2, C20H32, C20H34, C20H33Cl
9 � 1 : 3 : 4 � 4 � 0 �C10H16, C10H18, C10H17Cl, C10H16Cl2, C20H32, C20H34, C20H33Cl

������������������������������������������������������������������������������������
* ZnCl2 was used as catalyst.

rivatives of bicyclo[2.2.1]heptane in the products of cat-
alytic transformations of BCh. 1,7,7-Trimethyl bicyc-
lo[2.2.1]heptane (bornane), whose formation by trans-
fer of the hydride ion to the bornyl cation would be
expected, was not found among the reaction products.

In the next (as ranked with respect to retention
time, 13�18 min) group of chromatographic peaks,
bicycloalkyl chlorides were found. It was impossible
to attribute the components of this group to halogeno-
alkanes by means of mass-spectrometry, because of
the absence of peaks related to molecular ions. For
this group of compounds, the greatest mass number
m/z = 137 corresponds to a fragment ion [M�Cl]+.
These compounds were identified as halogenoalkanes

by GLC, according to the presence of the peak cor-
responding to the starting BCh in this group of peaks.

An analysis of the mass-spectra of the compounds
responsible for the group of chromatographic peaks
with retention time of 33�45 min made it possible to
identify these compounds as hydrocarbons of com-
position C20H32 and C20H34. The presence of doublet
peaks of molecular ions, which are characteristic of
chloroderivatives, also revealed compounds of com-
position C20H33Cl in this group.

Thus, a study of the qualitative composition of
a mixture of reaction products made it possible to
suggest the following scheme of catalytic transfor-
mations of BCh under the action of AlCl3:

����������

�����
����
���
��

���Cl

��

�����
����
���
��

��+���

��
AlCl3

�

[RCl�H] � RCl�
�H�

Cl�

C10H17
+

��
�H+
���

C10H16

��
RH

�R+ C10H18����
C20H32
C20H34

RH or RCl

C20H33Cl

		
		
C10H17Cl

Cl�

����������

CONCLUSIONS

(1) Treatment of bornyl chloride with AlCl3 at
0�20�C yields a complex mixture of bicycloalkanes
and bicycloalkyl chlorides. Changing the temperature
and concentration of the reaction mixture has no effect
on the qualitative composition of the products.

(2) By making smaller, within certain limits,
the amount of the catalyst, the reaction time, and
the concentration of the reaction mixture, the reac-
tion can be directed toward formation of bicycloalkyl
chlorides, whose content in the reaction mixture is at
a maximum (60%) under the conditions of run no. 7
(see table).
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Abstract�With the aim to prolong the effect of a wide-spectrum antimicrobial agent, Farmazin (tylosine
tartrate), this drug was immobilized on a gel of N-vinylcaprolactam�sodium itaconate copolymer, which un-
dergoes a phase transition on heating. The phase transition, accompanied by a change in volume, in aqueous
solutions of the pure copolymer gel and that with the immobilized drug was studied.

Hydrophilic network polymers (hydrogels), thanks
to the set of their unique physicochemical properties,
are widely used in various fields of medicine, agri-
culture, biotechnology, and electronics [1�5]. For ex-
ample, some representatives of this class, owing to
favorable balance of the hydrophilic and hydrophobic
units, undergo thermally induced collapse upon slight
variation of the temperature of the ambient [6, 7].
Such polymers find growing applications in pharma-
ceutics for thermally controlled drug release [8�10].

The goal of this study was to prepare hydrogels
based on vinylcaprolactam�sodium itaconate copoly-
mer and containing an immobilized antimicrobial
agent, Farmazin, with the aim to provide the release
of the drug controlled by the ambient temperature.

EXPERIMENTAL

Hydrogels based on vinylcaprolactam and sodium
itaconate (1, 2, and 3 wt %), in the form of disc sam-
ples (10 mm in diameter), were placed in a 5 wt %
Farmazin solution for 24 h at 10�C for the equilibrium
adsorption of the drug. Then the discs were washed
with 50 ml of distilled water and placed on a small
sieve in stirred saline (250 ml) to monitor the drug
release. The Farmazin release was performed under
equilibrium conditions at various temperatures. The
drug concentration was determined at regular intervals
by taking 2-ml samples of the solutions and UV detec-
tion (Jasco UV VIS 7850 spectrophotometer, Japan)
at 260 nm.

The phase transition temperature of polymer solu-
tions was determined in a stirred temperature-con-
trolled cell heated with a TC Jasco attachment at
0.5�C temperature steps, with spectrophotometric
detection at 500 nm.

The vinylcaprolactam�sodium itaconate (1 wt %)
hydrogel, when heated, passes into the water-insoluble
form at 36�C, collapsing to the nontransparent state
(Fig. 1). The photographs of the copolymer gel col-
ored with Malachite Green are shown in Fig. 2 for
two different states of the gel: swollen at 22�C and
collapsed at 37�C. The complexes of this copolymer
with Farmazin also show a phase transition, but the
degree of collapsing increases, and the lower critical
solution temperature (LCST) decreases to 33�C. Far-
mazin contains urea groups capable of forming hydro-

Fig. 1. Determination of LCST of (1) vinylcaprolactam�

sodium itaconate (1 wt %) copolymer and (2) its complex
with Farmazin (2.0 wt %). (A) Transmission and (T ) tem-
perature.
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Fig. 2. Photographs of a sample of N-vinylcaprolactam�

sodium itaconate hydrogel at (a) 22 and (b) 37�C.

Fig. 3. Release of Farmazin from copolymer gels at (1) 22
and (2) 37�C into saline (the initial gel temperature cor-
responded to the temperature of the saline). (W) Degree
of drug release and (�) time.

Fig. 4. Half-time �1/2 of Farmazin release into saline from
a vinylcaprolactam copolymer gel vs. temperature T.

gen bonds between the copolymer and the drug or be-
tween the oxygen of the lactam ring of amide group
and the Farmazin. Such interactions are manifested in
the IR spectra as a shift of the amide band of Farm-
azin isolated from aqueous solutions from 1640 to
1670 cm�1. The increased degree of collapsing may
be due to an increase in the polymer hydrophobicity
upon complexation with Farmazin, causing LCST to
decrease.

After immobilization of Farmazin antibiotic on the
hydrogels based on a copolymer of vinylcaprolactam

and sodium itaconate by equilibrium adsorption, we
studied its desorption. At 22�C, the hydrogel is swol-
len and releases Farmazin (Fig. 3) by the mechanism
of equilibrium diffusion into the surrounding solution.
As the temperature is elevated to 37�C, the hydrogel
collapses to a hard nontransparent state, and the diffu-
sion rate decreases by a factor of 4.5. The weight of
the compact gel is 5.5 times lower than that of the
swollen gel. Whereas at low temperature Farmazin is
fully released within 200�210 min, the gel compacted
at elevated temperature releases in this time less than
50% of the drug. Apparently, the major factor respon-
sible for the decreased diffusion in the gel is its phase
transition from the swollen state at low temperatures
to the compact state at high temperatures. The mor-
phology of the collapsed gel prevents free diffusion of
the hydrophilic drug to the environment. At the same
time, a well hydrated gel with a low degree of cross-
linking, in our case a polyvinylcaprolactam hydrogel,
is essentially an aqueous solution of the polymer with
a limited degree of freedom of macromolecular seg-
ments [11]. The drug diffusion in such a system is
essentially the diffusion of Farmazin in water.

We examined the influence of temperature on the
rate of Farmazin release the from the hydrogel. We
found that, above 35�C, the drug diffusion rate sharply
decreases (Fig. 4). The half-time of Farmazin release
increases from 60 min at 34.5�C to 220 min at 37�C.
It is seen that the ambient temperature is the major
factor affecting the diffusion rate, and the effect is
exerted in a very narrow temperature range. The sug-
gested design of the gel�polymer�drug system po-
tentially allows its use for controlled release of drugs,
stimulated by the ambient temperature or by a discrete
temperature factor. Such systems show promise for
pharmaceutics, medicine, and biotechnology.

CONCLUSIONS

(1) Immobilization of Farmazin antibiotic on a gel
of a copolymer of N-vinylcaprolactam and sodium
itaconate afforded a new thermosensitive polymeric
material allowing control of the rate of drug diffusion
from a polymeric matrix by varying the temperature.
The half-time of drug release is 32 min at 22�C and
210 min at 37�C.

(2) The shift of the phase transition temperature
of the gel with adsorbed tylosine tartrate by 2.5�C to
lower temperatures, compared to the gel without the
drug, is due to hydrogen bonding of the lactam ox-
ygen atom of the polymer to amino groups of tylosine
tartrate.
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Academician Lev Vladimirovich Pisarzhevskii
(To 130th Anniversary of His Birthday)

L.V. Pisarzhevskii, a scientist, pedagogue, research
organizer, and public figure, is one of the most pro-
minent Russian physical chemists of the first half of
the XX century. His studies covered a wide variety of
problems: chemistry and structure of metal peroxides,
nonaqueous solutions, electronic theory of redox pro-
cesses, and theory of catalysis.

Lev Vladimirovich Pisarzhevskii was born on Feb-
ruary 14, 1874, in Kishinev, Bessarabia Province, into
the family of a notary. In 1882, after his father’s death,
the family moved to Odessa, where Pisarzhevskii fin-
ished a classical gymnasium and entered the natural-
medical faculty of Novorossia University (Odessa).
Soon afterwards, however, he went to the chemical
department of the physicomathematical faculty and all
his subsequent scientific and pedagogical activities
were associated with chemistry. Among his teachers
at the University were such well-known scientists of
that time: A.A. Verigo (1837�1905), P.G. Melikishvili
(1850�1927), S.M. Tanatar (1849�1917), and P.I. Pet-
renko-Kritchenko (1866�1944). Already beginning
with his second term at the University, Pisarzhevskii
commenced research work under the supervision of
professor Melikishvili, analyzed the composition of
a meteorite, and later studied peroxy compounds. In
1896, Pisarzhevskii graduated from Novorossia Uni-
versity with first-degree diploma and, on recommen-
dation of professors Verigo and Melikishvili, was left
at the university to be trained for professorship.

In 1898, the young scientist passed master’s exam-
inations and gained a right to deliver lectures as pri-
vatdocent. The courses of lectures, planned to be de-
livered by him, covered the topical problems of phys-
ical chemistry, which originated at that time. In 1899,
Melikishvili and Pisarzhevskii were awarded the Lo-
monosov Prize for the monograph Issledovaniya nad
perekisyami (Studies of Peroxides). In January 1901,
Pisarzhevskii was sent to a business trip to Leipzig, to
the laboratory headed by W. Ostwald (1853�1932,
1909 Nobel Prize in chemistry), which was the re-
nowned center of novel ideas and research in physical
chemistry at that time. Quite a number of young Rus-
sian scientists worked in Leipzig in different years
[1, 2]. In the early XX century, the main areas of re-
search conducted by Ostwald and his closest associ-
ates were kinetics and catalysis.

At Ostwald’s laboratory Pisarzhevskii finished work
on his master’s dissertation �Peroxides and Peracids,�
which he successfully defended at Novorossia Uni-
versity on November 20, 1902 [3].

Various peroxide compounds, objects of study of
inorganic chemistry, were examined using physico-
chemical methods, electrical conductivity measure-
ments, as well as thermochemical and kinetic tech-
niques. As a theoretical substantiation served Arrhe-
nius’s theory of solutions and the laws of thermochem-
istry. Melikishvili and Pisarzhevskii studied a wide
variety of peroxide compounds, including quite a num-
ber of substances synthesized by them for the first
time. The structural similarity of hydrogen peroxide,
metal peroxides, and peracids was demonstrated. Met-
al peroxides were regarded as salts of hydrogen per-
oxide, in which it plays the part of a mono- or dibasic
acid. Peracids were regarded as mixed anhydroacids
of common acids and hydrogen peroxide. D.I. Men-
deleev was much interested in the studies of peroxide
compounds. In 1897�1899, Melikishvili and Pisar-
zhevskii published in co-authorship 16 studies con-
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cerned with peroxide compounds; 11 more investiga-
tions in this area were published by Pisarzhevskii
alone in 1900�1903. The scientist reverted to the sub-
ject of peroxide compounds more than once in the
subsequent years. A detailed analysis of investigations
carried out at Novorossia University by the founders
of chemistry of peroxide compounds was made in
Turchenko’s monograph [4] and in [5, 6].

On January 1, 1903, were commenced diverse Pi-
sarzhevskii’s pedagogical activities at Novorossia
University. He delivered courses of lectures in inor-
ganic and analytical chemistry to students of various
specialties and supervised practical studies in physical
chemistry, organized by himself. It so turned out that
Pisarzhevskii’s work at Novorossia University was
not long. In 1903, G. Tammann (1861�1938) moved
to Germany, to Go�ttingen University, and freed the
chair of chemistry at Yur’ev (Tartu) University. In
the second half of the year of 1904, Pisarzhevskii
was invited to this chair as extraordinary professor.
Already in the 1904/1905 academic year, he delivered
all the lectures in chemical disciplines at the physico-
mathematical faculty. However, the unfavorable con-
ditions for research work, the lack of necessary equip-
ment, the political circumstances of that time, and
the Baltic climate, taken together, resulted in that
Pisarzhevskii returned to the Ukraine at the beginning
of 1908 to fill a vacant position of a professor of in-
organic and analytical chemistry at Kiev Polytechnic
Institute.

Nevertheless, Pisarzhevskii in fact started at Tartu
the second series of his experimental studies of chem-
ical interaction of solutes with a solvent [5, 7]. In
1904�1908, he published five papers in this field.
The area of research, chosen by the scientist, was char-
acteristic and rather important for the understanding of
the nature of solutions at the turn of the XX century.
Undoubtedly, this choice was affected by the two
years’ stay of Pisarzhevskii at Ostwald’s laboratory.
The theoretical concepts of solutions, developed by
J. Vant-Hoff (1852�1911, 1901 Nobel Prize in chem-
istry) and S. Arrhenius (1859�1927, 1903 Nobel Prize
in chemistry) provoked objections of a number of
leading Russian scientists. Being a supporter of Ar-
rhenius’s theory, Pisarzhevskii was aware of the ne-
cessity for supplementing this theory with account of
Mendeleev’s views on the chemical nature of solu-
tions. In his publications, Pisarzhevskii aimed at avoid-
ing the extreme opinions of advocates of the physical
and chemical theories of solutions. A detailed analysis
of the nature of the difference in opinions was made
in Solov’ev’s monograph [8] and in some other pub-
lications [3�5, 9].

To elucidate the role of chemical factors in solution
formation, Pisarzhevskii did not restrict his consider-
ation to a study of solutions in various solvents, as
it was done by other scientists concerned with this
problem. Contrariwise, he undertook wide-scale in-
vestigations of the influence exerted by the solvent
on the chemical equilibrium. He studied nine ionic
reactions in 47 simple and mixed solvents and calcu-
lated more than 100 equilibrium constants [5, 9]. The
equilibria were studied both analytically and by mea-
suring the electromotive forces of appropriate cir-
cuits. When necessary, the electrical conductivity and
viscosity were also measured. It was established that
the solvent strongly affects the state of equilibrium.
Pisarzhevskii himself formulated the basic conclusion
made on the basis of this series of investigations as
follows: �... it is necessary to recognize the chemical
interaction between the solvent and solutes and to
regard the dissolution process as purely chemical
phenomenon� [10, 11]. This chemical phenomenon
consists in solvation.

Having started lecturing at Kiev Polytechnic Insti-
tute in April 1908, Pisarzhevskii paid considerable
attention to improvement of the teaching process. He
introduced a theoretical course �Introduction into
Analytical Chemistry,� delivered lectures in terms of
the ionic theory, and redesigned the system of prac-
tical works in analytical chemistry. In 1908�1911,
Pisarzhevskii finished work on his doctoral disserta-
tion �Free Energy of a Chemical Reaction and the
Solvent� [10], which he defended successfully at St.
Petersburg University in 1913.

Already when being a professor in Tartu, Pisar-
zhevskii belonged to a revolutionary all-Russian Aka-
demicheskii Soyuz (Academic Society). In 1911, in
connection with political unrest in quite a number
of higher-school institutions, Pisarzhevskii resigned,
together with a group of professors of the Polytechnic
Institute, and moved to Moscow, to become there one
of founders and editors of a popular-science journal
Priroda (Nature). At that same time, Pisarzhevskii
delivered lectures at Bestuzhev school and Institute
of Psychoneurology in St. Petersburg.

In 1913, Pisarzhevskii was elected a professor of
general and physical chemistry at the Mining Institute
in Yekaterinoslav (now Dneropetrovsk), and all the
subsequent pedagogical and scientific activities of the
scientist were associated with this institute. Already
during the first years of his work there, the third and,
probably, the main area of Pisarzhevskii’s research
was formed: the electron in chemistry and the nature
of redox processes. He published a series of articles
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�The Electron in Chemistry of Solutions and in Elec-
trochemistry� (1921�1924) and a monograph under
the same title (together with M.A. Rozenberg, 1923).
As far back as 1914, Pisarzhevskii demonstrated that
all chemical processes can be regarded as a result
of electron transfer from some atoms or molecules to
others, with the interaction of the free electric charges
that are generated in the process [9]. The oxidation and
reduction processes were interpreted as transfer of elec-
trons from an oxidant to a reducing agent. All these
approaches were introduced by Pisarzhevskii and his
closest associates into the teaching process and de-
scribed in understandable form in the textbooks
Vvedenie v khimiyu na osnove stroeniya atoma i elek-
tronnogo stroeniya molekul, chast’ 1 (Introduction
into Chemistry on the Basis of Atomic Structure and
Electronic Structure of Molecules, Part 1) (Dnepro-
petrovsk, 1928) and Neorganicheskaya khimiya (In-
organic Chemistry) (together with Rozenberg; Dne-
propetrovsk, 1930; Kharkov, 1933 and 1934).

The concept of redox processes was extended to
reactions in solutions, heterogeneous catalysis, and
electrochemistry. For his investigations in the field of
electronic chemistry, Pisarzhevskii was awarded a
Lenin Prize in 1930.

In addition to the Mining Institute, Pisarzhevskii
taught at other higher-school institutions of Yekate-
rinoslav: Institute of People’s Education and Medi-
cal Institute. In 1923�1926, he held the position of
rector of the Mining Institute. In 1922, on Pisarzhev-
skii’s initiative, a research chair of electronic chem-
istry was created at the Mining Institute. Already in
1927, this chair was reorganized into Ukrainian Re-
search Institute of Physical Chemistry, and in 1934,
into the Institute of Physical Chemistry, Academy of
Sciences of the Ukrainian SSR (Soviet Socialist Re-
public). In 1936, the institute was named for L.V. Pi-
sarzhevskii.

In 1925, Pisarzhevskii was awarded a title of Hon-
ored professor of the Ukrainian SSR. In the same
year, he was elected a full member of the Academy
of Sciences of the Ukrainian SSR. He was elected
a corresponding member of the Academy of Sciences
of the USSR in 1928, and a full member of the Acad-
emy in 1930. The contribution made by the scientist
to the development of higher technical education in
the Ukraine is remarkable. On Pisarzhevskii’s initia-
tive, a faculty of chemical engineering was opened at
the Mining Institute and the metallurgical faculty
was developed further. In 1930, during the period of
reorganization of the higher-school institutions in the
country, the Institute of Chemical Engineering and

Metallurgical Institute were created on the basis of
these faculties.

In 1929, Pisarzhevskii was invited to Georgia to
create at Tbilisi a chemical research center. This as-
pect of the scientist’s activities has been considered
in detail by A.Sh. Avaliani and co-authors [12]. In
1928, the State Polytechnic Institute of Georgia was
organized in Tbilisi. This institute, in particular, in-
cluded a mining-chemical faculty with two depart-
ments, mining and chemical. The chemical depart-
ment was intended to train chemists-technologists and
metallurgists. Pisarzhevskii and his closest associate
Rozenberg were entrusted with organization of teach-
ing of all the chemical disciplines at the due level. Si-
multaneously, Pisarzhevskii was engaged in organiza-
tion of the Research Institute of Chemistry, officially
opened on October 1, 1929. Pisarzhevskii was ap-
pointed the director of the Institute, and Rozenberg,
the head of the department of electronic chemistry.
As suggested by the director, the Institute was named
after Melikishvili. The stay of Pisarzhevskii in Tbilisi
was not long; it coincided with the reorganization
of the higher school and scientific institutions in the
country, but exerted strong influence on the subse-
quent development of chemical research in Georgia
[12]. In the summer of 1931, Pisarzhevskii returned
to Dnepropetrovsk, with, however, his intimate con-
tacts with Georgian colleagues maintained. In 1934,
Pisarzhevskii again headed the Institute, which was
then already a part of the Georgian branch of the Acad-
emy of Sciences of the USSR, for a short time.

Among Pisarzhevskii’s pupils and closest associ-
ates in the Ukraine were the following, later well-
known scientists: A.I. Brodskii (1895�1969, acade-
mician of the Academy of Sciences of the Ukrainian
SSR since 1939, corresponding member of the Aca-
demy of Sciences of the USSR since 1943), a prom-
inent specialist in chemistry of isotopes and author of
the textbook Fizicheskaya khimiya (Physical Chem-
istry), which ran into numerous editions; V.A. Roiter
(1903�1974, academician of the Academy of Sciences
of the Ukrainian SSR since 1961), author of the mono-
graph Vvedenie v teoriyu kinetiki i kataliza (Introduc-
tion into Theory of Kinetics and Catalysis) (1971);
and S.Z. Roginskii (1900�1970, corresponding mem-
ber of the Academy of Sciences of the USSR since
1939), the founder of a prominent scientific school
specialized in the theory of catalysis.

Pisarzhevskii was actively involved in public and
political activities in the country and was a member
of executive Soviet bodies: he became an alternate
member of the Central Executive Committee of the
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USSR in 1928, was elected a member of the Central
Executive Committee of Georgia in 1930 and 1935,
and became a member of Central Executive Commit-
tee of the Ukraine in 1935.

Academician Lev Vladimirovich Pisarzhevskii died
of a severe illness on March 23, 1938, in Dnepro-
petrovsk. A vast literature is devoted to his life and
scientific activities. Of particular value are papers
written by the closest associates of the scientist:
Rozenberg, Brodskii, B.Ya. Dain, Roiter, and S.Z. Ro-
ginskii [3, 5, 13�15]. Considerable attention was
given to Pisarzhevskii’s works in the well-known
monographs devoted to the development of chemical
science in Russia [8, 9, 16, 17] and in the Ukraine
[4, 18, 19]. A popular-science sketch of Pisarzhev-
skii’s life and scientific activities has been written
by Yu.S. Lyalikov [20]; other popular-science publi-
cations are also available [6, 21, 22].
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Chokhonelidze, A.N., Galustov, V.S., Khlopanov, L.P.,
and Prikhod’ko, V.P., Spravochnik po raspylivayushchim,

orositel’nym i kapleulavlivayushchim ustroistvam
(A Reference Book of Spraying and Drop-Catching Devices),

Moscow: Energoatomizdat, 2002, 608 pp.

Apparatus for spraying and dispensation of liquids
are widely used in chemical industry for making larg-
er the contact area in performing a wide variety of
heat- and mass-exchange processes. However, the pres-
ently available reference literature devoted to the op-
eration of these apparatus has become markedly out-
dated. The introduction of new types of apparatus and
methods for intensification of dispersion processes is
hindered, in particular, by the lack of a full-value in-
formation that could be used by designers and devel-
opers. In the reference book by A.N. Chokhonelidze
and co-authors, the domestic and foreign designs in
the field of spraying and drop-catching are systemat-
ized and generalized for the first time, with the whole
material presented in a form convenient for practical
use. The book comprises seven parts, which include
25 chapters.

The first part (pp. 7�108, chapters 1�4) presents
general evidence that concerns the spraying of liquids,
drop carry-over and catching of liquid aerosols, and
methods for monitoring of the occurring processes. A
refined classification of methods for liquid spraying is
presented, the basic parameters of devices employed
for liquid spraying are considered, and the influence
exerted by various external factors on the character-
istics of the gas-liquid flare are analyzed. Of particular
interest is chapter 3, which describes stands for de-
termining experimentally the characteristics of spray-
ing devices.

The second part (pp. 109�221, chapters 5�11) con-
tains data on the design and operation of atomizers for
hydraulic spraying. Centrifugal, single-flare, jet, and
impact-jet atomizers, as well as some other designs
of hydraulic atomizers, are described. Considerable
attention is given by the authors to apparatus classif-
ication and to terminology.

The third part of the reference book (pp. 222�290;
chapters 12, 13) is devoted to gas-spraying atomizers
(pneumatic and acoustic). A vast body of evidence
concerning the principles of their operation, design
and application features, and calculation procedures
is presented. The fourth part (pp. 291�336; chapters

14, 15) considers the design, application fields, and
methods for calculation of mechanical atomizers. The
fifth part (pp. 337�383; chapters 16, 17) describes
unconventional spraying devices which either have
limited application (ultrasonic atomizers or those with
electrostatic spraying) or are being developed at pres-
ent. Also considered are devices for pulsating spray-
ing, atomizers with preliminary gas-saturation, and
devices for combined spraying.

The sixth part (pp. 384�476, chapters 18�20)
contains extensive evidence concerning the spraying
devices and spraying systems used in technological
practice. Sprinklers and liquid dispensers, choice of
spraying devices, design of spraying systems, and
their operation are described. The seventh part (pp.
477�595, chapters 21�25) discusses various drop-
catching devices: centrifugal separators, nozzle sepa-
rators, and also gravitational and combined separators.
Fabrication, setting-up, and operation of drop-catchers
are described; the efficiency and reliability of their
operation is assessed and the fabrication and assembl-
ing costs are estimated.

The bibliographic list contains 89 references to
publications of exclusively domestic authors. As men-
tioned in the foreword to the reference book, only
those references were included in the bibliographic
list, which contain wide generalizations or a previ-
ously undiscussed material. In the reviewers’ opinion,
the number of references should have been consider-
ably greater for such a fundamental publication as
the reference book under consideration.

The book is of interest for a wide audience of spe-
cialists from a great variety of industries, those who
are engaged in design or operation of spraying or
dropcatching devices. It may also be of use for lec-
turers and post- and undergraduate students of higher
school institutions specialized in chemical engineer-
ing, metallurgy, and power engineering. The reference
book is well published and contains a large number
of illustrations.

I.N. Beloglazov and A.G. Morachevskii
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Abstract�Reactions of iron, manganese(II), manganese(IV), copper, and zinc oxides with ammonium
hydrogen difluoride were studied by thermogravimetry, X-ray phase analysis, IR spectrometry, and chemical
analysis.

Fluorides of 3d elements find use as active com-
ponents of solid lasers and phosphors, as components
of chemical current sources and fluoride glasses, and
as catalysts in organic synthesis [1]. On the other
hand, recently there has been a considerable progress
in processing of oxide�silicate raw materials contain-
ing 3d-metal oxides using ammonium hydrogen di-
fluoride NH4HF2 [2]. Therefore, study of reactions of
3d-element oxides with NH4HF2 is of scientific and
practical importance. It is known that NH4HF2 is
close to anhydrous hydrogen fluoride in reactivity,
but has a number of advantages: it can be easily dehy-
drated and regenerated from gaseous components, and
fluoridation reactions can be carried out without
sophisticated equipment [3]. In this work we have
studied the fluoridation of manganese(II) and (IV),
iron(III), copper, and zinc oxides with ammonium
hydrogen difluoride by thermogravimetry, chemical
and X-ray phase analyses, and crystal optics. The
chemically pure grade oxides and double-recrystallized
NH4HF2 (analytically pure grade) were used as the
starting substances.

The thermogravimetric study was carried out on
a Q-1500D (Hungary) derivatograph in platinum
crucibles using 200�400-mg samples and calcined
Al2O3 as reference. The experiments were carried out
in dynamic and quasi-isothermal modes at the heating
rate of 2.5�10 deg min�1.

The X-ray phase analysis of reaction products was
performed on a DRON-2 diffractometer with the
CuK� radiation. The IR absorption spectra were re-
corded on a UR-20 spectrophotometer.

The content of iron was determined by the flame-
emission spectrometry, and that of fluoride, by pyro-

hydrolysis followed by potentiometric determination
(using a F�-selective electrode). The ammonia content
was determined by Kjeldahl’s method.

The following methods of synthesizing FeF3 have
been described in the literature: reaction of FeCl3 with
anhydrous HF [4] yielding an amorphous product,
which is heated to 1000�C to form a crystalline prod-
uct; calcination of Fe2O3 or hydrated FeF3 in an HF
flow at 1000�C [5]; and thermal decomposition of
(NH4)3FeF6 at 400�500�C [6], including the reaction
in an F2 atmosphere [7].

These procedures require sophisticated equipment,
and the fluoridation proceeds at high temperatures in
several stages. It was pointed out in [7] that the ab-
sence of iron(II) impurities in the final product
is an advantage of obtaining FeF3 by decomposing
(NH4)3FeF6 in an F2 atmosphere.

When (NH4)3FeF6 is synthesized by the reaction of
natural pyrrhotines Fe1 � xS with NH4HF2 [7], iron(II)-
containing compounds are inevitably formed, which
makes necessary the subsequent treatment with F2.
The preparation of (NH4)3FeF6 by the reaction of
FeF3 with NH4F in an inert atmosphere [6] or by the
reaction of FeBr3 with NH4F in methanol [8] was also
described.

The derivatogram of a mixture of Fe2O3 with
NH4HF2 in the molar ratio of 1 : 10 is shown in
Fig. 1. The DTA curve reveals a number of endo-
thermic effects. The first of them at approximately
115�C corresponds to the melting of NH4HF2 [9]. The
endothermic effect at 166�C results from the forma-
tion of (NH4)3FeF6 by reaction (1).

Fe2O3 + 6NH4HF2 = 2(NH4)3FeF6 + 3H2O. (1)
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Fig. 1. (a) Derivatogram of a mixture Fe2O3 : NH4HF2 =
1 : 10 and (b) thermogravigram of a mixture Fe2O3 :
NH4HF2 = 1 : 6 recorded in the quasi-isothermal mode.
(T) temperature and (�m) weight loss; the same for Figs. 3,
5, and 6.

(a)

(b)

�, cm�12�, deg
Fig. 2. (a) X-ray patterns of cakes of Fe2O3 : NH4HF2 =
1 : 6 mixtures and (b) IR absorption spectra of the same
samples. (2�) Bragg’s angle and (�) wave number. T, �C:
(1) 180, (2) 320, and (3) 430.

On further heating, (NH4)3FeF6 decomposes by the
scheme

(NH4)3FeF6 = NH4FeF4 + 2HF + 2NH3. (2)

The decomposition is completed at 314�C, as
proved by a series of the corresponding endothermic
effects. Boiling of excess NH4HF2 at approximately
231�C [3, 9] is accompanied by the corresponding
endothermic effect. The final stage (3) of the synthesis
is completed at approximately 430�C by the formation
of anhydrous iron(III) fluoride.

NH4FeF4 = FeF3 + HF + NH3. (3)

The thermogravigram obtained in the quasi-isother-
mal mode contains three plateaus corresponding to the
formation of (NH4)3FeF6, NH4FeF4, and FeF3, re-
spectively (Fig. 1b). The calculated weight loss in each
stage of the synthesis (10.8, 40.3, and 55.0 wt %, re-
spectively) agrees well with the loss observed experi-
mentally (Fig. 1b). The derivatographic results were
confirmed by X-ray phase analysis. The X-ray pat-
terns of Fe2O3 :NH4HF2 mixtures with the molar ratio
of 1 : 6 at 180, 320, and 430�C are shown in Fig. 2a.
It is seen from Fig. 2a, curve 1 that (NH4)3FeF6 is the
reaction product at 180�C, and at 320�C it decom-
poses to give NH4FeF4 (Fig. 2a, curve 2). Curve 3 in
Fig. 2a is the X-ray pattern of anhydrous FeF3. Its
heating in air results in the following pyrohydrolysis
reactions:

2FeF3 + H2O = Fe2F4O + 2HF, (4)

2FeF3 + 3H2O = Fe2O3 + 6HF. (5)

The formation of Fe2O3 was confirmed by X-ray
phase analysis. The X-ray patterns of the synthesized
compounds coincide with the data given in [6].

The IR absorption spectra of ammonium fluorofer-
rates(III) and FeF3 are given in Fig. 2b. The absorp-
tion bands in the regions of 2800�3400 and 1430 cm�1

in the spectra of ammonium fluoroferrates(III) are as-
signable to the stretching and bending vibrations of
N�H bonds. The absorption band at 450�550 cm�1,
which is observed in all the IR spectra under con-
sideration, is characteristic of the Fe�F stretching
vibration. A weak absorption band in the region of
bending vibrations of water molecules is present in
the spectrum of ammonium tetrafluoroferrate(III) at
1630 cm�1. This is apparently hygroscopic water ap-
pearing owing to fine dispersity of the substance.

Thus, we found the conditions for obtaining anhy-
drous FeF3 by the reaction of Fe2O3 with NH4HF2.
It should be taken into account that a 1.5�2-fold ex-
cess of NH4HF2 relative to the stoichiometry is
required to obtain FeF3 as a final product free from
iron(III) oxide formed by pyrohydrolysis. Depending
on the requirements to FeF3 purity, it is appropriate
to synthesize it either in inert or in fluorinating
atmosphere, the repeated treatment with a fluorinating
agent being possible.

The main method of obtaining MnF2 is the reaction
of MnCO3 with HF [4].

The derivatogram of an MnO : NH4HF2 mixture
with the molar ratio of 1 : 2 is shown in Fig. 3a. A
number of peaks corresponding to endothermic effects
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Fig. 3. (a) Derivatogram of an MnO : NH4HF2 = 1 : 2 mixture; (b) thermogravigram of an MnO : NH4HF2 = 1 : 1.5 mixture
recorded in the quasi-isothermal mode; (c) derivatogram of an MnO : NH4HF2 = 1 : 4 mixture; and (d) thermogravigram of
an MnO2 : NH4HF2 = 1 : 2.5 mixture recorded in the quasi-isothermal mode.

are observed in the DTA curve. The endothermic
effect at 195�C corresponds to the formation of the
complex NH4MnF3 by the reaction

MnO + 2 NH4HF2 = NH4MnF3 + H2O. (6)

As the temperature is increased to 350�C, NH4MnF3
decomposes to give MnF2:

NH4MnF3 = MnF2 + HF + NH3. (7)

The scheme of the MnO fluoridation is confirmed
by the thermogravigram taken in the quasi-iso-
thermal mode at the molar ratio of components
MnO : NH4HF2 = 1 : 1.5. The experimental weight
losses of 17.6 and 42%, respectively, agree well the
calculated losses of 17.4 and 41% (Fig. 3b). Com-
pounds identified as NH4MnF3 and MnF2 by X-ray
phase and chemical analyses [10] were synthesized at
200 and 325�C, respectively (Figs. 4a and 4b).

The reaction of MnO2 with NH4HF2 was studied
by Rakov and co-workers [11]. They found that the
reaction proceeded stepwise to give (NH4)2MnF5,
NH4MnF4, and MnF2 at 175, 230, and 300�C, respec-
tively. Another reaction scheme was given in [12],
where the reaction of iron-manganese concretions with
NH4HF2 was studied. The product of the exothermic
reaction of MnO2 and NH4HF2 is a compound iso-
structural to (NH4)3MnF6 but having a 10% defi-
ciency of fluorine as compared to this stoichiometry
owing to the isomorphous replacement of fluorine by
hydroxide ions. The final stage of the process at
320�C is the formation of MnF2.

The thermogram of a mixture of MnO2 with
NH4HF2 in the molar ratio of 1 : 4 is shown in Fig. 3c.
The reaction proceeds in several stages (endothermic
effects at 185 and 224�C). The process can be de-
scribed by the equation
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(a)
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Fig. 4. X-ray patterns of MnO : NH4HF2 and MnO2 : NH4HF2 mixtures at various temperatures: (a) NH4MnF3 (200�C),
(b) MnF2 (325�C), (c) (NH4)2MnF5 (200�C), and (d) NH4MnF4 (300�C).

6MnO2 + 24NH4HF2 = 6(NH4)2MnF5 + 18HF + 10NH3

+ N2 + 12H2O. (8)

A series of endothermic effects observed on further
heating (Fig. 3c) correspond to the reactions

(NH4)2MnF5 = NH4MnF4 + HF + NH3, (9)

NH4MnF4 = MnF2 + HF + 1/2F2 + NH3. (10)

The thermogravigram obtained in the quasi-iso-
thermal mode is shown in Fig. 3d. It contains three
plateaus corresponding to the formation of (NH4)2 �
MnF5, NH4MnF4, and MnF2, respectively. The ther-
mogravimetric data obtained are confirmed by the
results of the X-ray phase analysis [13] (Figs. 4c and
4d). The compounds (NH4)2MnF5, NH4MnF4, and
MnF2 were isolated at 200, 300, and 320�C.

Thus, the established reaction scheme of the fluori-
dation of manganese(IV) oxide coincides with the
results of [11].

The nature of exothermic effects (Figs. 3a, 3c)
remains to be elucidated. They may be due to the
crystallization of the forming amorphous manganese
fluoride.

Preparation of anhydrous copper(II) fluorides is
complicated by the reaction with materials of cru-
cibles and by the pyrohydrolysis [14]. The following
methods for preparing CuF2 have been described in
the literature: fluoridation of dehydrated CuCl2 crystal
hydrates using F2 or ClF3 at 400�C [4], dissolution
of CuO or (CuOH)2CO3 in excess 40% hydrofluoric
acid with the subsequent dehydration of crystal hy-
drates of copper(II) compounds (CuF2 �2H2O or
CuF2 �5H2O �5HF according to the data of various
authors) in a dry HF flow [4, 14], and the reaction of
CuS with SF4 in an autoclave at 190�C followed by
treatment of the resulting products with anhydrous
carbon disulfide to remove sulfur [15]. The dehydra-
tion of CuF2 �2H2O crystal hydrate both in air and in
an inert atmosphere with heating results in the forma-
tion of mixtures of CuOHF, CuO, and CuF2 [16, 17].

Typical thermogravimetric curves of a mixture of
CuO with NH4HF2 in the molar ratio of 1 : 2 are
shown in Fig. 5a. The DTA curve contains a number
of endothermic effects. The first effect at 125�C corre-
sponds to the melting of NH4HF2 [3, 9]. The endo-
thermic effect at 200�C corresponds to the formation
of the complex (NH4)2CuF4 by reaction (11):

CuO + 2NH4HF2 = (NH4)2CuF4 + H2O. (11)
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Further heating causes thermal decomposition of
(NH4)2CuF4 according to scheme (12), completed
at 230�C.

(NH4)2CuF4 = NH4CuF3 + HF + NH3. (12)

The final stage (13) of the synthesis is completed
at approximately 290�C by the formation of anhy-
drous CuF2.

NH4CuF3 = CuF2 + HF + NH3. (13)

At 200, 230, and 290�C, we have synthesized the
compounds identified by X-ray phase and chemical
analyses as (NH4)2CuF4, NH4CuF3, and CuF2 [17].
Three steps corresponding to the formation of (NH4)2 �
CuF4, NH4CuF3, and CuF2 (Fig. 5b) are detected in
the TG curve obtained in the quasi-isothermal mode.
The weight loss for process (11) in the established
temperature range takes place even under conditions
of the quasi-isothermal measurement. An increase in
temperature results in the pyrohydrolysis of CuF2 and
in the contamination of the product with copper oxide.
In the copper(II) difluoride obtained, the atomic ratio
F : Cu � 2. According to the data from [14], the for-
mula of copper(II) fluoride is CuF2 � x (0 � x � 0.33);
the stoichiometric samples were synthesized by treat-
ment of CuF2 � x with xenon difluoride.

The thermal decomposition of NH4CuF3 to an-
hydrous CuF2 occurs at a lower temperature than the
corresponding processes for NH4CoF3 and NH4NiF3
(340 and 370�C) [18].

The complete fluoridation is reached with a certain
excess of NH4HF2 as compared to the stoichiometry
of Eq. (11). This is associated with possible partial
decomposition of NH4HF2 [9]. To obtain the pure
product from copper oxide, it is better to perform the
synthesis in an inert atmosphere.

Anhydrous ZnF2 is obtained by the reaction of
ZnCO3 with excess hot hydrofluoric acid, followed by
heating of the precipitate at 800�C without air access
[4]. According to the review [3], zinc(II) forms the
complex compounds (NH4)2ZnF4 �H2O and NH4ZnF3.
The temperature of NH4ZnF3 decomposition is 250�C.

It is seen from Fig. 6a that the reaction in the mix-
ture of ZnO with NH4HF2 (molar ratio 1 : 2) starts
even before NH4HF2 melting and is accompanied by a
weight loss. It results in the formation of (NH4)2ZnF4:

ZnO + 2NH4HF2 = (NH4)2ZnF4 + H2O. (14)

Further increase in the temperature above 178�C leads

(a)
�m, % TG

DTG

DTA

T
T, �C

�m, % (b)

Fig. 5. (a) Derivatogram of a mixture CuO: NH4HF2 = 1 : 2
and (b) thermogravigram of a mixture CuO : NH4HF2 =
1 : 2 recorded in the quasi-isothermal mode.

(a)

T

�m, %TG
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T, �C
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�m, %

Fig. 6. (a) Derivatogram of a mixture ZnO: NH4HF2 = 1 : 2
and (b) thermogravigram of a mixture ZnO: NH4HF2 = 1 : 2
recorded in the quasi-isothermal mode.

to the thermal decomposition of (NH4)2ZnF4:

(NH4)2ZnF4 = NH4ZnF3 + HF + NH3. (15)

It is completed at 240�C, which is confirmed by a
series of the corresponding endothermic effects.
The final stage (16) of the synthesis proceeds up to
approximately 337�C.

NH4ZnF3 = ZnF2 + HF + NH3. (16)

Three steps corresponding to the formation of
(NH4)2ZnF4, NH4ZnF3, and ZnF2 (Fig. 6b) are ob-
served in the TG curve obtained in the quasi-iso-
thermal mode. These compounds were synthesized
and isolated at the corresponding temperatures and
identified by X-ray phase and chemical analyses.

CONCLUSION

The reaction of ZnO with NH4HF2 proceeds simi-
larly to the reactions of NH4HF2 with nickel, cobalt,
and copper oxides considered in the literature [18].



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 3 2004

352 KALINNIKOV et al.

REFERENCES

1. Churbanov, M.F., Abstracts of Papers, Simpozium po
khimii neorganicheskikh ftoridov (Symp. on the
Chemistry of Inorganic Fluorides), Moscow: Dialog-
MGU, 1998, p. 192.

2. Mel’nichenko, E.I., Ammonium Oxyfluorides and
Fluorometallates in the Chemistry and Technology of
Rare Metals, Doctoral (Chem.) Dissertation, Vladivo-
stok, 1999.

3. Rakov, E.G., Ammonium Fluorides, Itogi Nauki Tekh.,
Ser.: Neorg. Khim., 1983, vol. 15.

4. Handbuch der pr�aparativen anorganischen Chemie,
Brauer, G., Huber, F., et al., Eds., Stuttgart: Ferdinand
Enke, 1978, vol. 1.

5. Ryss, I.G., Khimiya ftora i ego neorganicheskikh so-
edinenii (Chemistry of Fluorine and Its Inorganic
Compounds), Moscow: Goskhimizdat, 1956.

6. Shinn, D.B., Crocet, D.S., and Haendler, H.M., Inorg.
Chem., 1966, vol. 5, no. 11, pp. 1927�1933.

7. RF Patent 2 034 786.

8. Volodkovich, L.M., Petrov, G.S., Dalidovich, S.V.,
et al., Abstracts of Papers, VI Vsesouyznyi simpozium
po khimii neorganicheskikh ftoridov (VI All-Union
Symp. on the Chemistry of Inorganic Fluorides),

Novosibirsk: Sib. Otd. Ross. Akad. Nauk, 1981,
p. 147.

9. Rakov, E.G. and Mel’nichenko, E.I., Usp. Khim.,
1984, vol. 53, no. 9, pp. 1463�1492.

10. Ref. National Bureau of Standards, Monograph 25,
Section 5, 1967.

11. Rakov, E.G., Khaustov, S.V., and Ostropikov, V.V.,
Zh. Neorg. Khim., 1997, vol. 42, no. 2, pp. 196�198.

12. Kurilenko, L.N., Reaction of Silicon-Containing
Minerals with Ammonium Hydrogen Difluoride,
Cand. Sci. (Chem.) Dissertation, Vladivostok, 2003.

13. Bukovec, P. and Šiftar, J., Thermochim. Acta, 1977,
vol. 21, no. 1, p. 117.

14. Fadeeva, E.E., Ardashnikova, E.I., Borzenkova, M.P.,
and Popovkin, B.A., Zh. Neorg. Khim., 1991, vol. 36,
no. 4, pp. 839�842.

15. Kostyuk, A.P. and Yagupol’skii, L.M., Ukr. Khim. Zh.,
1982, vol. 48, no. 4, pp. 437�438.

16. Nirsha, B.M., Allakhverdov, R.G., Velikodnyi, Yu.A.,
and Olikova, V.A., Zh. Neorg. Khim., 1983, vol. 28,
no. 11, pp. 2756�2759.

17. Wheeler, C. and Haendler, H.M., J. Am. Chem. Soc.,
1954, vol. 76, no. 1, pp. 263�264.

18. Ikrami, D.D., Levina, N.N., and Okhunov, R., Izv.
Akad. Nauk SSSR, Neorg. Mater., 1983, vol. 19, no. 9,
pp. 1549�1553.



1070-4272/04/7703-0353�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 3, 2004, pp. 353�359. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 3,
2004, pp. 359�365.
Original Russian Text Copyright � 2004 by Belenkov, Baitinger.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Formation of the Structure of C�SiC�Si�Al Composites
E. A. Belenkov and E. M. Baitinger

Chelyabinsk State University, Chelyabinsk, Russia
Chelyabinsk State Pedagogical University, Chelyabinsk, Russia

Received January 29, 2002; in final form, December 2002

Abstract�Transmission electron microscopy and X-ray structural analysis were applied to study the funda-
mental aspects of formation of the crystal structure of C�SiC�Si�Al composites. The reasons why spatially
heterogeneous regions are formed were revealed.

C�SiC composites are commonly obtained by reac-
tion of porous carbon supports with molten silicon
[1�3]. To modify the properties of such materials,
metal impurities are added to the silicon melt. How-
ever, these additives frequently lead to appearance of
spatial heterogeneities, which adversely affects the
strength properties of composites [4]. This study is
concerned with the structure of C�SiC�Si composites
with admixture of aluminum.

EXPERIMENTAL

As objects of study were chosen the composites
PG�AS, GP�0.5AS, and MG�AS [5], synthesized by
reaction of PG-50, PROG-2400, and ARV porous
carbon materials with an Si + Al melt. The content of
aluminum in the melt was �10 wt % in synthesizing
the PG�AS and MG�AS composites and �5 wt % in
the case of GP�0.5AS. Selected properties and the
composition of the composites and the carbon sup-
ports, taken from [3, 5], are listed in Table 1.

Table 1. Properties and compositions of the samples studied
������������������������������������������������������������������������������������

Material
�

Support
�

Pore radius,*
� Porosity,* � Composition,** wt % � �** � �***

� � � �����������������������������������������
� � �m � cm3 g�1

� C � Si � SiC � Al � g cm�3

������������������������������������������������������������������������������������
PG-50 � � � 3.98�8.95 � 0.46�0.517 � 100 � � � � � � � 1.00 � �
ARV � � � 3.76�4.50 � 0.173�0.182 � 100 � � � � � � � 1.55 � �
PROG-2400 � � � 4.42�7.33 � 0.10�0.147 � 100 � � � � � � � 1.65 � �
PG�AS � PG-50 � � � � � 22�23 � 15 � 55 � 7�8 � 2.63 � 2.59
MG�AS � ARV � � � � � 22�23 � 15 � 55 � 7�8 � 2.30 � 2.16
GP�0.5AS � PROG-2400 � � � � � � � � � � � � � � � 2.47
������������������������������������������������������������������������������������

* Data of [5].
** Data of [3].

*** Determined in this work.

Samples for comparative X-ray studies were pre-
pared in the form of 100�14�14-mm slabs. Samples
for analysis of how the phase composition varies
across the cross section of the MG�AS composite
were obtained using a diamond saw in accordance
with the scheme shown in Fig. 1.

The X-ray diffraction analysis was carried out with
a DRON-3 diffractometer (CuK

� radiation with � =
0.15418 nm). The phase analysis and indexing of
X-ray diffraction patterns were performed using the
ASTM file. The profiles of the diffraction peaks were
measured at a scanning rate of 0.25 deg min�1. The
interplanar spacings d were calculated from the
centers of gravity of the diffraction peaks [6]. The
average size L of the coherent domains was deter-
mined from the integral width � of diffraction peaks
[6], with silicon and silicon carbide used as refer-
ences. The electron-microscopic studies were carried
out with a PEM-100 electron microscope.

Typical electron diffraction patterns of C�SiC�Si�
Al composites are shown in Fig. 2. An analysis of the
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Sawing lines

l, mm

Fig. 1. Schematic of a study of how the phase composition
and crystal structure varies across a sample of the MG�AS
composite. (1�7) Region for which X-ray diffraction
patterns were measured. (l) Distance; the same for Fig. 4.

electron diffraction patterns demonstrated that they
can be related to microdiffraction from turbostratic
carbon, silicon carbide, silicon, and aluminum. The

(a)

(c)

Fig. 2. Typical electron diffraction patterns of turbostratic carbon contained in C�SiC�Si�Al composites. Electron diffraction
pattern: (a) ring-like, (b) ring-like with small number of discrete reflections, (c) discrete, and (d) discrete-periodic.

probability of observing electron diffraction patterns
of various phases widely varies across a sample.
Regions that differ in contrast from the bulk of the
material can be seen even visually on the edge cross
sections of the GP�0.5AS and MG�AS composites.
In Fig. 3, they are marked schematically with dark
hatching and denoted by symbol C. Only electron dif-
fraction patterns characteristic of carbon are recorded
within these regions.

A comparative analysis performed for the MG�AS
composite demonstrated that the crystal structure of
carbon in the bulk of the composite is markedly dif-
ferent from the structure of carbon in C inclusions.
Indeed, four basic types of electron diffraction patterns
of turbostratic carbon are observed in the composites
under study: (1) annular [characteristic of microscopic
volumes occupied by crystals �1 nm in size (Fig. 2a)],
(2) annular with small number of discrete reflections
[characteristic of a mixture of crystals �1 and �10 nm
in size (Fig. 2b)], (3) discrete�ring-like [characteristic
of microscopic volumes occupied by crystals �10 nm
in size (Fig. 2c)], and (4) discrete-periodic (character-
istic of electron scattering by separate coarse crystals
with size of �100 nm and more (Fig. 2d)].

The probability of observing electron diffraction
patterns of various types can be evaluated using the

(b)

(d)
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Table 2. Occurrence frequency of various types of electron diffraction patterns of turbostratic carbon in different regions
of the MG�AS composite (Fig. 2)
������������������������������������������������������������������������������������

Type of electron
� Bulk � Carbon inclusion C
����������������������������������������������������������������������diffraction pattern �number of electron diffraction patterns� % �number of electron diffraction patterns� %

������������������������������������������������������������������������������������
1 � 8 � 8 � 44 � 41
2 � 18 � 17 � 27 � 25
3 � 9 � 8 � 16 � 15
4 � 72 � 67 � 20 � 19
� � 107 � 100 � 107 � 100

������������������������������������������������������������������������������������

data in Table 2. The annular electron diffraction pat-
terns of the first type occur five times more frequently
in the C regions of the composite. Contrariwise, elec-
tron diffraction patterns of the fourth type, which are
characteristic of coarse crystals, are found 3.5 times
more frequently in the bulk of the composite. The
aforesaid suggests that the carbon region C is a
volume into which the Si�Al melt did not penetrate
and its structure and composition remained similar to
those of the starting carbon material. The increase
in the share of the coarsely crystalline component
in the carbon remaining in the bulk of the composite
(Table 2) is presumably due to the following: the
finely crystalline component of the graphite phase
is the first to be involved in carbide formation.

Part of discrete electron diffraction patterns ob-
tained from the bulk of the composite is attributed to
silicon carbide and silicon with a coherent domain
size of more than 50 �m. The appearance of the elec-
tron diffraction patterns of silicon is virtually the same
over the entire cross section of the samples. The inter-
planar spacings calculated from these diffraction pat-
terns are in good agreement with the ASTM file.
Direct measurements of the coherent domains with the
use of dark-field images obtained using the reflection
111 demonstrated that they are 70 nm and more in
size. The interplanar spacings of silicon exceed by
approximately 0.001 nm those from the ASTM file,
which indicates the existence of solid solutions of
aluminum in silicon. Deviations from the interplanar
spacing listed in the ASTM file are observed in the
vicinity of the C regions. This may be due to an in-
crease in the concentration of the aluminum impurity.
The size of the coherent domain in silicon, measured
using the dark-field images obtained with the reflec-
tion 110, varies within the range 50�400 nm.

Characteristically, the electron diffraction patterns
of aluminum are constituted by nearly solid rings and
can only be recorded at the interface between the bulk
of the composite and the C regions. The sizes of alu-

minum crystals, measured from the light-field image,
are 8�12 nm.

The X-ray diffraction patterns obtained from the
bulk of the PG�AS, GP�0.5AS, and MG�AS com-
posites (Fig. 3, light hatching) show reflections char-
acteristic of �-SiC, turbostratic carbon, and silicon.
The intensities of reflections from different phases in
the composites (peak heights) are listed in Table 3.
It can be seen that the lowest intensity of the diffrac-
tion reflections of �-SiC, which is contained in the
composites, is observed for PG�AS. For the other two
of the materials studied (GP�0.5AS and MG�AS),
the intensities of the diffraction peaks of �-SiC are
by a factor of approximately 1.3 higher. This indicates
that the amount of silicon carbide grows as the density
of the starting carbon supports and the concentration
of aluminum in the melt become higher (Tables 1, 3).

Table 3 shows that the intensity of carbon lines
increases, on the average, by a factor of 1.4 and 2 for
GP�0.5AS and MG�AS, respectively, as compared to
the PG�AS composite. Such a change in the intensi-
ties indicates that the amount of residual carbon,
which has not reacted with the silicon melt, becomes
greater. The possible reason is the same: the increased
density of the carbon materials and higher concentra-
tion of aluminum (Tables 1, 3).

The relative intensities of the silicon reflections

(a) (b) (c)

10 mm

Fig. 3. Schematic of edge surfaces of C�SiC�Si�Al com-
posites: (a) PG�AS, (b) GP�0.5AS, and (c) MG�AS.
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Table 3. Structural characteristics of the main phases of C�SiC�Si�Al composites, determined from the profiles of
reflections with 100% intensity, and the intensities of reflections from the main phases in the X-ray diffraction patterns of
the composites, measured under the identical conditions
������������������������������������������������������������������������������������

Composite � PG�AS � GP�0.5AS � MG�AS
������������������������������������������������������������������������������������

SiC � � �
d111, nm � 0.2518 � 0.2518 � 0.2518 (0.2521*)
L111, nm � 230 � 260 � 220 (140*)
I111, rel. units � 1677 � 2079 � 2053 (194*)

������������������������������������������������������������������������������������
ASTM SiC

������������������������������������������������������������������������������������
d, � � I, % � hkl � I, rel. units � I, % � I, rel. units � I, % � I, rel. units � I, %

������������������������������������������������������������������������������������
2.51 � 100 � 111 � 158 � 100 � 200 � 100 � 201 � 100
2.18 � 20 � 200 � 20 � 12.7 � 30 � 15 � 28 � 14
1.54 � 63 � 220 � 45 � 28.5 � 75 � 37.5 � 66 � 32.8
1.31 � 50 � 311 � 38 � 24 � 48 � 24 � 52 � 25.8
1.26 � 5 � 222 � 8 � 5 � 11 � 5.5 � 10 � 5

������������������������������������������������������������������������������������
� � 269 � 100 � 368 � 135 � 357 � 132

������������������������������������������������������������������������������������
C: � � �
d002, nm � 0.3371 � 0.3387 � 0.3373 (0.3388**)
L002, nm � 38.1 � 33.5 � 37.7 (333.5**)
I002, rel. units � 377 � 713 � 876 (9117**)

������������������������������������������������������������������������������������
ASTM C

������������������������������������������������������������������������������������
3.348 � 100 � 002 � 65 � 100 � 99 � 100 � 141 � 100
2.127 � 3 � 100 � 3 � 4.6 � 3 � 3 � 6 � 4.3
2.027 � 15 � 101 � 5 � 4.6 � 4 � 4 � 6 � 3.5
1.647 � 6 � 004 � 3 � 4.6 � 2 � 2 � 5 � 3.5
1.228 � 4 � 110 � 5 � 7.7 � 3 � 3 � 8 � 5.6

������������������������������������������������������������������������������������
� � 81 � 100 � 111 � 137 � 166 � 205

������������������������������������������������������������������������������������
Si: � � �
d111, nm � 0.3147 � 0.3146 � 0.3145 (0.3153*)
L111, nm � 230 � >500 � >500 (420*)
I111, rel. units � 1156 � 836 � 416 (227*)

������������������������������������������������������������������������������������
ASTM Si

������������������������������������������������������������������������������������
3.1355 � 100 � 111 � 250 � 100 � 22 � 100 � 30 � 100
1.9201 � 55 � 220 � 47 � 18.8 � 4 � 18.2 � 21 � 70
1.6375 � 30 � 311 � 38 � 15.2 � 6 � 27.3 � 9 � 30
1.3577 � 6 � 400 � 18 � 7.2 � � � � � � � �
1.2459 � 11 � 331 � 5 � 2 � � � � � 3 � 10

������������������������������������������������������������������������������������
� � 358 � 1118 � 32 � 100 � 63 � 193

������������������������������������������������������������������������������������
* Boundary of the carbon region C.

** Carbon region C.
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Table 4. Variation of the relative intensity of the strongest reflections from the main phases across a sample of the
MG�AS composite
������������������������������������������������������������������������������������

Measurement
�

l, nm
� C(002) � Si(111) � SiC(111)

� �����������������������������������������������������������������point � � I, rel. units � L, nm � d, nm � I, rel. units � d, nm � I, rel. units � d, nm
������������������������������������������������������������������������������������

1 � 0.00 � 23 � 37.7 � 0.3376 � 3.5 � 0.3145 � 30 � 0.2518
2 � 3.60 � 139 � 35.4 � 0.3384 � 2.5 � 0.3153 � 12 � 0.2521
3 � 6.65 � 229 � 33.5 � 0.3388 � 0 � � � 0 � �
4 � 9.10 � 221 � 33.9 � 0.3388 � 0 � � � 1 � �
5 � 11.05 � 48 � 34.6 � 0.3386 � 4 � 0.3153 � 25 � 0.2520
6 � 12.45 � 32 � 36.4 � 0.3382 � 9 � 0.3149 � 30 � 0.2519
7 � 14.25 � 31 � 37.6 � 0.3376 � 5.5 � 0.3145 � 28 � 0.2518

������������������������������������������������������������������������������������

are in disagreement with those in the ASTM files
(Table 3). In addition, a minor rotation (by �5�) of the
section of a composite leads to a strong (severalfold)
change in the intensities of the diffraction peaks of
Si. This indicates that the silicon crystals formed in
the composites are textured, which hinders a correct
comparative analysis. However, judging from the total
intensity � of all the reflections, it can be stated that
the highest concentration of Si is observed in the
PG�AS composite (�PG�AS exceeds by a factor of
approximately 11 the total intensity of the Si lines in
the GP�0.5AS composite).

The structural characteristics of the main phases
(�-SiC, C, and Si) were determined by analyzing the
profiles of the strongest reflections from these phases
(Table 3). It was established that the interplanar
spacings d002 of the carbon phase are in the range
0.3371�0.3377 nm, and the average sizes of the
coherent domain, 30.2�37.7 nm. The differences are
presumably due to the different structures of the start-
ing carbon materials. Strong differences are observed
between the characteristics of crystalline carbon in
the bulk of the MG�AS composite and in the carbon
region C (Table 4). Table 4 shows that the interplanar
spacings and the integral intensity in the C region are
larger, and the average size of the coherent domains
smaller, than those in the bulk of the composite. In all
probability, the finely crystalline component of the
carbon material has the highest reactivity and is the
first to enter into the reaction with silicon to form
a carbide. Noteworthy is one more specific feature of
crystal formation: the coherent domains of silicon
carbide at the boundary of the C region are smaller
than in the bulk of the composite (Table 3). This is
due to the fact that �-SiC is formed in the boundary
region under the conditions of silicon deficiency.

The interplanar spacings d111 of silicon in the
composites are 0.3145�0.3153 nm, which exceeds the

tabulated value (0.3135 nm) and points to the forma-
tion of solid solutions of aluminum in silicon. The
average size of the coherent domains exceeds 200 nm.

To elucidate the mechanism of formation of those
regions of the composites into which the silicon melt
does not penetrate, the variation of the phase com-
position across a sample of a composite was studied
in accordance with the scheme in Fig. 1. The results
obtained are listed in Table 4 and shown in Fig. 4.
It was established that the content of silicon carbide
and silicon in the carbon region C of the composite is

I, rel. units

I, rel. units

I, rel. units

l, mm

Fig. 4. Variation of the intensity I of the reflections 111 for
silicon carbide, 111 for silicon, and 002 for carbon across
a sample of the MG�AS composite.
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Pore

(b)

(c)

(a)

Fig. 5. Mechanism of formation of carbon regions in
C�SiC�Si�Al composites: (a) Motion of the Si�Al melt
along a pore at the beginning of the process, (b) overgrowth
of the pore, and (c) formation of an SiC layer beyond the
overgrowth point through spreading of the remaining part
of the melt that penetrated into the pore.

virtually zero and their content in the bulk of the com-
posite decreases toward the boundary of the purely
carbon region. Contrariwise, the intensity of the line
002 of carbon increases and reaches its maximum
value in the C region.

The results obtained suggest the following forma-
tion mechanism of the structure of the four-component
composite C�SiC�Si�Al. The composites are formed
by reaction with the Si�Al melt, which spreads along
the capillaries (pores) of the starting carbon supports.
Since silicon is constantly spent in the process for SiC
formation, the concentration of the impurity (alumi-
num) at the melt motion front must increase, as it
occurs when C�SiC�Si�Cu is formed [4]. This is
confirmed by the experimentally observed dependence

of the interplanar spacings d111 of metallic silicon
present in the composite on the cut depth (Table 4).
The average interplanar spacing d111 varies from
0.3145 to 0.3153 nm and exceeds that for pure silicon
(0.3135 nm). The hypothesis is also confirmed by the
formation of aluminum crystals at the boundary of
the carbon region C. The concentration of aluminum
in silicon on the surface of the MG�AS composite,
evaluated using Vegard’s law [6], is two times smaller
than that at the boundary of the volume of the com-
posite in which the reaction with the Si�Al melt did
not occur. The increase in the concentration of alumi-
num at the front of the melt moving along the capil-
laries must lead to a proportional acceleration of the
crystallization of SiC. The catalytic effect of alumi-
num on the growth rate of SiC is confirmed by the
results of comparative studies of carbide formation in
Si, Si�Al, and Si� Cu melts brought in contact with
a carbon surface in the initial stage (2 to 120 s) of
the process, reported in [7].

The motion of the front of the Si�Al melt is il-
lustrated by the scheme in Fig. 5. The amount of SiC
formed at the beginning of the interaction between the
silicon melt and carbon gradually increases, so that at
a small diameter of the pores they must be overgrown
with a layer of rapidly formed SiC. As a result, further
supply of the melt along the capillaries is terminated
(Fig. 5b). Regions into which no melt has penetrated
are formed in the composite. A part of the unreacted
melt, which is beyond the clogging point, gradually
flows toward the defective region (Fig. 5c), with the
result that the boundary of this region becomes less
abrupt and the amount of SiC formed gradually varies
in going from the surface of the composite to the
C region. This mechanism of formation of structural
heterogeneities differs from that for the case of four-
component composites and copper, in which the melt
motion terminates as a result of an increase in the
contact angle [4]. Strongly different effects of Cu and
Al on the phase boundaries of other semiconductors
have also been reported [8].

The acceleration of carbide formation at the inter-
face between the Si�Al melt and carbon, compared to
that for a system with no aluminum additives, is
presumably due to a higher rate of carbon dissolution
in the melt at the beginning of the interaction between
the melt and the carbon surface. After an SiC layer is
formed on the carbon surface, the rate of carbide for-
mation is limited by diffusion of carbon across the
carbide layer and the impurities present in the melt
cannot affect the process to any noticeable extent.
However, at the beginning of the interaction, when the
SiC layer is not formed yet, the surface tension at the
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melt�carbon phase boundary decreases to zero, and
even becomes negative [9]. This may lead to diffusion
of carbon particles into the melt, to form a colloid
solution [9]. The thickness of the primary SiC layer
formed on the carbon surface must be proportional to
the amount of carbon dissolved in the melt at the
beginning of the interaction. Therefore, the catalytic
effect of aluminum on the formation of a carbide is,
in the authors’ opinion, due to the fact that its pres-
ence in the silicon melt leads to dissolution of a
greater amount of carbon at the beginning of the inter-
action between the melt and the carbon surface.

CONCLUSION

Spatially heterogeneous regions are formed in
C�SiC�Si�Al composites as a result of a catalytic
action of aluminum on the process of carbide forma-
tion. The formation of regions into which no melt
penetrates can be precluded by lowering the concen-
tration of aluminum in the silicon melt and making
larger the capillaries (pores) in the starting carbon
support.
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Abstract�The structure of silica formed by carbonation of alkaline silicate solution was studied by adsorp-
tion, electron microscopy, and sedimentation analysis.

This study continues our previous work [1] and
concerns the structure of silica formed by carbonation
of alkaline silicate solution [2]. This kind of silica is
considerably less studied than silicas prepared by the
reaction of sodium or potassium silicate with acid
mineral reagents [3�6].

Silica of pilot-plant production containing �75 wt %
SiO2 and �25 wt % Na2CO3 was washed with water
to remove Na2CO3. According to spectral analysis,
the washed sample contained about 3.4 �10�2 wt %
sodium ions. The product was studied by adsorption
methods (with krypton, methanol, and water as ad-
sorbates) [7], electron microscopy [8], and sedimenta-
tion analysis. The fractionation was done under the
standard conditions: powder in the form of a turbid
aqueous suspension (solid-to-liquid ratio 100 : 10)
was poured into a glass cylinder (12 cm in diameter
and 20 cm high), and the precipitate was separated

Fractional composition and adsorption-structural characteristics of the initial silica and constituent fractions
������������������������������������������������������������������������������������

Sam-
�

Fraction
�

Fraction
� Effective par- � Specific surface area S, m2 g�1 by adsorption*

� � � ������������������������������������������
ple no. � � percentage, % �

ticle diameter,
� Kr � CH3OH � H2O� � � deff, �m � � �

������������������������������������������������������������������������������������
1 �Initial sample� � � � � 420 � 500 � 760
2 �2-min � 45 � 50 � 380 � 465 � 730
3 �4-min � 25 � 40 � 370 � 480 � 675
4 �8-min � 14 � 30 � 400 � 460 � 750
5 �40-min � 8 � 20 � 500 � 555 � 745
6 �80-min � 1.5 � 15 � 510 � 570 � 700
7 �2-h � 0.6 � 5 � 540 � 545 � 760
8 �24-h � 0.5 � 2 � 560 � 570 � 775

������������������������������������������������������������������������������������
* SCH3OH and SH2O are the formal surface areas calculated from the corresponding adsorption isotherms of methanol and water

vapor. The plateau � occupied by the adsorbate molecules in a dense monolayer on the surface of silica at saturation is taken as
21.5 �2 for krypton and 25 �2 for methanol and water [7].

from the suspension at regular intervals with a bottom
rubber tube. The precipitate (fraction) was dried,
weighed, and examined under an optical microscope
(magnification 500). The fragments of the micro-
graphs and results of their statistical treatment in the
form of particle-size distribution curves are presented
in Figs. 1 and 2 and in the table.

The initial (reference) silica had polydispersed
granulation and consisted of oval or spherical particles
from 2 to 100 �m in size (Fig. 1a). Most (about 85%)
of the polydispersed system consisted of 30�50-�m
particles (Fig. 1b); about 10%, of 10�20-�m par-
ticles (Fig. 1c); and 1%, of 5-�m and finer particles
(Fig. 1d).

The comparison of the specific surface areas of the
initial silica and its fractions, as calculated from the
krypton adsorption isotherms SKr, m2 g�1 (true surface
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(a)

(b)

(c)

(d)

100 �m

Fig. 1. Micrographs of the samples: (a) initial silica; frac-
tions: (b) 2-min, (c) 40-min, and (d) 120-min. Magnifica-
tion 500.

�n/N, %

�n/N, % (a)

(b)

d, �m

d, �m
Fig. 2. (a) Particle size distribution curves (�n /N vs. d) and
(b) differential and integral curves of the particle size distri-
bution taken on a Kaulter T2A 16-channel analyzer for a
sample of the 80-min fraction. (a) Fraction: (1) 2-min,
(2) 4-min, (3) 8-min, (4) 40-min, (5) 80-min, and
(6) 120-min.

area corresponding to the nonspecific dispersion inter-
action in the adsorbent�adsorbate system [9]) shows
that, though sample nos. 1�8 have different SKr
values, they can be subdivided into two groups (see
table). The first group includes coarsely dispersed
fractions having somewhat lower SKr values compared
to the initial sample, and the second group, finely
dispersed fractions having a more developed surface
compared to the initial sample. The similar depen-
dence of the specific surface area on the fraction fine-
ness is also clearly revealed when comparing with SKr
the formal SH2O and SCH3OH values as calculated
from the corresponding adsorption isotherms of water
and methanol vapors. The increased adsorption activ-
ity with respect to methanol and water is observed
for all the samples, especially for coarse fractions
(SH2O/SKr = 1.9 and SCH3OH/SKr = 1.3).

According to the electron-microscopic study, the
initial silica has a corpuscular skeleton formed by
corpuscules of size from 70 to 150 � and aggregated
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(a) (b) (c)

0.2 �m

Fig. 3. Electron micrographs taken with self-shaded Pt�carbon replicas prepared on surfaces of the samples. (a) Initial silica;
fraction: (b) 8-min and (c) 80-min.

globules of smaller (up to 50 �m) size (Fig. 3a). The
coarsely dispersed fractions have the similar skeleton.
The micrograph of a sample of the 8-min fraction is
given as example (Fig. 3b, sample no. 4). The samples
of finely dispersed fractions have the pronounced
close-packed skeleton (Fig. 3a) formed by fine
globules 30�50 �m in diameter. The average pore
volume is from 0.45 to 0.58 and �0.35 cm3 g�1 for the
samples of the first and second groups, respectively.
To these values correspond the average pore diameters
of 60 and 30 �, respectively.1

As known, the structure of the silica corpuscular
skeleton, globule size and packing, and, consequently,
surface area, pore volume, and pore diameter depend
on the synthesis conditions (solution pH, reagent con-
centrations, and temperature [3, 4]). Therefore, it may
be suggested that the silica fractions of the first group
(the major part of the initial sample) were formed
under somewhat different synthesis conditions than
samples of finely dispersed fractions. In the traditional
method of the synthesis of amorphous SiO2 [3, 4], the
acid is fed into alkaline silicate solution at once (i.e.,
formation and growth of silica sol occur simultane-
ously throughout the volume). At the same time, in an
alternative method described in [2, 5, 6], silicic acids
form and polymerize into more complex cross-linked
structures gradually, as CO2 is fed into the solution.
The process is complete at a 104�108% carbonation.
������������
1 The average pore volume was determined by the �desiccator�

method, i.e., by keeping the sample in benzene vapor till
saturation, i.e., at p /ps = 1.0; the average pore diameter was
calculated from the dav = 4Vav /Scr ratio [9] for corpuscular
structures.

Therefore, the conditions of the nucleation and growth
of silica sol at each subsequent moment are different.

In the first stages of carbonation, when the concen-
tration of Na2SiO3 solution is high and concentration
of the acidic reagent is low (CO2 + H2O �

� H+ +
HCO3

�), the amount of the forming silicic acids cannot
ensure bulk polycondensation and solation. As CO2 is
fed, the content of silicic acids increases. However, up
to 80�85% carbonation, the degree of polymerization
is so low that the solution remains transparent even
after prolonged storage (so-called sol phase [3]).
After a slight amount of CO2 is then fed, the solution
becomes turbid within a short time, i.e., gelation and
subsequent precipitation take place.

The formation, growth, and aggregation of the
macromolecules of silicic acids accompany each other
during the whole process of the carbonation of alka-
line silicate solution. This suggests that most (up to
85%) of the precipitated SiO2 (namely, coarsely dis-
persed fractions) is formed in the first stage of the
carbonation. Finely dispersed fractions (�10% of
the total SiO2 amount) having finely globular close-
packed skeleton are formed in the final stages, when
the residual amount of Na2SiO3 in the reaction medi-
um is low [4].

The persorption phenomenon, revealed as preferen-
tial adsorption of CH3OH and H2O in comparison
with large spherical Kr atoms, shows that, apart from
coarse pores, i.e., voids between the SiO2 globules in
contact, there are very fine pores (ultrapores) acces-
sible mainly to water molecules. The ultrapores or
voids of molecular size can be formed in the volume
of macromolecules under the certain conditions of the
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silica synthesis or hydrothermal treatment (when, e.g.,
the polymeric chain terminates upon attachment of the
�>Si�ONa group and continues to grow in another
direction) [10, 11]. Such incorporation of the �>Si�ONa
groups into the silica polymeric network is facilitated
by the long carbonation time and by gradual accumu-
lation of silicic acids in the bulk. The washout and
removal of sodium ions results in the formation of
ultravoids in the volume of globules. The extent of
termination of the polymeric chain determines the
linear size of the ultrapore.

The fact that SCH3OH slightly exceeds SKr (corre-
sponding to the true value of the surface area) indi-
cates that a part of ultrapores is also accessible to
CH3OH molecules. When a CH3OH molecule is
favorably oriented with respect to the ultrapore aper-
ture, it can partly enter the ultrapore with its hydroxy
group (SH2O/SKr is �1.9 and �1.1 for coarsely dis-
persed and finely dispersed fractions, respectively).

According to the experimental data (see table),
small H2O molecules in perceptible amounts penetrate
into the silica ultrapores. The amount of such defects
in the macromolecule structure is the largest in the
samples of coarsely dispersed fractions. The addi-
tional surface area accessible for H2O molecules in-
side the silica ultrapores is 300�340 m2 g�1 (for fine
fractions, 200 m2 g�1). With all the samples without
exception, the adsorption equilibrium was attained
within 40�45 min for krypton, 1�2 h for methanol,
and 10�20 h for water. The long time of attainment of
the adsorption equilibrium in adsorption of H2O vapor
shows that the ultrapore length is large.

Silica with the similar structural characteristics can
be used as drying agent for various gaseous systems
and in manufacture of special-purpose glasses (their
production process allows preparation of silica con-
taining �10�3 wt % color impurities [2, 6]).

CONCLUSIONS

(1) Study of the structure and granulometric com-
position of silica formed by carbonation of alkaline
silicate solution showed that the product is a finely
dispersed powder system. Most (�85%) of the powder
is in the form of 30�50-�m particles having the

similar corpuscular skeleton formed by globules 70�
150 � in diameter (S = 360�400 m2 g�1). The re-
mainder is finely dispersed fractions 20 �m in size
and less, with close-packed skeleton.

(2) The silica corpuscular skeleton with a pore
volume from 0.30 to 0.58 cm3 g�1 and pore diameter
in the range 30�60 �, depending on the fraction dis-
persion, has the ultrapore structure, i.e., it consists of
molecular-size pores accessible to water molecules.

(3) The long time of the formation and polymeri-
zation of silicic acids, associated with the prolonged
carbonation of alkaline silicate solution, is mainly
responsible for the inhomogeneity of the silica struc-
ture and granulometric composition.
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Abstract�The possibility of constructing layered systems for high-temperature synthesis of materials is
demonstrated. The cases of vertical and horizontal arrangement of layers, which ensure different types of
a technological combustion of the initial reactant mixtures with or without subsequent interaction of the
reaction products formed, are considered. The conditions are found for the synthesis of alkaline-earth metal
titanates and aluminum borides in the layered systems.

The temperature of the combustion wave front in
metal�oxide systems may be as high as (3�4) � 103 K
under quasi-adiabatic conditions. In order to perform
a high-temperature synthesis, conditions of this kind
can be created if the mixture of reacting components
is formed as a layer receiving thermal energy from
the side of parallel energy-carrying layers [1].

A stack of layers selected with account of the task
to be accomplished is arranged horizontally or ver-
tically (perpendicularly to the horizontal or vertical
axis, respectively). In some cases, it can be subjected
to the action of a centrifugal force, or an electric or
a magnetic field.

This article is concerned with the fundamental
aspects of combustion of complex stacks in relation to
the mutual arrangement of the constituent layers, their
orientation, etc. It is not aimed to establish a strict
relationship between the kinetic parameters that
govern the chemical process and the parameters deter-
mining the removal of heat from the reaction zone.
The goal is to consider the phenomenology of com-
bustion in the layers and the propagation of the com-
bustion front in the adjacent layers.

Combustion of a horizontal stack of layers. In
the horizontal variant, when the layers are arranged
perpendicularly to the horizontal axis (Fig. 1a), the
products formed in combustion of oxide system and,
in particular, reduced metals, do not penetrate into the
adjacent layers. In this case, only conductive heat
transfer occurs, since the horizontal stack is composed
of chemically independent layers. To ensure a quasi-
adiabatic course of the process in the layered system,

ignition is performed simultaneously in the adjacent
layers. Then the synthesis layers can be repeatedly
alternated with the layers that serve as sources of heat,
with the maximum heating achieved.

The macrokinetics of combustion in a layer is
determined not only by the reactant concentrations,
temperature, and pressure, but also by external forces,
e.g., those due to centrifugal acceleration in the case
of axial rotation.

The characteristic time � of combustion of a stack
is constituted by the times �k of burning-through of all

ak

(a)

(b)

L

Fig. 1. Schematic of a horizontal stack of layers. Stack:
(a) that in the general case and (b) that with a repetitive
system of three layers, in which layer no. 2 is the synthesis
layer.
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the k layers of the stack:

i i

� = � �k = � (n
�

M/Wk), (1)
k = 1 k = 1

where n is the number of moles;
�
M, average molecular

weight of the starting substances; and Wk, mass rate of
the overall reaction in the kth layer.

The normal combustion velocity Uk in a layer is
equal to the thickness of each layer (ak) divided by
the time �k of its combustion, and, consequently,
the average linear velocity of combustion of the whole
stack (

�
U) in the case of successive ignition of the

layers is given by

i
�U = ��1�ak. (2)

k = 1

Let us assume that the optimal result of synthesis is
determined by the average mass velocity of combus-
tion of a stack with substance density �k in the kth
layer:

i
�Um = S ��1�ak�k. (3)

k = 1

The quantity
�
Um differs from the additive

�
Uam,

which is equal to the average velocity of separate
combustion of each layer of the stack at average tem-
perature Tav,

i
�Uam = S� (ak�k /�k).

k = 1

Let us name the ratio

� = �Um/�Uam (4)

the coefficient of conjugation of layers in a stack. This
coefficient characterizes the rise in the rate of the
overall reaction in a stack, caused by changes in the
heat transfer conditions, number and distribution of
ignition points, and mutual arrangement of layers
in the stack:

� = f (�,�, S, Pn), (5)

where � is the heat conductivity; S, cross-sectional
area of the stack; Pn, nth permutation, whose total
number Pn in a stack composed of k layers is given,
with account of the fact that the 1st, 2nd, 3rd, ..., and

kth layers are repeated �, �, �, ... times, by

Pn = k! /�! �! �!,... (6)

It is noteworthy that the quantity � we introduced
also characterizes the synthesis layers. In this case, the
quantity

�
Uam is equivalent to the rate of accumulation

of the product at Tav, and
�
Um, to the rate of its ac-

cumulation in a layer within a stack.

Thus, for any composition of the stack, the value of
� depends on the arguments in expression (5), whose
variation mainly affects

�
Um. If the parameters �, �,

and S are constant within the limits of variations, then
the only reason why the coefficient � changes is tran-
sition from one arrangement of the layers to another.
The best synthesis effect, to which corresponds the
maximum value of �, is achieved at a certain average
value of the mass velocity.

Let us consider a three-layer system repeated in the
stack k times (see Fig. 1b). Layer 2, in which the
strongest heating conditions are to be created, is in
contact with layer 1 on the left and layer 3 on the
right. In the case of a simple, nonchain reaction in
layer 2, the degree of conversion of the reaction mix-
ture at any point of this layer along the stack axis is
determined by the temperature distribution on the left
and on the right, attained by the instant of time �k.
The value of � in layer 2 is determined in this case by
the velocity Um of the heat wave that arrives from
the adjacent layers.

The resulting value of � for the three layers com-
bined is given by

� �
� = �1 	 �2 + �3.

The strongest effect (�	 = 0, �	2 = 0) corresponds
to a numerical equality of the velocities of the op-
positely propagating combustion waves in layers 1
and 3:


Um1

 = 
Um3
.

The temperature distribution within layer 2 is set
by the propagation of the heat waves from the left and
from the right. If it is assumed that the total content
of enthalpy in layers 1 and 3 much exceeds the heat
consumed by the reaction in layer 2, then the reaction
rate profile in the synthesis layer is determined by the
existing temperature distribution. If, further, the char-
acteristic time of the reaction in the synthesis layer
is of the same order of magnitude as the time of
propagation of the heat wave (the reaction begins at
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its front), then the temperature profile is approximate-
ly described by the known Michelson distribution:

T(x) � T0 + (Tc 	 T0) exp UXCt� /�. (7)

At the point x where the temperature increases by
a factor of approximately e (Tx/T0 
 2.718 at T0 

300 K), but the reaction rate can still be neglected,

(Tx 	 T0)/(Tc 	 T0) � e, (8)

x � �/(UCp�).

For the TiO2�Al reaction mixture diluted with graph-
ite, Cp = 170 J g�1 deg�1, � = 0.05 J cm�1 deg�1 s�1,
� = 2.3 g cm�3, U = 0.02 cm s�1, and the increase in
temperature to Tx /T0 
 2.718 will occur at a distance
x = 1.5 �10�3 cm from the plane that divides the reac-
tion and heating layers.

In various mixtures of metal oxides with the specif-
ic heat Cp 
 80�130 J g�1 deg�1, all other conditions
being the same, the value x 
 (1�2) �10�2 is reached
within 1 s, and at U = 1 cm s�1, at 10�3 s. Extrapola-
tion suggests that a layer of thickness 10 cm is heated
in 1 s. Since the synthesis layer can be heated both
from the left and from the right, the yield of the reac-
tion product is the highest at the boundary of the heat
source and the lowest in the middle of the synthesis
layer.

The ratio (4) of the mass velocities characterizes
rather effectively the relationship between the thermal
properties of layers for a three-layer stack, in which
the yield of the product is determined by temperature.

Let us assume that at a furnace temperature T1 the
reaction rate in the synthesis layer is infinitely small
and the velocity of the combustion wave in the auxili-
ary layer is U1. The combination of two auxiliary
layers and the synthesis layer that lies in between is a
system in which several pathways of the process are
possible, depending on the heat-exchange conditions.
If the synthesis layer considerably exceeds in mass the
auxiliary layers and the contact area is small, then the
middle layer acts as a heat insulator, the relative yield
of the reaction product in this layer is nearly zero, and
� tends to unity. As the mass of the synthesis layer
decreases and the contact area increases, the condi-
tions can be created under which the reactions in the
layers of the system go to completion and the velocity
of the combustion wave in isolated auxiliary layers
is zero. This is the ideal, hardly achievable in practice,
case, when � tends to infinity.

Real layered systems include auxiliary layers in

which, when these layers are in the isolated state, the
combustion process occurs in the steady-state mode
without any change in their shape or disruption of the
integrity of their surface, the loss of heat across the
lateral surface is at a minimum, and the amount of
thermal energy released is sufficient for initiating or
maintaining reactions in the synthesis layer.

Synthesis of titanates of alkaline-earth elements
in a horizontal stack. The reaction of titanium and
barium oxides occurs in the temperature range 1350�
1450�C. The composition and parameters of the
auxiliary layer were chosen taking into account the
endothermic effect of the reaction between the com-
ponents in the main layer and its geometric dimen-
sions [2].

The starting mixtures were thoroughly mixed.
A hydraulic press equipped with a pressure gage for
recording the compaction force was used to fabricate
samples in the form of cylinders of various diameters
or prisms, depending on the aim of a particular
experiment. The samples were used to form layered
systems, which were then placed in a furnace heated
to the temperature of self-ignition of the mixtures
used. After the combustion in the auxiliary layers was
complete, a sample was either extracted for cooling
in air or left in the furnace until equalization of tem-
peratures.

In the case of synthesis of materials of prescribed
composition for electronics, the requirements imposed
on the product purity are high, and not only chemical
interaction between the layers, but even mechanical
penetration of the combustion products formed in the
auxiliary layer into the synthesis layer are unaccepta-
ble. Therefore, the layers were arranged vertically,
along the common horizontal axis. The cylindrical
shape of the multilayer compound structure was
chosen in order to diminish the area of contact with
the substrate and, accordingly, to make lower the un-
productive heat expenditure. These conditions ensure
a sufficiently high ratio of the total weight of the
reactants to the total area of the sample surface, across
which heat is consumed, and the maximum possible
area of contact between the layers. As a result, a
steady-state combustion wave was obtained in the
auxiliary layer and the most complete energy transfer
from one layer to another was achieved. The furnace
temperature was maintained at 850�C.

In the course of the experiments, auxiliary layer
compositions Al�Cr2O3 with varied content of the
reducing agent were studied. At a constant layer diam-
eter of 20 mm and an auxiliary to synthesis layer mass
ratio of 2, it was found that the temperature to which
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the reagent mixture in the synthesis layer is heated
varies with the composition and mass of the auxiliary
layer. The results obtained are listed in Tables 1 and 2.

The limiting mass ratio in a synthesis layer of
composition TiO2�BaCO3 and an auxiliary layer of
composition Al�Cr2O3 was 1 : 2 at an aluminum con-
tent in the initial composition of the auxiliary layer of
15% and 1 : 1 at 23%. An X-ray phase analysis dem-
onstrated that the finished product in the synthesis
layer is the tetragonal modification of barium titanate.

In a similar way, with a minimum energy expendi-
ture, we synthesized magnesium and calcium titanates.
In this case, experimental selection of the composition
and weight of the layers ensured that, in accordance
with a calculation, the temperature in the synthesis
layer was as high as 1650�1700�C at the furnace
temperature of 850�900�C.

Synthesis of pure strontium titanate is hindered by
the inertia of the process. To bring its rate in corre-
spondence with the reaction rates in the auxiliary
layers, the stock of the main layer was mechanically
activated (the efficiency of this process was demon-
strated in preliminary experiments for the example of
an Al�Cr2O3 mixture [3]).

Thus, the approach developed for synthesis of ma-
terials in a layered system was used to obtain a
number of compounds whose conventional synthesis
involves complicated preparation of starting reactants
and prolonged thermal treatment at high temperature.
Combining the layer technique with such methods as,
e.g., compaction or mechanochemical activation of the
starting mixtures makes it possible to improve the
control over the process.

Synthesis of aluminum borides in a stack of
layers with protective interlayers. In contrast to the
case of synthesis of alkaline-earth metal titanates,
when it is only important to observe the lower tem-
perature limit, synthesis of aluminum borides of cer-
tain compositions, AlB2, AlB10, and AlB12, is com-
plicated by its rather narrow temperature range (�C):

AlB2 1000	1100
�-AlB12 1100	1550
�-AlB12 1550	1660
AlB10 1660	1850

Moreover, aluminum borides are, as a rule, formed
in the presence of carbon, which takes the uncom-
pensated free bonds of complex boride molecules, and
contamination of the finished product with other
impurities, which diffuse from the auxiliary layers,

Table 1. Heating temperature Tcomb of the synthesis layer
in relation to the stock composition of the auxiliary layer
����������������������������������������

CAl, wt %
� Forming density �

Tcomb, �C� �, g cm�3 �
����������������������������������������

12.0 � 2.726 � 1250
15.0 � 2.828 � 1382
18.0 � 2.830 � 1510
20.0 � 2.726 � 1648
23.0 � 2.725 � 1650
26.5 � 2.718 � 1618
32.0 � 2.692 � 1600

����������������������������������������

Table 2. Heating temperature Tcomb of the substance in the
synthesis layer in relation to the weight m of the auxiliary
layer at aluminum content in this layer of 18%
����������������������������������������

m, g � Cylinder height h, mm � Tcomb, �C
����������������������������������������

1.84 � 2.55 � 1406
3.80 � 4.46 � 1470
5.74 � 6.84 � 1538
7.64 � 8.98 � 1550
9.81 � 11.0 � 1580

����������������������������������������

significantly changes the electrotechnical properties
of the borides.

The low-temperature boride AlB2 was synthesized
in a furnace heated to 870�C in an Al�B2O3 layer
with additional heating from the side of an auxiliary
layer composed of a stoichiometric mixture (Al +
V2O5): Al2O3 (20�25%)�(Al + V2O5) (80�75%) or
V2O5 (20�25%)�(Al + V2O5) (80�75%). AlB12 was
synthesized using a three-layer system with two auxil-
iary layers situated on both sides of the main layer in
which the Al�B2O3 mixture is also used as the syn-
thesis layer, and the Al�TiO2 system with nearly
stoichiometric composition, as the auxiliary layer. The
furnace temperature was 950�C, and the temperature
in the combustion wave, 1500�1600�C.

Further rise in temperature enhances the diffusion
interaction between the layers. Titanium penetrates
from the auxiliary layer into the main layer and reacts
with boron to give titanium boride. To preclude this
process in synthesizing AlB10, insulating interlayers
of activated carbon were used. The use of inert high-
melting interlayers enables a choice of the spatial
arrangement of the layered compound structure, a
horizontal or a vertical stack. The temperature in the
reaction zone was raised by increasing the number of
alternating layers in the order 1�2�3�2�1�2�3� etc.
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(see Fig. 1b). To improve the mechanical strength of
the system, a horizontal arrangement of the layers
along a common vertical axis was used. Placing this
multilayer system in a cylindrical graphite reactor en-
sures that the combustion process is highly adiabatic.

CONCLUSIONS

(1) The combustion of layered compound struc-
tures with characteristic conjugation of chemical proc-
esses in the layers was analyzed.

(2) It was shown that the main and fundamental
distinctive feature of the layered combustion is the
possibility of performing reactions in deep layers in a
quasi-adiabatic mode. The temperatures that can be
reached are as high as (3�4) �103 K.

(3) It was demonstrated that, in a horizontal stack
with layers arranged perpendicularly to a horizontal
axis, the combustion products of oxide system do not
penetrate into adjacent layers, the layers are chemical-
ly independent, with only conductive heat exchange
existing between them. As a characteristic of the
compound structure was introduced the coefficient of
layer conjugation, which is determined by the relative
positions of the layers, changes in the combustion
conditions in the case of combustion in a stack, and

the number and distribution of ignition points; it char-
acterizes the rise in the rate of the overall reaction.
At a furnace temperature of 850�C, alkaline-earth met-
al titanates and aluminum borides were synthesized.

(4) With the layers lying one above another per-
pendicularly to a vertical axis, heavy reaction products
in a melt pass from upper layers to lower ones and
enter into a reaction with new reagents. This scheme
is efficient in the case of a stage-by-stage formation
of a multicomponent product and can also be used
when insulating interlayers are introduced between
the layers.
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Abstract�A series of framework phosphates with varied ratio of cations Na5 � 2xBx
IIZr(PO4)3, BII = Mg, Ca,

Sr, Ba (0 � x � 2) and Na5 � 3xFexZr(PO4)3 (0 � x � 1.33) were synthesized and studied under heating. The
coefficients of thermal expansion along crystal axes �a and �c were calculated, and their dependences on the
cationic composition (nature and concentration) and on the occupancy of out-of-framework structural positions
were established.

Structural analogs of NaZr2(PO4)3 (NZP, or Nasi-
con) are most studied among framework compounds
characterized by the structural motif [T2(PO4)3] f,
where T are elements in the oxidation states 1+, 2+,
3+, 4+, and 5+ (A, B, R, M, and C), and f is the
framework charge taking values from 0 to 4. These
compounds have a number of useful properties, which
are often combined successfully in materials based on
them. One of such properties is that, when heated in
a wide temperature range, these compounds expand
only slightly, sometimes do not expand, or even
contract.

Phosphates of the NZP structural type (trigonal
system, rhombohedral cell) are described by the crys-
tal-chemical formula (M1)(M2)3L2(PO4)3, where L
are cationic positions of an anionic framework, and
M1 and M2 are positions in framework voids. As cat-
ions with varied size, oxidation state, and electronega-
tivity can enter into various nonequivalent crystal-
lographic positions of the structure, formation of wide
isomorphous series becomes possible. Iso- or hetero-
polyvalent replacement of cations, on condition that
their ratio is controlled, allows the physical and
physicochemical characteristics of the compounds to
be regularly varied.

The majority of works on the thermal expansion of
phosphates concern double phosphates containing
quadrivalent elements MIV (Ti, Zr, Hf, Ge, Sn) in the
framework and uni, bi-, or trivalent elements in voids.
These phosphates are grouped in series according to
the principle of isovalent replacement of AI, BII, and
RIII cations. Among them, the following isoformula

phosphates were studied: AIM2
IV(PO4)3, MIV = Ti,

AI = Na, K [1�5]; MIV = Zr, AI = Li, Na, K, Rb, Cs
[1, 3�8]; MIV = Hf, AI = Na, K, Rb, Cs [5, 9]; MIV =
Ge, AI = Li, K [10, 11]; MIV = Sn, AI = Na [1, 5];
BII

0.5Zr2(PO4)3, AII = Mg, Ca, Sr, Ba, Cd [3, 8, 12�
20]; RIII

1/3Zr2(PO4)3, RIII = La, Pr, Nd, Sm, Eu, Gd,
Tb, Er, Tm, Yb [21].

As the metal�oxygen bonds in L positions do not
noticeably elongate with increasing temperature and
phosphorus�oxygen bonds become slightly shorter,
the framework of such compounds does not noticeably
expand on heating, and the thermal behavior of
the structure as a whole depends on the nature and
number of cations filling the framework cavities. It
follows from the equation � = 32.9(0.75 � zp)�10�6

[22] [� is mean thermal expansion coefficient of the
metal�oxygen bond (K �1); z; cation charge; and p,
coordination number] that the thermal expansion
decreases as the cation charge increases. Increase in
the size of cations located in positions of M, as shown
for the above-given series with the same frameworks
[Zr2(PO4)3]�, causes a decrease in the parameter �c
and an increase in the parameter �a of a rhombohedral
cell (hexagonal setting) with increasing temperature.
In this case, the lattice parameters themselves change
differently with increasing ionic radii of out-of-frame-
work ions: c increases and a decreases. An increase
in the number of M positions not occupied by cations
often reduces the thermal expansion, as it was found
when studying the phosphates Sr0.5Ti2(PO4)3 [23],
Cs1.3R0.3Zr1.7(PO4)3 [24], and the phosphates of the
series with varied concentrations of cations and vacan-
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cies Na1 � xNbxZr2 � x(PO4)3, Na1 + xYxZr2 � x(PO4)3,
and A5 � 4xZrxZr(PO4)3. The role of vacancies has
been considered in [23] when discussing the mech-
anism of thermal expansion of the phosphate Sr0.5 �
Ti2(PO4)3.

The system of zirconium phosphates of the series
AI

5 � xAx
I�Zr(PO4)3, AI

5 � xBx
IIZr(PO4)3, AI

5 � 3xRx
III �

Zr(PO4)3, AI
5 � 4xMx

IVZr(PO4)3, and AI
5 � 5xC

V
x �Zr(PO4)3

is of interest for the estimation of contributions of the
concentrations n and � of cations and vacancies,
respectively, to the thermal expansion. Variations in
the concentration x of cations BII, RIII, MIV, and CV

in these series upon their heterovalent substitution for
cations AI are accompanied by a change in the con-
centration � of vacancies (���

�) by the scheme

���� M
4+

1/4 +A+
, ���� 1/5A+ C5+ + 4/5���

�
.

A+ ���� 1/2B2+ 1/2+ ���
�

, A+ ���� 1/3R3++ 2/3���
�

,

���
�

3/4���� M
4+

1/4 +A+
, ���� 1/5A+ C5+ + 4/5���

�
.

A+ ���� 1/2B2+ 1/2+ ���
�

, A+ ���� 1/3R3++ 2/3���
�

,

���
�

3/4

Earlier thermal expansion was studied for such
series of phosphates with zirconium as MIV, namely,
Na5 � 4xZrxZr(PO4)3 [Na5 � 4xZr1 + x(PO4)3] and K5 � 4x �
ZrxZr(PO4)3 [K5 � 4xZr1 + x(PO4)3] at x varied from 0
up to 1, i.e., from Na5(K5)Zr(PO4)3 to Na(K) �
Zr(PO4)3, and also for the phosphate NbZrNb(PO4)3
with CV. The dependences of the thermal expansion
parameters on the number of occupied crystallographic
out-of-framework positions and, therefore, on the con-
centration of MIV were revealed [27]. In this work we
studied the series with bi- and trivalent elements. We
examined the thermal expansion of the phosphates
Na5 � 2xBxZr(PO4)3 for B = Mg, Ca, Sr, Ba and
Na5 � 3xFexZr(PO4)3 with x 0�2 and 0�1.33, respec-
tively, in the range from room temperature to 750�C.
For this purpose we prepared the following phos-
phates of these series:

Na5Zr(PO4)3 x = 0 Na5Zr(PO4)3 x = 0
Na4Mg0.5Zr(PO4)3 x = 0.5 Na4Fe0.33Zr(PO4)3 x = 0.33
Na3MgZr(PO4)3 x = 1.0 Na3Fe0.66Zr(PO4)3 x = 0.66
Na2Mg1.5Zr(PO4)3 x = 1.5 Na2FeZr(PO4)3 x = 1.0
NaMg2Zr(PO4)3 x = 2.0 NaFe1.33Zr(PO4)3 x = 1.33

and similar compounds with Ca, Sr, and Ba.

Apparently, the numbers of occupied (n) and
vacant (�) positions in framework voids of the phos-
phates change from n = 4 and � = 0 (in this case the
positions in the framework voids are fully occupied
by cations) to n = 2 and � = 2 for the phosphates with
bivalent elements and to n = 1.33 and � = 2.67 for
the phosphates with Fe (in this case, the possible

number of vacant positions in the framework voids is
maximal).

EXPERIMENTAL

The phosphates were precipitated from 1 M solu-
tions of appropriate salts by adding 1 M phosphoric
acid. The solution over the precipitate was evaporated,
and the precipitate was heated in several stages: at
600, 800, and 1000�C for 24 h in each stage, with
intermediate grindings.

The resulting compounds and intermediate prod-
ucts were studied by IR spectroscopy and X-ray phase
analysis (XRPA).

The IR spectra were recorded on a Specord 75-IR
spectrophotometer in the range of wave numbers
1800�400 cm�1 at room temperature. Samples were
deposited on a KBr support as finely dispersed sus-
pension in isopropanol. A clean cell was used as a
reference (100% transmission).

The X-ray patterns of powder samples were re-
corded on a DRON-3M diffractometer in filtered
CoK� or CuK� radiation (�1 1.78892 and 1.54078 �,
respectively). The unit cell parameters were deter-
mined using Al2O3 as reference (a = 4.758, c =
12.991 �, crystal planes [113] and [116]) in the range
of angles 2� = 10��80�. The parameters were calcu-
lated by the least-squares method, the measurement
error being no more than 0.015�. It gave an error in
the hexagonal lattice parameters of 0.005 � for the
a-axis and 0.01 � for the c-axis.

Thermal expansion of the phosphates was studied
by high-temperature X-ray diffraction. The coef-
ficients of linear thermal expansion were determined
from the shifts of the reflections from crystalline
planes [hkl] at varied temperature. The temperature
was measured with a Pt�Pt/Rh thermocouple. The
temperature readings were checked by simultaneous
recording of the reference (Al2O3) pattern. The axial
coefficients �a and �c were calculated using a tech-
nique based on the least-squares method.

The samples obtained were colorless finely crystal-
line powders. Their IR spectra are similar to each
other (Figs. 1a and 1b). The character of the spectra
points to the presence of orthophosphate groups: the
bands in the ranges 1140�900 and 630�540 cm�1

correspond to antisymmetric stretching and bending
vibrations of PO4 tetrahedra. The IR data indicate that
the compounds under study belong to the class of
orthophosphates.

The positions of diffraction peaks and their relative
intensities in the X-ray patterns are similar to each
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(a)

x = 0.5

x = 0

x = 1.0

x = 1.5

(b)

x = 0

x = 0.66

x = 1.0

x = 1.33

Fig. 1. IR spectra of (a) Na5 � 2xSrxZr(PO4)3 and
(b) Na5 � 3xFexZr(PO4)3 (�, cm�1).

(a)

(b)

x = 0

x = 0.5

x = 1.0

x = 1.5

x = 0.66

x = 1.0

x = 2.0 x = 1.33

2�, deg 2�, deg

Fig. 2. X-ray patterns of (a) Na5 � 2xSrxZr(PO4)3 and
(b) Na5 � 3xFexZr(PO4)3. (2�) Bragg’s angle.

other (Fig. 2). They were indexed using two crystal-
line modifications of Na5Zr(PO4)3 as structural
analogs. It was found that the phosphates under study
crystallized in two structural forms of trigonal system
(space groups R32 and R

�
3c).

Phosphates Na5 � 2xBx
IIZr(PO4)3 (BII = Ca, Sr,

Ba). The phosphate Na5Zr(PO4)3, which is an extreme
member of the series Na5 � 2xBx

IIZr(PO4)3 (BII = Ca,
Sr, Ba), is characterized, as mentioned above, by two
structural modifications with space groups R

�
3c and

R32, with ordered (space group R32) and disordered
(space group R

�
3c) arrangement of the NaO6 and ZrO6

polyhedra along the c-axis.

According to the XRPA data, the R32 modification
is formed in the phosphates with a small content of
calcium and strontium [up to x = 0.5, which corre-
sponds to Na4.5B0.5Zr(PO4)3]. This conclusion agrees
with the IR data. The IR spectra of the phases with
space group R

�
3c (according to the XRPA data), con-

taining Ca and Sr in concentrations x > 0.5 and Ba in
concentration x = 1.0, exhibit bands typical of the
R32 modification: 4�5 of five bands allowed by selec-
tion rules appear in the region of stretching and bend-
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Unit cell parameters and thermal expansion coefficients for Na5 � 2xBxZr(PO4)3 (B = Mg, Ca, Sr, Ba) and Na5 � 3x �
FexZr(PO4)3
������������������������������������������������������������������������������������

Phos-
�

x
�

n
� Unit cell parameters � Thermal expansion coefficients � � 106, K�1

� � �������������������������������������������������������������phate � � � a, � � c, � � V, �3 � �a � �c ��av = 2/3�a + 1/3�c
������������������������������������������������������������������������������������

Na5 � 2xBxZr(PO4)3
B = Mg � 0 � 4.0 � 9.160 � 21.80 � 1584 � 	5.82 � 20.73 � 3.03

� 1.0 � 3.0 � 8.867 � 22.52 � 1533 � 	1.30 � 25.18 � 7.53
� 1.5 � 2.5 � 8.863 � 22.50 � 1531 � 	1.09 � 23.20 � 7.01
� 2.0 � 2.0 � 8.800 � 22.78 � 1526 � 	0.74 � 16.70 � 5.07

B = Ca � 0 � 4.0 � 9.158 � 21.78 � 1582 � 12.08 � 60.18 � 38.55
� 0.5 � 3.5 � 9.130 � 22.51 � 1625 � 9.95 � 24.80 � 14.90
� 1.0 � 3.0 � 9.073 � 22.38 � 1595 � 9.87 � 27.30 � 15.68
� 1.5 � 2.5 � 8.795 � 22.74 � 1523 � 9.35 � 29.50 � 16.07
� 2.0 � 2.0 � 8.804 � 22.74 � 1526 � 	5.53 � 28.80 � 5.91

B = Sr � 0 � 4.0 � 9.158 � 21.78 � 1582 � 12.08 � 60.18 � 38.55
� 0.5 � 3.5 � 9.146 � 22.39 � 1622 � 13.18 � 44.30 � 23.55
� 1.0 � 3.0 � 9.028 � 22.48 � 1587 � 3.65 � 21.83 � 9.71
� 1.5 � 2.5 � 9.029 � 22.50 � 1589 � 2.91 � 18.90 � 8.24
� 2.0 � 2.0 � 8.804 � 22.80 � 1530 � 	2.20 � 18.68 � 4.76

B = Ba � 1.0 � 3.0 � 9.128 � 22.82 � 1575 � 	 � 	 � 	

Na5 � 3xFexZr(PO4)3
R = Fe � 0 � 4.0 � 9.160 � 21.80 � 1584 � 	5.82 � 20.73 � 3.03

� 0.66 � 2.66 � 8.779 � 22.75 � 1518 � 	4.13 � 23.00 � 4.91
� 1.0 � 2.0 � 8.775 � 22.37 � 1485 � 	0.57 � 21.90 � 6.92
� 1.33 � 1.33 � 8.767 � 22.71 � 1512 � 	0.58 � 13.40 � 4.08

������������������������������������������������������������������������������������

ing vibrations. Hence, as x increases, the ordered
arrangement of Na and Zr atoms in the columns of the
structure (space group R32) is gradually converted to
their disordered state (space group R

�
3c). These struc-

tural changes are not obvious from the XRPA data,
but the more sensitive IR data reveal them.

c, �

a, �

Fig. 3. Unit cell parameters a and c as functions of the
occupancy n of M positions in phosphates Na5 � qxTx �
Zr(PO4)3, where T = B = (1) Mg, (2) Ca, and (3) Sr; T =
R = (4) Al, (5) Fe, and (6) Dy; (7) Na5Zr(PO4)3.

Phosphates Na5 � 2xMgxZr(PO4)3 and Na5 � 3x �

FexZr(PO4)3. Phosphates of the series Na5 � 2xMgx �
Zr(PO4)3 and Na5 � 3xFexZr(PO4)3 with x values
covering the whole range were assigned, according to
XRPA, to space group R

�
3c. The observed IR spectra

are similar to those of the phases of space group R
�
3c,

which confirms the conclusions on the structure sym-
metry, made from the XRPA data.

The XRPA and IR data show that, among the phos-
phates synthesized, there are compounds with the
higher concentrations of alkaline-earth cations than
those in any known phosphates of the NZP-like struc-
ture. These are the phosphates NaMg2Zr(PO4)3,
NaCa2Zr(PO4)3, NaSr2Zr(PO4)3, and Na3BaZr(PO4)3.
Earlier attempts to incorporate alkaline-earth cations
into zirconium compounds in greater amounts than in
B0.5Zr2(PO4)3 failed [29]. The NZP structure of the
new compounds seems to be stabilized by sodium
cations. A similar effect was also observed for the
Li-containing zirconium phosphates NaLi4Zr(PO4)3
and KLi4Zr(PO4)3 [30].

We calculated the unit cell parameters from the
indexing data (see table). It is evident (Fig. 3) that the
parameter a increases and the parameter c decreases
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as the concentrations of alkaline-earth elements and
iron decrease (n increases and � decreases). The mini-
mal value of the unit cell parameter c and the maximal
value of a correspond to the phosphate Na5Zr(PO4)3
(all structural positions are occupied and vacancies
are absent).

The phosphates were studied in the range from
room temperature to 750�C. Changes in their structure
on heating were judged from the coefficients of linear
thermal expansion �a = 	a/a	T and �c = 
c/c	T.
It follows from the coefficients �a and �c calculated
from the X-ray diffraction data (see table) that the
thermal expansion anisotropy characteristic for NZP
phosphates is also observed in the compounds ob-
tained. As is the case with the majority of known NZP
phosphates, �a < 0 and �c > 0. The expansion along
the c-axis is greater than the contraction along the
a-axis (��a� < ��c�).

At the same time, both coefficients �a and �c were
positive for certain phosphates in the series under
study; these are the phosphates Na5Zr(PO4)3 (space
group R32) and Na5 � 2xBxZr(PO4)3 (B = Ca, Sr) at
0 < x < 1.5. Especially strong elongation of the struc-
ture along the c-axis was observed in the case of the
phosphate Na5Zr(PO4)3 (x = 0, n = 4, � = 0): �c =
60.18 �10�6 K�1. In the case of the phosphates of the
R32 modification with Ca and Sr, �a and �c tended
to decrease (Fig. 4) as the concentration x of these ele-
ments increased and, hence, the number of occupied
M positions decreased (and, correspondingly, the
number of vacant positions increased); also, growing
disordering of the Na and Zr octahedra took place.

The dependences �a = f(n) and �c = f(n) for
Na5 � 2xMgxZr(PO4)3 and Na5 � 3xFexZr(PO4)3 crystal-
lizing in space group R

�
3c are plotted in Fig. 5. The

published data for Na5 � 4xZrxZr(PO4)3 [27] and
NbZr(PO4)3 [28] are also given. These compounds
belong to the above-given system of zirconium phos-
phates: zirconium with MIV and zirconium with CV

cations.

We found that our experimental data for the series
with bi- and trivalent BII and RIII cations are con-
sistent with published data for the series with quadri-
and quinquivalent elements MIV and CV [26�28]. For
all the phosphates of the R

�
3c structural modification,

the contraction along the a-axis and the expansion
along the c-axis took place on heating (Fig. 5). The
dependences �a = f(n) for the phosphates AI

5 � 2x �
MgxZr(PO4)3, AI

5 � 3xFexZr(PO4)3, AI
5 � 4xZrxZr(PO4)3,

and AI
5 � 5xNbxZr(PO4)3 with BII (Mg), RIII (Fe),

MIV (Zr), and CV (Nb) are very close to each other.

Fig. 4. Plot of axial thermal expansion coefficients �a and
�c vs. occupancy n of M positions and number � of vacan-
cies for (1) Na5 � 2xSrxZr(PO4)3 and (2) Na5Zr(PO4)3.

Fig. 5. Plot of axial thermal expansion coefficients �a and
�c vs. occupancy n of M positions and number � of vacan-
cies for mixed zirconium phosphates, according to data of
various authors: (1) Na5 � 2xMgxZr(PO4)3, (2) Na5 � 3xFex �

Zr(PO4)3, (3) Na5 � 4xZrxZr(PO4)3 [28], (4) NbZr(PO4)3
[27], and (5) Na5Zr(PO4)3 [28].

At the same time, the plot of �c = f(n) for the phos-
phates Na5 � 4xZrxZr(PO4)3 [26] lies somewhat lower
than that for the phosphates with Mg and Fe. This
agrees with the generally accepted mechanism of
thermal expansion of phosphates with a [T2(PO4)3]f

framework based on the crystal-chemical model: with
increasing cation charge in TO6 octahedra forming
chains along the c-axis, the thermal expansion along
this axis decreases (it is assumed that multicharged
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cations in the above-mentioned series occupy L posi-
tions together with zirconium at 2 � n < 4).

The nonmonotonic course of the dependences of �a
and �c on n (�) for both newly studied and previously
described series is attributable to different effects
exerted by multicharged cations (BII, RIII, MIV, and
CV) and vacancies in occupation of various crystal-
lographic positions of the NZP structure.

(1) An increase in the concentration of multi-
charged cations in the L-positions upon replacement
of sodium by magnesium, iron, and zirconium causes
a decrease in �c and, correspondingly, an increase
in �a.

(2) An increase in the number of vacant M2 posi-
tions upon replacement of sodium by magnesium,
iron, and zirconium (4 � n � 1) causes a decrease in
�a (vacancies behave as small-size cations), as noted
above when considering the parameters a and c
(Fig. 3). They expand to a lesser extent on heating
than cation�oxygen bonds in the same positions,
which facilitates elongation of bonds along the c-axis
(�c increases).

At n � 1 (� 
 3), when all M2 positions are free
(� 
 3) and the number of free M1 positions decreases,
the increase in the number of vacancies causes a de-
crease in �c [26]. This causes the O�P�O angles in
the PO4 tetrahedra to decrease and facilitates elonga-
tion of bonds along the a-axis (�a increases) (Fig. 5).
This can be followed in the sections of the curves at
n � 1 (with the number of vacant positions, corre-
spondingly, varying in the range 3 � � � 4). This
result agrees well with published data [23] on the
behavior of vacancies on heating of Sr0.5Ti2(PO4)3.
A similar behavior of vacancies in M2 positions
should result in the structure contraction along the
a-axis, which also agrees with the above-given facts.

The vacancies in the phosphates of R32 modifica-
tion (Fig. 4) affect the structure more strongly along
the a-axis (an increase in their number results in a
decrease in �a), whereas an increase in the concentra-
tion of multicharged ions in M positions affects the
structure more strongly along the c-axis (�c also
decreases).

On the whole, it follows from the experiment that
many factors affect the behavior of the structure on
heating: the nature of cations T, their concentration,
the number of vacant positions, and also the unit cell
symmetry. It should be noted that their roles are
ambiguous. Their better understanding can be reached
only using structure analysis methods allowing es-

timation of the distribution of cations over three types
of nonequivalent positions of the structure.

It should also be noted that our experimental data
on the thermal expansion of phosphates allow control
of the thermal expansion characteristics of zirconium
phosphate materials by choosing appropriate cations
and their ratios and concentrations. It is important for
practice that Na5 � qxTxZr(PO4)3 phosphates can be
either low-expanding (�av �2�10�6 K�1), medium-
expanding (2 �10�6 < �av � 8�10�6 K�1), or highly
expanding (�av > 8�10�6 K�1), so that structurally
related substances with a wide range of thermal ex-
pansion characteristics become available.

CONCLUSIONS

(1) The thermal expansion of new zirconium phos-
phates with uni-, bi-, and trivalent elements was
studied. These phosphates belong to the family of
structural analogs of Na5Zr(PO4)3, namely, Na5 � 2x �
Bx

IIZr(PO4)3 (BII = Mg, Ca, Sr, Ba) and Na5 � 3xFex �
Zr(PO4)3.

(2) The dependences of the linear and cubic ex-
pansion coefficients on the composition of phosphates
with varied combinations and quantitative ratios of Na
and Mg, Ca, Sr, Ba, Fe cations were determined. By
choosing appropriate cationic composition, the ther-
mal expansion characteristics of zirconium phosphates
in the series under study can be adjusted in the follow-
ing ranges: �a, from �6 to 13�10�6 K�1, �c, from 17
to 60�10�6 K�1; and �av, from 3 to 38�10�6 K�1.
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Abstract�Changes in the surface properties and pore structure of montmorillonite in substitution of inorganic
exchange cations by polyhydroxoaluminum cations were studied by measuring the adsorption of thiophene
vapor.

One of the main goals of oil refining and gas proc-
essing is to develop efficient processes for removal of
sulfur from oil and natural gas, with the sorption
method having particular importance [1�4]. Of the
three adsorbents (silica gel, alumogel, salica clay)
tested in purification of natural gas to remove mer-
captans, silica gel has the highest adsorption capacity
[2]. According to [3, 4], thiophene is adsorbed by
silica gel, alumogel, and zeolite, with its molecules
having planar orientation in the monolayer of the
adsorbate. Thiophene molecules form in the interlayer
space of montmorillonite coordination bonds with
exchange cations via sulfur atoms [5]. Elucidating the
mechanism of sorption interaction in systems consti-
tuted by an organosilicon compound and an adsorbent
remains a topical task. Substitution of exchange cat-
ions of montmorillonite by polyhydroxoaluminum
cations promotes formation of a microporous structure
[6]. Data on adsorption and heat of adsorption of a
number of polar molecules on the initial and polyhy-
droxoaluminum montmorillonites (PHAMt) were
reported in [7�9].

In this work we studied adsorption of thiophene
vapor on dehydrated sodium and polyhydroxoalumi-
num forms of montmorillonite.

As the initial sorbent we took white bentonite from
the Azkamar deposit, which is mainly composed of
a sodium montmorillonite mineral (NaMt) and has
a cation-exchange capacity E = 0.82 mg-equiv g�1 and
the following chemical composition (wt %): SiO2
52.51, Al2O3 17.92, Fe2O3 3.56, CaO 1.20, MgO
3.62, SO3 0.28, K2O 0.27, Na2O 5.16, and calcination
loss 17.16.

The polyhydroxoaluminum montmorillonite was

prepared by treating a suspension of Na-montmorillo-
nite with a polyhydroxoaluminum complex [10]. The
substitution of the Na+ ions of the mineral with bulky
complex hepta-charged polyhydroxoaluminum cations
(PHAC) [Al13O4(OH)24(H2O)12]7+ leads to an in-
crease in the interlayer spacing along the c axis by
�d001 = 0.85 nm.

As adsorbate we used thiophene of pure grade,
carefully purified and dried with NaA zeolite. Prior
to performing adsorption experiments, thiophene was
degassed, so that its saturated vapor pressure corre-
sponded to the tabulated value [11].

The adsorption was measured by the gravimetric
and isosteric [7] methods. Before measuring the ad-
sorption, NaMt and PHAMt were vacuum-treated at
423 and 773 K for 6�8 h (at a residual pressure in the
system of about 1.33 �10�4 Pa). At these tempera-
tures, the structure of NaMt undergoes characteristic
changes: at 423 K it undergoes partial dehydration
(this sample is designated as NaMt-1), with exchange-
able Na+ ions introduced into ditrigonal cavities of the
aluminosilicate layer; at 773 K, NaMt is totally dehy-
drated, the structure collapses, and partial dehydroxy-
lation occurs (NaMt-2). Thermal treatment of PHAMt
at these temperatures, i.e., below and above the tem-
perature of PHAC transformation into aluminum
oxide clusters [12], is accompanied by dehydration
and dehydroxylation (samples designated as PHAMt-1
and PHAMt-2). In accordance with the structural
changes in the sorbents, it would be expected that the
adsorption interaction should change, too, compared
to that in NaMt and PHAMt.

The isotherms of thiophene vapor adsorption on
Na-montmorillonite (Fig. 1) are S-shaped, with
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hysteresis loops in a wide range of relative pressures
P /Ps. Raising the temperature of vacuum treatment of
NaMt within the range 423�773 K leads to lower
accessibility of the exchange ions to thiophene mole-
cules, and, therefore, the adsorption decreases and the
hysteresis loop in the isotherm becomes somewhat
narrower. The most probable reason for the change in
the width of the hysteresis loop in the isotherms is
formation of various ion�molecule complexes with or
without residual water molecules, which coordinate
the exchange ions. The structural-sorptive properties
of NaMt samples, found from the isotherms of thio-
phene sorption, are listed in Table 1.

In calculating the specific surface areas of NaMt-1
and NaMt-2 by the BET equation, the surface area
occupied by a thiophene molecule was taken to be
0.39 nm2 [1].

It follows from Table 1 that raising the NaMt treat-
ment temperature within the range 423�773 K leads to
a decrease in the capacity of the monolayer and, con-
sequently, in the specific surface area by a factor of
more than 3; the sorption volume in the state saturated
to the maximum possible extent decreased in this case
by a factor of approximately 2.2. Undoubtedly, all this
is due to differences in the surface properties and in
the pore structure of NaMt forming as a result of
dehydration and dehydroxylation. The role played by
the internal and external surfaces of montmorillonite
can be revealed by comparing the adsorption of ben-
zene, whose molecules are mainly adsorbed on the
external surface of the mineral (without being incor-
porated into the interlayer space) with that of thio-
phene. It was found that the adsorption capacity of
NaMt-1 for thiophene exceeds that for benzene by a
factor of 3.7. Consequently, thiophene molecules are
adsorbed on NaMt-1 not only on the external surface,
but also within the internal pore volume. The specific
surface areas of NaMt-2 for both the adsorbates are
close, which suggests that the adsorption of thiophene
and benzene is limited in this case to the external
surface of NaMt-2.

Polyhydroxoaluminum montmorillonite is a ther-
mally stable clayey adsorbent [6]. Thermal treat-
ment in a vacuum at 423 K leads to full opening of
the sorption volume as a result of dehydration. The
transfer of modifying cations into aluminum oxide
clusters does not lead to any noticeable change in the
interlayer spacing in the mineral [7]. The isotherm of
thiophene adsorption on PHAMt-1 (at P /Ps < 0.01)
has a steeper initial portion (Fig. 1) than that for
PHAMt-2. The difference in thiophene adsorption
between PHAMt-1 and PHAMt-2 is due to specific

a, mol kg�1

Fig. 1. Isotherms of thiophene vapor adsorption on (1,
2) NaMt and (3, 4) PHAMt dehydrated at (1, 3) 423 and
(2, 4) 773 K. (a) Adsorption and (P /Ps) relative pressure.

adsorption interaction of thiophene molecules with
PHAC and aluminum oxide clusters. The fact that
both isotherms are virtually �-shaped and the adsorp-
tion increases only slightly within the range P /Ps �

0.05�0.9 indicates that the structure of PHAMt is not
deformed in the course of thiophene adsorption.

The sorption volumes of PHAMt for thiophene
(m3 kg�1) at P /Ps = 0.2 (W), 0.4 (W0), and 1.0
(Vs) and the mesopore volumes Wme = Vs � W0 cal-
culated from the adsorption isotherms are listed in
Table 2.

Table 1. Sorption characteristics of Na-montmorillonite
for thiophene*
����������������������������������������

Adsorbent
� am, � S�10�3, � as, � Vs�10�3,
� mol kg�1 � m2 kg�1 � mol kg�1 � m3 kg�1

����������������������������������������
NaMt-1 � 0.53 � 105 � 1.76 � 0.133
NaMt-2 � 0.14 � 29 � 0.78 � 0.061
����������������������������������������
* am is the monolayer capacity; S, specific surface area; as,

limiting adsorption; and Vs, limiting sorption volume.

Table 2. Sorption volumes (m3 kg�1) of polyhydroxoalu-
minum montmorillonite for thiophene
����������������������������������������
Adsorbent � W�103 � W0�103 � Vs�103 � Wme �103

����������������������������������������
PHAMt-1 � 0.118 � 0.123 � 0.147 � 0.024
PHAMt-2 � 0.093 � 0.098 � 0.116 � 0.018
����������������������������������������
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103/T, K�1

log P [mm Hg]

Fig. 2. (1�13) Isosteres of thiophene adsorption on NaMt-1
at different amounts of adsorbed thiophene. (P) Pressure
and (T) temperature. Amount of thiophene (mol kg�1):
(1) 0.009, (2) 0.13, (3) 0.23, (4) 0.35, (5) 0.43, (6) 0.52,
(7) 0.80, (8) 1.03, (9) 1.08, (10) 1.20, (11) 1.29, (12) 1.45,
and (13) 1.55; (14) logPs vs. T�1 curve for unadsorbed
thiophene.

Q, kJ mol�1

a, mol kg�1

Fig. 3. Differential isosteric heat of thiophene adsorption
on (1) NaMt-1 and (2) PHAMt-1 vs. the amount of sub-
stance adsorbed. (Q) Heat of sorption, (a) adsorption, and
(�) heat of condensation.

It can be seen that the volume of micropores, W0,
and that in saturation of PHAMt-1, Vs, markedly
exceed the sorption volumes of PHAMt-2. The ad-
sorption of thiophene vapor at P /Ps mainly proceeds
with filling of the mesopore volume. Thermal treat-

ment of PHAMt at 773 K, i.e., at a temperature ex-
ceeding the onset temperature of aluminum oxide
cluster formation, leads to a decrease by 20�25% in
the pore volume, compared to the volume of PHAMt
dehydrated at 423 K. Comparison of the sorption
volumes of PHAMT for thiophene and benzene shows
that they are rather close. This indicates that mole-
cules of these organic substances are adsorbed on
PHAMt via volume filling of micropores.

The changes in the nature of the surface and in the
pore structure of montmorillonite upon substitution
of Na+ ions by [Al13O4(OH)24(H2O)12]7+ can be
judged by comparing the heats of thiophene adsorp-
tion on NaMt-1 and PHAMt-1. The heats of adsorp-
tion were found from the temperature dependence of
thiophene adsorption, i.e., from a set of isosteres of
thiophene adsorption, measured in the temperature
range 260�320 K at fillings from a fraction of Vs to
complete saturation. As an example, Fig. 2 shows a
family of isosteres of thiophene adsorption, measured
on NaMt-1 and plotted in the logP�T �1 coordinates.
In these coordinates, the isosteres are approximated
with straight lines, which indicates that the heat of
adsorption is temperature-independent in the tempera-
ture range studied. The upper line in Fig. 2 represents
the dependence of the logarithm of the saturated vapor
pressure on T �1 for the bulk phase of thiophene. It can
be seen that the slopes of the isosteres vary with the
amount of adsorbed thiophene.

The change in the slope of the isosteric straight
lines for the systems thiophene�NaMt-1 and thio-
phene�PHAMt-1 was used to calculate, using the
Clausius�Clapeyron equation, the differential isosteric
heats of adsorption, Q (Fig. 3). For the systems
studied, the dependences of Q on the amount of sub-
stance adsorbed abruptly descend at small fillings,
reach a minimum, then pass through maxima at medi-
um adsorption levels, after which the value of Q de-
creases, gradually approaching the heat of condensation
of the bulk phase of thiophene (� = 32.5 kJ mol�1).
In this range of fillings, the adsorption in the system
thiophene�NaMt-1 mainly occurs at the surface of
NaMt-1, but penetration of its molecules into the
interlayer space of the mineral cannot be ruled out,
either. When thiophene molecules are adsorbed with
the plane of their ring parallel to aluminosilicate
stacks, �d001 of the mineral remains virtually un-
changed [5]. Further, Q increases somewhat, to reach
its maximum value Qmax

� 36.5 kJ mol�1 at a �

1.25 mol kg�1. Beyond the maximum, the value of
Q gradually decreases, again approaching �. The in-
crease in Q and its extremal behavior can be accounted
for by intermolecular interaction in the polylayers.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 3 2004

ADSORPTION OF THIOPHENE VAPOR 379

The minimum in the dependence Q = f (a) is ob-
served for the system thiophene�PHAMt-1 at an ad-
sorption approximately equal to 1.10 mol kg�1 (i.e.,
at micropore volume filling a /a0 = 0.68, where a0 is
the adsorption at P /Ps = 0.4), with the minimum
value Qmin

� 45.0 kJ mol�1. The initial decrease in
the heat of thiophene adsorption on PHAMt could
have been even more abrupt, if it were not partly
compensated for by a rise in the heat because of the
increasing intensity of interaction between molecules
adsorbed in micropores. At higher adsorption levels,
the heat of adsorption increased from 45.0 to its maxi-
mum value Qmax

� 58.5 kJ mol�1 (at � = 0.86). In
this adsorption range, the increase in the heat of thio-
phene adsorption was about 13.5 kJ mol�1. At � >
0.86, the heat of thiophene adsorption on PHAMt-1
decreases abruptly to 47.5 kJ mol�1 (at � = 1.0). In the
range of mesopore filling at 1.0 < � < 1.18, the value
of Q continues to decrease and approaches � at ad-
sorbent saturation.

The higher heat of adsorption for the system thio-
phene�PHAMt-1, compared to that for thiophene�
NaMt-1, is presumably due to the enhancement of the
adsorbate�adsorbent interaction because of structural
changes that occur in montmorillonite under modifica-
tion. As active centers in PHAMt-1 act free hydroxy
groups and external oxygen atoms in polyhydroxo-
aluminum cations, oxygen surface of the silica layer,
Al3+ ions that isomorphically substitute silicon in the
silica layer, and Na+ ions that are not substituted by
polyhydroxoaluminum cations; as active centers in
NaMt-1 serve Na+ ions, surface hydroxy groups, oxy-
gen surface of the silica layer, etc.

CONCLUSIONS

(1) The influence exerted by substitution of Na+

ions with polyhydroxoaluminum cations on the ad-
sorption properties of dehydrated montmorillonite
clay was studied. A set of isosteres of thiophene vapor
adsorption were obtained. The changes in the param-
eters of the adsorption equilibrium in a wide range of

fillings were used to calculate the differential isosteric
heats of adsorption.

(2) It was established that the increase in the heat
of thiophene adsorption on replacing Na+ ions with
polyhydroxoaluminum cations results from the forma-
tion of a developed system of slitlike micropores in
the interlayer space of montmorillonite; adsorption of
thiophene on polyhydroxoaluminum montmorillonite
mainly occurs in micropores to give ion�molecule
complexes.
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Abstract�Powders of copper were obtained by reducing its various salts with hypophosphorous acid and
sodium hypophosphite. The influence exerted by various factors on the stability and electrical conductivity
of composites on their base was studied.

Thanks to unique physicochemical, electrical,
magnetic, and optical properties, polymeric formula-
tions with an ultradispersed metallic filler find wide
application in modern science and technology in de-
veloping current-conducting pastes, photo- and X-ray-
sensitive resists, shielding coatings, and electrodes.
Silver is most commonly used in electrically conduct-
ing formulations because of its high electrical conduc-
tivity and resistance to oxidation [1, 2]. Recently,
steadily increasing attention has been given to devel-
opment of copper-based formulations [3], whose
production cost is lower. In this context, the problems
associated with stabilization of ultradispersed powders
(UDP) of copper and improvement of the service life
and electrical conductivity of composites on their base
are of current interest.

Previously, methods were developed for obtaining
copper UDP with average particle size of 20�40 nm
by reducing various copper salts with glycerol and
making formulations on their base with epoxy and
novolak resins [4�8]. The most efficient is the reduc-
tion of basic carbonate, acetate, and tartrate of copper
with glycerol, and formulations on their base with
novolak resin exhibit higher electrical conductivity
[resistivity � = (0.6�1.9)�10�6 � m] and stability
(more than 6 years).

In addition, it was found that, with appropriate
stabilizing agents, it is also possible to prepare formu-
lations based on copper sulfate with the electrical
conductivity and stability comparable with those of
pastes based on copper UDP obtained by reduction of
readily decomposing copper salts. Introduction of
organic acid reductants (ascorbic, citric, formic, and

acetylsalicylic acids) leads to an increase in the reac-
tion rate by a factor of 5�10, decrease in the process
temperature by 20�40�C, and improvement of the
stability and electrical conductivity of the pastes.

It was found that epoxy formulations with addition
of stabilizers (1-naphthol and p-aminophenol) in
amount of 1% (relative to the mass of the copper
UDP) retain high electrical conductivity without
changes for more than 10 years, and formulations with
1-naphthol have the lowest resistivity of (0.8�1.2)�
10�6 � m, which is close to that characteristic of
metals. It was also found that 1-naphthol is the best
oxidation inhibitor for the novolak resin, and addition
of glycerol as a plasticizer in a 1 : 3 ratio yields for-
mulations whose electrical conductivity (resistivity
1.2 �10�6 � m) is comparable with that of the best
samples with epoxy resin. Pastes based on the novo-
lak resin are only slightly inferior to the above formu-
lations in stability, but they are less expensive and
more readily available, and, therefore, primary atten-
tion will be given here to novolak formulations.

The study is concerned with reduction of various
copper salts with hypophosphorous acid and sodium
hypophosphite at a molar ratio �(Cu) : �(H2PO2

�) =
1 : (1.5�4.0). The promise of this method is in that
the reduction with hypophosphite ions is carried out
under milder conditions (reaction temperature not
higher than 95�C, reaction time 2�35 min) than those
in reduction with glycerol (130�200�C, 15�240 min).
The copper UDP obtained was used to prepare formu-
lations with phenol�formaldehyde novolak resin. The
influence exerted by various factors on the stability
and electrical conductivity of the formulations ob-
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tained was studied. These materials were compared
with samples obtained previously by reduction with
glycerol and with industrially used pastes based on
noble metals.

EXPERIMENTAL

The copper salts were reduced with sodium hypo-
phosphite as follows: into a vessel with a solution of
a copper(II) salt heated to 80�90�C, we gradually
poured with continuous agitation a solution of sodium
hypophosphite heated to 50�60�C. Then the reaction
mixture was heated to 80�95�C [depending on a
copper(II) salt used] and kept at this temperature until
an ultradispersed copper powder precipitated. After
that, the UDP was washed with water to neutral reac-
tion of the washing water, treated with solutions of
hydroquinone and stearic acid in ethanol, and stored
under a layer of the solution of stearic acid in ethanol.
According to small-angle X-ray scattering data
(Fig. 1), the copper UDP obtained has particle size in
the range 8�100 nm, with 45% of the particles (by
mass) being less than 30 nm in size. The formulations
prepared from SF-010 phenol�formaldehyde resin and
copper UDP (with 80 wt % metallic phase) were kept
at 140�145�C for 4 h. The dc resistance of the pastes
was measured (12 V, 2.5 mA) at room temperature
(20�25�C).

To improve their resistance to oxidation, all the
copper UDP samples were treated with solutions of
hydroquinone and stearic acid in ethanol, as suggested
in [4]. The ultradispersed powders of copper obtained
by reduction of copper(II) salts (and CuSO4 �5H2O,
in particular) with sodium hypophosphite are highly
active and are readily oxidized in air because of their
increased dispersity. As a result, the formulations on
their base have relatively high resistivity (10�2 � m)
and are very unstable in storage (Fig. 2, curve 1).
However, it was found that treatment of copper UDP
with formic acid leads to a dramatic increase in the
electrical conductivity and stability of the formula-
tions (Fig. 2, curve 2). This is due to the fact that
treatment with formic acid removes the oxide film
from the surface of UDP particles and stabilizes
metallic copper against further oxidation.

Inorganic (nitrate, sulfate, chloride) and organic
(acetate, formate, citrate) salts of copper(II) were
reduced with sodium hypophosphite. The results are
listed in Table 1. It can be seen that the highest reduc-
tion rate is observed for copper nitrate, sulfate, and
formate (Table 1, sample nos. 1, 2, 5, 6, 8). Copper
acetate and nitrate (sample nos. 3, 4, 9) are reduced

d, nm
Fig. 1. Mass function Dm(d) of the size (d) distribution
of ultradispersed copper particles, calculated from small-
angle X-ray scattering curves in the approximation of
uniform spherical particles.

�, years

log P [� m]

Fig. 2. Electrical resistivity � of the formulation (copper
UDP + novolak resin SF-010) (1) in the initial state and
(2) after additional treatment with formic acid, vs. the
testing time �.

at a lower rate because of their lower solubility in
water. With CuCl2 used, copper UDP was formed, in
contrast to the case of reduction with glycerol [8], but
formulations on its base could not be obtained because
of the decreased stability and increased reactivity of
the powder. Before being introduced into formula-
tions, all the copper UDP samples obtained were
treated with formic acid.

The copper UDP samples obtained were used to
prepare formulations with a novolak resin at a copper
UDP to novolak resin ratio of 100 : 25. The highest
electrical conductivity and stability were observed for
a formulation based on copper formate, since in this
case the reaction products (formate ion etc.) stabilize
copper (sample no. 8). Only slightly inferior in elec-
trical conductivity to this sample are formulations
based on copper sulfate (sample nos. 5, 6) and copper
citrate (sample no. 9), but they are unstable in storage.
The formulations based on copper nitrate and acetate
have even lower electrical conductivity and stability.

Apparently, the presence of an excess amount of
sodium hypophosphite leads to higher electrical con-
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Table 1. Reduction of copper(II) salts with sodium hypophosphite in an aqueous medium.* SF-010 novolak resin : copper
UDP = 25 : 100
������������������������������������������������������������������������������������

Sample
�

Copper salt
�

Cu(II) : NaH2PO2,
�

�r,
�

Tr,
� � � 106, � m, at indicated testing time, years

� � � � ����������������������������������
no. � � mol : mol � min � �C � 1 day � 1 � 2 � 3 � 4

������������������������������������������������������������������������������������
1 �Cu(NO3)2 �3H2O � 1 : 1.5 � 7 � 85 � 11.2 � 15.6 � 22.5 � 31.8 � 40.2
2 �� � 1 : 2 � 5 � 85 � 8.5 � 11.8 � 16.9 � 22.4 � 28.2
3 �Cu(OAc)2 �H2O � 1 : 1.5 � 35 � 90 � 18.2 � 22.6 � 32.4 � 44.2 � 55.8
4 �� � 1 : 2 � 30 � 90 � 10.8 � 14.3 � 19.8 � 27.2 � 34.6
5 �CuSO4 �5H2O � 1 : 1.5 � 10 � 85 � 8.2 � 10.6 � 16.8 � 24.4 � 32.6
6 �� � 1 : 2 � 7 � 85 � 6.8 � 8.2 � 12.0 � 16.4 � 21.2
7 �CuCl2 �6H2O � 1 : 3 � 10 � 90 � � � � � � � � � �

8 �Cu(COOH)2 � 1 : 2 � 10 � 85 � 4.2 � 4.4 � 4.6 � 4.7 � �

9 �Cu2(Citr) �2.5H2O � 1 : 3 � 15 � 95 � 7.4 � 8.6 � 11.8 � 14.5 � �

������������������������������������������������������������������������������������
* �r and Tr are the time and temperature of the reduction of copper(II) salt with sodium hypophosphite.

ductivity and stability of copper formulations. This is
presumably due to an additional stabilizing effect of
unreacted hypophosphite ions, which decompose in
the course of the reaction under the action of water,
to give hydrogen [9].

We also studied the influence exerted by stabilizers
introduced directly into the novolak resin on the elec-
trical conductivity and stability of copper powders.
It was noted in [8] that the best stabilizer (for both
epoxy and novolak resins) is 1-naphthol, and addi-
tional introduction of glycerol as a plasticizer leads
to a considerable increase in the stability and electrical
conductivity. In this work, we analyzed the effect of

�, years

� � 106, � m

Fig. 3. Effect of stabilizers on the electrical resistivity
� of formulations with an SF-010 phenol�formaldehyde
novolak resin. (�) Testing time. Weight ratio of copper
UDP, SF-010, 1-naphthol, and glycerol (plasticizer):
(1) 100 : 25 : 0.5 : 1.5, (2) 100 : 25 : 0.5 : 3, (3) 100 : 25 :
1.0 : 1.5, (4) 100 : 25 : 1.0 : 3, (5) 100 : 25 : 2.0 : 1.5, and
(6) 100 : 25 : 2.0 : 3.

the ratio between UDP, novolak resin, 1-naphthol, and
glycerol on the stability and electrical conductivity of
pastes with novolak resin (Fig. 3). Ultradispersed
copper powders were obtained by reducing copper
sulfate with sodium hypophosphite at a ratio �(Cu) :
�(H2PO2

�) = 1 : 1.5 (Table 1, sample no. 5). It was
found that, after introduction of 1-naphthol and gly-
cerol, phenol�formaldehyde novolak formulations
based on copper UDP obtained by the hypophosphite
method become comparable in stability and electrical
conductivity with copper ultradispersed powders
prepared by reduction with glycerol.

It can be seen that the optimal content of 1-naphthol
in the formulations is 2 wt % relative to the amount of
copper UDP (sample nos. 5, 6). A smaller amount of
1-naphthol is insufficient for obtaining stable formula-
tions with nearly metallic electrical conductivity
(sample nos. 1�4). As for the use of a larger amount,
it is unfeasible because the electrical conductivity
and stability increase in this case only slightly. Ap-
parently, the stability and electrical conductivity also
become higher as the amount of glycerol is raised
(sample nos. 2, 4, 6). However, a large excess of gly-
cerol may impair the properties of the pastes, because
they show poorer hardening and become less stable in
storage. Introduction of glycerol in an amount of 1.5�
3% (relative to the mass of copper UDP) diminishes
the brittleness of the novolak resins. The highest sta-
bility and electrical conductivity are exhibited by
sample no. 6, stabilized with 2 wt % naphthol and
3 wt % glycerol. The higher optimal content of
1-naphthol in the formulations, compared to that in
formulations prepared on the basis of ultradispersed
copper powders obtained by reduction with glycerol,
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Table 2. Reduction of copper(II) salts with sodium hypophosphite in a water�hexanol medium. SF-010 novolak
resin : copper UDP = 25 : 100
������������������������������������������������������������������������������������
Sam- �

Copper salt
�

Water : hexa-
�

Cu(II) : NaH2PO2,
�

�r,
�

Tr,
���106, � m, at indicated testing time, years

� � � � � ��������������������������������ple
� �

nol, v/v
� mol : mol � min � �C � 1 day � 1 � 2 � 3 � 4no. � � � � � � � � � �

������������������������������������������������������������������������������������
1 �Cu(NO3)2 �3H2O � 10 : 1 � 1 : 2 � 2 � 85 � 6.4 � 7.4 � 8.6 � 9.8 � 10.7
2 �� � 5 : 1 � 1 : 2 � 4 � 85 � 4.2 � 4.8 � 5.6 � 6.2 � 6.8
3 �Cu(OAc)2 �H2O � 10 : 1 � 1 : 2 � 35 � 90 � 7.8 � 8.9 � 10.2 � 11.8 � 13.2
4 �� � 5 : 1 � 1 : 2 � 30 � 90 � 5.6 � 6.2 � 7.1 � 7.9 � 9.2
5 �CuSO4 �5H2O � 10 : 1 � 1 : 2 � 5 � 85 � 3.8 � 4.2 � 5.1 � 5.8 � 6.4
6 �� � 5 : 1 � 1 : 2 � 4 � 85 � 2.6 � 2.8 � 3.1 � 3.4 � 3.8
7*�� � 5 : 1 � 1 : 2 � 4 � 85 � 2.8 � 3.0 � 3.2 � 3.5 � �

8 �CuCl2 �6H2O � 10 : 1 � 1 : 4 � 4 � 90 � � � � � � � � � �

9 �Cu(COOH)2 � 10 : 1 � 1 : 2 � 7 � 85 � 2.1 � 2.2 � 2.4 � 2.5 � �

10 �� � 5 : 1 � 1 : 2 � 5 � 85 � 1.7 � 1.8 � 2.0 � 2.1 � �

������������������������������������������������������������������������������������
* Formulation prepared on the basis of copper(II) (sample no. 6) a year after UDP synthesis.

is due to the higher dispersity and reactivity of the
UDP synthesized by reduction with sodium hypo-
phosphite.

Copper(II) compounds were reduced with sodium
hypophosphite both in an aqueous medium and in
a mixture of solvents, polar (distilled water) and less
polar (hexyl alcohol), at a water : hexanol volume
ratio of 5 : 1 and 10 : 1. The reduction was carried out
as follows: into a vessel containing a copper(II) salt
solution was poured a sodium hypophosphite solution,
the mixture was agitated, a necessary amount of hexyl
alcohol was added, and the resulting mixture was
heated to the reaction temperature of 80�90�C and
kept at this temperature for 2�35 min, depending on
the copper(II) salt used. Then, the hexanol layer was
decanted, and the UDP formed was washed with water
and treated with solutions of hydroquinone and stearic
acid in ethanol. It was found that the stability of the
UDP is enhanced as the amount of hexyl alcohol is
increased.

The copper UDP samples synthesized were used to
prepare formulations with novolak resin. The results
obtained are listed in Table 2. It can be seen that
all the samples prepared in the system water�hexanol
have higher electrical conductivity and stability, com-
pared to the samples synthesized in an aqueous medi-
um (Table 1). The highest stability and electrical con-
ductivity were observed for the UDP samples based
on copper(II) formate and sulfate (even when the UDP
was stored for a year). This is due to the action of
hexanol, which, being adsorbed on the surface of
copper UDP, prevents its oxidation and aggregation.
However, the copper UDP samples obtained from
copper chloride (Table 2, sample no. 10) are rather

unstable, are rapidly oxidized, and formulations based
on these UDP samples are not electrically conducting.
This is probably due to the presence of chloride ions
adsorbed on the UDP surface.

Copper(II) acetate, sulfate, formate, basic carbo-
nate, and oxide were reduced with hypophosphorous
acid in a water�hexanol medium at a water : hexanol
volume ratio of 5 : 1. It was found that basic copper
carbonate and copper oxide can only be reduced in the
presence of excess hypophosphorous acid [�(H3PO2) :
�(Cu) = 4], and, being poorly soluble in water, these
compounds do not react with sodium hypophosphite.
The results obtained are listed in Table 3. Apparently,
the reduction of copper(II) compounds with H3PO2
occurs more actively than that with sodium hypo-
phosphite.

Comparison of Tables 2 and 3 shows that the high-
est electrical conductivity is exhibited by formulations
based on copper UDP samples obtained by reduction
with hypophosphorous acid. This is due to the fact
that, according to the results of X-ray phase analysis,
virtually no oxides could be found in the samples
reduced with hypophosphorous acid even in an aque-
ous medium, in contrast to the samples synthesized by
reduction with sodium hypophosphite. Thus, the high-
est electrical conductivity and stability of formulations
based on copper UDP are attained in the case of
reduction of copper(II) formate or sulfate with hypo-
phosphorous acid, and also upon introduction of
2 wt % 1-naphthol and 3 wt % glycerol into the
formulations.

These formulations are only slightly inferior in
electrical conductivity and stability to those ob-
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Table 3. Reduction of copper(II) salts with hypophosphorous acid in a water�hexanol medium. Volume ratio
water : hexanol = 5 : 1, SF-010 novolak resin : copper UDP = 25 : 100
������������������������������������������������������������������������������������

Sample
�

Copper salt
�

Cu(II) : H3PO2,
�

�r,
�

Tr,
���106, � m, at indicated testing time, years

� � � � �����������������������������������
no. � � mol : mol � min � �C � 1 day � 1 � 2 � 3 � 4

������������������������������������������������������������������������������������
1 �Cu(OAc)2 �H2O � 1 : 2 � 20 � 90 � 4.2 � 4.6 � 5.4 � 6.2 � 6.6
2 �CuSO4 �5H2O � 1 : 2 � 3 � 85 � 2.0 � 2.2 � 2.5 � 2.8 � 3.2
3 �Cu(COOH)2 � 1 : 2 � 4 � 85 � 1.5 � 1.6 � 1.7 � 1.8 � �

4 �CuCO3 �Cu(OH)2 � 1 : 4 � 15 � 90 � 2.4 � 2.7 � 3.1 � 3.6 � 4.1
5 �CuO � 1 : 4 � 25 � 90 � 2.5 � 2.7 � 3.0 � 3.4 � 3.9

������������������������������������������������������������������������������������

tained by reduction with glycerol and stabilized with
1-naphthol and glycerol, but their synthesis is charac-
terized by lower consumption of energy and materials
(milder conditions, low expenditure of the reducing
agent, lower expenditure of a solvent for UDP wash-
ing).

Thus, it is preferable to perform the reduction of
copper(II) compounds with sodium hypophosphite
and hypophosphorous acid in the system water�
hexanol, rather than in the aqueous medium. Adsorp-
tion of hexyl alcohol on the surface of copper particles
substantially improves their stability and raises the
electrical conductivity, so that formulations based on
the UDPs of this kind become comparable with those
prepared on the basis of UDPs synthesized by reduc-
tion with glycerol [4�8] and can compete with similar
materials based on silver [1�2].

CONCLUSIONS

(1) Ultradispersed copper powders and formula-
tions based on them were synthesized by reducing
various copper salts with sodium hypophosphite and
hypophosphorous acid.

(2) The ultradispersed copper powders obtained by
reduction with sodium hypophosphite and hypophos-
phorous acid become more stable and electrically

conductive upon treatment with formic acid.

(3) The ultradispersed copper powders synthesized
in a water�hexanol medium show higher stability and
electrical conductivity.

(4) The increased stability and low production cost
of these materials make them promising for use in
modern nanoelectronics instead of composites based
on noble metals.
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Abstract�Electrokinetic flow in a hydrophilic capillary of a model direct emulsion consisting of a polar
liquid (water or formamide) containing an alkali metal chloride or sodium alkyl sulfate and air is studied.
The interfacial electrokinetic potentials are determined.

This work is aimed at understanding the constant
electric field driven flow of a direct emulsion in a thin
capillary wetted with a polar fluid. This problem is of
interest not only for chemists, but also for medical
men, ecologists, geologists, technologists, etc. For
actual systems, parameters of the emulsion flow in a
capillary can be predicted only on the basis of ex-
perimental data and mostly even qualitatively, because
for actual systems exact analytical solution is quite
difficult. As a result, in the majority of theoretical
works, any mathematical approach developed to re-
produce the motion of two fluids in a capillary (re-
gardless of the driving force of this motion) is based
on the simplest model (see figure) [1�8]. The same
model is also used in experimental works [1, 4, 9�13].

The model system represents a cylindrical or slot-
like capillary containing a single fine particle of a non-
polar fluid (liquid or gas). The whole residual volume
of the capillary is filled with a dispersion medium
(polar liquid). The capillary surface is wetted with
the polar liquid. The particle of the nonpolar fluid is a
cylinder with the long axis along the capillary axis,
faced with half-spheres. The length of the cylindrical
part of the particle is larger than the capillary radius.
In their experimental works, researchers mostly used
cylindrical glass capillaries, an aqueous solution as the
polar fluid, and air or a hydrocarbon as the nonpolar
fluid.

By virtue of wetting of the capillary with a polar
liquid and the occurrence of electrical double layers
at the interfaces between the polar fluid and the inner
surface of the capillary and also between the polar
and nonpolar fluids, a thin film of the polar fluid is
formed between the capillary wall and the cylindrical

surface of the nonpolar particle (hereinafter, the film
of the corresponding dispersion medium). The thick-
ness of this film rf, assumed constant throughout the
surface of the cylindrical part of the particle, ranges
from several to thousands nanometers. The thickness
depends, particularly, on the nature and concentrations
of the components of the polar phase and also on the
applied external fields [8, 12�16].

Applying external constant electric field initiates
electrokinetic motion of the particle, the velocity
of which can be strongly influenced by the film
thickness.

The actual structure of the film can be far from the
ideal, especially in the initial period after formation of
the system, when the film can be strongly nonuniform
in its thickness. However, with time, the film shape
approaches that predicted by the theory, as demon-
strated by the experimental (indirect) data [12�15].

Previously [7] we theoretically considered the
problem of steady-state electrokinetic flow in such a
model system. As a result, we derived a relationship
between the electrokinetic flow velocity uc with the
film thickness rf and electrokinetic potentials at the
interface between two fluids �p�np and between the
polar phase and the capillary wall �p�s.

electric
circuit

electric
circuit

To To

Schematic of the model emulsion in a capillary (for
explanation, see text).
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�p�np = �p�s

�pucl� (1 � r4
rel + lrel)(1 � r2

rel + lrel)
+ ������ ��������������������, (1)

�0 �p�H (1 � r2
rel)

2 + lrel

where �p is the viscosity of the polar phase; l1, length
of the capillary filled with the polar phase only; �0

and �p, dielectric constant and dielectric permittivity
of the polar phase; �H, strength of the external con-
stant electric field at the ends of the capillary; rrel =
(rk � rf)/rk = rc /rb; rk, capillary cross section; lrel =
lc /l1; and lc, the length of the particle.

Equation (1) allows estimation of �p�np. In addition
to this parameter, this equation includes a priori un-
known rf. The latter was estimated by Eq. (2) re-
presenting the Ohm law for the model system in
hand [17]:

�H 2 1 (rk � rf)
���� = ��� ������������ arctan�������������

I �� [r2
k � (rk � rf)

2]1/2 [r2
k � (rk � rf)

2]1/2

lc � 2(rk � rf) lk � lc
+ ������������� + �����, (2)

��[r2
k � (rk � rf)

2] ��r2
k

where I is the current; �, specific conductivity of the
polar phase; and lk, length of the capillary.

The main goal of this work is to study the effect of
the polar phase components on the interfacial electro-
kinetic potential �p�np. Changing nature of the polar
phase components, in principle, can influence the
thickness of the polar fluid film, which, in turn, sig-
nificantly affects the electroosmotic flow velocity and,
correspondingly, the reliability of the estimated �p�np.
In view of the basic principles of the colloid chemis-
try, it could be suggested that the film thickness is
influenced by the structural and mechanical properties
of the p�np interface, which, in their turn, depend on
the solvent and the presence of organic surfactants
in the system. Therefore, among the goals of this
work was also to check Eq. (1) for consistency with
wide variation in the polar phase composition. Selec-
tion of a series of inorganic salts and organic diphilic
compounds as electrolytes allowed us to affect various
structural and mechanical properties of the p�np inter-
face.

In experiments we used quartz glass capillaries, air
as the nonpolar fluid, and water and formamide as the
polar solvents. Formamide is one of the most polar
liquids (� = 111; � = 11.24 �10�30 C m). For water,
the corresponding values are 81 and 6.5 � 10�30 C m
[18]. As inorganic electrolytes, we used Li, Na, K,

Table 1. Zeta-potential �p�s in working systems
����������������������������������������
System�

Solvent
� Electro- �

SAS*
�

�p�s, mV
no. � � lyte � �

����������������������������������������
1 �Water �LiCl � � � �21
2 �� �NaCl � � � �23
3 �� �KCl � � � �28
4 �� �CsCl � � � �28

� � � �5 �Formamide �LiCl � � � �32
6 �� �NaCl � � � �34
7 �� �KCl � � � �41

� � � �8 �Water �NaCl � SAS10 � �23
9 �� �� � SAS12 � �24

10 �� �� � SAS13 � �22
11 �� �� � SAS15 � �29

� � � �12 �Water �NaCl � SAS10 � �25
13 �� �� � SAS12 � �24
14 �� �� � SAS13 � �27
15 �� �� � SAS15 � �29

� � � �16 �Formamide �NaCl � SAS10 � �32
17 �� �� � SAS12 � �38
18 �� �� � SAS13 � �35
19 �� �� � SAS15 � �40

� � � �20 �Formamide �NaCl � SAS10 � �34
21 �� �� � SAS12 � �37
22 �� �� � SAS13 � �36

����������������������������������������
* For system nos. 8�11 and 16�19, the SAS concentrations cor-

respond to those for the first series, and for system nos. 12�15
and 20�22, those for the second series.

and Cs chlorides, and as organic electrolytes, sodium
alkyl sulfates with 10, 12, 13, and 15 carbon atoms in
the hydrocarbon radical (hereinafter, SAS10, SAS12,
SAS13, and SAS15) (Table 1). The chlorides (analyt-
ically pure grade) were additionally purified by recrys-
tallization. The alkyl sulfates were synthesized and
recrystallized from benzene at the Academy of Tech-
nology and Design (St. Petersburg). The concentration
of the inorganic salts was 0.1 M in aqueous solutions
and 0.15 M in formamide. Such a decision on the salt
concentration in the aqueous systems was caused by
the accuracy of measurement of the characteristic
parameters included in Eqs. (1) and (2) [15�17]. The
inorganic salt concentrations in formamide were se-
lected so that the specific conductivities of the corre-
sponding aqueous and formamide solutions be equal.

The SAS concentrations were taken equal in both
aqueous and formamide solutions. Two different con-
centrations were taken for each SAS in both solvents.
In the first series, the SAS concentrations were se-
lected to meet the condition of equal amounts of SAS
adsorbed on the solution�air interface � (mol m�2),



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 3 2004

SOLVENT AND SOLUTE EFFECTS ON ELECTROKINETIC POTENTIALS 387

and in the second series, the concentrations were con-
siderably (by a factor of 3�5) higher. Regardless of
the solvent, the SAS concentrations in the first and
second series were as follows (mM): SAS10 0.3 and
1.7, SAS12 0.24 and 1.2, SAS13 0.23 and 0.7, and
SAS15 0.22 and 0.7. Naturally, the surface tensions �
were different in the aqueous and formamide solutions
of each series (64�65 and 53�54 mN m�2, respective-
ly, for the first series). The � values were also differ-
ent, depending on the solvent, being 2.8 �10�6 and
2 �10�6 mol m�2 in the aqueous and formamide solu-
tions, respectively. All the SAS-containing aqueous
solutions were prepared with 0.1 M NaCl as a sup-
porting electrolyte, and all the formamide solutions,
with 0.15 M NaCl. Note that the SAS concentrations
were lower by 2�3 orders of magnitude than the chlor-
ide concentrations. It is clear that the contribution of
SAS to the conductivity of the working solutions was
negligible as compared to the contribution of NaCl.

The procedures of formulation of the working sys-
tems and electrokinetic measurements were described
elsewhere [13, 14]. The surface tension � was deter-
mined by the Rebinder’s method, and the adsorption
� was estimated from � by the Gibbs equation [19].

First of all, note that, in all experiments, we ob-
served some variance of the measured particle veloc-
ity and current I, i.e., uc and rf. Specifically, here we
are dealing with the least experimentally obtainable
values. Following our previous works [13, 14], these
velocities and film thicknesses are referred to as in-
stantaneous and designated hereinafter as ux

c and rx
f.

The observed behavior of the working systems could
be referred to as labile. Previously [13] we reported on
the lability of the electrokinetic flow of a nonpolar
fluid in a glass capillary filled with an aqueous solu-
tion. At the same time, we have demonstrated [13, 14]
that, with the use of the average uc and rf values, the
estimated electrokinetic potentials at the interface
between two fluids are reliable from the standpoint of
their consistence with �p�np as a theoretical physical
parameter. However, it should be pointed out that we
observed such a lability, even considerably less pro-
nounced, for the average �p�np values also. The es-
timated mean �p�np values could range within more or
less wide intervals: the more labile is the system, the
greater the variance of the estimated potential for a
given pair of fluids (Table 2). Even in the experiments
with similar geometric parameters of the working sys-
tems, the mean uc and rf values could appear differ-
ent, as well as the �p�np values (Table 2). Neverthe-
less, the spread in the potentials estimated from the
mean uc and rf is a result of experimental errors, and

it can be reduced using standard methods, i.e., through
performing a series of replicate runs.

The mean velocities are estimated from the path
length and the time required for the particle to pass
	a sufficiently long path
 along the capillary; and the
mean film thickness, by averaging over all the instan-
taneous values measured throughout 	a sufficiently
long capillary
 [14]. In experiments we mostly used
capillaries 23�25 cm in length. The instantaneous
velocities and the corresponding instantaneous film
thicknesses allowed only qualitative characterization of
the effect of solution components on the electrokinetic
behavior of the working systems. In quantitative esti-
mates of �p�np, we used the mean uc and rf values.

The equation for �p�np includes the potential at the
polar phase�glass interface �p�s. It was determined as
an electroosmotic potential. For this purpose, a capil-
lary was filled with a given solution (without dis-
persed particle), and the electroosmotic flow velocity
was measured [20]. The experiments were carried out
with working capillaries of various lengths and cross
sections. The �p�s was estimated according to the
procedure described in [19]. The resulting �p�s values
were shown to be well reproducible, being independ-
ent of the capillary size. The maximal deviations from
the mean �p�s values in the systems with various salts
were as follows: LiCl �5%, NaCl �7%, and KCl and
CsCl �10%. The mean �p�s values are given in
Table 1.

The �p�s values obtained in aqueous solutions of
alkali metal chlorides, generally, reasonable agree
with the published data [21].1 This parameter slightly
depends on the kind of the alkali metal, increasing in
the absolute value with the molar weight of the cation.
The �p�s series obtained in this work differs from
that known from the literature, where it was noted
that ��p�s� increases with increasing hydration of
a cation. This distinction is probably due to different
material of the capillaries (we use quartz glass, but
not quartz).

The �p�s values obtained in the formamide solu-
tions of alkali metal salts have the same sign (minus)
as in the aqueous solutions, being considerably higher
in their absolute value.2 The kind of the cation only
slightly influences �p�s, which changes in the same
order as in the aqueous solutions.
������������
1 Published data mostly refer to KCl or NaCl.
2 We found no published data on the formamide solutions.

Since the formation mechanism of the electrical double layer
at the glass�formamide interface is unknown, we offer no
explanation for the disagreement.
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Table 2. Electrokinetic potentials at the air�alklai metal chloride solution interface
������������������������������������������������������������������������������������

System no.
�

Electrolyte
�

rk, �m
�

lc, �m
�

lk, cm
� �p�np, mV, at indicated applied voltage, V

� � � � ��������������������������������
� � � � � 45 � 90

������������������������������������������������������������������������������������
Water

1 �LiCl � 91 � 1000 � 26 � �25 � �24
2 � � 145 � 964 � 26 � �29 � �29
3 � � 109 � 1100 � 21 � �32 � �32
4 � � 109 � 2000 � 27 � �29 � �30

������������������������������������������������������������������������������������
Mean � �29 � �29

� � � � � �5 �NaCl � 93 � 1520 � 25 � �29 � �28
6 � � 93 � 1250 � 25 � �33 � �35
7 � � 157 � 1100 � 25 � �25 � �25
8 � � 126 � 1000 � 23 � �35 � �37

������������������������������������������������������������������������������������
Mean � �30 � �31

� � � � � �9 �KCl � 109 � 1820 � 25 � �35 � �37
10 � � 95 � 2000 � 21 � �39 � �40
11 � � 109 � 1350 � 22 � �45 � �44
12 � � 90 � 1950 � 22 � �48 � �48

������������������������������������������������������������������������������������
Mean � �42 � �42

� � � � � �13 �CsCl � 109 � 2000 � 28 � �43 � �43
14 � � 120 � 1600 � 24 � �25 � �27
15 � � 127 � 2000 � 28 � �51 � �52
16 � � 100 � 1360 � 26 � �33 � �32

������������������������������������������������������������������������������������
Mean � �38 � �39

� � � � � �������������������������������������������������������������������������������������

Formamide

17 �LiCl � 109 � 1500 � 26 � �38 � �41
18 � � 98 � 1600 � 25 � �33 � �32
19 � � 95 � 1500 � 25 � �25 � �29
20 � � 94 � 500 � 26 � �54 � �52

������������������������������������������������������������������������������������
Mean � �38 � �38

� � � � � �21 �NaCl � 109 � 1500 � 26 � �29 � �28
22 � � 91 � 1000 � 24 � �36 � �36
23 � � 145 � 1500 � 26 � �46 � �44
24 � � 109 � 1300 � 26 � �25 � �28

������������������������������������������������������������������������������������
Mean � �34 � �34

� � � � � �25 �KCl � 118 � 500 � 29 � �45 � �44
26 � � 127 � 1420 � 27 � �39 � �37
27 � � 109 � 1500 � 27 � �43 � �48
28 � � 109 � 960 � 20 � �50 � �48

������������������������������������������������������������������������������������
Mean � �44 � �44

������������������������������������������������������������������������������������
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Introduction of SAS into both aqueous and for-
mamide solutions has practically no effect on �p�s.
The only exception is the system with SAS15. The
results suggest that SAS10�SAS13 are not noticeably
adsorbed on glass, which is consistent with data from
[14, 22] for SAS12. SAS15 is adsorbed very slightly.

Analysis of the electrokinetic behavior of the sys-
tems consisting of two fluids with the polar phase
containing only inorganic chlorides shows that, in
the cases of both aqueous and formamide solutions,
this behavior was labile. Although the lability was
observed in all the systems studied, the trends of
variation in ux

c and Ix (correspondingly, rx
f) were dif-

ferent, depending on the cation. In aqueous LiCl, the
electrokinetic flow oscillated [13] with 10�20%
deviation from the mean value. Similar behavior was
observed for rx

f. In the cases of CsCl, NaCl, and KCl,
the trends in variation of ux

c and rx
f were very diverse.

The difference between the maximal and minimal
velocities in the CsCl solutions reached 50%, while
that in the NaCl and KCl solutions was considerable
smaller.

The trends of variation in ux
c and Ix (correspond-

ingly, rx
f) as well as their limiting values also depend

on the solvent. The orders of variation of these values
in the series of cations was the same for both aqueous
and formamide solutions. However, the formamide
systems were much more labile. In the formamide
solutions of CsCl, the characteristic parameters so
much widely ranged that we could not realize a sta-
tistic representation of the experimental data for
estimating �p�np. The estimated �p�np values are given
in Table 2.

The mean rf values in the working systems ap-
proached several thousands of nanometers, which is
close to the values reported in [13, 14] for similar
systems.

Table 2 shows that, in all the systems with given
electrolyte and solvent, the �p�np values were mostly
somewhat different, even in the cases of practically
identical or close geometric parameters of the capillary
and the particle. This suggests that the estimated
potentials are independent of these parameters, and
their variations are determined by labile behavior of
the working systems. The independence of the esti-
mated �p�np from the geometric parameters is a clear
indication of the fact that each of the mean �p�np

values in Table 2 corresponds (within the experi-
mental error) to �p�np as the theoretical physical
parameter characterizing the interface between two
fluids in each of the systems studied. The reliability of
the �p�np values obtained in this work is additionally

evidenced by the fact that these values are well con-
sistent with the available data on the 0.1 M NaCl�air
interface, obtained by various methods. The �p�np

variation range observed in the working systems
depended on the cation, being the wider, the heavier
the cation. In each of the solvents, ��p�np� slightly
decreased with decreasing molar weight of the cation.
Explanation of this finding requires further investiga-
tions.

In the systems with the same cation, but different
solvents, ��p�np� is slightly higher in the case of for-
mamide solutions, which can be associated with two
factors.

(1) Assuming that the intensive properties of the
solvents used are constant behind the solution�air
interface, the higher �p�np values observed in for-
mamide can be attributed to the fact that, in this case,
the chloride concentration in the interfacial electrical
double layer is higher as a result of the higher di-
electric constant of formamide.

(2) Assuming that, in the interfacial layer, water
and formamide are structured (structures can be dif-
ferent), deceleration of the electrokinetic flow, caused
by structurization, is more strongly pronounced in
water, presumably, as a result of stronger interactions
of components.

The question about occurrence and properties of
structured interfacial layers in aqueous solutions is
actively discussed in the literature for a long time. In
the case of formamide, such a question has not been
raised yet.

Tables 3 and 4 show �p�np in SAS-containing sys-
tems at various geometric parameters of the capillary
and particle.

Tables 3 and 4 show that introduction of SAS into
the systems decreases the mean rf by an order of
magnitude. In this case, the variance of the �p�np

values is considerably lower than in systems without
SAS. Therefore, the electrokinetic behavior of SAS-
containing systems is more stable as compared to that
in the systems containing inorganic electrolytes only.

The estimated �p�np values are independent of the
geometric parameters of the capillary and particle,
also evidencing that the estimated values are con-
sistent with the theoretical physical parameter.

Introduction of SAS did not change the sign of
�p�np (it remained negative), but its absolute value
increased significantly, as compared to the systems
containing inorganic chlorides only. All these findings
reveal a considerable adsorption of the organic anion
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Table 3. Electrokinetic potentials at the air�aqueous
solution interface in the presence of SAS
����������������������������������������
System �

SAS*
�

rk, �m
�

lc, �m
�

lk, cm
� �p�np,

no. � � � � � mV
����������������������������������������

1 �SAS10 � 109 � 1620 � 26 � �100
2 � � 135 � 1000 � 29 � �98
3 � � 129 � 1400 � 28 � �108
4 � � 98 � 1550 � 25 � �99
5 � � 145 � 1260 � 21 � �104

����������������������������������������
Mean � �102

6 �SAS12 � 119 � 1250 � 26 � �113
7 � � 95 � 1650 � 25 � �105
8 � � 75 � 960 � 24 � �102
9 � � 109 � 1540 � 26 � �92

10 � � 129 � 1570 � 25 � �98
����������������������������������������

Mean � �102
11 �SAS12 � 109 � 2000 � 24 � �105
12 � � 100 � 1450 � 21 � �103
13 � � 109 � 1380 � 23 � �106
14 � � 109 � 1550 � 23 � �108
15 � � 128 � 1100 � 24 � �123

����������������������������������������
Mean � �109

16 �SAS15 � 85 � 1850 � 21 � �110
17 � � 100 � 1570 � 25 � �107
18 � � 127 � 2500 � 23 � �109
19 � � 120 � 1200 � 27 � �108
20 � � 109 � 1100 � 22 � �114

����������������������������������������
Mean � �112

21 �SAS10 � 100 � 1500 � 27 � �110
22 � � 109 � 1650 � 25 � �98
23 � � 120 � 1300 � 24 � �95
24 � � 109 � 1450 � 26 � �115
25 � � 98 � 1500 � 21 � �105

����������������������������������������
Mean � �105

26 �SAS12 � 127 � 1350 � 25 � �120
27 � � 109 � 1460 � 24 � �118
28 � � 95 � 1200 � 25 � �126
29 � � 85 � 1140 � 25 � �113
30 � � 100 � 1250 � 23 � �108

����������������������������������������
Mean � �117

31 �SAS13 � 109 � 1240 � 21 � �109
32 � � 120 � 950 � 29 � �115
33 � � 127 � 1350 � 25 � �110
34 � � 109 � 1440 � 26 � �128
35 � � 0 � 1580 � 25 � �120

����������������������������������������
Mean � �118

����������������������������������������
* For system nos. 1�20, the SAS concentrations correspond to

those for the first series, and for system nos. 21�35, to those
for the second series.

Table 4. Electrokinetic potentials at the air�formamide
solution interface in the presence of SAS
����������������������������������������
System �

SAS*
�

rk, �m
�

lc, �m
�

lk, cm
� �p�np,

no. � � � � � mV
����������������������������������������

1 �SAS10 � 109 � 1250 � 24 � �60
2 � � 98 � 1400 � 26 � �59
3 � � 109 � 1260 � 25 � �64

����������������������������������������
Mean � �61

4 �SAS12 � 127 � 1740 � 25 � �64
5 � � 108 � 1960 � 25 � �67
6 � � 94 � 1570 � 25 � �59

����������������������������������������
Mean � �63

7 �SAS13 � 100 � 1100 � 23 � �69
8 � � 127 � 1220 � 26 � �67
9 � � 93 � 780 � 25 � �69

����������������������������������������
Mean � �68

10 �SAS15 � 85 � 1850 � 24 � �70
11 � � 100 � 1540 � 25 � �59
12 � � 95 � 1360 � 25 � �64

����������������������������������������
Mean � �64

13 �SAS10 � 109 � 1550 � 25 � �70
14 � � 84 � 1930 � 24 � �75
15 � � 79 � 1570 � 25 � �69

����������������������������������������
Mean � �71

16 �SAS12 � 91 � 1200 � 25 � �71
17 � � 145 � 1530 � 25 � �74
18 � � 127 � 2000 � 23 � �73

����������������������������������������
Mean � �73

19 �SAS13 � 109 � 1550 � 25 � �70
20 � � 109 � 1620 � 25 � �78
21 � � 74 � 2040 � 24 � �72

����������������������������������������
Mean � �73

����������������������������������������
* For system nos. 1�12, the SAS concentrations correspond to

those for the first series, and for system nos. 13�21, to those
for the second series.

on the interface between air and any polar fluid used.
At the same time, the increase in �p�np in the absolute
value (���p�np� = ��p�np�SAS � ��p�np�) was
considerably higher in the aqueous systems (70 mV
against 30 mV in the formamide systems). This dif-
ference, without question, can be attributed to the
properties of the boundary layers and also to the fact
that the adsorption of SAS from aqueous solutions is
higher than that from formamide solutions. The higher
adsorption of SAS on the aqueous solution�air inter-
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face is caused by the hydrophobic effect and arrange-
ment of the SAS molecules in the surface layer, con-
trolled by the hydrophilic�lipophilic balance [23, 24].
Both effects, as known, are typical of water only. As
a result of interaction between the polar group of SAS
and replacement of the hydrocarbon radical from water
(hydrophobic effect), a part of the hydrophobic radical
of SAS becomes bound to water molecules [24],
promoting strong ordering of the water structure. The
thickness of this layer corresponds to the length of the
hydrocarbon radical occurring in the solution [23].

CONCLUSIONS

(1) Electrokinetic flow in a hydrophilic capillary
of model direct emulsions air�polar fluid (water or
formamide) containing alkali metal chlorides was
labile in all cases, which was more pronounced in
formamide solutions and with cations of higher molar
weight. Introduction of sodium alkyl sulfates into
solutions stabilizes the electrokinetic flow.

(2) Electrokinetic potentials on the interface bet-
ween air and aqueous (or formamide) solution of Li,
Na, K, or Cs chloride are determined. The zeta-poten-
tial increases on passing from aqueous to formamide
systems.

(3) Introduction of sodium alkyl sulfates (C10�
C15) to both aqueous and formamide solutions does
not noticeably influence the zeta-potential at the
glass�liquid interface, but strongly increases that at
the air�liquid interface, suggesting that sodium alkyl
sulfates are not adsorbed on glass but are strongly
adsorbed on the air�liquid interface. In this case,
the absolute values of the zeta-potential were demon-
strated to be considerably higher in the aqueous solu-
tions as compared to the formamide solutions.
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Abstract�Kinetics of phenol decomposition in aqueous solution under the combined action of weak electric
field and ozone is studied. The possible reaction mechanism is suggested and analyzed.

According to the data obtained by foreign re-
searchers [1], the human health may be 80% deter-
mined by the quality of potable water. Therefore,
much attention is being given in the United States,
Canada, and West Europe both to manufacture of
bottle water of improved quality (from Artesian wells)
and to problems associated with water treatment. One
of the most important tasks of water treatment is to
diminish the content of phenol, which is virtually
always present in natural surface water basins and in
water streams used as sources of potable water (1�
5 �g l�1 in natural water reservoirs in Russia [2]), to
the level specified by regulations. This is primarily
due to the fact that chlorination of phenol-containing
water leads to formation of extremely toxic organo-
chlorine compounds [3]. Therefore, introduction of
new efficient energy-saving methods for purification
of wastewater of various kinds (industrial, municipal,
and surface) to remove phenols can improve the qual-
ity of water in natural water streams, which receive
the above wastewater, and, consequently, can improve
the quality of potable water [4]. However, both new,
efficient, and old, known since the late 1940s, meth-
ods for water purification frequently fail to find wide
use only because of the insufficient knowledge of the
fundamental aspects of the physicochemical processes
and reactions inherent in these techniques. Therefore,
the aim of this study was to examine the kinetics of
phenol decomposition in aqueous solutions under the
action of electric field and ozone.

EXPERIMENTAL

As object of study was chosen an aqueous solution
of phenol with an initial concentration of 0.5 mg l�1.
The initial solution was delivered to a feeding tank 1
(Fig. 1) and further, through cock 2, to the electro-

chemical cell 3 of �comb� type with rectangular elec-
trodes. The cell casing, anodes, and cathodes were
made of 2-M fluoroplastic, titanium, and aluminum,
respectively. The flow rate of the phenol solution was
varied from 0.07 to 0.8 ml s�1, which corresponded to
a time of contact between the solution and the elec-
trodes in the range from 130 to 1500 s. Ozone was
generated using a laboratory ozonizer with coaxial
arrangement of electrodes (maximum output of ozone
of 0.146 and 0.454 �mol s�1 with the use of air and
oxygen, respectively).

The setup was connected to a dc power source 4.
The current strength I in the cell was varied from 0.1
to 10 mA (current density of 0.01 to 1.1 A m�2), and
the voltage, from 15 to 65 V.

A solution after treatment was delivered to the
receiving vessel 5. The concentration of phenol in the
aqueous solution and in the gas phase at the reactor
outlet was monitored photometrically (KFK-2MP
colorimeter) by the reaction with 4-aminoantipyrine
[5] (� = 455 nm). The content of ozone in the gas and
liquid phases was measured by absorption spectros-
copy on the basis of light absorption at � = 253.7 nm,
which corresponds to the maximum cross section of

Gas
inlet

Removal
of gas phase

C

Fig. 1. Schematic of the experimental setup.
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(a) (b)c, �mol C l�1

�f, s �f, s
Fig. 2. Kinetics of phenol decomposition. (c) Concentration of phenol in terms of carbon and (�f) process time. Carrier gas:
(a) air and (b) O2; the same for Figs. 3 and 4. Type of treatment: (1) O3, (2) O3 + electric field, and (3) O3 + electric field
in a weakly mineralized medium; the same for Figs. 3 and 4.

(a) (b)�, %�, %

�f, s �f, s
Fig. 3. Efficiency � of phenol decomposition. (�f) Time.

photoabsorption by O3 (� = 7.8 �10�18 cm2 [6]). The
concentration of ozone, NO3

(cm�3), was calculated
using the formula

ln (I0 /I)
NO3

= ������,
� I

where I0 is the initial intensity of the resonance emis-
sion line of Hg without ozone (rel. units); I, the same,
but in the presence of ozone (rel. units); �, cross sec-
tion of photoabsorption (cm2); and l, length of a cell
with quartz windows (5.9 and 0.999 cm for the cases
of measurement of the O3 concentration in the gas
phase and in the aqueous solution, respectively).

The concentration of carbon dioxide (in terms of
the bicarbonate ion) was determined potentiometrical-
ly [5]. The pH value of the solution before and after
electrochemical treatment was measured with an
EV-746 pH meter.

The efficiency � (%) of phenol decomposition was
determined using the formula

cin � cf
� = ������,

cin

where cin and cf are the concentrations of phenol in
terms of carbon before and after treatment (�mol C l�1).

Figures 2 and 3 show the kinetics and efficiency of
phenol decomposition in water both in the case of
ozonation and under a combined action of ozone and
an electric field. It follows from the data presented
that the decomposition of phenol is in all cases de-
scribed by a pseudo-first-order reaction. The effi-
ciency of phenol decomposition under the action of
O3 obtained from air is the lowest, about 60%, and
that in the case of a combined action of ozone and an
electric field is as high as 75%. If the process is
carried out in a weakly mineralized medium (addition
of 10 mg l�1 of KCl), the decomposition efficiency
increases to 85%. The rate of phenol oxidation in the
case of a combined purification method (weakly min-
eralized aqueous medium) exceeds that with only
ozonation by a factor of more than 1.8 (Table 1). The
efficiency of phenol decomposition in a weakly min-
eralized medium, with O2 used to generate O3, was as
high as 99%, and the rate of phenol decomposition
increased by a factor of 2.8, compared to that under
the action of O3 obtained from air.
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Table 1. Effective rate constants keff of decomposition of phenol and formation of the final oxidation product in aqueous
solution
������������������������������������������������������������������������������������

Type of solution treatment

� keff, s�1

����������������������������������������������������������������
� air � O2
����������������������������������������������������������������
� from decrease in � from increase in � from decrease in � from increase in
�phenol concentration � HCO3

� concentration � phenol concentration� HCO3
� concentration

������������������������������������������������������������������������������������
O3 � (13�1.5) � 10�4 � (10�1.1) � 10�4 � (17�1.8) � 10�4 � (13�2.4) � 10�4

O3 + electric field � (18�1.5) � 10�4 � (11�1.8) � 10�4 � (25�3.6) � 10�4 � (15�2.4) � 10�4

O3 + electric field in weakly� (24�2.7) � 10�4 � (18�4.2) � 10�4 � (38�6.0) � 10�4 � (20�6.4) � 10�4

mineralized medium � � � �
(10 mg l�1 KCl) � � � �
������������������������������������������������������������������������������������

It is known [7] that the yield of ozone increases as
the power, which is directly proportional to the volt-
age applied across the ozonizer electrodes, is raised.
Consequently, the efficiency of phenol decomposition
in aqueous solutions must increase, too, and this was
observed in the experiment.

However, if the conversion is found from the de-
crease in the concentration of phenol, the complete-
ness of its decomposition cannot be determined
adequately. The final products of total breakdown of
organic compounds are H2O and dissolved CO2.
Measurements of the concentration of CO2 in solution
(pH varied in all the experiments within the range
5.2�6.8, and, consequently, the carbonate system is
�90% represented in this case by HCO3

�) demon-
strated that this concentration remains virtually un-
changed as the concentration of ozone in solution
grows. It is noteworthy that the maximum yield of
the final product in ozonation is very low and does
not exceed 4% of the initial concentration of phenol,
i.e., total decomposition of phenol under the action of
O3 is virtually not observed. This suggests that the

�, %

�f, s

(a) (b)�, %

�form, s

Fig. 4. Efficiency � of phenol decomposition to HCO3
�. (�f, �form) Time.

rate-determining stage of phenol decomposition in
water under the action of ozone is the decomposition
of intermediates formed in its oxidation to the final
products, i.e., CO2 (k3):

k1 k2 k3
C6H5OH �� RC(O)H �� RC(O)OH �� CO2 + H2O.

Similar measurements in the case of a combined
action on phenol solutions indicate that, at the same
doze of ozone, additional application of an electric
field leads to an increase in the degree of phenol de-
composition to CO2 by a factor of approximately 3
(at the maximum current density of 1.1 A m�2), i.e.,
to 15%; however, in this case, too, the yield of HCO3

�

is low.

Combined action of ozone and an electric field on
a phenol solution in a weakly mineralized medium
(10 mg l�1 of KCl) is equivalent to an increase in the
current density at the same voltage applied across the
ozonizer electrodes. This results in that the efficiency
of phenol decomposition to the final products grows
to 45% (Fig. 4). The yield of the final oxidation prod-
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uct increases in this case as compared to the treatment
of phenol with only ozone by a factor of more than 7.

With oxygen used to generate ozone, the yield of
the final product of phenol decomposition (HCO3

�)
was as high as 60% (Fig. 4). Consequently, use of O2
to obtain O3 is in this case justified, since the yield of
HCO3

� increases by a factor of 15, compared to treat-
ment of a phenol solution with a mixture of ozone
and air.

Consequently, application of electric fields leads to
an increase in the concentration of active species ini-
tiating decomposition of phenol molecules. The aris-
ing additional active species (solvated electrons, hy-
droxy and hydroperoxy radicals, and chlorine oxides
formed by the reaction Cl + O3 	 ClO + O2) mostly
react with intermediates formed in decomposition of
phenol and cause their oxidative breakdown to CO2
(HCO3

�).

Table 2 lists the results obtained in measuring the
concentration of ozone in the gas (at the reactor inlet)
and liquid (at the reactor outlet) phases, with ozone
generated from air and O2 and all other experimental
conditions being the same.

The concentration of ozone in the liquid phase in
the reactor is proportional to that in the gas phase at
the reactor inlet. Only unreacted ozone remains in the
liquid phase at the reactor outlet. Complete oxidation
of 5.5 �mol of phenol requires 25.7 �mol of O3,
which constitutes 58% of the amount of ozone fed
into the reactor in the case of ozone generation from
air. The conversion of phenol with ozone obtained
from air, measured for different types of treatment,
varied between 62 and 88%. With account of the fact
that a part of ozone, undissolved in water, is carried
away from the reactor by discharged gases, complete
decomposition of phenol must not occur in this case,
which is confirmed by the experimental data presented
above (the yield of the final oxidation products varied
from 4 to 40%). With oxygen used to generate ozone,
complete oxidation of phenol dissolved in water
requires only 18% of O3 fed into the reactor (Table 2).
Consequently, the available O3 is quite sufficient for
complete oxidation of phenol. The experiments per-
formed demonstrated that the yield of the final oxida-
tion products was in this case substantially higher
(60%). With aqueous solutions of phenol treated with
only ozone, the yield of the final decomposition prod-
ucts was the same (about 4%), with both air and
oxygen used to generate O3. The decomposition rate
of phenol is approximately 30�60% higher with O2
used as the plasma-forming medium in the ozonizer

Table 2. Concentration of ozone in the gas and liquid
phases for different methods of treatment of phenol
solutions (cin

ph = 5.5 �M)
����������������������������������������

Type of solution
� Air � O2
�������������������������

treatment � gas � liquid � gas � liquid
����������������������������������������
O3 � 44 � 3.4 �153 � 5.9
O3 + electric field � 44 � 0.2 �153 � 1.1
O3 + electric field in � 44 � 0.6 �153 � 1.0
weakly mineralized � � � �
medium � � � �
����������������������������������������

(Table 1), irrespective of a method used for treatment
of the aqueous solution. The experimental data ob-
tained suggest the following: (1) the mechanism of
phenol decomposition, including the rate-determining
stages of the process, does not vary significantly bet-
ween different types of solution treatment or different
plasma-forming media in the ozonizer; (2) changing
the plasma-forming medium in the ozonizer alters
only the concentration of active species that initiate
decomposition of phenol in an aqueous solution; and
(3) use of combined methods for treatment of aqueous
solutions results in that the composition of the active
species, which cause decomposition of phenol mole-
cules, changes not only quantitatively, but also quali-
tatively [e.g., chlorine oxides with high oxidizing
capacity (ClO and ClO2) are formed in addition to the
OH and HO2 radicals].

An estimation of the energy expenditure (main
component for determining the environmental and
economic efficiency of any purification method) for
water purification to remove phenol by combining
ozonation and application of an electric field in
a weakly mineralized medium demonstrated that it
does not exceed 3.4 kW h m�3, which is only
1.2 kW h m�3 greater compared to treatment by only
ozonation (2.2 kW h m�3). Consequently, to reduce
the concentration of intermediates formed in oxidative
decomposition of phenol in purification of real waste-
water or in water conditioning is combined treatment
with ozone and an electric field (since wastewater is
commonly mineralized to a sufficient extent).

CONCLUSIONS

(1) The degree of phenol decomposition in an
aqueous solution in joint ozonation and electrochemi-
cal treatment in a mineralized medium is 2.3 times
that in ozonolysis.
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(2) The yield of CO2 does not exceed 4% in ozo-
nation of model solutions of phenol and increases to
60% (by a factor of 15) in the case of combined elec-
trochemical treatment and ozonolysis, with the energy
expenditure increasing by a factor of only 1.5.
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Abstract�The mechanism and fundamental aspects of recovery of ions of nonferrous metals, chromium(III),
and sulfate ions in galvanocoagulation treatment of acid wastewater from plants for processing of nonferrous
metals were studied.

At present, the galvanocoagulation method is
widely used for treatment of wastewater of various
compositions.

This work continues studies concerned with the
mechanism of recovery of components in galvano-
coagulation treatment (GCT) of acid wastewater
(washing water from etching shops) formed at plants
for processing of nonferrous metals, with the use of
an iron�coke voltaic couple [1, 2].

Acid wastewaters from plants for processing of
nonferrous metals have the following average chemi-
cal composition (mg l�1): copper(II) ions 100, nick-
el(II) 5.0, zinc(II) 50, chromium(III) 50, iron(III) 15,
sulfate ions 990�2200; pH 1.8�3.5.

Thus, the main contaminating components of acid
wastewater are ions of nonferrous metals, chromi-
um(III), and sulfate ions.

It has been shown experimentally [1, 2] that the
main mechanism by which ions of nonferrous metals
and chromium(III) are recovered from a solution of an
acid wastewater in GCT is formation of their ferrites
by the reaction with iron oxide and hydroxide com-
pounds. Sulfate ions are recovered from acid waste-
water in GCT mainly through their reaction with
iron(III) hydroxide compounds, with the positive
charge of a micelle of the aquahydroxo complex of
iron(III) neutralized by the negative charge of the sul-
fate ion to form a complex compound of the type
Fe2(SO4)3�0.5m(OH)m(H2O)n.

A minor part of sulfate ions is recovered in the
form of poorly soluble iron sulfide (pyrrhotine) [1]
through reduction of sulfur(VI) to sulfide.

Ferrites are complex oxides of the general formula
MO �Fe2O3. They can also be regarded as derivatives
of hypothetical ferrous acid H2Fe2O4, in which hy-

drogen ions are substituted by metal ions. Ferrites, as
a rule, exhibit ferromagnetic properties; their crystals
have a cubic structure of the spinel type [3, 4].

The main method for obtaining ferrites is sintering
of iron(III) oxide with the oxide of the corresponding
metal [3]. Considerably less frequent is the �wet
method� in which an alkali solution is added to a
solution that contains salts of iron and some non-
ferrous metal, with joint precipitation of the metal
hydroxides in the presence of oxygen and their sub-
sequent dehydration. The wet synthesis of ferrites is
a complex process which includes reactions of solid-
phase coordination and crystallographic structuring.
Lyubman et al. [5] describe the formation of ferrites
by the �wet method� by the following scheme:

+ Fe(OH)M(OH)2 2

(1)

�
�

�
Fe
�

�

�
OH

OH�
M
�

�

�
OH

OH�
Fe�

�

� n

��
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�� MFe 42 2H O.O � 2
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�
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OH�
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�

�

�
OH

OH�
Fe�

�

� n

��
O2

�� MFe 42 2H O.O � 2

Apparently, such a scheme is operative in the case
of ferrite purification. The key stage of the process is
its initial stage, when ions of the metals being re-
covered are fixed with iron(III) hydroxide by the coor-
dination mechanism. The solid complex compounds
formed in the process have a tunnel structure, which
favors an additional incorporation of the contaminat-
ing components to form clathrates.

A similar �wet technique� of ferrite formation,
based on adsorption of ions of bivalent metals (Fe,
Zn, Co, Ni, Cu, Cd) on particles of �-oxyhydroxide of
iron(III), �-FeOOH, was described in [6].

The GCT of acid wastewater using an iron�coke
voltaic couple involves anodic dissolution of iron
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	, min 	, min

A1, A2, mg l�1

A1, A2, mg l�1

Fig. 1. Effect of the time � of galvanocoagulation on the
concentrations A1 of copper(II), zinc(II), nickel(II) and
chromium(III) and A2 of iron in the solution after galvano-
coagulation. Initial concentration (mg l�1): (1) 5 and
(2) 100.

to form iron(II) ions, which are then oxidized by at-
mospheric oxygen to iron(III). Simultaneously occurs
chemical dissolution of iron in the acid contained in
wastewater. In the process, the acid contained in
wastewater is neutralized and the pH value increases
to 4.0�6.5. As a result, a complex precipitate is
formed, which contains a mixture of oxides and hy-
droxides of bi- and trivalent iron in various modifica-
tions, both magnetic and nonmagnetic [1]. At pH 5.0�
6.5, hydroxides of nonferrous metals and chromi-
um(III) start to precipitate.

Further, presumably, iron(II) hydroxide reacts with
hydroxides of nonferrous metals and chromium(III)
in the presence of atmospheric oxygen [5], and Cu(II),
Zn(II), Ni(II), Cr(III) ions are adsorbed on �-FeOOH
particles. All these processes lead to formation of
ferrites of the corresponding metals, which are thereby
recovered from a wastewater solution.

It was shown in [5, 7] that the mixture of hydrox-
ides of bi- and trivalent iron, which is formed both

upon addition of an alkali solution to a solution of
iron salts and in operation of an iron�coke voltaic
couple, is highly active. Under various conditions
(pH value, temperature) it gives a number of oxide
and hydroxide compounds, both magnetic and non-
magnetic. In [1, 4, 5], it was established that only
magnetic oxide and hydroxide compounds of iron are
involved in the formation of ferrites. These com-
pounds have a cubic crystal structure of the spinel
type [3, 4], which is also typical of ferrites of non-
ferrous metals and chromium(III).

The aim of this work was to determine the optimal
conditions of recovery by the galvanocoagulation
method of ions of nonferrous metals and chromi-
um(III), and also sulfate ions, from a solution of an
acid wastewater of the composition specified above,
to make it conform to the MPC (maximum permis-
sible concentration) requirements imposed on puri-
fied water to be discharged into Moscow municipal
sewage [8].

EXPERIMENTAL

The components of acid wastewater were recovered
by the galvanocoagulation method under dynamic con-
ditions, with the wastewater solution passed through
a laboratory electrocoagulator (length 35 cm, diameter
10 cm, working zone volume 0.5 l) charged with a
mixture that is an iron�coke (5 : 1) voltaic couple.

The concentration of ions of nonferrous metals and
chromium(III) in the solutions before and after gal-
vanocoagulation was determined by atomic absorption
spectroscopy on a Perkin�Elmer spectrophotometer
[9], and that of sulfate ions, by the volumetric method.

The kinetics of recovery of ions of nonferrous
metals and chromium(III) was studied with individual
sulfate solutions of these components, which con-
tained 100 and 5 mg l�1 of the corresponding metals
and had pH 2.5�2.7, which corresponds to the pH of
acid wastewater.

The solutions under study were passed through the
galvanocoagulator at different flow rates, with the
time of contact between the solution being purified
and the voltaic couple varied from 5 to 30 min. The
results obtained (Fig. 1) indicate that, for copper(II),
nickel(II), zinc(II), and chromium(III) ions to be effec-
tively recovered in the course of galvanocoagulation, a
20�30-min time of contact between the solution being
purified and the voltaic couple is sufficient at the ion
concentration in the starting solution equal to both
5 and 100 mg l�1. Figure 1 also shows that the con-
centration of iron decreases dramatically as the time



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 3 2004

FUNDAMENTAL ASPECTS OF RECOVERY OF COMPONENTS FROM ACID WASTEWATER 399

of contact is made longer, from 50�80 mg l�1 at a
time of contact of 5 min to 5�10 mg l�1 at 20�30 min.
This means that, as complete recovery of the corre-
sponding elements is achieved, iron precipitates to
form magnetic oxide and hydroxide compounds, in-
cluding ferrites. The results of an X-ray phase analysis
of this precipitate, performed on a DRON-2 diffrac-
tometer, demonstrate that it contains (%): lepidocro-
cite �-FeOOH, 30�60; magnetite Fe3O4, 10�25; fer-
rites, 3�10; and goethite �-FeOOH, trace amounts.

A study of the kinetics of recovery of sulfate ions
was studied with sulfuric acid solutions that contained
500 mg l�1 of sulfate ions, which corresponds to pH
3.0�3.5. The solution was passed through the gal-
vanocoagulator, with the time of contact between the
solution and the voltaic couple varied from 5 to
30 min. The results shown in Fig. 2 indicate that the
recovery of sulfate ions in the time range specified is
insignificant. At a time of contact between the solu-
tion under study and the voltaic couple equal to
30 min, the concentration of sulfate ions in a solution
subjected to galvanocoagulation decreases from 500 to
300 mg l�1. In this case, the concentration decreases
from 300 to 60 mg l�1.

Thus, the we found that the rate at which ferrites
and also the sulfate�hydrate complex of iron (form in
which sulfate ions are recovered in the galvanocoagu-
lation process) is very low. For complete recovery of
components from acid wastewater, the time of its con-
tact with the voltaic couple should be 20�30 min.
This time was used in our further experiments aimed
to find how the recovery depends on the pH of the
starting solution and on the concentrations of com-
ponents in it.

Also, we studied how the galvanocoagulation re-
covery of copper(II), nickel(II), zinc(II), and chromi-
um(III) ions from individual sulfate solutions contain-
ing 100 mg l�1 of each component depends on pH,
which was varied from 1.5 to 5.5. The results obtained
are shown in Fig. 3. It can be seen that copper is
rather efficiently recovered in a wide range of pH
values, 1.5�5.5. The most efficient recovery of chro-
mium(III) is observed at pH 2.0�2.5, and that of
zinc(II), at pH 2.7. Nickel(II) is an exception: it is
recovered to the maximum extent at pH 3.0�4.0.

As seen from Fig. 3, the pattern is the same as
before (Figs. 1, 2): At the instant when the maximum
recovery of all the components is achieved, the con-
centration of iron in solution abruptly decreases,
because iron passes into a precipitate in the form of
oxide and hydroxide compounds. The pH of the solu-

A2, mg l�1
A1, mg l�1

	, min
Fig. 2. Effect of the galvanocoagulation time � on the con-
centrations A1 of sulfate ions and A2 of iron in the solution.

tions increases from 1.5�5.5 to 3.0�8.5 after galvano-
coagulation.

The dependence of the galvanocoagulation recovery
of ions of nonferrous metals and chromium(III) on
their concentration in the starting solution was studied
by varying the concentration of each component in
individual sulfate solutions from 50 to 200 mg l�1.
In doing so, the pH of the sulfate solutions of copper,
zinc, and chromium(III) was maintained at 2.5�2.7,
and that of nickel solutions, at 3.5�3.7, which corre-
sponds to the pH value at which the recovery of these
components from sulfate solutions is at a maximum.

Figure 4 shows that copper(II) and chromium(III)
ions are efficiently recovered in the concentration
range studied, 50�200 mg l�1. Nickel(II) ions are well
recovered in a rather narrow concentration range
50�100 mg l�1, and recovery of zinc(II) ions is ef-
ficient only at low concentrations of �50 mg l�1.
These data allow the components of acid wastewater
to be ranked in the following order of their decreasing
recoverability in GCT with an iron�coke voltaic
couple: Cu = Cr(III) > Ni > Zn, which corresponds to
the series of ferrite-forming ability of nonferrous
metal ions, reported in [5].

A study of how the recovery of sulfate ions in GCT
depends on the concentration and pH of sulfate solu-
tions showed (see table) that, at equal concentrations
in the starting solution, the recovery of sulfate ions
is the most efficient at pH of the starting solution
equal to 2.0�4.0.

Zolotova and Ass [7] established that, in hydrolysis
of a mixture of salts of bi- and trivalent iron, the
following species are at equilibrium in the solution:
Fe2+, Fe(OH)+, Fe(OH)2

0, Fe(OH)3
�, Fe3+, Fe(OH)2+,
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A1, mg l�1

A1, mg l�1

A1, mg l�1

A1, mg l�1

A2, mg l�1

A2, mg l�1

A2, mg l�1

A2, mg l�1

Fig. 3. Effect of the pH1 of the starting solution on the content A1 of copper(II), zinc(II), nickel(II), and chromium(III) ions
and A2 of iron in the solution after galvanocoagulation, with pH2.

Fe(OH)2
+, Fe(OH)3

0, Fe(OH)4
�, and Fe(OH)4

2�.

It has been shown previously [1] that the main part
of sulfate ions is recovered in GCT through their
reaction with iron(III) hydroxo compounds, in which
the positive charge of the aquahydroxo complex of
iron(III) is neutralized by the negative charge of the
sulfate ion. Therefore, it may be assumed that sulfate
ions react with Fe(OH)2+ and Fe(OH)2

+ ions. It was
shown in [10] that the maximum amounts of these
ions are present in products of hydrolysis of iron salts
at various concentrations of iron in aqueous solutions

Galvanocoagulation recovery of sulfate ions at varied pH and concentration of the starting solution
������������������������������������������������������������������������������������

Concentration of sulfate ions, mg l�1 � pH �Recovered amount of sulfate ions
������������������������������������������������������������������������������������

in the starting � after galvanocoagu- � of the starting � after galvanocoagu- �
mg

�
%solution � lation � solution � lation � �

������������������������������������������������������������������������������������
520 � 208 � 3.5 � 6.0 � 312 � 60
532 � 364 � 6.0 � 8.5 � 168 � 30

1020 � 504 � 2.85 � 5.5 � 516 � 50
1030 � 950 � 5.8 � 8.0 � 80 � 12

������������������������������������������������������������������������������������

at pH 2.0�4.0. Thus, the pattern of recovery of sulfate
ions in galvanocoagulation, revealed in this study,
is in good agreement with these data.

The fundamental aspects of recovery of acid waste-
water components, studied under laboratory condi-
tions, made it possible to develop a process for puri-
fication of this wastewater and test it on the semicom-
mercial scale. As a result, facilities for GCT of acid
wastewater from the Moscow plant for processing of
nonferrous metals were designed and constructed.
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A2, mg l�1

A2, mg l�1

A1, mg l�1

Fig. 4. Effect of the initial concentration A1 of copper(II),
zinc(II), nickel(II), and chromium(III) ions on the concen-
tration A2 of these components in a solution subjected to
galvanocoagulation.

However, the dependences presented in this com-
munication cannot be used for developing a process
for GCT of acid wastewater of other compositions
without a preliminary experimental study.

CONCLUSIONS

(1) The minimum time required for galvanocoagu-
lation treatment of sulfate solutions to remove ions of
copper(II), nickel(II), zinc(II), and chromium(III) and
sulfate ions is 20�30 min.

(2) Copper(II) ions are efficiently recovered by
galvanocoagulation treatment in a wide range of pH
values and concentrations of the starting solution;
chromium(III) ions, at pH of the starting solution
equal to 2.0�2.5 in a wide range of initial concentra-
tions; zinc(II) and nickel(II) ions, in a narrow range of
pH values of the starting solution (2.7 for zinc and
3.0�4.0 for nickel) at their concentrations in the start-
ing solution equal to 50�100 mg l�1.

(3) The components of the acid wastewater from
plants for processing of nonferrous metals can be

ranked in the following order of decreasing re-
coverability in galvanocoagulation treatment: Cu =
Cr(III) > Ni > Zn.

(4) In galvanocoagulation treatment, sulfate ions
are efficiently recovered at pH 2.0�4.0.

(5) The revealed pattern is used in galvanocoagu-
lation treatment of acid wastewater from the Moscow
plant for processing of nonferrous metals.
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Abstract�The solubility and stability of the peroxo solvates KF �nH2O2 (n � 1) and disinfectants based
on them was studied in organic and aqueous-organic solvents. Polyhydric alcohols (glycerol and ethylene
glycol) and Tosol (commercial antifreeze) were used as solvents.

Potassium fluoride peroxo solvates (PFP) KF �

nH2O2 (n = 1�3) are well soluble in water. The
solubility of the monoperoxo solvate KF �H2O2 is
51.5 wt % at 0�C and 60.7 wt % at 20�C. The solu-
tions are stable [1]. The PFP disinfectants developed
on the basis of peroxo solvates (aqueous solutions)
show a wide spectrum of antimicrobial activity. The
preparations are effective against bacteriological and
virus infections (including hepatitis and AIDS) [2].
At the same time, for treating many objects, it is ap-
propriate to use disinfectants in the form of solutions
in viscous organic or aqueous-organic solvents. A vis-
cous organic medium ensures a better contact with the
object to be treated. Slow evaporation of a viscous
solvent results in the formation of a stock of hydrogen
peroxide, which diffuses from the solvent to the
treated surface gradually, thus prolonging the expo-
sure. Aqueous-organic compositions with low freez-
ing point allow the use of disinfectant solutions at
negative temperatures.

In this work, we studied the solubility and stability
in organic solvents and aqueous-organic media of the
peroxo solvates KF �nH2O2 (n � 1) and PFP disinfec-
tant prepared on their basis with a potassium hydro-
fluoride stabilizing additive, which were obtained
on a pilot-plant installation made of 12Cr18Ni10Ti
steel. As solvents were studied glycerol, ethylene
glycol, and Tosol (commercial antifreeze), which is
a promising solvent of PFP preparations to perform
the disinfection of various objects, including military
objects, at low temperatures.

EXPERIMENTAL

Glycerol in the form of an 85% medical preparation
(which has an optimal viscosity), chemically pure
ethylene glycol, and the A40M grade Tosol (Ros-
polimer, Podolsk, Moscow oblast, Russia) were used
without additional dehydration and purification. The
liquid base of Tosol is aqueous ethylene glycol; it also
contains a set of environmentally clean additives,
which are not specified by the producer.

Since preparation of saturated solutions with a
magnetic stirrer resulted in the decomposition of a
part of hydrogen peroxide, solutions were prepared by
the following procedure. To solid peroxo solvates or
PFP preparations, the solvent prepared in advance was
added in an amount ensuring preservation of one third
of the solid bottom phase. The mixture prepared was
manually stirred for 1�2 h and kept for a day. In so
doing, the solid phase slowly precipitated onto the
bottom. Then, the solution was stirred again to con-
stant content of hydrogen peroxide, filtered through
a polymer film with small apertures, and placed into
polymer vessels for storage. The solutions were
analyzed for the content of H2O2 by permanganomet-
ric titration. The content of potassium fluoride was
determined gravimetrically. In ethylene glycol con-
taining systems, the volatile components were re-
moved by keeping the weighed portions of the solu-
tion at 130�150�C and by calcining the residual KF
at 200�C to constant weight (temperature of complete
dehydration of KF �2H2O is 40�C). Because of the
high boiling temperature of glycerol, removal of
volatile components in glycerol-containing systems at
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Table 1. Solubility and stability of KF �nH2O2 and PFP disinfectants in water�glycerol solvents at 20�2�C
������������������������������������������������������������������������������������
Glycerol, wt %�Solubility at � = 0, wt % H2O2�Storage time, day� k �104, h�1 �Average rate of H2O2 loss, % day�1

������������������������������������������������������������������������������������
KF �H2O2, [H2O2]*s = 36.9 wt %

85.0 � 9.06 � 33 � 1.1�0.1 � 0.30�0.006
76.5 � 10.88 � 25 � 1.6�0.5 � 0.49�0.20
68.0 � 13.56 � 14 � 2.2�0.8 � 0.65�0.35
59.5 � 14.53 � 28 � 4.3�1.4 � 1.56�1.10

KF �1.23H2O2, [H2O2]s = 41.9 wt %

85.0 � 11.32 � 39 � 1.9�0.4 � 0.42�0.07
76.5 � 15.39 � 39 � 3.0�1.1 � 0.69�0.24
68.0 � 18.60 � 24 � 3.8�1.7 � 0.82�0.32
59.5 � 21.61 � 25 � 4.0�1.9 � 1.05�0.31

PFK-1 (KF �0.87H2O2), [H2O2]s = 33.8 wt %

85.0 � 7.51 � 51 � 0.6�0.4 � 0.10�0.09
76.5 � 9.14 � 50 � 0.4�0.2 � 0.11�0.03
85.0 � 11.39 � 43 � 0.6�0.2 � 0.19�0.08
59.5 � 12.66 � 42 � 0.5�0.1 � 0.23�0.15

PFK-2 (KF �1.41H2O2), [H2O2]s = 45.1 wt %

85.0 � 12.58 � 34 � 2.1�0.3 � 0.50�0.10
76.5 � 13.24 � 27 � 0.7�0.4 � 0.18�0.08
68.0 � 16.64 � 27 � 0.7�0.5 � 1.6�1.3
59.5 � 18.66 � 27 � � � 1.5�0.9

������������������������������������������������������������������������������������
* [H2O2]s is H2O2 content in solid product.

200�C is accompanied by the appearance of carbon
black traces on the surface of residual potassium fluor-
ide. Therefore, the analysis for the content of potas-
sium was done by atomic absorption spectrophotom-
etry [AAS-1(3) abhvs spectrophotometer, Carl Zeiss,
Jena]. The decomposition rate constant was calculated
by the equation ln (c0 /c) = k (� � �0), where c0 is the
concentration of the initial solution and c, the solution
concentration in time �. The hydrogen peroxide con-
centration in the stored solutions was measured at 5�
7-day intervals. The values averaged over 5�8 meas-
urements are given in Tables 1�4.

It was established that the solubility of KF �H2O2
in a mixed glycerol�water solvent at a ratio (wt %)
C3H8O3 : H2O 85.0 : 15.0 is 9.06 wt % in terms of
H2O2. As the content of water in the solvent increases,
the KF �H2O2 solubility grows, reaching the value of
14.5 wt % for the glycerol�water ratio of 59.5 : 40.5
(Table 1).

The solubility of KF �1.23H2O2 and samples of
PFK-1 and PFK-2 preparations increases similarly.

The analysis of KF �H2O2 solutions in water�
glycerol systems for the content of KF showed that, at

all water�glycerol ratios, hydrogen peroxide passes
into the solution in excess compared to the value cal-
culated from the KF content. For example, in KF �

H2O2 solution in 85% glycerol, the KF content is
11.22%, which corresponds to 6.58% H2O2. The

Table 2. Composition of water�glycerol and water�
ethylene glycol solutions
����������������������������������������

Alcohol,
� Solution composition, wt %
����������������������������������wt % �KF �nH2O2 � H2O2ex � CnH2n + 2On � H2O

����������������������������������������
KF �H2O2, glycerol

85.0 � 17.80 � 2.48 � 67.76 � 11.96
76.5 � 19.41 � 3.71 � 58.81 � 18.07
68.0 � 23.24 � 5.04 � 48.82 � 22.97
59.5 � 23.82 � 5.73 � 41.92 � 28.53

KF �1.31H2O2, ethylene glycol

100 � 20.26 � 0.68 � 79.08 � 0
90 � 22.60 � 1.63 � 68.19 � 7.6
80 � 29.60 � 3.80 � 53.36 � 13.34
70 � 33.10 � 4.54 � 43.64 � 18.70

����������������������������������������
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Table 3. Solubility and stability of KF �nH2O2 and PFP disinfectants in ethylene glycol and in water�ethylene glycol
mixtures
������������������������������������������������������������������������������������
Ethylene glycol, � Solubility at � = 0, � Storage time, �

k �104, h�1 � Average rate of H2O2 loss,
wt % � wt % H2O2 � days � � % day�1

������������������������������������������������������������������������������������

KF �0.97H2O2, [H2O2]s = 36.3 wt %

100 � 5.83 � 51 � 2.5�0.2 � 0.57�0.14
90 � 6.90 � 52 � 1.8�0.2 � 0.40�0.05
80 � 8.48 � 51 � 2.2�0.2 � 0.50�0.20
70 � 9.52 � 34 � 1.6�0.6 � 0.54�0.15

KF �1.23H2O2, [H2O2]s = 41.9 wt %

100 � 8.85 � 27 � 2.0�0.7 � 0.45�0.18
90 � 9.45 � 27 � 1.6�0.5 � 0.38�0.12
80 � 11.73 � 26 � 2.0�0.3 � 0.36�0.10
70 � 14.30 � 26 � 7.6�2.2 � 1.66�0.54

PFK-1 (KF �0.89H2O2), [H2O2]s = 34.1 wt %

100 � 4.91 � 28 � 2.9�0.8 � 0.63�0.16
90 � 6.04 � 28 � 2.4�1.2 � 0.59�0.29
80 � 8.20 � 28 � 2.4�0.3 � 0.55�0.08
70 � 10.0 � 40 � 1.7�0.2 � 0.34�0.04

PFK-2 (KF �1.31H2O2), [H2O2]s = 43.5 wt %

100 � 9.46 � 35 � 1.8�0.3 � 0.41�0.08
90 � 11.47 � 35 � 1.1�0.2 � 0.18�0.08
80 � 16.60 � 34 � 1.2�0.4 � 0.34�0.07
70 � 18.92 � 34 � 2.1�0.3 � 0.49�0.06

������������������������������������������������������������������������������������

found content of H2O2 (9.06%) exceeds the calculated
value by 2.48%.

The data obtained confirm both the sufficiently
high solubility of the KF �H2O2 peroxosolvate in a
water�glycerol mixture (9�22 wt % in terms of H2O2)
and the ability of the water�glycerol solvent to extract
into a solution excess hydrogen peroxide owing to
the dissociation:

KF �H2O2(s) �
� KF(s) + H2O2(sol). (1)

As the water content in the solvent grows, the
solubility of KF �H2O2 itself and the amount of excess
hydrogen peroxide passing into the solution increase
(Table 2).

We believe that the ability of the solvent to extract
hydrogen peroxide from the solid peroxo solvate
depends on the following factors: difference in the
solubilities in the chosen solvent of H2O2 and the
solvated salt itself, solvent polarity, and the binding
energy of hydrogen peroxide in the peroxo solvates.
For example, complete extraction of H2O2 with water
from BaF2 �2H2O2 is mainly determined by the dif-

ference in the hydrogen peroxide and BaF2 solubilities
in water [3]. The binding energy of H2O2 in BaF2 �
2H2O2 does not play a significant role, though, ac-
cording to our estimates, it is fairly high. On heating
the barium fluoride peroxo solvate at 100�C in a
vacuum, no more than 30% of hydrogen peroxide is
evolved into the gas phase [3]. The amount of H2O2
evolved from KF �H2O2 at this temperature is similar
(50%). The enthalpy of the KF �H2O2(s) dissociation
into KF(s) and H2O2(g) is 85.5 kJ mol�1 [4]. Ap-
parently, the enthalpy of dissociation of BaF2 �2H2O2
is close to this value.

The solutions of KF �nH2O2 and PFP preparations
in glycerol�water mixed solvents are stable. The KF �

H2O2 and KF �1.23H2O2 samples obtained under
laboratory conditions in the (85.0 : 15.0)�(68.0 : 32.0)
range of the solvent compositions and stored for 14�

24 days decompose at the average rates of 0.3�
0.8 %day�1 relative to the initial content of H2O2.
At the glycerol�water ratio of 59.5 : 40.5, the rate of
the H2O2 decomposition somewhat increases (to 1.0�

1.6 %day�1). The PFK-1 sample obtained in the pres-
ence of the KHF2 stabilizing additive appeared to be
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Table 4. Solubility and stability of KF �nH2O2 and PFP disinfectants in Tosol and in water�Tosol mixtures
������������������������������������������������������������������������������������
Tosol, wt % �Solubility at � = 0, wt % H2O2�Storage time, day� k �104, h�1 �Average rate of H2O2 loss, % day�1

������������������������������������������������������������������������������������
KF �0.97H2O2, [H2O2]s = 36.5 wt %

100 � 14.09 � 65 � 9.5�1.5 � 1.5�0.1
90 � 15.65 � 38 � 9.9�1.4 � 1.8�0.2
80 � 16.54 � 63 � 8.6�2.6 � 1.3�0.2
70 � 17.07 � 63 � 4.0�1.3 � 0.8�0.2

PFK-1 (KF �0.82H2O2), [H2O2]s = 32.5 wt %

100 � 13.53 � 35 � 1.9�0.4 � 0.43�0.02
90 � 13.67 � 42 � 4.5�0.7 � 0.95�0.15
80 � 15.43 � 48 � 1.1�0.3 � 0.25�0.07
70 � 16.14 � 41 � 1.5�0.4 � 0.35�0.07

������������������������������������������������������������������������������������

Tosol, wt %
�

Solubility at � = 0, wt % H2O2
� Exposure time, � H2O2 concentration �

Mixture appearance� � day � in solution, wt % �
������������������������������������������������������������������������������������

KF �1.23H2O2, [H2O2]s = 41.9 wt %

100 � 30.46 � 5 � 31.1 �Solution + precipitate
� � 29 � 41.0 �
� � � �90 � 29.43 � 5 � 30.3 �Solution + precipitate
� � 19 � 33.5 �
� � � �80 � 26.44 � 5 � 26.7 �Solution + precipitate
� � 27 � 31.2 �
� � � �70 � 27.56 � 3 � 27.9 �Solution + precipitate
� � 27 � 32.9 �

PFK-2 (KF �1.36H2O2), [H2O2]s = 44.5 wt %

100 � 24.70 � 5 � 24.9 �Solution + precipitate
� � 29 � 25.0 �
� � � �90 � 27.32 � 5 � 28.1 �Solution + precipitate
� � 36 � 28.8 �
� � � �80 � 28.19 � 5 � 28.5 �Solution + precipitate
� � 36 � 30.8 �
� � � �70 � 29.17 � 5 � 28.6 �Solution + precipitate
� � 21 � 31.4 �

������������������������������������������������������������������������������������

the most stable. The PFK-1 preparation loses H2O2 at
an average rate not exceeding 0.23 %day�1. The
PFK-2 preparation is less stable.

According to published data [5], glycerol, hydrogen
peroxide, and water under certain concentrations form
explosive mixtures. The method of internal ignition
in a tin tube showed that only compositions contain-
ing more than 40% H2O2, from 0 to 45% water, and
from 0 to 15% glycerol are explosive. The solutions
obtained by us contain hydrogen peroxide and water
in small concentrations [9.1�21.6 and 12�28%, re-
spectively)] and glycerol in high concentration (42�

68%), i.e., the solutions are far from being explosive.
Such solutions are not dangerous for practical use.

Potassium fluoride peroxosolvates are also soluble
in another polyhydric alcohol, ethylene glycol. The
solubility of the monoperoxo solvate KF �H2O2 in an-
hydrous ethylene glycol is 5.83 wt % in terms of hy-
drogen peroxide. The solutions are stable: in 50 days
of storage, the average rate of the H2O2 decomposi-
tion does not exceed 0.6 %day�1. At the ethylene
glycol : water ratio of 70 : 30, the decomposition rate
somewhat increases (to 1.66 %day�1, Table 3).

The solubility and stability of the PFK-1 and
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[H2O2]s, wt %

[H2O2]sol, wt %

Dependence of the hydrogen peroxide concentration in
solution [H2O2]sol on its content in the solid product
[H2O2]s. Solvent composition: (1) 85 wt % glycerol�
15 wt % water and (2) anhydrous ethylene glycol.

PFK-2 preparations in ethylene glycol mixtures are of
the same order as those of the peroxo solvate samples
obtained under laboratory conditions.

For all the solvates studied, the hydrogen peroxide
concentration in ethylene glycol solutions and in gly-
cerol solutions are the higher, the higher its concen-
tration in the solid preparation (see figure). A study of
the ethylene glycol systems using PFK-2 preparation
showed that excess hydrogen peroxide passes into
both water�glycerol solutions and water�ethylene
glycol solutions (Table 2). The amount of excess
H2O2 in ethylene glycol is lower than that in glycerol,
though glycerol was studied with individual KF �

H2O2, in which the binding energy of H2O2(g) is
85.5 kJ mol�1, whereas ethylene glycol was studied
with the PFK-2 preparation, a mixture of monoperoxo
solvate KF �H2O2 and diperoxo solvate KF �2H2O2.
The second H2O2 molecule in the diperoxo solvate
has a lower binding energy (70.88 kJ mol�1) [4],
which must assist the dissociation. Evidently, the
weaker capability of ethylene glycol to dissolve
KF �nH2O2 and extract excess hydrogen peroxide into
a solution owing to dissociation mainly results
from the fact that ethylene glycol is less polar than
glycerol: the dielectric constant � is 42.5 for glycerol
and 37.7 for ethylene glycol [6].

Potassium fluoride peroxo solvates and PFP prep-
arations are soluble in water�Tosol mixtures. In the
case when the content of hydrogen peroxide in the
peroxo solvates is higher than unity, the admixtures
contained in Tosol produce a slight catalytic effect
on the decomposition of peroxo solvates and a more
considerable effect on their dissociation (Table 4).

The average rate of the KF �H2O2 decomposition
is 0.8�1.8 %day�1. The PFK-1 preparation is more

stable. In the same composition range, the average
rate of the PFK-1 decomposition is 0.2�0.9 %day�1.
The peroxo solvate containing more than one hydro-
gen peroxide molecule and the PFK-2 preparation,
while dissolved, undergo fast dissociation, with pas-
sing of excess hydrogen peroxide into the solution.
In storage of such solutions, potassium fluoride
gradually precipitates owing to further dissociation,
without decrease in the hydrogen peroxide concentra-
tion. The PFK-1 solutions formed in the Tosol sys-
tems and the PFK-2 heterogeneous mixtures can be
used in disinfectology.

CONCLUSIONS

(1) Potassium fluoride peroxosolvates and disin-
fectants based on them are soluble in polyhydric
alcohols, such as glycerol and ethylene glycol, and in
Tosol (commercial antifreeze).

(2) The solutions are reasonable stable. The aver-
age rate of the H2O2 decomposition does not exceed
1.7 %day�1 in solvents containing from 100 to
60 wt % alcohol.

(3) The dissolution of peroxosolvates is accom-
panied by the additional dissociation KF �nH2O2(s) =
KF(s) + H2O2(sol), with the excess hydrogen peroxide
passing into the solution. In Tosol and its mixtures
with water, the dissociation is accompanied by KF
precipitation.

(4) The fact that potassium fluoride peroxosolvates
and preparations based on them are soluble and stable
in organic and aqueous-organic mixtures extends the
range of their application in disinfectology.
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Abstract�Colloid-chemical properties of cationic polyelectrolytes and their mixtures with iron(III) chloride
are studied, including the viscosity, adsorption on the cellulose surface, capillary imbibition and rise, and
apparent charge density on the polymer. Selection criteria are proposed for polyelectrolytes as reagents for
thickening and compaction of sludge from pulp-and-paper works.

Cationic polyelectrolytes are widely used in pulp-
and-paper industry for treating wastewaters by floc-
culation and also in paper-making [1, 2]. Wastewaters
from pulp-and-paper works contain negatively charged
cellulose dispersions. Flocculation of such dispersions
with polyelectrolytes proceeds through aggregation of
particles by virtue of neutralization of the charge and
bridge formation, and also as a result of mosaic bind-
ing [2, 3]. Low-molecular-weight fractions of cellu-
lose are involved in the formation of a structured gel
network capable of retaining particles of the disperse
phase [2, 3]. In selecting polyelectrolytes as floc-
culants, such factors should be taken into account as
the cationic demand of cellulose suspensions, apparent
cationic charge, adsorption a polyelectrolyte on a
given dispersion, viscosity, and other characteristics
of both polyelectrolytes and the disperse system as
a whole.

In this work we developed criteria for evaluating
the performance of polyelectrolyte-based composi-
tions as flocculants for treating wastewaters derived
from paper making and also express tests for these
compositions.

In formulating the compositions we used copoly-
mers of acrylamide with nitrogen-containing bases
such as Polymin KP, Kat-floc-487F, Praestol (MW >
500000); a series of polymers of various natures with
MW 10000�30000 (modified polyimines Polymin
SK and Katiofast SF); and also poly(dimethyldiallyl-
ammonium chloride).

It was demonstrated previously that blends of
cationic polyelectrolytes and inorganic coagulants

show promise as flocculants [4]. Therefore, in this
work we studied compositions based on a cationic
polyelectrolyte and iron(III) chloride, which showed
high performance in flotation treatment of waste-
waters derived from paper-making.

EXPERIMENTAL

In the work we used FeCl3 [pure grade, GOST
(State Standard) 4147�74]; concentrated hydrochloric
acid (chemically pure grade, GOST 3118�77); cationic
polymers Praestol-644BC, 650BC, 611BC, 851, and
853 (Moscow�Stockhausen�Perm Closed Corporation,
Russian�German Enterprise); Polymin SK, Katiofast
SF, Polymin KP (BASF, Germany), Katfloc-487F
(KEM-TRON Inc., Germany); decyldimethylbenzyl-
ammonium chloride [(C10H21)(CH3)3N(C7H7)Cl];
poly(diallyldimethylammonium chloride) (poly-
DADMAC); Toluidine Blue O; anionic polymer,
potassium polyvinyl sulfate (PVSK) (MW 162.2, n =
1500, Lot/Contr. no. 04290, Serva Feinbiochemica
GmbH & Co K G); and paper filter [TU (Technical
Specifications) 6-09-1678�95].

The specific viscosity �sp of polymer solutions
was measured on an Ubbelohde viscometer with a
0.56-mm capillary. The correction factor due to the
flow kinetic energy was estimated to be no more than
1.5%, and was neglected in estimating the viscosity
number �sp/c (l3 g�1) (c is the polymer concentration
in the solution, g l�1).

The specific viscosity is defined as

�sp = �rel � 1,
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where �rel = �/�0, and � and �0 are the outflow times
of the colloid solution and water, respectively.

The cationic demand (CD) of cellulose dispersions
was determined by colloid titration as follows. 25 ml
of the filtrate of cellulose suspension (pulp + waste-
water derived from paper-making) was charged into a
250-ml flask, and 10 ml of a cationic polymer solu-
tion (0.5 g l�1) and 5 ml of Toluidine Blue (40 mg l�1)
were added. The volume was adjusted to 100 ml with
distilled water, and the mixture was titrated with
65 mg l�1 PVSK until the color changed to violet.

In the blank experiment, we similarly titrated dis-
tilled water. The cationic demand (mg l�1) was es-
timated by Eq. (1).

(V0
PVSK � VPVSK)xp

CD = ���������������, (1)
Vf

where V0
PVSK is the volume of the PVSK solution (l)

consumed for blank titration; VPVSK, that consumed
for titration of the working sample (l); xp, concentra-
tion of the polymer solution (mg l�1); and Vf, volume
of the filtrate sample (l).

Also CP of the cellulose dispersion was determined
by radio-frequency titration with a TV-6L1 radio-
frequency conductometer. A pulp suspension (100 ml;
0.666 mg l�1) containing a cationic polymer was
placed into a cell of the radio-frequency conductom-
eter. As a titrant we used 65 mg l�1 PVSK solution.
The end point was determined graphically [5, 6].

The specific charge of the macromolecules was
determined by colloid titration of 0.01% polyelectro-
lyte solution with 0.000388 N PVSK (MW 243000)
in the presence of Toluidine Blue [5]. The PVSK con-
centration was initially determined more precisely by
colloid titration with a standard solution of decyldi-
methylbenzylammonium chloride. Assuming

NPVSKVPVSK = Np Vp, (2)

where Np is the polymer concentration in the poly-
electrolyte (g-equiv l�1); NPVSK, PVSK concentration
(g-equiv l�1); and Vp, volume of the polymer (l), the
apparent density of the cationic charge on the macro-
molecules � (mg-equiv g�1) was estimated by Eq. (3).

Np�103

� = ������, (3)
m

where m is the polymer weight (g).

To determine the adsorption of the polymers, a
piece of paper filter of a fixed area was immersed into
10 ml of 0.01% polymer solution. The paper was taken
out after 30 s, and the volume of the residual solution
was measured. The adsorption Aeff (g-equiv cm�2)
was estimated by Eq. (4).

Ncat(Vin � Vfin)
Aeff = ������������, (4)

S

where Ncat is the concentration of the cationic charges
in 0.01% polymer solution (g-equiv ml�1); Vin and
Vfin are the volumes of the polymer solution before
immersing and after removal of the paper filter, re-
spectively (ml); and S is the area of the paper piece
(cm2).

In control experiments, we titrated the polymer
before and after adsorption with 65 mg l�1 PVSK. The
Aeff (g-equiv cm�2) was estimated by Eq. (5):

NPVSK (V0
in � V0

fin)
Aeff = ��������������, (5)

S

where NPVSK is the PVSK concentration (g-equiv ml�1)
and V 0

in and V 0
fin are the volumes of the PVSK solu-

tion (ml) consumed for titration of the initial 0.01%
polymer solution and that after adsorption on paper,
respectively.

The UV absorption spectra of aqueous solutions
were recorded on an SF-46 spectrophotometer over
the range 190�700 nm against water as a reference
using 1-cm cells. The influence of oxygen on the
optical density of the polymer solutions over the range
190�230 nm was studied by comparison of the UV
spectra with those obtained on a Specord M-40 instru-
ment after thorough purging of the sample with argon.

The efficiency of sludge thickening was charac-
terized by the velocity of the motion of the interface
between the clarified and unclarified volumes in a 2-l
volumetric cylinder.

The capillary imbibition was determined as fol-
lows. A sample of filter paper (S = 20.4 cm2) was
fastened with a lifting holder arranged on a stand.
A 0.01% polymer solution (10 ml) was charged into
a 50-ml beaker. The paper sample was immersed in
the solution to a depth of 0.5 cm, and the capillary
rise was monitored as a function of time. The total
experiment time was no more than 5 min.

The solution pH was measured with a pH 320 SET
pH-meter (Wissenschaftlich�Technische�Werkstatten
GmbH).
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The method for determination of the absorption of
a cationic polyelectrolyte by a negatively charged
surface of cellulose fibers was proposed in [5]. Its
essence is that, in solutions, negatively charged poly-
mers react with cationic polymers practically stoi-
chiometrically, forming a precipitate. For example, it
was demonstrated that colloid titration of a cationic
polymer, methyl glycol chitosan, with PVSK results
in formation of an insoluble nonionic precipitate near
the isoelectric point [5, 7]. The end point is deter-
mined using Toluidine Blue O as an indicator, which
is adsorbed on the surface of an anionic polymer,
changing its color from blue to purple or rosy at the
end point.

If a fixed volume of a standard solution of the test
cationic polymer is added to a cellulose suspension
in distilled water and contacted for a sufficiently long
time, the above-described method can be used for
determination of the excess of a cationic polymer
remaining in the solution after the cellulose precipitate
was filtered out. Using PVSK as a titrant and knowing
the stoichiometry of interaction of a cationic polymer
with PVSK, we can estimate the adsorption of the
polymer on cellulose and determine the adsorption
characteristics of the cellulose dispersion such as the
cationic demand, adsorption power, and apparent
cationic charge density.

The adsorption properties of cationic polymers
were evaluated using two parameters: the adsorption
on filter paper and cationic demand of the cellulose
dispersion, the latter corresponding to the amount of
a cationic polymer bound to the carboxy groups of
cellulose in unit volume of the dispersion. In deter-
mining both parameters, colloid titration was used to
measure the excess amount of the cationic polymer
remaining in the solution after a sufficiently long
contact time.

The PVSK to test polymer stoichiometric ratio was
determined by UV spectroscopy. It was demonstrated
that the light absorption Drel of an aqueous solution of
a mixture of the modified cationic polyimine, Polymin
SK, and PVSK in the UV range (190�220 nm) is an
additive function of the concentrations of the individ-
ual components (Fig. 1). Titration of an aqueous
solution of Polymin SK with PVSK in the presence of
Toluidine Blue, which changes its color from blue to
violet at the end point, revealed 1 : 1 stoichiometry.
The UV spectra showed that the absorption follows
the Beer�Lambert�Bouguer law over the concentra-
tion range from 0 to 1 �10�3 g-equiv l�1 for both the
initial polyelectrolytes and their mixtures with PVSK
(Fig. 2).

�, nm

Fig. 1. UV spectra of polymer solutions: (1) 4.615 �

10�4 g-equiv l�1 PVSK, (2) 5 �10�4 g-equiv l�1 Polymin
SK, and (3) 5�10�4 g-equiv l�1 Polymin SK + 4.615 �

10�4 g-equiv l�1 PVSK. (D) Optical density and (�) wave-
length; reference: water; the same for Fig. 3.

c � 103, g-equiv l�1

Fig. 2. UV absorption D (� = 190�210 nm) as a function
of the polymer concentration in solutions c: (1) PVSK,
(2) Polymin SK, and (3) Polymin SK + PVSK, at the
end point.

Therefore, colloid titration with PVSK allows
determination of the amount of a cationic polymer in
the system over the indicated concentration ranges.
Table 1 shows the characteristics of polyelectrolyte
solutions, determined by colloid titration.

Note that cationic polymers with high molecular
weight (nos. 1�5) have a low concentration of charged
nitrogen-containing groups (� = 1�3 mg-equiv g�1),
and their 0.05% solutions demonstrate weakly acidic
pH. Cationic polymers with relatively low molecular
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Table 1. Characteristics of cationic polyelectrolytes
������������������������������������������������������������������������������������

Flocculant �pH of 0.5% solution� �, mg-equiv g�1 � Aeff�109, g-equiv cm�2 (0.01% solution)
������������������������������������������������������������������������������������
Polymin KP � 4.64 � 1.0 � 1.7
Kat-floc-487F � 4.60 � 1.5 � 2.0
Praestol 611BC � 4.91 � 1.4 � 3.5
Praestol 851BC � 4.15 � 1.5 � 3.6
Praestol 853C � 4.15 � 2.9 � 3.6
Katiofast SF � 6.85 � 14.0 � 26.0
Polymin SK � 7.17 � 5.5 � 15.0
Poly-DADMAC � 7.00 � 5.9 � 12.0
������������������������������������������������������������������������������������

Table 2. Cationic demand (CD) of the filtrate of cellulose suspension, determined by colloid (CT) and high-frequency
(HFT) titration*
������������������������������������������������������������������������������������

Experiment
�

Polymer
�

m,** g
� CD of filtrate, mg l�1 �

(�CD/CDin)�100, %� � ���������������������������no. � � � CT � HFT �
������������������������������������������������������������������������������������

1 �Polymin KP � �/2.5 � 559.4/452.0 � 562.0/450.0 � 19
2 �Katiofast SF � �/4.5 � 520.0/500.0 � 516.0/498.5 � 4
3 �Kat-floc-487F � �/2.5 � 546.1/500.0 � 540.0/446.0 � 18
4 �Katiofast SF + Polymin KP � �/2.0 + 1.25 � 546.1/412.9 � 540.0/400.3 � 24
5 �PDMDAAC + Polymin KP � �/2.0 + 1.20 � 559.4/432.8 � 563.3/538.0 � 23

������������������������������������������������������������������������������������
* Data on the initial cellulose suspension in water are given in the numerator, and those on cellulose suspension containing a poly-

mer, in the denominator.
** (m) Amount of a polymer required to thicken 1 l of a suspension.

weight from 10000 to 30000 g mol�1 (nos. 6�8) are
characterized by high � and neutral pH.

In addition, the cationic demand was determined by
high-frequency titration of the paper suspension [6, 8].

Table 1 shows that the adsorption of polymers with
low apparent charge density (nos. 1�5) is considerably
lower than in those with high � (nos. 6�8). Therefore,
in the latter case, larger amount of the cationic poly-
mer is required to neutralize the net negative charge
of the cellulose surface. This conclusion is also sup-
ported by data on the cationic demand (Table 2).

The results show (Table 2) that the decrease
in the cationic demand for Polymin KP (� =
1.0 mg-equiv g�1) from 559.4 to 452 mg l�1

(�CD/CDin = 19%) is more significant as compared
to Katiofast SF having � = 14 mg-equiv g�1 (from
520 to 500 mg l�1; �CD/CDin = 4%). Corresponding-
ly, the consumption of a cationic polymer is much
higher for polymers with high charge density. At the
same time, the highest effect toward decrease in CD
was obtained with a mixture of cationic polymers with
high and low � (Table 2, no. 4).

Table 2 reveals satisfactory agreement of data ob-
tained by colloid and high-frequency titration meth-

ods. The cationic demand depends on both the struc-
ture of the polyelectrolyte and composition of the
polyelectrolyte system.

The mechanism of interaction of a cationic poly-
electrolyte with a negatively charged cellulose surface
is shown in the picture below.

B C

� = 0 � � 0 � � 0

It is a common view that fixation of a cationic
polymer on cellulose particles is a resultant of two
simultaneous processes, namely, ionic interaction of
accessible surface carboxy groups (A, B) and adsorp-
tion through van der Waals or hydrogen bonding (C).
Ionic mechanism dominates in the case of highly
charged cationic polymers, e.g., Katiofast SF, re-
presenting, in essence, organic coagulants. Adsorption
of such kind of polyelectrolytes was attributed in [9]
to neutralization of the surface charge (B). Combined
effect of high-molecular-weight polymers Polymin KP
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Table 3. Treatment efficiency of cellulose suspensions by a three-mark scale (initial COD 3300 mg l�1; polymer con-
centration 0.5%)
������������������������������������������������������������������������������������

Composition
� Thickening test* � Clarification test** �

COD, mg l�1 (by O2)�����������������������������������
� mark �

������������������������������������������������������������������������������������
Polymin KP � 3 � 2 � 1600
Polymin KP + FeCl3, 10 g l�1 � 3 � 3 � 500
Kat-floc-487F � 3 � 2 � 1500
Kat-floc-487F + FeCl3, 10 g l�1 � 3 � 3 � 450
Katiofast SF � 0 � 0 � 2800
Katiofast SF + FeCl3, 10 g l�1 � 1 � 1 � 2500
Polymin SK � 0 � 0 � 2500
Polymin SK + FeCl3, 10 g l�1 � 2 � 2 � 1000
������������������������������������������������������������������������������������
* Mark 0: no thickening; mark 3: efficient thickening (stable floccules).

** Mark 0: turbid medium; mark 3: total clarification.

and Katiofast SF with a low specific charge is,
most likely, associated with bridging according to
scheme C. In the case of efficient flocculation, smaller
amount of the polyelectrolyte is consumed for neutra-
lization of negatively charged cellulose particles, and,
larger amount of the polyelectrolyte remains in the
filtrate. Correspondingly, the amount of PVSK con-
sumed for colloid titration of the filtrate will be higher
than in the case of weak flocculation, and CD, accord-
ing to Eq. (1), will decrease more strongly.

Evidently, in using polymers like Katiofast SF,
poly-DADMAC, and high-molecular-weight polymers
in combination, neutralization of negatively charged
cellulose particles occurs most efficiently. Polyelectro-
lytes form complexes with the carboxy groups of cel-
lulose and functional groups of hemicelluloses and
lignin [2], resulting in formation of associates of vari-
ous kinds. These associates, in turn, can form labile
3D networks, promoting flocculation. In order to
further improve the efficiency of wastewater treat-
ment, we proposed to use a composition based on
a low-charged polyelectrolyte and the highly effective
coagulant, FeCl3, capable of forming polyelectrolyte
complexes, as flocculants for cellulose suspensions.
Our results showed that better flocculation and higher
degree of decontamination are realized with a mixture
of Kat-floc-487F and Polymin KP in combination
with FeCl3 (Table 3).

The UV spectra show that addition of FeCl3 to
Polymin KP and Kat-floc-487F polymer solution in-
creases the absorption at 190�220 nm by a factor of
about 1.5, the component concentrations in the solu-
tion being the same (Figs. 3a, 3b).

At the same time, in the case of highly charged

(a) (b)

�, nm �, nm
(c) (d)

�, nm �, nm
Fig. 3. UV spectra of polymer solutions: (a) Kat-floc-487F,
(b) Polymin KP, (c) Katiofast, and (d) Polymin SK. Initial
polymer concentration (g l�1): (a, b) 0.5 and (c, d) 0.2.
(1) Initial polymer, (2) initial polymer + 0.5 g l�1 HCl, and
(3) initial polymer + 2.5 g l�1 FeCl3.
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�, s

h2 � 10�2, mm2

Fig. 4. Capillary rise h2 of 0.01% polyelectrolyte solutions
as a function of the time � and polyelectrolyte composition:
(1) Polymin SK, (2) Katiofast SF, (3) Praestol 611BC,
(4) Praestol 650BC, (5) Polymin KP, (6) Kat-floc-487F,
and (7) Kat-floc-487F + FeCl3. K (mm2 s�1): (1) 23.0,
(2) 20.0, (3) 19.0, (4) 11.0, (5) 7.0, (6) 6.0, and (7) 4.2.

low-molecular-weight polyelectrolytes like Katiofast
SF and Polymin SK, addition of FeCl3 does not
changes significantly the UV spectra (Figs. 3c, 3d).

Since hydrolysis of FeCl3 produces hydrochloric
acid, we studied the effect of addition of 0.5 g l�1 HCl
on the properties of polyelectrolyte solutions. As seen
from Fig. 3, HCl has no significant effect on the
optical density over the range 190�220 nm.

The influence of atmospheric oxygen on the UV
absorption of cationic electrolyte solutions was in-
significant, since we used water as a reference.

The observed considerable changes in the optical
density, initiated by addition of FeCl3 to solutions of
cationic polymers with low � (1�3 mg-equiv g�1), are
probably due to formation of polyelectrolyte com-
plexes with FeCl3.

Another practically significant characteristics of the
polyelectrolyte-based compositions is their viscosity.
In this work, the viscosity of 0.2% polymer solutions
(120�130 m3 kg�1) remained unchanged at 10�C for a
year. Also, we observed no noticeable changes in the
flocculating properties of the compositions.

The efficiency of flocculation of cellulose particles
depends on their wettability with a polymer solution.
Therefore, we studied this effect by the kinetic meth-
od, i.e., by measuring the capillary rise along the
paper [2]. The features of capillary imbibition of a
liquid into a porous body can be described as follows.

On immersing a porous body into a liquid, a capil-
lary pressure arises in the pores, given by the Laplace

equation (6).

Pcap = (2	 cos
)/r, (6)

where r is the pore radius; �, surface tension of the
liquid; and �, contact angle.

If a body has a hydrophilic surface, a fluid in pores
forms concave meniscus, and the capillary pressure
initiates capillary rise of the liquid in a capillary
(imbibition).

The equilibrium height of the liquid rise in the case
of ideal wetting (� = 0) can be estimated by Eq. (7)

�maxc = 2	/(r�g), (7)

where g is the gravity acceleration.

The kinetics of capillary rise is described by the
Poiseuille and Washburn equations:

dh /d� = (2	 cos
/r � �gh)r 2/(8�h). (8)

where � is the polyelectrolyte viscosity.

Since the hydrostatic pressure driven by the gravity
is mostly considerably lower than the capillary pres-
sure, the product �gh can be neglected, and Eq. (8)
can be reduced to obtain Eq. (9).

dh/d� = 2	r cos
 /(8�h). (9)

Integrating (9) gives

h2 = K�. (10)

The empirical constant K reflects the capillary rise
velocity, being controlled by the ratio between the
surface tension and polyelectrolyte viscosity.

We studied capillary rise of 0.1% polyelectrolyte
solutions using filter paper as a porous body. The
measured height of the liquid rise as a function of the
time is shown in Fig. 4.

The results were fit to the form of Eq. (11).

h2 = a + K�, (11)

where a is the constant reflecting the nonlinearity
of imbibition in the initial period of time.

These results in combination with data given in
Table 3 show that polyelectrolytes demonstrating the
best flocculating action in thickening and clarification
of cellulose suspensions have K = 5	2 mm2 s�1.
The flocculating action decreases as K increases.
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The capillary imbibition method can also be used
for estimating the adsorption of a polyelectrolyte on
the cellulose surface. In this case, the same batch of
filter paper should be used as a support.

CONCLUSIONS

(1) The wastewater treatment efficiency increases
if a composition based on a low-charged polyelectro-
lyte and an inorganic coagulant, FeCl3, capable of
forming polyelectrolyte complexes is used as a floc-
culant.

(2) The effective adsorption of a polymer as well
as the cationic demand difference of cellulose, ob-
tained by colloid titration, can be used as criteria in
evaluating the flocculation efficiency of wastewater
treatment and pulp thickening.

(3) An express method is proposed for testing the
flocculating action, based on the capillary rise meas-
urements. The empirical constant K in Eq. (11) should
be 5	2 mm2 s�1 for polyelectrolytes having a con-
siderable flocculating action in cellulose suspensions.
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Abstract�Protolytic and associative equilibria in aqueous solutions of rhodamine B were studied. The curves
of potentiometric titration with NaOH solution of the dye hydrochloride within the 5 �10�4�3 �10�2 M range
and at an ionic strength of 0.1 M (NaCl or KCl) were treated by chemometric methods of successive modifica-
tion of the equilibrium system models with regard to spectrophotometric data. The most probable value
of the equilibrium constants of the reaction i H+ + j R �� Hi Rj

i+ were determined.

Thanks to the unique spectral-luminescence proper-
ties, rhodamine dyes are widely used as markers and
probes in studies of various objects including bio-
logical systems [1], in sensors [2], including those
based on Langmuir�Blodgett films [3], in supra-
molecular chemistry [4], and in studies of nanoobjects
prepared by the sol�gel method [5]. The most part of
rhodamines in aqueous solutions show deviations
from Bouguer�Beer’s law even at concentrations of
10�4 M. Spectrophotometry and the other methods
show dye association [6�8]. Nevertheless, in many
cases, e.g., in laser beam technology, concentrated
solutions of rhodamines are required. As a rule, dyes
are characterized by step (but not cooperative) associa-
tion [6, 7], i.e., by successive formation of dimers,
trimers, etc. Therefore, the state of dyes in solutions
in the concentration range between the infinitely dilute
and concentrated solutions is of interest.

In this work, the state of rhodamine B in water
within the 2�10�6�3 �10�3 M concentration range
was studied spectrophotometrically and potentio-
metrically. In water, HRCl salt dissociates with for-
mation of the HR+ cation.

In contrast to many other rhodamines, such as
rhodamines 6Zh and 3B, rhodamine B participates in
acid�base reaction not only at pH < 1.7 but also
in less acidic medium because of the presence of a
carboxy group. Its dissociation produces zwitterion
R�, which is the main form of the neutral species
R in aqueous solution:

��
O

��
� �

�
�COOH

N(C2 H5)2(C2 H5 )2N

+

HR+

��
O

��
� �

�
�COOH

N(C2 H5)2(C2 H5 )2N

+

HR+

The fraction of molecules R converting in water
into a colorless, low-polarity lactone R0 amounts to
0.5�1% [10]. In general, rhodamine B transformations
in the solution, depending on the acidity and dye con-
centration cd, can be expressed by the equation

i H+ + j R �� Hi Rj
i+; �ji, (1)

where �ji is the equilibrium constant.

Although in aqueous solution the absorption bands
of HR+ and R� are ill-resolved (�max = 556�557 and
553�554 nm, respectively, at virtually the same
extinction coefficient), it is possible to determine
log�11(R + H+ = RH+) spectrophotometrically at
cd � 10�5 M (log�11 = 3.22 [9]; thermodynamic value
at the ionic strength I � 0). The log�11 values ob-
tained potentiometrically are necessarily determined at
substantially greater cd. Because of association (di-
merization), the standard method gives substantial
difference in log�11 values measured at different
rhodamine concentrations (from 3.2 to 4.1) [11�13]
and drift of the calculated log�11 along the titration
curve [14].

Dimerization of rhodamines was studied spectro-
photometrically in [9, 11, 15�17]. Structural features
of rhodamine B allow complete conversion of the
HR+ cation into the readily soluble in water zwitterion
R�, which prevents precipitation of HR+X� on adding
salts and allows complete transformation of the dye

������������

��
O

��
� �

�
�COO

_
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���� +
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into the dimer even at cd �10�4 M [15]. The dimeriza-
tion constants �20 at high I produced by inert salts1

are listed in Table 1:

2R �
� R2; �20. (2)

A typical spectrum of the dimer R2 is shown in
Fig. 1a. In accordance with [9, 11, 18], the HR+

cation can also dimerize in water. Variation of the dye
concentration at pH 1.8�2.0 reveals a typical dimer
band in the spectrum; however, in this case, �max is
526�527 nm, against 524 nm for R2 [9, 15] (Fig. 1b).
In dilute solutions, in which HR+ species prevails (the
fraction of H2R2+ species is less than 3%), the band
maximum lies at 556�557 nm as compared to 553�
554 nm for R. The equilibrium constant of the
2HR+ �

� H2R2
2+ equilibrium is calculated by standard

procedure [15], (1.6�1.1) �103 [19], which agrees
with the known value of 1.4 �103 [18]. The band
maximum at 526 nm was observed at pH 1.3 and I =
1.0 (KCl) [11].

We suggested previously [14, 19] that HR2
+

species are formed along with cation dimers. Such
complexes between the base and its protonated form,
similarly to those between the acid and its anion, are
usually formed in bipolar aprotic solvents, e.g., aceto-
nitrile [20]. However, formation of C6H5COOH ���
�OOCC6H5 and FH ���F� species in water is also
known [21]. We suggested that systematic deviations
in calculations of log�11 made by simplified methods
from the results of the pH-metric titration in water can
be used as a source of information on association
processes (dimerization in the simplest case). In this
work, we studied rhodamine B association using data
of HRCl titration with alkali and simulated the equi-
libria by the methods of quantitative physicochemical
analysis (QPCA) [22].

EXPERIMENTAL

Chromatographically pure grade rhodamine B (as
HRCl) [9, 10, 23, 24] was used. Chemically pure
grade salts were additionally purified by recrystalliza-
tion. An NaOH reference solution prepared from car-
bonate-free alkali solution and standardized by titra-
tion with double-recrystallized adipic acid was pro-
tected from atmospheric CO2. �-Cyclodextrin (�-CD)
produced by the Chinoin Company (Hungary) was
used; in calculation of its concentration, it was as-
sumed that this preparation contained 9 water mole-
������������
1 Here and hereinafter, dimensions of the constants are not in-

dicated; the M concentration scale was used.

Table 1. Dimerization constant of rhodamine B zwitterions
[15] at 20�C
����������������������������������������

I, M � �max (R),* � Isobestic �
log�20 (�0.05)� nm � point �

����������������������������������������
NaOH** � 553�554 � 532 � 3.31 (25�C)
1.0 (KCl) � 555 � 533 � 3.36
3.9 (LiCl) � 557 � 535 � 4.00
4.6 (NaClO4) � 556 � 533 � 4.40
9.7 (LiCl) � 559 � 539 � 5.17
����������������������������������������
* Molar absorption coefficient of monomer in absorption

maximum, �(R) = (106�108) �103 l cm�1 mol�1.
** NaOH added to obtain pH 10�12 in all the systems.

cules per macrocycle molecule. The absorption spectra
of solutions were measured previously [9, 23]; addi-
tional measurements were performed on an SF-46
spectrometer. The pH values were measured with a
glass electrode in an electric circuit with transfer vs.
AgCl or calomel electrode; the bridge (contacting
through a ground-glass joint) was filled with a KCl
saturated solution (in special experiments, 1 M KCl
solution was used). The electric circuit was standard-

(a)

�, nm

(b)

�, nm

Fig. 1. (a) Absorption spectra of rhodamine B (1) mono-
mer R and (2) dimer R2 in 4.6 M NaClO4 solution at
pH 10�11, and (b) rhodamine B spectra at pH 2 (HCl) at
various dye concentrations, M: (1) 1�10�4, (2) 3�
10�4, and (3) 7�10�4. (�) Molar extinction coefficient and
(	) wavelength.
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ized using reference buffer solutions with pH 1.68,
4.01, and 6.86. The hydrogen function of ESL-63-07
and ESL-43-07 glass electrode corresponded to the
calculated function. In some cases, titration was per-
formed in the presence of salts (NaCl, KCl), total I
values were 0.05, 0.08, or 0.1 M; higher Cl� concen-
trations can precipitate the dye as HRCl. The results
were well reproduced; equilibria were reached virtual-
ly instantly. Prolonged contact of the solutions with
glass surfaces causes adsorption of up to 5% of dye
within 3 h under unfavorable conditions. A total of
55 titrations were performed at various dye (from
5 �10�4 to 3 �10�2 M) and alkali (from 1 �10�3 to
3 �10�2 M) concentrations, excluding preliminary
experiments.

The number of species, stiochiometry, and stability
constants of complexes are calculated from the depen-
dence of any property (light absorption, concentration
or activity of a system component) of the equilibrium
system on its composition (composition�property
dependences) [22]:

Alk = 	(�l, n*k), (3)

where A is a property of the equilibrium system; k,
the number of the mixture measured, 1 � k � N; N, the
number of mixtures measured; �, analytical position
(e.g., wavelength of the light absorbed in the method
of multiwave spectrophotometry); l, the number of
the analytical position, 1 � l � A; A, the total number
of analytical positions (channels of the simultaneous
measurement of the properties of the equilibrium sys-
tem); n*k, vector of the initial (known from the condi-
tions of mixing) reagent amounts in kth mixture
studied; and 	, any function whose form is determined
by the features of the system studied and experimental
method taken.

In studying equilibria in the solutions by pH-metry
or spectrophotometry, the model structure is set by
three groups of equations: connection of a measured
property A with equilibrium composition, material
balance, and law of mass action. Mixed equilibrium
constants are calculated when estimations of hydrogen
ion activities h = 10�pH are used as approximated
property A, and concentration constants, when the
equilibrium concentration [H+] = 10�pH f H

�1 (where
fH is the hydrogen ion activity coefficient) is ap-
proximated by the model.

In this work, to find the number of species and
stoichiometric composition of reaction products in
rhodamine B solutions, we used the method of 
suc-
cessive correction of trial models� [25] for the case

when experimentally measured quantities are the
equilibrium concentrations of one of reagents [M]. In
modeling, we formulated a trial hypothesis on reac-
tions proceeding in the system, calculated for it the
unknown equilibrium constants and reactant concen-
trations in all the experimental points, found weighted
discrepancies �k = wk

1/2 {where k is the number of
the experimental point, 
k = [M]k

cal � [M]k
exp; wk +

��2(
k), statistic weight of kth measurement; and
�2(
k), variance of 
k}, and checked the model
adequacy. When the statistic criteria showed lack of
fit of the trial model to the experiment, parts of the
experimental plan with higher absolute values of
discrepancies ��k� were considered.

To compensate large discrepancies �k, the model was
supplemented with a new chemical species Lnew,
whose inclusion a fortiori improves the experiment
description. Rules of the selection of Lnew stoichio-
metric composition are described in [25, 26] in detail.
Then, the calculation procedure was repeated.

It should be noted that the composition�property
dependences are preset in the tabulated form, the
arguments and responses contain errors, with informa-
tion on only 
typical� errors of the experimental
values being accessible, and in this case the calcula-
tion of the parameters becomes a mathematically in-
correct task. As a result, inclusion of excess chemical
species in the models, wrong choice of the criterion of
the mismatching between the model and experiment,
erroneous estimation of the confidence intervals of
parameters, uncritical estimation of the model ad-
equacy, and other defects substantially decreasing
reliability of the proposed models of the equilibrium
systems are possible.

The work with fairly concentrated rhodamine B
solutions caused the choice of pH-metric titration as
the method of investigation, although the above dis-
advantages are characteristic of it in full measure. To
make maximally reliable the information obtained
from titration curves, in the stages of calculation of
unknown stability constant, check of the model ad-
equacy, and estimation of parameter significance, we
used the methods of the data analysis theory. The
traditional least-squares techniques was supplemented
by Huber’s robust M-assessments of the model valid-
ity (cross validation), singular analysis, and combin-
ing of local and global criteria of the model adequacy.
Detailed description of the calculation methods used
and CLINP 2.1 computer software is presented in
[26�28].

To assess the adequacy of the models, we used the
global criterion �2 (after preliminarily introducing the
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necessary corrections when M-assessments were used)
[29]. The model was considered to be adequate if


2
exp = s2

0 f < 
2
f (�), (4)

where f = N � z is the number of degrees of freedom;
z, the number of unknown parameters of the model;

N

s2
0 = f k

�1� �2
k , (5)

k = 1

residual variance; � f
2(�), 100�% point of the distribu-

tion of �2 for f degrees of freedom at the preset sig-
nificance level � = 0.05 [30].

Additionally, we used cross validation [31]. For this
purpose, we eliminated the gth dimension from N ex-
perimental points, calculated from the remaining data
the fitting parameters, and found Ak

cal and weighted
discrepancy of cross validation dg = wk (Ak

cal � Ak
exp).

Calculations were performed for all N possible sub-
divisions of the set of experimental points, and cross-
validation variance was found:

N
�s 2

0 = (N � z)�1�d2
g. (6)

g = 1

Cross validation reveals the presence in the model
of 
risk parameters� found using measurements
only in one or in a few experimental points (
out-of-
balance�).

After our publication [15], along with monomers
and dimers, the existence of rhodamine B trimers in
concentrated ethanolic solutions was reported [32]. We
additionally treated previously published spectropho-
tometric measurements [15] by the method of equi-
librium model. It was found that, at cd within the 4�
10�4�9�10�4 M range, pH 10�11, and the absence of
the supporting electrolyte log�20 = 3.275(0.08)2 and
�(R2)�10�3 = 93(4) and 225(6) l cm�1 mol�1 for 524
and 554 nm, respectively. For the monomer, the �(R)�
10�3 values are equal to 108 and 40 l cm� 1 mol�1,
respectively. Thus, the result obtained previously was
confirmed (Table 1). The model including only mono-
mers and dimers well describes the experiment. At cd
within the 6 �10�5�6 �10�4 M range, pH 10�11, and
I = 1.0 M (KCl), similar procedure gave log�20 =
3.25(0.08), also without including more complex
species.

In simulating the equilibria in more concentrated
������������
2 Here and hereinafter, the rms deviations of parameters are

given in parentheses.

(a)

V, ml


, %

(b)

Fig. 2. Curves of titration of 20 ml of (a) 1.958�10�2 M
rhodamine B (HRCl) solution with NaOH solution of the
same concentration and of (b) 3.9�10�3 M rhodamine B
solution with NaOH solution of the same concentration (1)
in the presence of 
-cyclodextrin and (2) without it.
(V) Volume of NaOH solution added and (�) degree of
titration.

solutions (Fig. 2), the thermodynamic values of
log�11 = 3.22 and log�20 = 3.25 (at I = 0.1 M, 3.30
and 3.30, respectively) found earlier from spectro-
photometric data [9, 15] were considered to be known
precisely. Variation of log�11 and log�20 within �0.3
had virtually no effect on the results of simulating the
equilibria in the concentrated solutions because of low
yield of HR+ and R2 species.

The estimated equilibrium hydrogen ion concentra-
tion [H+] was taken as a property approximated by
the models. The experimental pH and fH taken from
the monograph [33] (for 0.1 M solutions of the sup-
porting electrolytes NaCl and KCl, fH is equal to 0.85
and 0.83, respectively) were used in calculation of
[H+] = 10�pH f H

�1. Prescribing the statistic weights
wk, we assumed the relative standard deviations
�r([H

+]) = 0.069. This corresponds to the standard
deviations in measuring pH �(pH) = 0.03. In calcula-
tions, unless otherwise stated, unknown parameters
were calculated by the nonlinear least-squares method.
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Table 2. Calculation of logarithms of the concentration equilibrium constants in solutions of rhodamine B. Supporting
electrolyte concentration 0.1 M
������������������������������������������������������������������������������������

c0(R), M
� Supporting �

log�21
�

log�22
�

log�30
�

log�31
�


2
exp

�
f

�

 2

f (� = 0.05)� electrolyte � � � � � � �
������������������������������������������������������������������������������������

5�10�4 � NaCl � 7.40(0.01) � � � � � � � 9.4 � 5* � 9.5*
1.6�10�3 � KCl � 7.27(0.01) � � � � � � � 13.5 � 16 � 26.3
4.0�10�3 � � � 7.25(0.01) � 10.32(0.01) � � � � � 9.2 � 35 � 49.8
5.0�10�3 � KCl � 7.22(0.02)** � 10.35(0.05)** � � � � � 1.8 � 15 � 25.0
2.0�10�2 � NaCl � 7.27*** � 10.4(0.4) � 6.5(0.5) � 11.0(0.6) � 13.5 � 7 � 14.1
3.0�10�2 � NaCl � 7.27*** � 10.1(0.15) � 6.40(0.18) � 9.9(0.5) � 11.5 � 8 � 5.5

������������������������������������������������������������������������������������
* Values obtained using Huber parameters of M-assessment.

** Logarithms of mixed equilibrium constants.
*** Values were not refined.

For the equilibrium in the solution with the initial
HRCl concentration of 5 �10�4 M (supporting elec-
trolyte 0.1 M NaCl), a set of the permissible chemical
species in the initial model was restricted to H+, HR+,
R, and R2, and a single parameter �log�11 (H+ + R =
HR+) was calculated. Testing of the trial model gave
log�11 = 3.50, � 2

exp = 42.3 > �2
f =10 (� = 0.05) = 18.3,

i.e., the model is inadequate to the experiment. The
local adequacy criteria, weighted discrepancies �k, are
large and systematic (Fig. 3, curve 2). In Fig. 3, the
vertical straight line divides the titration curve in two
parts: In part A, the prevailing species are H+ and R,
while in part B, where 	k values are maximal, H+ and
R2. To compensate the largest discrepancies, we sup-
plemented the model by the HR2

+ species, which is a
product of the reaction between H+ and R2. After
parametric identification of the supplemented model,
we obtained the following results. log�11 cannot be
determined from the data obtained (the yield of
HR+ in any point of the titration curve does not ex-
ceed 0.01% of the total rhodamine B concentration);
log�21 = 7.37; �2

exp = 16.7 < �2
f =9 (� = 0.05) = 16.9,

i.e., the model is adequate to the experiment with
respect to �2 test. The local adequacy criteria �k also

V, ml
Fig. 3. Weighted discrepancies �k for the initial model
of equilibria. (V) Volume of NaOH solution added. (1) ex-
perimental titration curve; (2), (3) �k.

substantially decreased (Fig. 3, curve 3); only in the
last point, the discrepancy �k was still abnormally
high. This result can be interpreted in two ways: either
measurement in the last point of the titration curve is
erroneous, or, with increase in pH, along with HR2

+,
other rhodamine B associates are formed.

In the end of the titration curve, the chemical
species R and HR2

+ prevail; the large positive dis-
crepancy in the last experimental point is compensated
by inclusion in the model of the product of reaction
between them, HR3

+. Testing of the model with a set
of H+, HR+, R, R2, HR2

+, and HR3
+ showed that the

quality of the experiment approximation increased:
� 2

exp = 14.5 < �2
f =9 (� = 0.05) = 16.9, and the HR3

+

species is a significant component of the model; its
yield exceeds 10% of total cd. However, cross valida-
tion showed that log�31 (H+ + 3R �

� HR3
+) is a risk

parameter, since elimination of only one (last) point
from the set of data treated drastically changes its
value. Thus, it is impossible to make any reliable
conclusion on formation of the HR3

+ species under
these conditions. The use of M-assessment gave the
robust estimation of log�21 = 7.40 (Table 2).

Spectrophotometric measurements performed at pH
1.8�2.0 for solutions within the cd = 1.0�10�4�1.0 �

Table 3. Molar extinction coefficients � of rhodamine B
species
����������������������������������������

Species
� �, l cm�1 mol�1, at indicated �, nm
������������������������������
� 554 � 524

����������������������������������������
R � 1.08�105 � 4.03�104

R2 � 1.0�105 � 2.24�105

HR+ � 1.1�105* � 4.0�104**
����������������������������������������
* At 559 nm. ** At 529 nm.
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10�3 M range at � 559 and 529 nm (0.013 cm cell
length) allowed verification of the above model.
The previously found [9, 15] values of � for various
rhodamine B species are listed in Table 3.

Considering that log�20, log�21, and molar extinc-
tion coefficients of the above chemical species are
known precisely, we calculated log�11(H+ + R =
HR+) and the extinction coefficient of HR2

+ from the
spectrophotometric data. The value found, log�11 =
3.5(0.05), coincides within the determination error
with the value published in [9]; the model is adequate
to the experiment: estimation of the relative stand-
ard deviation of the light absorption gave sr (A) =
0.05� 2

exp = 18.25 < � 2
f =10 (� = 0.05) = 18.31. The

equilibrium model proposed is also applicable to
describing the potentiometric titration curve of
rhodamine B solution with cd = 1.6 �10�3 M (sup-
porting electrolyte 0.1 M KCl) (Table 2).

For the initial HRCl concentrations of 0.004 M
(without supporting electrolyte) and 0.005 M (sup-
porting electrolyte 0.1 M KCl), the simplest model
with R, R2, and HR2

+ species fails to describe the
experimental results. For instance, for the system with
cd = 0.005 M, �2

exp = 43.3 > � 2
f =10 (� = 0.05) = 18.3,

with substantial positive discrepancies �k being con-
centrated in the region of the experiment plan with the
prevailing species H+ and HR2

+. After supplementing
the model with the reaction

H+ + HR2
+ �� H2R2

2+,

we obtained an adequate model (Table 2). Similar
results were obtained for the titration curve at the ini-
tial HRCl concentration of 4.0�10�3 M (Table 2).

Let us consider equilibria with the initial HRCl
concentrations of 2�10�2 and 3�10�2 M (supporting
electrolyte 0.1 M NaCl). Using the method of 
suc-
cessive correction of trial models,� we reached in
several steps the model adequate to the experiment
(Table 4). Nevertheless, for this model, the weighted
discrepancies �k in the region with the prevailing
species R and HR3

+ are also systematic. At [R] <
[HR3

+], �k < 0, and vice versa, at [R] > [HR3
+], �k > 0.

This means that associates consisting of more than
three rhodamine B molecules probably occur in the
solutions. We tested the corresponding hypotheses
(Table 4) and found that inclusion of these species,
indeed, improves the agreement between the model
and experiment; however, differences in the values of
the criterial function � 2

exp for different models are not
so large to prefer one model to the others. Under these

Table 4. Procedure for construction of the model of
equilibria in solutions with cd = 2�10�2 M
����������������������������������������

Step of �
Species

�
log�

�

2

exp
�

f
� 
 2

f
modeling*� � � � �(�= 0.05)
����������������������������������������

1 �R � � � � �
�HR � 3.22** � 46.5 � 9 � 16.9
�R2 � 3.25** � � �
�HR2

+ � 7.27** � � �� � � � �
�H2R2

2+ � 9.70(0.15) � � �
� � � � �

2 �R � � � � �
�R2 � 3.25** � � �
�HR2

+ � 7.27** � 23.4 � 8 � 15.5� � � � �
�H2R2

2+ � 9.62(0.12) � � �
�R3 � 4.9(0.4) � � �
� � � � �

3 (accepted�R � � � � �
model �HR � 3.22** � � �

�R2 � 3.25** � 13.5 � 7 � 14.1
�HR2

+ � 7.27** � � �� � � � �
�H2R2

2+ � 10.4(0.4) � � �
�R3 � 6.8(0.5) � � �
�HR3

+ � 11.1(0.6) � � �
� � � � �

4 �R � � � � �
�HR � 3.22** � � �
�R2 � 3.25** � 10.8 � 7 � 14.1
�HR2

+ � 7.27** � � �� � � � �
�H2R2

2+ � 10.12(0.15)� � �
�R4 � 9.31(0.20) � � �
�HR4

+ � 13.73(0.25)� � �
� � � � �

5 �R � � � � �
�HR � 3.22** � � �
�R2 � 3.25** � 7.9 � 7 � 14.1
�HR2

+ � 7.27** � � �� � � � �
�H2R2

2+ � 10.01(0.10)� � �
�R5 � 12.15(0.14)� � �
�HR5

+ � 16.72(0.20)� � �
� � � � �

6 �R � � � � �
�HR � 3.22** � � �
�R2 � 3.25** � 5.7 � 7 � 14.1
�HR2

+ � 7.27** � � �� � � � �
�H2R2

2+ � 9.96(0.08) � � �
�R6 � 15.05(0.14)� � �
�HR6

+ � 19.17(0.15)� � �
����������������������������������������
* It was suggested to supplement the model with the reactions

between the prevailing components, which improves the
quality of the experiment description in the region of the
experiment plan with maximal discrepancies �k: 3R = R3
(step 1), H+ + R3 = HR3

+ (step 2).
** Parameter was not refined.
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Table 5. Parameters of equilibria in 3.9�10�3 M rhoda-
mine B solutions with additions of 0.01 M �-CD at 25�C
����������������������������������������

Reaction
�

log�
�

 2

exp
�

f
� 
 2

f
� � � �(�= 0.05)

����������������������������������������
H+ + R �� HR+ � 3.45(0.005) � � �
2R �� R2 �Parameter is � 18.3 � 45 � 59.3

�insignificant: � � �
�R2 is absent � � �

H+ + 2R �� HR2
+ � 6.03(0.02) � � �

����������������������������������������

conditions, we prefer the simplest hypothesis on the
composition of the reaction products, though under-
standing that this hypothesis is approximate and par-
tially conventional. Figure 4 shows the degrees of
formation �c(%) of rhodamine B chemical species
HiRj (charges are omitted), calculated in the points of
the titration curve.

j[Hi Rj]
�c = ��������100.

� j[Hi Rj]
j

(a)�c, %

�c, % (b)

Fig. 4. pH dependence of the degree of formation 
c of
various rhodamine B species. cd (M): (a) 4�10�3 and
(b) 2�10�2. (a) (1) H2R2

2+, (2) HR2
+, (3) R2, (4) HR+, and

(5) R. (b) (1) H2R2
2+, (2) HR3

+, (3) HR2
+, (4) R3, and (5) R2;

the degree of formation of HR+ does not exceed 3.9%, and
that of R, 6.7% (not shown in Fig. 4b).

It is interesting to determine how the presence of
�-CD in the highest possible concentration of 0.01 M
will affect the equilibria in HRCl solutions. It is
known that �-CD forms complexes with rhodamine B
monomers, decomposing the dimers [16].

Using the same scheme, we studied equilibria in
the solutions with cd = 3.9�10�3 M by titration with
an NaOH solution of the same concentration (Fig. 2b).
The simulation results (Table 5) convincingly show
that, indeed, the association processes are sharply
suppressed: R2 fully disappears, and the HR2

+ stability
constant decreases by a factor of more than 10.

On the whole, the simulation results prove the fact
that association of rhodamine B molecules in aqueous
solutions is not limited to formation of the dimers R2,
HR2

+, and H2R2
2+. With increasing cd, the composition

of the prevailing species changes: from monomers and
dimers in dilute solutions to at least trimers in concen-
trated solutions. Additions of �-CD do not completely
decompose the HR2

+ species, but substantially sup-
press rhodamine B association.

The steric structure of rhodamine B dimers was
considered in [17, 32, 34]; in all the cases, the mutual
orientation of the chromophoric systems is close to
parallel. Such an orientation does not exclude the in-
teraction of carboxyphenyl fragments with each other.
Probably, this causes association of R with HR+ with
the highest constant of 1.2�104 exceeding the con-
stant of R dimerization (2�103). It is likely that, along
with hydrophobic and ��� electronic interaction of the
chromophoric systems, the �C6H5�COOH���OOC�
C6H5� coupling, similar to that occurring between
benzoic acid molecule and benzoate ion, makes a
significant contribution.

However, stronger, as compared to R dimerization,
association of HR+ with HR+ (equilibrium constant
5 �103) is still difficult to explain (and this is in con-
flict with certain spectrophotometric data [11, 18,
34]). In this case, participation of Cl� in formation of
more complex associates can be assumed. However,
experiments performed with a membrane ion-selective
electrode in the absence of supporting electrolyte do
not allow reliable conclusion because of insufficient
reproducibility of pCl measurements under these con-
ditions. As to the steric structure of R3 or HR3

+, we
cannot make any definite assumptions. As a whole,
within the concentration range studied, rhodamine B
solutions can be considered as systems intermediate
between solutions of monomers and of aggregates
with less ordered structures and size approaching that
of colloid particles.
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CONCLUSIONS

(1) In 5�10�4 M solutions of rhodamine B (R),
the pH-metric study revealed, along with neutral
molecules R and cations HR+, also the dimeric species
R2 and HR2

+.

(2) Within the intermediate concentration range
(�0.004�0.005 M), the dimeric species R2, HR2

+, and
H2R2

2+ prevail in the solution, while the content of the
monomeric species does not exceed 25%.

(3) In concentrated solutions of rhodamine B, as-
sociates consisting of at least three dye molecules
exist, with the content of monomeric species being
less than 10%.

(4) Using chemometric methods, the most prob-
able values of the equilibrium constants of reaction (1)
were determined: log�21 = 7.25�7.4, log�22 = 10.1�
10.4, log�30 � 6.4�6.8, and log�31 � 10.

(5) �-Cyclodextrin introduced into the dye solu-
tion decomposes the dimers R2 and decreases the
stability constant of HR2

+ by more than an order of
magnitude.

(6) On the whole, solutions of rhodamine B in the
concentration interval studied can be considered as
transition systems between solutions of monomers and
aggregates with less ordered structure and the size
approaching that of colloid particles.
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Abstract�The kinetics and mechanism of reaction of arylhydrazones with molecular oxygen were studied
by gas volumetry. The reaction rate was studied in relation to the structure of arylhydrazone and kind of the
solvent. The inhibiting power of the compounds toward initiated oxidation of ethylbenzene was evaluated, and
the most effective compounds were found, judging from the ratio of the rate constants of the reactions with
molecular oxygen and with peroxy radicals arising in the course of ethylbenzene oxidation.

We found previously [1, 2] that arylhydrazones
derived from aromatic and heterocyclic aldehydes
exhibit pronounced antioxidant properties. The inhib-
iting effect of these compounds in radical chain oxida-
tion of organic substances is due to termination of
oxidation chains by reaction with the peroxy radicals
RO

.
2 arising in the course of the substrate oxidation.

However, despite the high activity of virtually all the
tested arylhydrazones toward peroxy radicals, the stoi-
chiometric inhibition coefficient f (number of radicals
decaying on one antioxidant molecule) and induction
period � (time during which the agent inhibits oxida-
tion), characterizing their overall antioxidant effect,
are relatively low and depend on the structure of the
compounds. This may be due to participation of anti-
oxidant molecules in side reactions (nonproductive
consumption). Since the reaction system in the course
of oxidation contains not only RO

.
2 radicals but also

other oxidants such as molecular oxygen, partial con-
sumption of hydrazones in reaction with this oxidant
should be expected.

Studying oxidation of arylhydrazones with molecu-
lar oxygen is necessary for gaining better insight into
the mechanism of the effect of such active radical
scavengers as arylhydrazones. Furthermore, studying
the reactivity of arylhydrazones toward oxygen is
closely related to the problem of stabilization of organ-
ic compounds, since this reaction largely determines
the performance and service life of these oxidation
inhibitors. Available data [3] on the mechanisms and
kinetics of oxidation of arylhydrazones with molecular
oxygen are scarce and do not allow definite conclu-
sions concerning the influence of the structure of aryl-
hydrazones and oxidation conditions on their reactiv-
ity and the role of this reaction in inhibited oxidation
processes. This problem is considered in our paper.

EXPERIMENTAL

The reactivity of arylhydrazones of the general
formula R2R3C=NNHR1 (R1 = Ph; R2 = Ar; R3 = H,
Me) toward molecular oxygen was studied in the
temperature range 303�358 K in various solvents
(chlorobenzene, ethylbenzene, ethanol) by gas volu-
metry [4]. The antioxidant activity of arylhydrazones
in initiated [azobis(isobutyronitrile) initiator] oxida-
tion of ethylbenzene was studied by a chemilumines-
cence method [4]. The products of arylhydrazone oxi-
dation with molecular oxygen were identified by UV
spectroscopy (Specord UV VIS spectrophotometer,
chloroform solutions) and TLC (Silufol plates, eluent
chloroform�benzene�hexane�methanol, 30 : 6 : 1 : 1).

The kinetic curves of oxygen uptake in oxidation
of various arylhydrazones (Fig. 1a) show that these
compounds actively react with oxygen. In the initial
portions of the curves, oxidation occurs at a constant
rate depending on the structure of the compound and
its initial concentration. As judged from the depen-
dences of the reaction rates on the oxygen and aryl-
hydrazone concentrations, with all the arylhydrazones
studied the reaction is first-order with respect to both
reactants. The reaction rate constants are listed in
Table 1. The inertness of the disubstituted hydrazone
toward molecular oxygen suggests that the oxidation
primarily involves the NH group of the hydrazone
moiety. The autooxidation of hydrazones occurs by
the radical mechanism [3]; the primary reaction is
formation of the N-hydrazonyl radical:

kO2
R2R3C=N�NHR1 + O2 �� R2R3C=N�

.
NR1 + HO.

2.

This radical occurs in an equilibrium with the
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(a)

t, min

[O2] � 103, M

t, min

(b)[O2] � 103, M

Fig. 1. Kinetic curves of oxygen uptake in oxidation of phenylhydrazones. (t) Time; the same for Fig. 2. Temperature, K: (a) 343
and (b) 323. Solvent: (a) chlorobenzene and (b) benzene. Phenylhydrazone derived (a) from (1) benzaldehyde, (2) cinnamal-
dehyde, and (3) 4-chlorobenzaldehyde; (b) from (1, 3) benzaldehyde and (2) 3,5-di-tert-butyl-4-hydroxybenzaldehyde. Hydrazone
concentration, M: (a) (1, 2) 2 � 10�2 and (3) 5 � 10�2; (b) (1) 2 � 10�2, (2) 5 � 10�2, and (3) 2 � 10�2 + 2 � 10�3 Ionol.

Table 1. Kinetic parameters of the reactions of arylhydrazones derived from aromatic aldehydes and acetophenone with
molecular oxygen (kO2

) and with peroxy radicals generated from ethylbenzene ( f, kRO.
2
), T = 343 K

������������������������������������������������������������������������������������

Hydrazone
� kRO2

� kRO.
2

�
f

�
DN�H,

������������������������������� �
� l mol�1 s�1 � � kJ mol�1

������������������������������������������������������������������������������������
Ph�NH�N=CH�Ph � (2.93�0.09)�10�2 � (1.20�0.07)�106 � 1.0 � 267
Benzaldehyde phenylhydrazone � � � �

� � � �
Ph�NH�N=CH�C6H4Cl-4 � (8.6�0.4)�10�3 � (1.18�0.09)�106 � 1.1 � 267
4-Chlorobenzaldehyde phenylhydrazone � � � �

� � � �
Ph�NH�N=CH�C6H4OMe-4 � (3.7�0.2)�10�2 � (1.24�0.09)�106 � 1.3 � 266
4-Methoxybenzaldehyde phenylhydrazone � � � �

� � � �
Ph�NH�N=CH�C6H4(NMe2)-4 � (4.17�0.17)�10�2 � (1.3�0.1)�106 � 1.3 � 266
4-N, N-Dimethylaminobenzaldehyde phenylhydrazone� � � �

� � � �
Ph�NH�N=CH�C6H4OH-2 � (6.4�0.2)�10�4 � (1.3�0.1)�106 � 1.4 � 266
2-Hydroxybenzaldehyde phenylhydrazone � � � �

� � � �
Ph�NH�N=CH�C6H3(OH)2-2,4 � (1.75�0.05)�10�3 � (2.7�0.2)�106 � 2.1 � 256
2,4-Dihydroxybenzaldehyde phenylhydrazone � � � �

� � � �
Ph�NH�N=CH�C6H3OH-2-Br-5 � (4.1�0.2)�10�4 � (7.7�0.4)�105 � 1.4 � �
5-Bromo-2-hydroxybenzaldehyde phenylhydrazone � � � �

� � � �
Ph�NH�N=CH�C6H2OH-4-(Bu-t)2-3,5 � (4.2�0.2)�10�3 � (2.6�0.3)�106 � 1.9 � �

3,5-Di-tert-butyl-4-hydroxybenzaldehyde phenylhy- � � � �
drazone � � � �

� � � �
Ph�NH�N=C(CH3)�C6H5 � (7.50�0,27)�10�2 � � � � � �
Acetophenone phenylhydrazone � � � �

� � � �
Ph�NH�N=CH�CH=CH-Ph � (1.6�0.3)�10�2 � (1.1�0.1)�106 � 1.2 � 268
Cinnamaldehyde phenylhydrazone � � � �

� � � �
Ph�N�N=CH�Ph �

Does not react with O2 and ethylbenzene peroxy radicals
� �
CH2Ph �

������������������������������������������������������������������������������������
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C-radical:

R2R3C=N�
.
NR �

� R2R3 .
C�N=NR.

Then the radicals add oxygen to form azo hydro-
peroxides or recombine to form dimeric products.
UV spectroscopic and chromatographic study shows
that the final product of benzaldehyde phenylhydra-
zone oxidation is N1, N3-diphenyl-N 4-benzylidene-
benzhydrazidine (� 288, 345 nm; Rf 0.87) formed by
recombination of the C- and N-radicals.

Table 1 shows that electron-acceptor substituents in
the aldehyde moiety decelerate, and electron-donor
substituents accelerate oxidation of arylhydrazones
with O2.

In contrast to other electron-donor substituents, the
hydroxy group introduced into the aldehyde moiety
considerably enhances the resistance of the arylhydra-
zone to oxidation with molecular oxygen. The kinetic
curves of the oxygen uptake with hydroxybenzalde-
hyde arylhydrazones show well-defined induction
periods (Fig. 1b), which is apparently due to participa-
tion of phenolic hydroxyl in inhibition of the radical
oxidation of the NH group with oxygen. This assump-
tion is confirmed by the fact that the kinetic curve
of the oxygen uptake in oxidation of benzaldehyde
phenylhydrazone in the presence of Ionol (well-known
phenolic antioxidant) has a similar shape.

The higher, compared to other hydrazones, rate
constant of the reaction of acetophenone phenylhydra-
zone with oxygen is apparently due to existence of
this hydrazone in the enehydrazine form, which is
more readily oxidizable than the hydrazone form [3].

A study of the solvent effect on the oxidation rate
shows (Fig. 2) that the reaction of phenylhydrazones
with O2 in ethanol is considerably slower than in
aromatic solvents, which is due to hydrogen bonding
of ethanol with the reaction center of arylhydrazone.
Oxidation of arylhydrazone with oxygen in ethylben-
zene does not lead to additional chain initiation and
hence to acceleration of the hydrocarbon oxidation.
This fact indicates that the radicals generated in oxida-
tion of arylhydrazones show no initiating effect, since
they recombine with each other to form a dimer; this
dimer was detected experimentally.

In the course of ethylbenzene oxidation inhibited
with arylhydrazones, the inhibitor will be consumed
both in the reaction with peroxy radicals generated
from the hydrocarbon [5]

kRO.
2

R2R3C=N�NHR1 + RO.
2 ��� R2R3C=N�

.
NR1 + ROOH,

t, min

[O2] � 103, M

Fig. 2. Kinetic curves of oxygen uptake in oxidation of
4-chlorobenzaldehyde phenylhydrazone (5 � 10�2 M) in
(1) chlorobenzene, (2) ethylbenzene, and (3) ethanol. T =
343 K; [O2] = 10�2 M.

and in the reaction with oxygen. Comparison of the
rate constants of the reactions of arylhydrazones with
oxygen and peroxy radicals (Table 1) shows that the
contribution of the reaction with oxygen to the total
consumption of arylhydrazones is in some cases low.
This primarily concerns phenylhydrazones containing
hydroxy groups in the aldehyde moiety, namely, the
derivatives of 5-bromo-2-hydroxybenzaldehyde and
salicylaldehyde. Specifically these compounds, being
fairly active toward peroxy radicals generated from
ethylbenzene, are of practical interest as antioxidants.

The majority of the arylhydrazones studied are
relatively reactive toward molecular oxygen. As oxi-
dation of arylhydrazones involves homolytic cleavage
of the N�H bond, the rate constants kO2

and kRO.
2linearly correlate with the dissociation energy of the

N�H bond, DN�H. This quantity was calculated by the
PM3 semiempirical method using MOPAC-97 soft-
ware. The low dissociation energies of the N�H bonds
(Table 1), on the one hand, are responsible for the
high reactivity of arylhydrazones toward radicals, but,
on the other hand, result in nonproductive consump-
tion of the antioxidants in side reactions.

Therefore, to develop new antioxidants of the hy-
drazone series, it would be appropriate to decrease
somewhat the activity of the NH group in oxidation
by increasing the strength of the N�H bond. This can
be done by introducing heterocyclic substituents into
the hydrazine moiety. As seen from Table 2, good re-
sults are obtained with hydroxybenzaldehyde quinox-
alinohydrazone III. This compound is characterized
by high rate constant of peroxy radical termination
kRO.

2
and high stoichiometric coefficient of inhibition;

at the same time, it shows low reactivity toward
molecular oxygen. Furthermore, antioxidants of such
a structure exhibit biological activity. Our results will
be useful in further search for effective antioxidants
of the hydrazone series.
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Table 2. Parameters of the antioxidant effect of hydra-
zones in initiated oxidation of ethylbenzene (Vi = 5.4 �
10�7 mol l�1 s�1, T = 343 K)
����������������������������������������

Hydrazone � f � kRO.
2, l mol�1 s�1

����������������������������������������
I � 0.2 � (3.5�0.1)�104

II � 0.8 � (3.60�0.16)�104

III � 1.7 � (9.4�0.4)�104

����������������������������������������

NH N=CH��
���N NN

N

�
C6H3Cl2-2,4

I

����
OH

OH

NH N=CH��
���N NN

N

�
C6H3Cl2-2,4

I

����
OH

OH

NH N=CH��
���N NN

N

�
Ph

����
OH

OH II

NH N=CH��
���N NN

N

�
Ph

����
OH

OH II

��
�
�

SH

NH N=CH�N

N

���
�OH

OH III
��
�
�

SH

NH N=CH�N

N

���
�OH

OH III

CONCLUSIONS

(1) A kinetic study of the reaction of arylhydra-
zones with molecular oxygen showed that the reactive

fragment is the NH group of the hydrazone moiety.

(2) Electron-donor substituents in the aldehyde
moiety enhance the activity of arylhdyrazones, and
electron-acceptor substituents decrease it.

(3) The strength of the N�H bond in hydrazone
molecules correlates with their reactivity in oxidation
with both peroxy radicals and oxygen. High reactivity
toward O2 decreases the performance of antioxidants.

(4) Arylhdyrazones derived from hydroxybenzal-
dehydes are more resistant to oxidation with oxygen
and are therefore effective antioxidants.
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Abstract�The kinetics of hydroxyethylation of dimethylamine with oxirane was studied in the temperature
interval 20�50�C at the oxirane : dimethylamine molar ratio of 1 : 3. The influence exerted on the reaction
rate by the reaction product, dimethylethanolamine, was examined.

Dimethylethanolamine (DMEA), hydroxyethylation
product of dimethylamine (DMA), is widely used in
basic organic synthesis, as solvent in paint-and-varnish
production, and as a component of cleansing, degreas-
ing, preserving, hydraulic, and cutting fluids.

DMEA is synthesized in industry by liquid-phase
hydroxyethylation of DMA. At one of the enterprises,
the synthesis is performed in a coaxial-pipe reactor at
80�175�C, pressure of 5�6 MPa, and DMA : oxirane
(OX) molar ratio of 3 : 1.

However, the quality of the DMEA produced is
poor, because the conditions in the reactor are far
from being optimal. Because of inefficient heat ex-
change, the temperature in the reactor rises to 175�C,
whereas the available papers recommend much lower
synthesis temperatures.

In this work we studied the kinetics of DMA hy-
droxyethylation with the aim to obtain data required
for optimizing the reactor design and operation con-
ditions. It is known that, in the absence of proton
donors, amines do not react with oxirane or react very
slowly [1]. Lebedev and Smirnova [2�5] studied the
reaction of oxirane with various amines manometri-
cally. They found that proton donors (water, alcohol,
phenols, acids) accelerate the reaction and that the
reaction follows the first-order kinetic equation. The
amino alcohol formed in the reaction also acts as a
proton donor, causing an autocatalytic effect. The
reaction follows the Brønsted relationship, and for
each type of proton donors the logarithms of the rate
constants correlate with the pKa values.

In experiments without catalysts, in agreement with
data of [1], no reaction initially occurred; the induc-
tion period became shorter with increasing tempera-
ture, but fully disappeared only at 230�C. After the
end of the induction period, the reaction rate sharply
grew, and the nitrogen atom underwent fast and selec-

tive hydroxyethylation. After completion of the sub-
stitution, at temperatures above 110�C, the reaction
decelerated again, and above 150�C it almost fully
stopped. However, at 70�100�C the reaction contin-
ued after substitution completion, yielding polyoxy-
ethylated products. This phenomenon was explained
by Sorokin and Shode [6�8]. They reported on forma-
tion of minor amounts of quaternary ammonium bases
which catalyze successive hydroxyethylation as effi-
ciently as do, e.g., alkali metal alcoholates. However,
quaternary ammonium bases are unstable and decom-
pose above 100�C with the regeneration of the tertiary
amine.

It is also known that, in DMA hydroxyethylation,
formation of the desired DMEA is accompanied by
side reactions such as formation of dimethylamino-
ethoxyethanol (DMAEE), isomerization of oxirane
into acetaldehyde, and dimerization and polymeriza-
tion of oxirane [9]. The resulting products can under-
go further transformations.

Preliminary experiments showed that the side reac-
tions were insignificant at 20�60�C and DMA : oxi-
rane molar ratio of 3 : 1. This ratio is used in the com-
mercial synthesis, and therefore we chose it in our
kinetic experiments.

The reaction rate was evaluated from accumulation
of DMAE in the reaction mixture, monitored chroma-
tographically. Figure 1 shows the kinetic curves of
DMEA formation at various temperatures.

It is seen that the kinetic curves are S-shaped,
which is typical of autocatalytic reactions. The DMEA
formed in the process can donate protons activating
the oxirane molecule. To confirm the occurrence of
autocatalysis, we performed some experiments at
30�C with addition of DMEA to the starting mixture.
The results are shown in Fig. 2.
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A, %

t, h
Fig. 1. Kinetic curves of DMEA formation at various tem-
pereatures. (A) DMEA yield and (t) time; the same for
Fig. 2. T, �C: (1) 20, (2) 30, (3) 40, and (4) 50. n0

OX � 104,
mol: (1) 309.4, (2) 203.4, (3) 270.9, and (4) 317.0. n0

DMA �

104, mol: (1) 850.1, (2) 613.4, (3) 743.4, and (4) 903.7.
Points are experimental data, and lines are calculated; the
same for Fig. 2.

A, %

t, h
Fig. 2. Kinetic curves of DMEA formation at 30�C with
addition of the target product to the starting mixture. n0

OX �

104, mol: (1) 203.4, (2) 420.1, and (3) 334.1. n0
DMA � 104,

mol: (1) 613.4, (2) 1187.0, and (3) 965.8. n0
DMEA � 104,

mol: (1) 0, (2) 30.1, and (3) 82.6.

Figure 2 shows that, as the concentration of DMEA
in the starting mixture is increased, the curves lose
their S-shape, and the reaction rate grows, confirming
the occurrence of autocatalysis.

When developing a kinetic model, we assumed the
reaction orders with respect to OX and DMA to be
unity, in accordance with [2�5]. The reaction order
with respect to DMEA was calculated from the exper-
imental data. Thus, the rates of the noncatalytic (r1)
and catalytic (r2) reactions were described by the
equations

r1 = k1c1c2, r2 = k2c3
nc1c2,

where k1 is the rate constant of the noncatalytic reac-
tion; k2, that of the catalytic reaction; ci, concentration
(M) of component i (1, OX; 2, DMA; 3, DMEA); and
n, reaction order with respect to DMEA.

The number of moles decreases in the course of the
reaction; this decrease reaches 12% at complete con-
version of OX. Therefore, the material balance equa-
tions for the components

dVci /dt = �iV(r1 + r2),

were solved simultaneously with the equation for the
volume change in the course of the reaction,

3

dVci /dt = ��iV(r1 + r2)/�i,
i = 1

where V is the reaction mixture volume; t, time (min);
�i, stoichiometric coefficient at component i (�1 = �1,
�2 = �1, �3 = 1); and �i, molar density of component i.

The system of equations was integrated numerical-
ly by the fourth-order Runge�Kutta method. The order
of the catalytic reaction with respect to DMEA was
estimated from the kinetic curves (Fig. 2) obtained
at different initial concentrations of DMEA in the
reaction mixture. The reaction order with respect to
DMEA n and the rate constants of the noncatalytic
(k1) and catalytic (k2) reactions at T = 30�C were
calculated so as to minimize the sum F of squared
deviations between the calculated (bi

c) and experimen-
tal (bi

e) yields of DMEA in each point i for all the
kinetic curves, taking into account the weight factors
wi (T = 30�C):

N

min F = �wi(b
c
i + be

i )2,
n, k1, k2 i = 1

where N is the number of experimental points.

To find the minimum of the function F, we used
the modified gradient method.

We obtained the following values: k1 = 9.41�10�5,
k2 = 3.95 � 10�4, and n = 0.92. As seen from Fig. 2,
the calculated and experimental yields are well consis-
tent. Since the reaction order with respect to DMEA
is close to unity, in the subsequent calculationed we
assumed n = 1.

The rate constants calculated similarly from the
experimental data for various temperatures (Fig. 1)
with n = 1 are listed in the table.

The parameters of the temperature dependence of
the rate constants [k = Aexp (�E/RT)] of the noncata-
lytic (A1, E1) and catalytic (A2, E2) reactions were
calculated so as to minimize the sum F of squared
deviations between the experimental and calculated
DMEA yields for all the experimental points shown
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Rate constants ki at various temperatures
����������������������������������������

T, �C � k1, l mol�1 min�1 � k2, l2 mol�2 min�1

����������������������������������������
20 � 2.85�10�5 � 2.87�10�4

30 � 9.41�10�5 � 3.95�10�4

40 � 6.13�10�5 � 1.80�10�3

50 � 2.96�10�4 � 1.53�10�3

����������������������������������������

in Figs. 1 and 2 and obtained at T = 20, 30, 40, and
50�C and different initial compositions of the reaction
mixture:

N

min F = �wi(b
c
i + be

i )2.
A1, E1, A2, E2 i = 1

The calculated parameters of the Arrhenius equa-
tion are given below:

Rate constant A E, kJ mol�1

k1 9.25 �105 58 800
k2 1.75 �105 49 800

The points in Fig. 1 show the experimental yields
of DMEA, and lines correspond to the values calcu-
lated with these parameters.

Thus, our kinetic model adequately describes the
experimental data and can be used to optimize the
reaction unit for DMEA production.

EXPERIMENTAL

Oxirane [GOST (State Standard) 7568�88] and
dimethylamine (GOST 9967�74) were used without
additional purification. Dimethylethanolamine [TU
(Technical Specifications) 6-02-1086�91] was puri-
fied by distillation on a 20 TP laboratory column.
The moisture content in the purified product did not
exceed 0.05%.

The starting mixture was prepared in a hermetically
sealed glass ampule at �20�C. The mixture was
charged into 0.5�0.7-ml ampules 5 mm in diameter,
precooled to �20�C. The ampules were sealed and
kept for a prescribed period in a water thermostat.

Then the ampules were quickly cooled with water and
then with an ice�salt mixture to �20�C. A 0.1�0.2-g
sample was withdrawn from each ampule and trans-
ferred into a hermetically sealed vessel with a solvent
(hexane, 10 ml). The solution was analyzed chromato-
graphically (2000 � 3-mm column; stationary phase
3% OV-225 on Inerton; flame ionization detector;
carrier gas N2, flow rate 2 l h�1; vaporizer and detec-
tor temperatures 170�C; programmed heating: 80�C,
3 min; heating to 140�C, 20 deg min�1; and 140�C,
3 min).

CONCLUSIONS

(1) Hydroxyethylation of dimethylamine is an
autocatalytic reaction. At the dimethylamine : oxirane
molar ratio of 3 : 1, in the temperature interval 20�
50�C, the reaction selectivity is close to 100%.

(2) A kinetic model of dimethylamine hydroxy-
ethylation, adequately describing the experimental
data, was suggested. The parameters of the tempera-
ture dependence of the rate constants of the catalytic
and noncatalytic reactions were calculated.
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Abstract�The composition of aqueous solution of monoethanolamine used in various units of gas treatment
of the Omsk Oil-Refining Plant, Joint-Stock Company, was studied by the 13C NMR spectroscopy. The com-
ponents of the gases to be purified and the reactions producing the impurities were established.

Recently we studied by NMR the composition of
absorbents used for treatment of processing gases to
remove acidic impurities CO2, H2S, CS2, and COS at
the Omsk Oil-Refining Plant (ORP) [1]. This paper
completes the development of a procedure for analysis
of the total composition of absorbents produced on
the basis of aqueous solutions of monoethanolamine
(MEA), substantially refining the published data [1]
on identification of components and schemes of side
reactions.

As known, the absorption capacity and corrosive
and surface activities of MEA solutions, which govern
the efficiency of absorber operation, depend on the
content of MEA decomposition products. Despite the
lack of a procedure for direct analysis of the total
composition of the absorbents in hand, decades of
operation of amine gas treatment units resulted in
correct identification of the absorbent components and
development of a correct concept of their formation
pathways. A practically complete review on the prob-
lem in hand was published 40 years ago in [2]. Ac-
cording to published data [1, 2], under the conditions
of industrial gas treatment, carbamates and thiocar-
bamates I�III, respectively, are formed in the reaction
of MEA with CO2, COS, and CS2:

[HOCH2CH2NHCO2
�][H3N+CH2CH2OH] (I),

[HOCH2CH2NHCOS�][H3N+CH2CH2OH] (II),

[HOCH2CH2NHCSS�][H3N+CH2CH2OH] (III).

Sulfide, a product of the reaction of hydrogen
sulfide with MEA, gives a total NMR signal averaged

with the amine signal; therefore, its content in the
solution cannot be determined from the NMR data.
Among compounds I�III, only carbamate I is con-
tained in industrial absorbents. As a rule, it is a main
component of saturated and regenerated MEA solu-
tions at various treatment units.

Thio analogs of carbamate I are much more stable
with respect to decomposition under conditions of
absorbent regeneration into COS or CS2 and MEA;
therefore, Kohl and Riesenfeld believe [2] that any
reaction of MEA with carbonyl sulfide and carbon
disulfide results in irreversible loss of the absorbent.
However, as mentioned in [1], after absorption of
COS and CS2, MEA can be regenerated by hydrolysis
of thiocarbamates II and III to form carbamate I.
The latter decomposes in regeneration to form MEA
and carbon dioxide practically without by-products:
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In our earlier work [1] we have not clearly formu-
lated the established fact that compounds IV�VII are
formed by the reaction of MEA with COS or CS2 and
subsequent transformations of the resulting carba-
mate II. In particular, it was suggested that carba-
mate I can also give impurities not removed in regen-
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Fig. 1. Fragments of 13C NMR spectra of the samples of (a) regenerated absorbent (AGFU) and (b) aqueous solution of MEA
after regeneration (SPU). (�C) Chemical shift; the same for Fig. 2.

eration, e.g., IV, in a noticeable yield:
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The above pathways of formation of impurities
IV�VII [2, 3] were confirmed in [1] with significant
refinement considering that, in the industrial saturated
and regenerated absorbents, compound IV is absent
completely and the main impurity originating from
thiocarbamate II is urea analog VI. According to the
NMR spectra, the concentrations of impurities V�VII
are approximately 0.1�0.5%. Significant amounts of
V and VII were detected only in a certain period of
operation of absorption gas-fractionation unit (AGFU)
at the Omsk ORP [1], and also small concentrations
of V and VII were found in the similar absorbers used
for gas treatment in catalytic cracking. We think that
the most probable pathway of formation of VII is
pathway (6), since at high intensities of the NMR
signals of V and VII in the corresponding spectra the
signals of IV are absent (Fig. 1a). Factors favoring
conversion of VI to VII and then to diamine V are not
exactly established. Under laboratory conditions, the
attempts to attain reproducible formation of V and
VII by heating of mixtures formed in saturation of
MEA solutions with carbonyl sulfide failed [1]. It is
likely that the catalyst of this reaction is iron chloride.

Thus, the content of VI or, more precisely, the total
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IV

IX
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Fig. 2. Fragment of the 13C NMR spectrum of carbon
disulfide solution in aqueous MEA (15%) after keeping at
90�C for 0.5 h. Signals of IV appear as a result of hydro-
lysis of III with formation of II; 13C signals of OCH2
fragments of III and IX overlapp.

content of V�VII in MEA solutions varies in parallel
with the concentration of carbonyl sulfide and carbon
disulfide in the gases to be purified. In absorption of
carbon disulfide, these compounds are formed by
hydrolysis of dithiocarbamate III to thiocarbamate II.

The 13C NMR spectra of two samples of the absor-
bent taken from the AGFU and the sulfur production
unit (SPU) of the Omsk ORP are shown in Fig. 1. The
concentrations of absorbent components can be esti-
mated from the integral intensities of the correspond-
ing signals by the standard procedure. In so doing, the
contents of MEA and carbamate I can be determined
fairly accurately from the 1H NMR spectra discussed
previously [1].

The series of compounds whose signals were cor-
rectly identified previously [1] in the spectra shown
in Fig. 1 (see table) is restricted to I, V�VII, and
diethanolamine (DEA). It turned out that one of the
most typical groups of the signals at approximately
39, 49, 56, 58, and 59 ppm, observed in the spectra
of the samples withdrawn from all the gas-treatment
units at the Omsk ORP with exception of the hydro-
refining unit, belongs to two compounds, as suggested
previously [1]. The signals at 39, 49, 56, 58, and
172 ppm correspond to one compound, and the signal
at 59 ppm, to another compound. This fact was estab-
lished by analyzing the spectra of various absorbents
and model solutions obtained by heating a mixture
of aqueous MEA and carbon disulfide at 80�100�C.

According to reference data and reactions (2)�(6)
[4], the signals at 39, 49, 56, 58, and 172 ppm belong

to VIII, which is thio analog of VII and was identi-
fied in bottoms of a unit for amine treatment of coke-
chemical gases [3]. The identification of the second
compound formed owing to the presence of carbon
disulfide in the gases to be purified is not so evident
as in the case of VIII. The signal at 59 ppm was ini-
tially assigned to the CH2OH group of a thiourea
analog IX. We assumed that the signals of carbon
atoms of the fragments C=S and NCH2 structure (IX)
are not observed because of broadening caused by
hindered rotation around the thioamide bond N�CS.
The similar phenomenon was observed in studying the
13C NMR spectra of thiocarbamates derived from
secondary amines [5]. Actually, in the spectrum of the
model system formed by heating of a mixture of
aqueous MEA and carbon disulfide to 100�120�C
(Fig. 2), only the signal at 60 ppm corresponds to
IX. At the same time, there is less strong signal at
59 ppm, which apparently belongs to analog IXa
formed from IX by elimination of ethylene oxide
molecule [reaction (9)]. Thus, the signal at 59 ppm
observed in the spectra of absorbents presented in
Figs. 1a and 1b can be assigned to IXa. This assump-
tion is indirectly confirmed by signals at 162.2, 61.75,
and 42.51 ppm, constantly appearing in the 13C NMR
spectra of MEA solutions saturated with carbonyl sul-
fide under laboratory conditions upon their heating at
120�C for approximately 0.5 h. These signals are
observed along with much stronger signals of VI
(see table) and apparently belong to an urea analog
NH2(C=O)NHCH2CH2OH (IVa) formed from VI by
elimination of ethylene oxide molecule.

Only some spectra of similar laboratory samples
obtained by heating of a mixture of carbon disulfide
and MEA contain the above signals at 39, 49, 56, and
58 ppm of VIII, and these signals are very weak:
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Thus, the content of VIII and IXa in the ab-
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sorbents varies in parallel with the concentration of
carbon disulfide in the gases to be treated.

Diethanolamine was correctly identified in the
composition of the commercial absorbents previously
[1], but a too complicated pathway of its formation
was suggested. Actually, under conditions of gas treat-
ment, MEA apparently decomposes to form ammonia
and ethylene oxide. The latter gives DEA and also
ethylene glycol [reactions (11)�(13)]. A weak signal
at 64 ppm observed in the spectra of some samples
corresponds to ethylene glycol but not to dioxolane
considered in [1], which was proved by addition of
the corresponding reagent to the absorbent:

HOCH CH NH �	
(11)

NH +
O��
��

,2 2 2 3HOCH CH NH �	
(11)

NH +
O��
��

,2 2 2 3

HOCH CH NH2 + O��
��

�	
(12)

HN(CH CH OH)2 2

DEA

O��
��

+ H O2 �	
(13)

HOCH CH OH .

22 2,

22

HOCH CH NH2 + O��
��

�	
(12)

HN(CH CH OH)2 2

DEA

O��
��

+ H O2 �	
(13)

HOCH CH OH .

22 2,

22

Under the conditions of gas treatment, decom-
position of MEA to ammonia and ethylene oxide is
catalyzed by acidic impurities to be absorbed. This
conclusion was made based on the spectra of MEA
solutions saturated with hydrogen sulfide and then
regenerated under laboratory conditions. In some ab-
sorbers of the hydrofining unit, which purify hydrogen
sulfide gases containing no carbonyl sulfide and car-
bon disulfide, the impurities in MEA solutions include
only DEA and carbamate I (less than 0.1%). On other
columns of this unit, an oxidation product of MEA,
substituted oxamide X, is also detected.

Oxidation of MEA is one of the main causes of
absorbent loss and deterioration of its performance.
Oxidation of MEA yields oxalic acid and its amides
[2]. The signal of oxalic acid at 174 ppm in the spec-
tra of absorbent samples was correctly assigned pre-
viously, while the signals of X (see table, Fig. 1) were
incorrectly assigned to another compound [1]. Under
laboratory conditions the signals of X at 42.5 and
60.4 ppm and also signals with chemical shifts close
to that of the corresponding monooxamide were ob-
served in heating of a mixture of MEA and oxalic acid
to approximately 150�C. With increasing excess of
MEA with respect to oxalic acid, the intensity of
signals of diamide increases relative to the mono-
amide and the intensity of carbonyl signals of amides
at approximately 166�167 ppm decreases, so that at
the concentration of X in the commercial absorbents
of approximately 0.1% this signal of carbonyl, as a

Assignment of signals in the 13C NMR spectra of model
compounds and samples of industrial absorbents, aqueous
solutions of monoethanolamine
����������������������������������������

Com-
� Assignment of 13C NMR signals, 
C, ppm
���������������������������������pound � NCH2 � CH2OH �COX, X = O, S

����������������������������������������
MEA � 43.89 � 63.57 �
I � 44.93 � 63.00 � 166.1
II � 44.70 � 60.41 � 185.3
III � 51.34 � 60.21 � 213.2
IV � 40.52 � 66.71 � 163.3
V �50.75, 51.23,� 60.30 �

�39.05 � �
VI � 43.59 � 62.41 � 161.8
VIa � 42.51 � 61.75 � 162.2
VII �38.34, 46.82,� 60.02 � 165.9

�47.03 � �
VIII �39.52, 49.20,� 58.93 � 172.1

�56.48 � �
IX � None* � 60.24 � None
IXa � � � 59.13 � �
DEA � 51.24 � 60.32 �
X � 42.5 � 60.37 � None

����������������������������������������
* Signals not detected for various reasons considered in the text.

rule, is not observed:
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The content of amide X in the absorbent varies in
parallel with the degree of its oxidative decomposition
under the conditions of gas treatment.

The strongest signals in the 13C NMR spectrum of
the absorbent withdrawn from AGFU after regenera-
tion (excluding MEA) (Fig. 1a) are the signals as-
signed to amide X; in this case, the signal of car-
bamate I is weak. According to process information
for the absorbent in hand, the absorption of carbon
dioxide was low. It is reasonable to explain this fact
by the general acid catalyst of carbamate I decomposi-
tion to form MEA and CO2 under the action of acids
present in the absorbent. These acids can be oxalic
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acid, since the content of oxamide X in these samples
is noticeably higher than that in the samples with-
drawn from the SPU (compare Figs. 1a and 1b), or
hydrogen chloride present in these samples.

Actually, the spectrum of absorbents withdrawn
from AGFU contains the signals of two carbon atoms
of methyl groups (24 and 25 ppm) and associated
signal of a quaternary carbon atom at approximately
182 ppm. The signals of methyl groups belong to dif-
ferent compounds, according to their relative intensi-
ties in the spectra. The intensity of these signals is
comparable with the intensity of other signals in
Fig. 1a. In the 1H NMR spectra, the corresponding
methyl protons give two singlets in the region of
1.8 ppm.

It is likely that the signals in hand belong to tri-
methylsulfonium chloride XI and the corresponding
ylide XII formed in alkaline medium of the absorbent,
which arise from chloromethane and dimethyl sulfide
present in gases to be purified:

S
�H C3

�
CH3

�CH3
Cl

�HCl
��	 S
�H C3

�
CH3

�CH 2
�

�
(182)

(24) (25)
XIIXI

+
+S
�H C3

�
CH3

�CH3
Cl

�HCl
��	 S
�H C3

�
CH3

�CH 2
�

�
(182)

(24) (25)
XIIXI

+
+

EXPERIMENTAL

The 13C NMR spectra of absorbents and model
mixtures were recorded by the standard procedures
on a Bruker ACP 200-P spectrometer.

Under laboratory conditions, the gas treatment
process was simulated on a setup consisting of a
flask for generation of gases and absorption bottles.

CO2 and COS were generated by the action of sul-
furic acid on sodium hydrocarbonate and potassium
(or ammonium) thiocyanate, respectively. H2S, CS2,
and ethylene glycol, used for synthesis and iden-
tification, were commercial chemicals of chemically
pure grade.

Regeneration of absorbents was simulated ether
by heating on a water bath or by boiling.

CONCLUSION

An NMR-based procedure was developed for
determination of the total composition of industrial
absorbents based on aqueous solutions of mono-
ethanolamine. The impurities formed from carbonyl
sulfide, carbon disulfide, oxygen, dimethyl sulfide,
and chloromethane present in the gases to be puri-
fied, not removed in regeneration, were identified.
These results allow better understanding of the depen-
dence of the operation characteristics of the absorbent
on its composition.
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Abstract�The efficiency of replacing oxygen with nitrogen(IV) oxide in oxidative chlorination of benzene
was studied. The optimal process parameters: temperature, time of contact, and relative content of reagent,
were determined.

Synthesis of organochlorine compounds involves
heavy loss of hydrogen chloride. Utilization of hy-
drogen chloride is possible in some cases, e.g., in syn-
thesis of trichloroethylene and tetrachloroethylene by
oxidative chlorination of hydrocarbons [1]. In these
processes, a hydrocarbon is chlorinated with a mixture
of hydrogen chloride with oxygen on a catalyst. Wide
introduction of these processes is hindered by their
low output capacity. Oxidative chlorination can be
intensified by using oxidizing agents with activity
exceeding that of oxygen. In this work we studied
oxidative chlorination of benzene with a mixture of
hydrogen chloride and nitrogen(IV) oxide on a solid
catalyst based on copper(II) chloride.

EXPERIMENTAL

Nitrogen(IV) oxide obtained in the first oxidation
reactor by mixing nitrogen(II) oxide with oxygen at
room temperature was fed into the second oxidation
reactor together with hydrogen chloride. The gaseous
products (nitrosyl chloride, chlorine, and excess oxy-
gen) and also benzene were delivered to a heated
quartz reactor 1.4 cm in diameter and 50 cm high,
packed with a fixed bed of a catalyst. The products
obtained were analyzed chromatographically for the
content of chlorobenzene. The efficiency of an oxidiz-
ing agent and a catalyst was evaluated by the conver-
sion A of hydrogen chloride and specific yield B
of chlorobenzene per 1 kg of the supported catalyst
in 1 s.

Table 1 shows how the catalyst composition affects
the specific yield of chlorobenzene at 250�C and ben-
zene : hydrogen chloride : nitrogen(II) oxide : oxygen
molar ratio of 5 : 2 : 1 : 1. The content of a supported
catalyst is given in weight percents. The time of con-

tact was 3 s at 250�C and reagent feeding rate of
390 �mol s�1. It was found that the optimal catalyst is
that containing copper(II) chloride (10%) and potas-
sium chloride with Cu2+ : K+ molar ratio of 1 : 1 on
a KSS-3 support with the specific surface area of
about 500 m2 g�1. Potassium chloride does not
enhance the activity of the catalyst, but markedly
prolongs its service life. It was established experi-
mentally that the activity of the catalyst does not
decrease during 42 h.

Data on the efficiency of replacing oxygen with
nitrogen(IV) oxide at a time of contact of 1.6 s are
listed in Table 2. The use of nitrogen(IV) oxide leads
to a 17-fold increase in the conversion of hydrogen
chloride at 250�C and to the corresponding rise in the
yield of chlorobenzene. If account is taken of the fact
that, in contrast to nitrogen(IV) oxide, oxygen can be
used at higher temperatures without being decom-
posed, the intensification of oxidative chlorination can
be estimated as tenfold.

Table 1. Influence exerted by the CuCl2 content in
supported catalyst on the specific yield of chlorobenzene B
����������������������������������������

Support
� CuCl2 content, � B,
� wt % � mg kg�1 s�1

����������������������������������������
INA-53 aluminosilicate � � � 6.1
Coke � � � 21.1
TZK diatomite � � � 64.6
KSS-3 silica gel � � � 67.8
INA-53 � 10 � 26.4
TZK � 10 � 103
KSS-3 � 6 � 107

� 10 � 112
� 20 � 112

����������������������������������������
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Table 2. Influence exerted by the temperature and the
type of an oxidizing agent on the conversion of hydrogen
chloride A
����������������������������������������

T, �C � Oxidizing gent � A, %
����������������������������������������

200 � Oxygen � 1.8
250 � � � 2.5
300 � � � 3.9
250 � Nitrogen(IV) oxide � 42.9

����������������������������������������

Oxidative chlorination of benzene can be described
by the following basic set of reactions:

C6H6 + 2CuCl2 = C6H5Cl + 2CuCl + HCl, (1)

2NO2 + 4HCl = 2NOCl + Cl2 + 2H2O, (2)

NOCl + CuCl = CuCl2 + NO, (3)

2CuCl + Cl2 = 2CuCl2, (4)

C6H6 + 2NOCl = C6H5Cl + 2NO + HCl, (5)

C6H6 + Cl2 = C6H5Cl + HCl, (6)

2CuCl + NO2 = CuOCuCl2 + NO, (7)

CuOCuCl2 + 2HCl = 2CuCl2 + H2O, (8)

2NO + O2 = 2NO2. (9)

Chlorobenzene can be formed both at the catalyst
surface, by reaction (1), and in the gas phase, by reac-
tions (5) and (6). Regeneration of copper(II) chloride
may occur in a reaction of copper(I) chloride with
nitrosyl chloride (3) and chlorine (4) or with nitro-
gen(IV) oxide (7) and then with hydrogen chloride (8).
Reactions (2) and (9) may proceed not only in the
oxidation reactors, but also in chlorination reactors.

D, %

T, �C
Fig. 1. Conversion D of chlorine and nitrosyl chloride vs.
temperature T. Chlorination: (1) catalytic with nitrosyl
chloride, (2) gas-phase with chlorine, and (3) gas-phase
with nitrosyl chloride.

To evaluate the contribution of the gas-phase reac-
ions, processes of separate chlorination of benzene
with chlorine and nitrosyl chloride were studied in a
reactor without catalyst at flow rates of benzene, chlor-
ine, and nitrosyl chloride of 207, 21, and 42 �mol s�1,
respectively. Nitrosyl chloride was obtained using the
known method [2] by the reaction of chlorine and
nitrogen(II) oxide at 60�C, followed by condensation
of the product at �20�C. The conversion D of the
reactants at different temperatures, calculated from the
amount of the chlorobenzene formed, is plotted in
Fig. 1. The contribution of the gas-phase chlorination
becomes noticeable only at temperatures higher than
250�C, whereas in catalytic chlorination the conver-
ion at this temperature exceeds 80%. Consequently,
chlorobenzene is mainly formed by reaction (1). It is
more probable that the catalyst regeneration occurs by
reactions (3) and (4), rather than by reactions (7) and
(8), since the rate of oxidation of copper(I) chloride
with nitrogen(IV) oxide exceeds that with oxygen by
a factor of only 2 [3].

A number of process parameters were studied. It
was found that, in catalytic oxidative chlorination,
raising the linear flow velocity of gases from 0.1 to
0.4 m s�1 and the grain size of the support from 0.3
to 5 mm did not lead to any change in the yield of
chlorobenzene and, consequently, outer or inner dif-
fusion is not the rate-determining stage of the process.

The influence exerted by the time of contact bet-
ween the gases and the catalyst on the conversion of
hydrogen chloride was studied at varied height of the
catalyst bed and flow rate of reactants. The results
obtained are shown in Fig. 2a. It can be considered
that 2.5�3 s is a sufficient time of contact at 250�C.

An excess of nitrogen(II) oxide or oxygen over the
stoichiometric amount in reaction (9) strongly affects
the process. To study this influence, nitrogen(II) oxide
and oxygen, taken in the stoichiometric ratio of 2 : 1,
were fed into the oxidation reactor, and additional
amounts of these reagents were delivered directly to
the chlorination reactor, bypassing the oxidation
reactor. The reagent excess factor q, equal to the ratio
of the total volume of a reagent to the volume of this
reagent fed into the oxidation reactor, was varied from
1 to 2.5. In this case, the other conditions were as
follows: flow rate of reactants 330 �mol s�1, ben-
zene : hydrogen chloride : nitrogen(IV) oxide molar
ratio 5 : 2 : 1, temperature 250�C, time of contact
1.6 s; the results obtained are shown in Fig. 2b.

With an excess amount of nitrogen(II) oxide, the
conversion of hydrogen chloride decreases, which is
accounted for by partial binding of chlorine into nitro-
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A, % (a)

�, s

A, % (b)

Fig. 2. Conversion A of hydrogen chloride vs. (a) the time � of contact between the reactants and the catalyst and (b) reagent
excess factor q. (a) T (�C): (1) 150, (2) 180, (3) 210, and (4) 250. (b) (1) Nitrogen(II) oxide and (2) oxygen.

syl chloride, which is a less active chlorinating agent.
An increase in the content of nitrosyl chloride at the
reactor outlet was revealed by IR spectroscopy. By
contrast, an excess amount of oxygen leads to an in-
crease in the conversion of hydrogen chloride because
of the oxidation of nitrogen(II) oxide and secondary
hydrogen chloride formed by reaction (1) directly
in the chlorination reactor. It is advisable to use a
twofold excess of oxygen over its stoichiometric
amount.

The selectivity S of the process with respect to
monochlorobenzene as a function of the conversion R
of benzene is plotted in Fig. 3. The main product
formed in oxidative chlorination, even at high conver-
sion of benzene, is chlorobenzene.

Nitrogen(II) and nitrogen(IV) oxides are not among
the products formed. The absence of nitrobenzene in
the products was established by gas chromatography.
In the process flowsheet, nitrogen(II) oxide, secondary
hydrogen chloride, and unchanged benzene should be
recycled after separation of the target products.

The output capacity of the reactor for oxidative

S, %

R, %

Fig. 3. Selectivity S with respect to monochlorobenzene
vs. the conversion R of benzene.

chlorination of benzene with the use of nitrogen(IV)
oxide is about 350 kg h�1 per 1 m3 of the reactor
volume. This value is no less than the output capacity
of the reactor for direct chlorination of benzene [4].
At the same time, use of waste hydrogen chloride,
instead of the more expensive chlorine, makes lower
the manufacture cost of the product.

CONCLUSIONS

(1) Use of nitrogen(IV) oxide, an active oxidizing
agent, instead of oxygen makes it possible to intensify
the oxidative chlorination of benzene by a factor of
more than 10.

(2) The optimal catalyst for intensive oxidative
chlorination of benzene is copper(II) chloride sup-
ported by KSS-3 silica gel and stabilized with potas-
sium chloride at Cu2+ : K+ molar ratio of 1 : 1.

(3) The optimal conditions for the synthesis of
monochlorobenzene are as follows: temperature 250�C,
time of contact 2.5�3 s, nitrogen(II) oxide : oxygen
molar ratio 1 : 1, and conversion of benzene <30%.
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Abstract�Water-soluble composites of fullerene C60 with carbohydrates (saccharose, fructose, and dextrans)
prepared by the mechanochemical procedure were analyzed by electronic absorption and 13C NMR spectros-
copy, thin-layer chromatography, and differential scanning calorimetry.

Fullerenes and their derivatives readily form com-
plexes with electron donors [1�7]. In particular, some
complexes of fullerene C60 are water-soluble and can
be used in medicine and biochemistry. A series of
water-soluble fullerene-containing compounds has
been prepared. In this work we studied water-soluble
composites prepared by solid-phase reaction of C60
with low and high-molecular-weight carbohydrates.
The fullerene concentration in the samples ranged
from 0.1 to 30 wt %. Prominence was given to the
mechanism of C60�carbohydrate interactions and its
strength as influenced by the molecular weight of the
carbohydrate.

The C60�carbohydrate composites were prepared
by a mechanochemical procedure [6]. Appropriate car-
bohydrate was suspended in a definite volume of
0.1 mg ml�1 C60 solution in CCl4. The solvent was
evaporated in air, and the residue was ground in an
agate mortar and dried in a vacuum oven at 40�C
for 48 h. A water aliquot (3�5 ml) was added to the
resulting fine powder. The mixture was stirred for
1 min and centrifuged. The solution was decanted
from the precipitate.

To determine the concentration and extinction
coefficients of the water-soluble fullerene by spec-
trophotometry, the fullerene was isolated from an
aqueous solution of the composite by semipreparative
thin-layer chromatography (TLC). For this purpose,
an aliquot of the aqueous solution was applied in
the form of a band on a chromatographic paper (6 �

10 cm). The sample was dried and eluted with toluene
to the height of 6 cm. The fullerene was eluted with
the solvent front. The fullerene-containing section of
the paper was cut out, and the fullerene was extracted
with carbon tetrachloride. The solution was weighed

and its volume was calculated. Then the spectrum of
the solution was recorded. Given the extinction coef-
ficient of C60 solution in CCl4 at 330 nm, the concen-
tration and the extinction coefficient of the aqueous
solution of the fullerene�carbohydrate composite were
determined. The relative standard deviation sr of the
calculated concentration was no more than 15% at
n = 3. The extinction coefficients of the water-soluble
fullerene complexes depends on its concentration in
water (see table). Hence, the composition of the
water-soluble forms depend on the fullerene content in
the composite.

The water-soluble fraction of the composite was
studied by electronic absorption spectroscopy on a
Specord M40 spectrophotometer (Carl Zeiss, Jena,
Germany). As compared to the UV spectrum of the
initial C60, the following transformations were ob-
served: broadening of the bands, bathochromic shift of
their maximum, change in the intensity ratio, and
change in the absorption in the long-wave region
(� 440 and 470 nm). These transformations suggest
aggregation of the fullerene in the aqueous phase
[8, 9], i.e., occurrence of the fullerene�fullerene inter-
action. The optical density of the solution depends on
the fullerene content in the initial composite (see
table). When the content of saccharose and mono-
saccharides in the composite increases to more that
90% (molar ratio 1 : 20) and that of dextran increases
to more than 98% (molar ratio 1 : 1) at a constant C60
content, the optical density increases: first sharply and
then smoothly. The optical densities and the concen-
tration of the water-soluble fractions for the dextran
composites are lower than those for the saccharose
composite.

It should be noted that aqueous solutions of the
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Parameters of aqueous solutions of C60 composites with saccharose and dextran (40 kDa)*
������������������������������������������������������������������������������������

C60 content,
� C60�saccharose � C60�dextran, 40 kDa
���������������������������������������������������������������������������

wt % �
n

� �, �
D

� c �104, ���10�4 (� = 440 nm),�
n

� �, �
D

� c �104,
� � nm � � M � l mol�1 cm�1 � � nm � � M

������������������������������������������������������������������������������������
30 � 5 � 336.9 � 0.009 � 0.03 � 2.76 � 0.04 � � � � � �

10 � 19 � 342.5 � 0.031 � � � � � 0.15 � 340.6 � 0.036 � 0.19
4 � 50 � 339.7 � 0.431 � 1.32 � 0.74 � 0.43 � 344.9 � 0.041 � 0.29
3 � 67 � 341.2 � 0.448 � 0.94 � 0.88 � 0.6 � � � � � �

2 � 103 � 341.2 � 0.481 � 0.43 � 2.14 � 0.9 � 342.5 � 0.063 � �

1 � 208 � 341.0 � � � � � � � 1.8 � 343.9 � 0.07 � 0.21
0.75 � 280 � 342.3 � 0.43 � 0.44 � 2.17 � 2.4 � � � � � �

0.5 � 419 � 339.2 � 0.712 � 0.31 � 1.88 � 3.6 � 343.8 � 0.163 � 0.26
0.25 � 840 � 341.7 � 0.619 � 0.79 � 1.36 � 7.2 � 345.0 � 0.248 � 0.33
0.125 � 1628 � 341.0 � 0.814 � 0.66 � 2.06 � 14.4 � 344.4 � 0.286 � 0.35
0.1 � 2080 � 341.8 � 0.78 � 0.86 � 1.50 � 18 � � � � � �

������������������������������������������������������������������������������������
* n is the carbohydrate/C60 molar ratio in the initial solid composite; D is the optical density.

fullerene�carbohydrate composites are stable to tolu-
ene and chloroform used as solvents for C60. This can
be due to shielding or protection of fullerene in the
composite by the carbohydrate.

The fullerene�carbohydrate interaction in the solid
state was studied by 13C NMR spectroscopy. High-
resolution 13C NMR spectra of solid samples were
recorded at room temperature on a Bruker CXP-100
spectrometer using the magic angle spinning (MAS)
and cross polarization (CP MAS) techniques. The
MAS spectrum of the 20% C60-dextran composite
contains the signal typical for C60 (� = 143.6 ppm).
The half-width of this signal is larger (1.2 ppm) com-
pared to pure fullerene (0.16 ppm). The CP MAS
spectra also contain the C60 signal, suggesting the
presence of proton-containing groups near the fuller-
ene surface. The C60 signal in the MAS NMR spec-
trum of 20% C60�saccharose composite is also broad-
ened (half-width 1.2 ppm) and is shifted upfield in
the spectra recorded by both procedures (�MAS =
141.3 ppm).

The upfield region of the CP MAS spectrum con-
tain a new signal with a lower intensity (�CP MAS =
139.2 ppm). The splitting of the C60 signal and its
upfield shift can be due to interaction of the fullerene
with hydroxy groups of the carbohydrate. This as-
sumption agrees with results of [2, 10, 11]. Thus,
the fullerene�carbohydrate interaction occurs in the
examined composites. Probably the hydroxy groups of
the carbohydrate form donor�acceptor bonds with the
fullerene.

The comparative study of the fullerene�carbohy-

drate interaction was performed by TLC. Since there
are no solvents in which both C60 and the carbohy-
drates are soluble, we failed to determine the stability
constants of the complexes by the conventional meth-
ods [12, 13]. The complexation was examined by
TLC [14]. TLC plates (Sorbfil, Sorbpolimer JSC,
Krasnodar) were impregnated with 0.5�5% solutions
of the carbohydrates in hand and dried. The fullerene
was chromatographed on the resulting plates using
hexane as eluent. The change in the retention factor
of C60 on the initial and impregnated plates was cal-
culated by the equation

�hRf = hRf (SiO2) � hRf (carbohydrate).

As seen from the figure, �hRf increases with in-
creasing concentration of the impregnating solution.
At the concentration at which the curves flatten out

c, %
Change in the retention factors of C60 �hRf in elution with
hexane of TLC plates impregnated with 0.5�10% solutions
of (1) glucose, (2) fructose, (3) saccharose, and (4�6) dex-
trans with molecular weight M �10�3: (4) 20, (5) 40, and
(6) 110, as a function of the solution concentration c.
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(�3%), the interaction strength decreases in the fol-
lowing order: saccharose > fructose > glucose > dex-
trans. The higher the molecular weights of dextrans,
the weaker complexes with C60 are formed.

The 20% C60�saccharose composite was studied
by DSC (Mettler�Toledo DSC 20, heating rate
10 deg min�1). It was found that the transition tem-
perature of the A form increases, and that of the
B form decreases in the presence of C60.

Based on the features of preparation of water-
soluble fullerene, the dependence of the extinction
coefficients of the aqueous solutions on the fullerene
concentration, and the features of electronic absorp-
tion spectra of aqueous solutions of the composites,
we suggest that the water-soluble form consists of ful-
lerene aggregates surrounded by carbohydrate mole-
cules. The fullerene�carbohydrate interaction in the
solid phase was detected by DSC and 13C NMR spec-
troscopy. Thus, two main interaction types in the solid
composites and in the water-soluble fractions were
revealed: formation of donor�acceptor bonds between
the fullerene and carbohydrate and fullerene�fullerene
interaction in C60 aggregates. As determined by TLC,
the fullerene�carbohydrate interaction with monosac-
charides and saccharose are stronger than that with
dextrans. The procedure developed in this work for
determining the fullerene content in the aqueous phase
shows that monosaccharides and saccharose are more
efficient than dextrans for preparing water-soluble
fullerene forms.

CONCLUSIONS

(1) Water-soluble fullerene C60�carbohydrate com-
posites were prepared by the mechanochemical proce-
dure and were studied by electronic absorption spec-
troscopy, NMR, TLC, and DSC.

(2) The water-soluble fraction consists of C60 ag-
gregates coated by carbohydrate molecules, which are
bound to the fullerene core by van der Waals bonds.

(3) A procedure for determining the fullerene con-

tent in water was developed. The concentration of
C60�saccharose composite in the aqueous phase is
higher than that of C60�dextran composite.

(4) The energy of fullerene�carbohydrate interac-
tion decreases in the following order: saccharose >
fructose > glucose > dextrans.
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Abstract�The competition of the substitution and addition chlorination pathways was studied. A quantitative
model was developed to describe the rate ratio of the substitution and addition pathways in chlorination of
polyisobutylene.

In the world polymer industry, the modern trends
in development of new valuable polymeric materials
are toward chemical modification of known polymeric
products, rather than toward construction of facilities
for large-scale production of new synthetic polymers
by polymerization and polycondensation [1]. Modifi-
cation of known polymers allows substantial saving of
material and power resources and does not require
large capital investments, as it is based on success-
fully mastered, economically efficient, and environ-
mentally sound processes. One of the main routes of
chemical modification of polymers, which is being
actively developed today, is chlorination. Production
of new materials by this method offers an opportunity
to replace expensive materials by more durable and
cheaper formulations showing higher performance.
In this context, it becomes urgent to study quantitative
characteristics of polymer chlorination. In this work
we studied quantitatively the competition of substitu-
tion and addition pathways in chlorination of P-1
polyisobutylene.

The properties of the chlorination products can be
optimized by properly choosing the balance between
the contents of chlorine and residual double bonds in
the polymer. The presence of chlorine enhances the
fire resistance, chemical stability, and elasticity of
materials, but, as the extent of chlorination grows, the
content of residual double bonds responsible for the
strength of the finished items decreases. At deficiency
of residual double bonds, a chlorinated polymer be-
comes less capable of covulcanization with nonchlori-
nated analogs. In this connection, it seems necessary
to study the competition of substitution and addition
chlorination pathways as a factor controlling the ratio
of the amounts of incorporated chlorine and residual
double bonds.

EXPERIMENTAL

Chlorination of polyisobutylene was performed in
chloroform without initiation. The polyisobutylene
concentration in chloroform was 5 wt % in all cases.
The reaction was performed in a glass vessel equipped
with a temperature-control jacket, a bubbler for feed-
ing chlorine, a reflux condenser, and a thermometer.
Gaseous chlorine from a cylinder was passed through
a Tishchenko bottle with concentrated H2SO4 and
mixed in an equimolar ratio with argon; the resulting
gas mixture was fed to the reactor. The constant flow
rate of chlorine was maintained with a manostat and
monitored with a rheometer. The required temperature
was provided by circulation of water from a thermo-
stat through the reactor jacket. Hydrogen chloride and
unchanged chlorine present in off-gases were absorbed
in a bottle filled with aqueous KI and arranged at the
reactor outlet. After chlorination completion, the setup
was purged with argon for 40 min to quantitatively
remove Cl2 and HCl from the reactor. The solvent
was removed from the reaction mixture on a rotary
evaporator, and the bottoms were kept in a vacuum to
constant weight and then weighed. The iodine re-
leased from the KI solution under the action of Cl2
was titrated with a 0.1 N Na2S2O3 solution, after
which the absorbed HCl was titrated with a 0.2 N
NaOH solution in the presence of phenolphthalein.
From this value, we estimated the content of C�Cl
bonds formed in the polymer by the substitution path-
way. The contents of total chlorine and chlorinated
double bonds in the samples were determined by the
difference between the actual sample weight and the
value calculated from the content of C�Cl bonds
formed by substitution.

Preliminary experiments showed that, in the initial
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XC�H, XC=C

XCl

Fig. 1. Influence of the rate of feeding chlorine on the
yields of polyisobutylene chlorination by (1) substitution
and (2) addition pathways. (XC=C, XC�H) Amounts of chlo-
rinated C=C and C�H bonds (mole per mole of monomeric
units), respectively; (XCl2

) amount of chlorine taken up
(mole per mole of monomeric units); the same for Fig. 2.
Rate of feeding Cl2, mol min�1: (I) 0.9 � 10�3, (II) 1.26 �

10�3, and (III) 9.3 � 10�3.

XC�H, XC=C

XCl

(a)

XC�H, XC=C

XCl

(b)

XC�H, XC=C

XCl

(c)

Fig. 2. Degrees of chlorination of (1) C�H (substitution
pathway) and (2) C=C bonds (addition pathway) as func-
tions of the degree of chlorination at (a) 10, (b) 35, and
(c) 58�C.

chlorination period, the concentration of molecular
chlorine in the reaction mixture is appreciably lower
than the solubility of chlorine in chloroform. This
fact suggests that the reaction is diffusion-controlled.

Under these conditions, the chlorine concentration
should depend on the intensity of its bubbling through
the reaction mixture. In this connection, we first
studied how the rate of feeding chlorine affects the
ratio of substitution and addition products. Typical
results are shown in Fig. 1 as the amounts (mole) of
the C=C and C�H bonds per mole of monomeric units
of polyisobutylene (XC=C, XC�H) vs. amount (mole)
of chlorine taken up per mole of monomeric units
(XCl2

).

It is seen that the data corresponding to different
rates of feeding molecular chlorine fall on common
curves, i.e., the ratio of the products formed by the
competing chlorination pathways is insensitive to the
rate of feeding chlorine. This fact indicates that the
orders of both reactions with respect to chlorine are
equal. Correspondingly, the ratio of the contributions
of the substitution and addition pathways does not
depend on whether the process is performed under
conditions of diffusion or kinetic control; therefore,
our results are valid for any mode of liquid-phase
chlorination.

Then we studied how the contributions of the sub-
stitution (XC�H) and addition (XC=C) pathways of
polyisobutylene chlorination depend on temperature
and degree of chlorination (XCl2

). Typical results are
shown in Figs. 2a�2c as plots of XC�H and XC=C vs.
XCl2

at various temperatures.

These data show that, with increasing conversion,
the content of chlorinated double bonds monotonically
grows, flattening out at certain XCl2

. At the same time,
the content of chlorinated C�H bonds grows with
autoacceleration, suggesting the free-radical mechan-
ism of the process: For the reaction to develop, a cer-
tain autocatalytic period is required for accumulation
of active radical centers. At the same time, this result
is consistent with the growth of the inducing power of
double bonds with accumulation of chlorine atoms in
their surrounding; this trend is typical of free-radical
chlorination of organic compounds [2].

The plots of XC�H and XC=C vs. XCl2
were approx-

imated by polynomials of the second degree,

XC�H = a + bXCl2
+ c(XCl2

)2, (1)

XC�C = m + nXCl2
+ p(XCl2

)2, (2)

using the least-squares method. The results are listed
in the table.

Differentiation of Eqs. (1) and (2) leads to the
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expressions

d[XC�H]
������ = b + 2cXCl2

, (3)
d[XCl2

]

d[XC=C]
������ = n + 2pXCl2

. (4)
d[XCl2

]

By dividing Eq. (3) by Eq. (4), we obtain

d[XC�H] b + 2cXCl2������ = ���������. (5)
d[XC=C] n + 2pXCl2

Apparently, the left side of Eq. (5) corresponds to
the rate ratio of the substitution and addition chlorina-
tion pathways. Then Eq. (5) takes the form

rs b + 2cXCl2���� = ���������. (6)
rad n + 2pXCl2

Expression (6) allows calculation of the rate ratio
of the substitution and addition chlorination pathways
in the examined range of XCl2

using data from the
table. The calculated ratios rs/rad are plotted in Fig. 3
vs. the content of residual double bonds YC=C (mole
per mole of monomeric units of polyisobutylene).

It is seen that the relative contribution of the substi-
tution pathway monotonically grows as the content of
double bonds in the polymer increases. This means
that the substitution pathway has a higher order with
respect to the double bond concentration than the
addition pathway, which indirectly confirms the free-
radical mechanism of induced substitution chlorina-
tion. The plots in Fig. 3 can be approximated by

rs/rad = � + �Y n
C=C. (7)

The values of � determined by extrapolation of
the rs/rad vs. YC=C plots to zero concentration of the
double bonds are given below:

T, �C � � n

10 0.168 11.74 1.20
35 0.379 11.74 1.20
58 0.512 11.74 1.20

To determine the parameters � and n, Eq. (7) was
transformed to

log (rs/rad � �) = log� + n log YC=C. (8)

The plots of log (rs/rad � �) vs. logYC=C are shown
in Fig. 4.

Parameters of Eqs. (1) and (2)
����������������������������������������

T,
� Eq. (1) � Eq. (2)
������������������������������������

�C � a � b � c � m � n � p
����������������������������������������

10 � � � 0.141 � 1.660 � � � 0.859 ��1.660
35 � � � 0.274 � 1.145 � � � 0.726 ��1.145
58 � � � 0.338 � 0.844 � � � 0.662 ��0.844

����������������������������������������

It is seen that the results obtained for polyisobutyl-
ene at different temperatures fall on a common straight
line characterized by the same values of � and n.
These values, determined from the slope and the por-
tion intercepted on the ordinate, are given above.
The Arrhenius treatment of the � values gives the
expression

� = 102.63 exp (�18.25 kJ mol�1/RT).

This difference between the activation energies of
the competing substitution and addition chlorination
pathways is consistent with the difference between the
activation energies of these pathways under conditions
of molecular reaction mechanism [3]. This fact is
natural, as the parameter � reflects the competition of
the substitution and addition chlorination pathways

Fig. 3. Rate ratio of the substitution and addition chlorina-
tion pathways rs /rad as a function of the content of residual
double bonds YC=C. Temperature, �C: (1) 10, (2) 35, and
(3) 58.

log (rs/ra � �)

log YC=C

Fig. 4. Determination of the parameters � and n. Tempera-
ture, �C: (1) 35, (2) 10, and (3) 58.
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under conditions when double bonds inducing the
radical chlorination mechanism are virtually absent.

Thus, we have obtained an expression for the rate
ratio of substitution and addition pathways in chlori-
nation of P-1 polyisobutylene.
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Abstract�Specific features of thermal oxidative degradation of polypropylene and its composite with
Mg(OH)2 were studied by pyrolytic gas chromatography�mass spectrometry and thermal gravimetric analysis.

An urgent problem of the modern polymer industry
is to reduce the combustibility of polymers and poly-
meric materials. Of particular interest are fireproofing
agents that combine high performance with environ-
mental safety. One of a few fire retardants meeting
these criteria is magnesium hydroxide, Mg(OH)2. It is
commonly believed that its fireproofing effect is due
to dilution of gaseous pyrolysis products with water
vapor formed by endothermic (�H 1450 J kg�1) de-
composition of Mg(OH)2 above 340�C [1]:

Mg(OH)2 = MgO + H2O�.

The heat consumed in this reaction considerably
decreases the temperature on the surface of the de-
grading polymer. On the other hand, large amount of
the released water vapor dilutes the mixture of volatile
degradation products, altering the thermal balance in
the combustion zone.

Since the decomposition point of Mg(OH)2 is
higher than the temperatures of industrial processing
of such polymers as ethylene�vinyl acetate copolymer,
polypropylene, and polyamides and corresponds to the
temperatures at which these polymers start to degrade,
there are no problems with preparing composites of
reduced combustibility from these components.

Polymeric composites of polypropylene, Nylon 6,
and ethylene�vinyl acetate copolymer, containing
50 wt parts of Mg(OH)2 and more, showed consider-
ably decreased combustibility, as determined from the
oxygen index and concalorimeter method [2].

In this work, the fire-retarding effect of Mg(OH)2
on polypropylene was evaluated by mass-spectromet-
ric analysis of polypropylene pyrolysis products.

The mechanism of thermal degradation of poly-
propylene (PP) at temperatures close to the processing
temperatures had been comprehensively studied [3�7].
It is known that, in the absence of oxygen, PP decom-
poses without residue to give large amounts of ali-
phatic compounds: alkanes, alkenes, and dienes. The
primary thermal degradation of the polymeric chain
involves scission of the weakest bonds. Oxygen chem-
isorbed on the polymer surface initiates radical forma-
tion at approximately 250�C and causes ignition at
470�540�C:

RH + O2 � R. + HO2
..

Furthermore, peroxy radicals are formed at approx-
imately 350�C:

�R. + O2 � �ROO..

Above this temperature, dehydrogenation of poly-
meric radicals results in formation of a polyene and
HO

.
2:

C�C
. �� � C CH2 + HOO

.
.

� �

��
O2 + H�
�
�
���������

������

H H

H

��������
�

H
C�C

. �� � C CH2 + HOO
.
.

� �

��
O2 + H�
�
�
���������

������

H H

H

��������
�

H

This reaction pathway prevails in the range 350�
500�C.

According to the classical scheme of radical initia-
tion [7], the peroxy radicals initiate the following
reactions of chain propagation:

HOO. + RH = H2O2 + R.,

HOO. + CH4 = H2O2 + CH3
.,
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HOO. + H2 = H2O2 + H.,

H2O2 = 2HO.,

HO. + RH = R. + H2O,

HO. + H2 = H. + H2O,

and chain branching:

H. + O2 � HO. + O.,

O. + H2 � HO. + H.,

ROOH � RO. + HO..

It is generally accepted that fire retardants can
actively participate in pyrolytic reactions and inhibit
radical generation in the combustion zone or directly
before it. Jha et al. [8] subdivided fire retardants with
respect to the mechanism of their effect into two
groups: (1) additives acting in the gas phase (terminat-
ing generation of free radicals in the preliminary flash
and combustion front zones); (2) additives acting in
the solid phase (decelerating common pyrolysis by
increasing the amount of coke, thus insulating the
polymer melt from the intense high-temperature flame
flow or ignition source, or altering the pyrolysis
course so as to prevent dropping of the polymer melt).

It is commonly believed that magnesium hydroxide
belongs to the first group.

In this work we studied how magnesium hydroxide
affects solid-phase coke formation enhancing the fire
resistance of polypropylene.

EXPERIMENTAL

Polypropylene was of BE677MO brand (Bore-
alis), and its composite with magnesium hydroxide
(FD905-U brand, Borealis) contained 40% Mg(OH)2.

Pyrolysis of pure polypropylene and its composite
with Mg(OH)2 was performed at 300, 500, and 700�C
in a tubular flow-through pyrolytic cell in air (flow
rate �40 ml min�1). The outflowing gases were passed
through a bubbler filled with 4 ml of hexane and
cooled on an ice bath, to trap the pyrolysis products.

The thermal gravimetric analysis of PP and its
composite with Mg(OH)2 was performed on a 950Q
derivatograph in air at a heating rate of 10 deg min�1.

The screening analysis of the pyrolysis products
was performed on a Tsvet 500 M gas chromatograph
(electron capture detector, ECD; 4000 � 3-mm packed

glass column; stationary phase OV-17 phenylmethyl-
silicone; column and injector temperatures 230�C;
detector temperature 290�C; carrier gas nitrogen, flow
rate 16 ml min�1; sample volume 2 �l).

Analysis of the most representative samples by gas
chromatography�mass spectrometry was performed on
a laboratory complex consisting of a Varian 3300 gas
chromatograph, a Finnigan MAT ITD 800 mass spec-
trometric detector of the ion trap type, and a computer
system for data processing. Separation was performed
on a quartz capillary column (30 m long, 0.32 mm
i.d.) coated with a 0.25-�m film of DB-5 phenylmeth-
ylsilicone. The column was heated at a 10 deg min�1

rate from 50 to 270�C; the injector temperature was
200�C. The carrier gas was helium (inlet pressure
0.1 MPa). Samples (1 �l) were injected without flow
division; the time before the start of purging of the
sample inlet unit was 30 s. The mass spectra were
taken with the electron impact (70 eV) ionization
mode at a scanned rate of 1 mass spectrum per min-
ute; the scanning range was 40�650 amu.

At 300 and 500�C, the major reaction products
are alkenes, alkanes, dienes, and also alcohols and
ketones. The composition and percent content of com-
ponents in pyrolysis products of PP and its composite
with Mg(OH)2 are given in the table. The strongest
peaks in the chromatograms correspond to 2,4-dimeth-
yl-1-heptene, 4-methyl-2-heptanone, 2,6-dimethyl-4-
heptanone, isomers of dimethyloctanol, and some
other hydrocarbon derivatives. At low pyrolysis tem-
peratures, Mg(OH)2 exerts no noticeable effect on the
composition of pyrolysis products, whereas at higher
temperatures this effect becomes significant. Benzene
derivatives appear at 500�C. At this temperature, we
identified allylbenzene. Its content in the pyrolysis
products of the composite (1.5%) was lower compared
to pure PP (2.8%). At 700�C, the number and content
of aromatic compounds grow. We identified toluene,
ethylbenzene, xylenes, and isomeric ethyltoluenes and
methylstyrenes. As seen from the table, their content
in pyrolysis of the composite is considerably higher
compared to pure PP. As for compounds with fused
benzene rings, the pyrolysis products of pure PP con-
tain no methylnaphthalene and dihydronaphthalene
isomers detected in pyrolysis of the composite. The
content of naphthalene in the pyrolysis products of the
composite was two times higher compared to pure PP.
In pyrolysis products of the composite, we also identi-
fied biphenyl. Thus, in the presence of Mg(OH)2 for-
mation of aromatic compounds (mononuclear com-
pounds, naphthalenes, biphenyls) is more intense.

The TG analysis of the composite revealed forma-
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Composition and content of components in pyrolysis products of PP and its composite with Mg(OH)2
������������������������������������������������������������������������������������

Pyrolysis products

�

Time,

� Content, wt %, at indicated pyrolysis temperature, �C
� �����������������������������������������������������
�

min/s
� 300 � 500 � 700

� �����������������������������������������������������
� � PP � composite � PP � composite � PP � composite

������������������������������������������������������������������������������������
Toluene � 3/16 � � � � � � � � � 16.2 � 19.3
2,4-Dimethyl-1-heptene � 4/01 � 7.0 � 4.6 � 33.2 � 18.2 � 7.9 � �
Ethylbenzene � 4/23 � � � � � � � � � 6.9 � 9.9
Trimethylcyclohexene � 4/26 � � � 1.0 � 0.6 � 1.4 � � � �
Xylenes � 4/42 � � � � � � � � � 5.3 � 7.6
4-Methyl-2-heptanone � 5/17 � 7.5 � 6.8 � 1.2 � 0.9 � � � �

� 5/42 � � � � � � � � � 1.4 � 2.0
Ethyltoluene isomers � 6/01 � � � � � � � � � 1.2 � 1.3
Dimethyloctene � 6/05 � 5.6 � 3.8 � � � � � � � �
Allylbenzene � 6/12 � � � � � 2.8 � 1.5 � 3.8 � �
2,6-Dimethyl-4-heptanone � 6/15 � 10.2 � 8.5 � 4.4 � 3.6 � � � �
�-Methylstyrene � 6/15 � � � � � � � � � 4.1 � 5.0
�-Methylstyrene � 7/01 � � � � � 0.2 � � � 1.9 � 4.7

� 7/26 � 4.7 � 2.0 � � � 0.3 � 1.0 � �
� 7/30 � 5.1 � 3.5 � 9.8 � 7.4 � 2.8 � �

Dimethyloctanol isomers � 7/34 � 4.5 � 3.4 � 5.9 � 3.9 � 1.5 � �
2-Methyl-4-phenyl-1-butene � 8/42 � � � � � � � � � 1.6 � 4.6
Dihydronaphthalenes � 8/48 � � � � � � � � � � � 2.8

� 8/58 � � � � � � � � � � � 1.1
Naphthalene � 9/17 � � � � � � � � � 6.8 � 14.6
Methylnaphthalenes � 10/59 � � � � � � � � � � � 5.5

� 11/15 � � � � � � � � � � � 3.3
2,4,6,8-Tetramethylundecene � 11/00 � 5.1 � 4.3 � 6.7 � 11.5 � 18.0 � �
Biphenyl � 12/12 � � � � � � � � � � � 3.2
Hydrocarbons: � � � � � � �
�C10 � � � 17.4 � 15.1 � 17.5 � 16.3 � 6.1 � 2.3
C10�C16 � � � 30.5 � 26.2 � 13.9 � 25.7 � 24.6 � 5.3
	C16 � � � 2.5 � 20.5 � 5.0 � 6.5 � 2.6 � 3.1

Unidentified aromatic compounds� � � � � � � 1.0 � 2.8 � 2.4 � 1.9
� � � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0

������������������������������������������������������������������������������������

tion of a coke residue under conditions of thermal
oxidative degradation, whereas with pure PP virtually
no residue was obtained (see figure). The amount of
the coke residue was about 15%. To account for for-
mation of the coke residue and aromatic compounds,
we suggested a scheme of solid-phase catalysis. Mag-
nesium hydroxide starts to decompose at 340�C. The
nonvolatile magnesium oxide formed on the polymer
surface protects deeper layers of the material. Thus,
at elevated temperatures magnesium oxide starts to
behave as active fire retardant. Due to the weak basic
properties and large active surface area, magnesium
oxide is used as additive to oxide catalysts for dehy-
drogenation of aliphatic compounds [9]. In pyrolysis
of polypropylene, apparently, MgO behaves similarly.

The possible mechanism of formation of aromatic
compounds and coke with nonfused and fused ben-

zene rings is shown in the scheme:

Active surface

R = CnHm

Active catalyst surface

n

n = 0, 1, 2, 3...

n n
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Condensation

Polycyclization

Fused aromatics, coke

Active catalyst
surface

n

������������

The products of PP thermal degradation undergo
dehydrogenation on the active MgO surface, yielding
aromatic compounds. A similar mechanism involving
catalysis with MgO explains formation of structures
with benzene rings linked by an alkyl bridge. Then
two pathways are possible. The first pathway is for-
mation of diphenylalkanes. The second pathway in-
volves catalytic solid-phase condensation followed by
polycyclization, yielding coke on the MgO surface via
intermediates with fused benzene rings, such as naph-
thalene and its derivatives. The detection of naphtha-
lene, methylnaphthalenes, azulene, and biphenyl, and
also of benzene derivatives shows that this process is
primary.


m, wt %

T, �C

TG curves of (1) PP and (2) PP�40 wt % Mg(OH)2
composite, recorded in air. Heating rate 10 deg min�1.
(�m) Weight loss and (T) temperature.

CONCLUSION

Compounding polypropylene with Mg(OH)2 en-
hances its resistance to combustion in both the gas
and solid phases; one of the factors responsible for
this effect is MgO-catalyzed coke formation on the
polymer surface.
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Abstract�Terpolymers of ethylene with propylene and higher �-olefins with various compositions and
molecular weights were synthesized, as well as copolymers with higher poly-�-olefins with various molecular
weights. The possibility of laboratory assessment of the antiturbulent power of polymers and turborheometric
determination of the volumes and molecular weights of poly-�-olefin macromolecules was examined.

Introduction of polymer additives to a turbulent
flow of a liquid increases its viscosity but decreases
the hydrodynamic resistance coefficient and, thus, in-
creases the average flow rate or decreases the friction
loss of the pressure (Toms effect [1]).

The mechanism of this somewhat unusual phe-
nomenon remains the subject of heated discussions,
but the ability of polymers to decrease the turbulent
flow resistance has found wide application, in par-
ticular, in oil and oil product transportation via pipe-
lines [2, 3].

By now, hydrodynamic properties of a large num-
ber of polymer samples of different chemical nature
have been studied. It was found that many of them
exhibit the Toms effect [4] under laboratory condi-
tions, but only a few proved to be suitable for and
demanded by commercial oil and oil product pipe-
lines. The divergence between the results of laboratory
and field experiments can be explained in part as fol-
lows. The Toms effect, %, is quantitatively described
by the formula

DR = (�s � �p)/�s�100, (1)

commonly used in hydrodynamics. Here, DR is the
magnitude of the Toms effect, and �s and �p, hydro-
dynamic resistance coefficients for pure solvent and
polymer solution, respectively.

The coefficients �s and �p can be determined only
after conducting appropriate experiments and proces-
sing the experimental data by the Darcy�Weissbach
equation.

The main drawback of formula (1) is that it does
not implicitly reflect the dependence of the Toms ef-
fect on numerous hydrodynamic flow parameters and
physicochemical characteristics of polymer solutions
(shear stress and Reynolds number, concentration and
molecular weight of the polymer additive, and tem-
perature, density, viscosity, and thermodynamic
quality of the solvent) affecting the structure of the
turbulent flow and, thus, is unsuitable for predicting
the effect before experiments.

Comparative assessment of the antiturbulent powers
of polymer additives is typically based on analysis of
the plots of the Toms effect, DR, vs. the polymer con-
centration in solution, constructed after laboratory
bench experiments. Hydrodynamic studies of a wide
spectrum of polymers (polystyrene, polyisobutylene,
polybutadiene, polymethacrylates, polysiloxanes, etc.)
showed that, with increasing amount of the additive,
DR initially tends to linearly increase within the range
corresponding to very dilute solutions and attains a
maximal value DRmax at a certain optimal concentra-
tion copt, whereupon it slowly decreases with increas-
ing concentration. Samples having the greatest DRmax
at the smallest copt are regarded as the most effective.

Figure 1 presents a typical concentration depen-
dence of DR, obtained after a laboratory test with oil
solutions of two natural rubber (polyisoprene) samples
with different molecular weights (MWs). It is seen
that, at identical concentrations of solutions, DR is
the greater, the higher the MW of the sample (Fig. 1,
curves 2, 3) and the greater the shear stress �� on the
tube wall (Fig. 1, curves 1, 3), copt being the smaller,
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DR, %

c, kg m�3

Fig. 1. Hydrodynamic resistance reduction effect DR as
a function of the concentration c of natural rubber in oil.
Molecular weight: (1, 3) 2.4�105 and (2) 5.5�105. In-
trinsic viscosity [�], m3 kg�1: (1, 3) 0.20 and (2) 0.35.
Shear stress �, Pa: (1) 240 and (2, 3) 120.

the higher the MW. From the technological and eco-
nomical viewpoints, the polymer additive concentra-
tion within 0�copt seems optimal for commercial
pipeline applications. Thus, practically applicable are
polymers with very low optimal concentrations (copt <
0.05 kg m�3).

Figure 1 presents the results of hydrodynamic tests
for three natural rubber samples, which not only show
poor performance, not satisfying the concentration
criterion (a high-molecular-weight polyisoprene sam-
ple has copt of 1 kg m�3 and a sample with a
lower molecular weight, 5 kg m�3), but also show no
promise for commercial pipelines characterized by
typical shear stresses no greater than 10 Pa. These
natural rubber samples were studied under the labora-
tory conditions at arbitrarily chosen and much higher
shear stresses (120 and 240 Pa), which are not limited
by expression (1).

A change in the quantitative description of the
Toms effect from DR to a relative parameter (Qp �

Qs)/Qs (where Qp and Qs are the flow rates of the
polymer solution and solvent, respectively) obviates
the drawbacks of formula (1). The �Q /Qs ratio, %,
characterizes the increase in the throughput of a tube
in which the liquid flow rate increases from Qs of
a pure solvent to Qp upon introduction of a polymer
additive. The dependence of the flow rate increment
on various hydrodynamic and physicochemical factors
of flowing polymer solutions [5] is described by the
equation

Vg k T� �1/2 � �1/2� �
�Q = S��

�
	���
 �1 � 	����
 �, (2)
�kT �

�
Vg� 
 � 
� �

where �Q = Qp � Qs is the flow rate increment of
a polymer solution relative to the solvent; S = �R2

�,

cross-section area of the cylindrical channel; � =
[�]cp/(1 + [�]cp), volume fraction of the macro-
molecular globules in solution, which depends on the
intrinsic viscosity [�] and concentration of the poly-
mer solution cp; �� = �PR� /2L, shear stress on the
wall of a tube with radius R� and length L at a given
pressure gradient �P; Vg, volume of a macromolecular
globule with immobilized solvent; �, density of the
solvent; k, Boltzmann constant; and T, temperature.

It is seen that Eq. (2) is consistent with the cur-
rently available empirical data and allows predicting
not only the magnitude of the effect (i.e., increase in
the average flow rate), but also the conditions of its
manifestation. It was found experimentally that the
Toms effect is observed in the turbulent region of
flow (Re > 2300, where Re is the Reynolds number)
at shear stresses exceeding a certain �threshold	 pa-
rameter �thr which for each particular sample is the
smaller, the higher the MW. Clearly, Eq. (2) suggests
that the effect (�Q > 0) can be manifested only at [1 �
(kT /��Vg)1/2] > 0, or at ��Vg > kT. Using the latter
inequality, we can estimate the minimal (threshold)
shear stress above which the turbulent flow rate of the
polymer solution will exceed the flow rate of the
solvent:

�thr = kT/Vg. (3)

Using the well-known Flory�Fox formula Vg 

M[�]/Na connecting the volume of the macromolecule
with its molar mass M, intrinsic viscosity [�], and
Avogadro number Na, we can modify expression (3)
into

�thr = RT/M[�]. (4)

Thus, the threshold shear stress for a particular
polymer sample is the smaller, the larger its molar
mass and intrinsic viscosity or their proportional
globule volume. For the two natural rubber samples
(Fig. 1) with molar masses M1 = 240 kg mol�3

(MW = 2.4 �105) and M2 = 550 kg mol�3 (MW =
5.5 �105) and intrinsic viscosities [�]1 = 0.2 and
[�]2 = 0.35 m3 kg�1 at T = 293 K, the threshold shear
stresses were estimated at �thr1 
 50 and �thr2 
 13 Pa.
These exceed the actual shear stresses in main pipe-
lines (0 < �� < 10 Pa), which suggests that introduc-
tion of these polymer additives into pipelines will not
increase the flow rate.

In the case of developed turbulent flows, i.e., at
fairly large Reynolds numbers and shear stress on the
wall ��, when the algebraic sum [1 � (kT/��Vg)1/2] in
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Eq. (2) tends to unity, this equation acquires a simpler
form

Vg� �1/2

�Q = S��
�
	���
 . (5)
�kT� 


Therefore, the flow rate increment for a polymer
solution is the larger, the larger the size and concen-
tration of the macromolecules with the solvent im-
mobilized, as well as the shear stress. Based on the
data of a turborheometric test with polymer solutions,
the volume of the macromolecular globules can be cal-
culated by Eq. (5). Next, it is possible to estimate the
molar mass of the polymer sample by the modified
Flory�Fox formula

M = Vg Na/[�]. (6)

EXPERIMENTAL

The above analysis of the flow rate increment as
dependent on various factors allows formulation of
economically and technologically sound requirements
for candidate agents decreasing the hydrodynamic
resistance in main oil pipelines. These requirements
include a fairly low prime cost (which is primarily
determined by the price of the monomer); no adverse
effect on oil processing; a fairly high molecular
weight; and a good compatibility (solubility) with oil
and its individual fractions, that is, the polymer addi-
tive must have fairly high intrinsic viscosities in
hydrocarbon liquids of different polarities.

Among a great number of well-characterized poly-
mers of different chemical nature, these requirements
are most adequately satisfied by higher poly-�-olefins
and their X-ray amorphous copolymers prepared using
Ziegler catalysts. It is well known [6] that the rate of
polymerization proceeding by the ion-coordination
mechanism and the molecular weight of the resulting
product are governed by numerous factors such as the
chemical nature of the monomer and of the catalytic
system, concentration of the monomer in the initial
reaction mixture and its conversion (the degree of
the monomer conversion into polymer within a certain
period), temperature, and some other parameters.

High-molecular-weight X-ray amorphous ter-
polymers (ethylene/propylene/��olefin) were prepared
using a highly active vanadium-magnesium catalyst.
It was synthesized by the procedure from [7], by
applying vanadium compounds (VCl4, VOCl3) onto
finely dispersed magnesium chloride (the vanadium
content in the catalyst was 2�3 wt %). High-molecu-

lar-weight homopolymers of higher poly-�-olefins
were synthesized using two modifications of titanium�
magnesium catalysts. They were prepared by applying
TiCl4 onto finely dispersed magnesium chloride con-
taining modifying additives (2�4 wt % titanium in
the samples).

The olefins were polymerized in a 1-l steel auto-
clave under vigorous stirring at 293�323 K. As co-
catalyst served triethylaluminum or triisobutylalumi-
num. The concentration of the catalyst was 0.4 g l�1,
and that of the cocatalyst, 5 mM.

The composition of terpolymers (C2, C3, C�) was
determined by 13C NMR spectroscopy on a Bruker
DRX-250 instrument at 393 K and 62.91 MHz. The
samples were prepared in the form of solutions in
1,2-dichlorobenzene with a polymer concentration of
0.07�0.12 g ml�1.

The hydrodynamic properties of terpolymers and
poly-�-olefins were studied in the laminar and tur-
bulent flow modes. The intrinsic viscosities of poly-
�-olefins in benzine and of terpolymers in three
solvents (heptane, benzine, and toluene) were deter-
mined by capillary viscometry. The use of different
solvents allows estimation of the degree of crystal-
linity of the resulting products. Terpolymers with a
high ethylene content and, consequently, prone to
formation of crystallinity zones, are well soluble in
toluene and less soluble in heptane. Benzine, which is
a mixture of alkanes and aromatic compounds, is
intermediate in solvency.

We determined the flow rates Qs and Qp at the
shear stress on the tube wall �� = 4 Pa in a turbulent
rheometer [8] measuring flow rates of solvents and
polymer solutions of different concentrations in a
cylindrical channel in the turbulent flow mode (Re >
2300). Then, we calculated the �Q /Qs parameters.
The choice of benzine as the solvent was dictated
by two reasons. First, as one of oil fractions, benzine
is close in solvency to the mixed oil transported by
main pipelines. Second, being a low-viscosity solvent,
benzine is suitable for measurements in a turbulent-
flow region at shear stresses close to those actually
occurring in commercial main pipelines. The param-
eters Vg, M, and �thr were calculated by formulas (5),
(6), and (3).

Polyolefins and their copolymers prepared at lower
temperatures usually have higher molecular weights
[6]. This is true for the samples of ethylene-, pro-
pylene-, and 1-dodecene-based terpolymers syn-
thesized at 293�323 K (Table 1).

Table 1 shows that the intrinsic viscosity of solu-
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Table 1. Composition and hydrodynamic properties of solutions of terpolymers synthesized at different temperatures Ts
������������������������������������������������������������������������������������

T,
�Composition of copolymer, wt %� Intrinsic viscosity [�], m3 kg�1 �

Vg�1021,
�

�thr,
�

copt,
�

(�Q/Qs)max,������������������������	�����������������������
 � � �K � C2 � C3 � C12 � heptane � benzine � toluene � m3
� Pa � kg m�3

� %

�����	�������	�������	�������	�������	�������	�������	�������	�����	������	���������
323 � 33 � 36 � 31 � 0.14 � 0.16 � 0.17 � 0.19 � 21.3 � � � 0
313 � 39 � 37 � 24 � 0.31 � 0.33 � 0.38 � 1.15 � 3.5 � 0.55 � 44
303 � 50 � 30 � 20 � 0.29 � 0.34 � 0.41 � 1.61 � 2.5 � 0.25 � 47
293 � 56 � 29 � 15 � 0.26 � 0.28 � 0.42 � 1.45 � 2.8 � 0.35 � 46

������������������������������������������������������������������������������������

tions in toluene tends to increase with decreasing
temperature of the sample synthesis, which, most
probably, suggests a growth of the molecular weight.
The intrinsic viscosity of the same samples in heptane
exhibits an opposite trend. Visual examination of
the solutions in toluene and heptane revealed the ab-
solute transparency of the former (which allows their
classification with true solutions) and pronounced
opalescence of the latter (suggesting the presence of
heterogeneous inclusions of microgels). A decrease in
the solubility in heptane for the terpolymers prepared
at relatively low temperatures is due to a decrease in
the content of propylene and 1-dodecene units in them
and to a growth in the proportion of ethylene units
(Table 1) enhancing the microblock structure.

Benzine is intermediate in solvency between tolu-
ene and heptane; consequently, the hydrodynamic
properties of solutions of terpolymers in benzine are
determined by the ratio of the molecular weight of the
samples to the content of �-olefin units in them
(Table 1). It is seen that the maximal antiturbulent
power is exhibited by the polymer prepared at T =
303 K. Further decrease of the synthesis temperature,

c, kg m�3

�Q/Qs

Fig. 2. Flow rate increment 	Q/Qs as a function of the poly-
mer concentration c. Polyolefin: (1�6) poly-1-hexene (for
characteristics of the samples, see Table 2), (7) C2/C3/C6
ternary copolymer ([�] = 0.41 m3 kg�1, Vg = 3.79 �
10�21 m3).

though affording higher molecular weights of terpoly-
mers, decreases the proportion of 1-dodecene. This
worsens the solubility and thus decreases both the
volumes of macromolecular globules with the solvent
immobilized and the resistance reduction effect
(�Q /Qs)max.

A change to a monomer with a lower molecular
weight (from 1-dodecene to 1-hexene) in copolymeri-
zation at 293 K allowed preparation of a terpolymer
with enhanced content of �-olefin in the polymer
chain (25 wt %). This improved the solubility of the
terpolymer in benzine ([�]benz = 0.41 m3 kg�3), in-
creased the volume of the macromolecular globule
(Vg = 3.79 �10�21 m3), and decreased the �threshold	
shear stress (�thr = 1.1 Pa).

The resulting ternary copolymer has the highest
hydrodynamic power (�Q /Qs)max = 48% at �� = 4 Pa)
among all the terpolymers synthesized. At the same
time, the maximal (by a factor of nearly 1.5) increase
in the flow rate is achieved at a too high concentration
of 0.14 kg m�3 (Fig. 2, curve 7). This sends us in
a further search for optimal catalytic systems and
copolymer combinations, as well as for conditions of
synthesis of well soluble terpolymers with the aim to
prepare samples with a maximal �Q /Qs at concentra-
tions under 0.05 kg m�3.

Experiments on polymerization of individual
1-hexene, 1-octene, and 1-dodecene in heptane showed
that the maximal activity and, thus, the rate of conver-
sion into polymer are exhibited by 1-hexene, which
made specifically this monomer preferable for homo-
polymerization.

Test syntheses at various temperatures also showed
that the MW of the resulting product increases with
decreasing temperature and that polymers with molec-
ular weights over 106 are formed below 300 K. There-
fore, we carried out polymerization of 1-hexene at
293 K, which yielded a suitable product (M[�] >
RT /��) at an acceptable rate.

Table 2 presents the results of a hydrodynamic test
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Table 2. Synthesis conditions and hydrodynamic properties of poly-�-hexene samples
������������������������������������������������������������������������������������

Sam- �
c, M

�
�s, min

� [�]benz, � Vg�1021, �
M, kg mol�1 �

�thr, Pa
� copt, � (�Q /Qs)max,

ple no. � � � m3 kg�1 � m3 � � � kg m�3 � %
��������	��������	�������	��������	����������	�����������	��������	������	����������

1 � 1 � 300 � 0.42 � 3.8 � 5450 � 1.06 � 0.14 � 49
2 � 1.8 � 300 � 0.69 � 6.5 � 5670 � 0.62 � 0.09 � 50
3 � 2.5 � 300 � 0.87 � 9.3 � 6440 � 0.36 � 0.05 � 51
4 � 2.5 � 180 � 1.25 � 14.6 � 7030 � 0.28 � 0.03 � 53
5 � 2.5 � 120 � 1.41 � 21.6 � 9220 � 0.19 � 0.02 � 54
6 � 2.5 � 60 � 1.62 � 28.4 � 10 560 � 0.15 � 0.01 � 55

������������������������������������������������������������������������������������

of poly-1-hexene samples prepared in a number of
synthesis runs at varied initial concentration of the
monomer in the reaction medium cm and synthesis
time �s.

Table 2 and Fig. 2 show that the concentration of
the polymer additive copt corresponding to the maxi-
mal flow rate increment (�Q /Qs)max is the smaller,
the larger the size of its macromolecular globules with
the solvent immobilized. In accordance with the kinet-
ic relationships in the polymerization process, the
molecular weight of the forming macromolecules
(globule volume) is the larger, the higher the mono-
mer concentration in the reaction medium. Therefore,
the antiturbulent power of the resulting samples in-
creases with increasing initial concentration of the
monomer charged into the reactor and decreasing
synthesis time (conversion). Figure 2 (curve 7) shows
that the most effective terpolymer is surpassed in
hydrodynamic properties by all the homopolymers
synthesized. Table 2 and Fig. 2 also suggest that the
samples of poly-1-hexene (sample nos. 3�6) are suit-
able for commercial application in main oil pipelines.

CONCLUSIONS

(1) A procedure, based on two criteria, was pro-
posed for assessing under the laboratory conditions
the suitability of candidate agents to reduce the hydro-
dynamic resistance. The necessary condition is a tur-
bulent flow mode (Re > 2300) in the experimental
setup, and the sufficient condition, measurement of
the antiturbulent properties of polymer additives at
shear stresses in the turborheometer equivalent to
those actually occurring in main pipelines.

(2) Terpolymers (ethylene/propylene/�-olefin) syn-
thesized on vanadium�magnesium catalysts are able

of reducing the hydrodynamic resistance by 40�50%
when introduced into turbulent flow in amounts of
0.15�0.55 kg m�3.

(3) Samples of homopolymer (polyhexene) syn-
thesized on titanium�magnesium catalysts below
300 K and having a molecular weight of (1�10) �106

are able of reducing the hydrodynamic resistance by
50�55% at concentrations of (10�50)�10�3 kg m�3.

REFERENCES

1. Toms, B.A., in First Int. Congr. on Rheology, Amster-
dam: North Holland, 1949, vol. 2, pp. 135�141.

2. Small, S.R., Neft’, Gaz Neftekhim. Rubezh., 1983,
no. 6, pp. 58�60.

3. Nesyn, G.V., Manzhai, V.N., Popov, E.A., et al., Tru-
boprov. Transp., 1993, no. 4, pp. 28�30.

4. Belousov, Yu.P., Protivoturbulentnye prisadki dlya
uglevodorodnykh zhidkostei (Antiturbulent Additives to
Hydrocarbon Liquids), Moscow: Nauka, 1986.

5. Manzhai, V.N., in Teoreticheskie i prikladnye osnovy
fiziko-khimicheskogo regulirovaniya svoistv neftyanykh
dispersnykh sistem (Theoretical and Applied Principles
of Physicochemical Control of the Properties of Oil
Disperse Systems), Tomsk: Tomsk. Gos. Univ., 2001,
part 3, pp. 71�81.

6. Chirkov, N.M., Matkovskii, P.E., and D’yachkov-
skii, F.S., Polimerizatsiya na kompleksnykh metalloor-
ganicheskikh katalizatorakh (Polymerization on Com-
plex Organometallic Catalysts), Moscow: Khimiya,
1976.

7. RF Patent 2 047 355.
8. Malkin, A.Ya., Nesyn, G.V., Manzhai, V.N., and

Ilyushnikov, A.V., Vysokomol. Soedin., Ser. B, 2000,
vol. 42, no. 3, pp. 377�383.



1070-4272/04/7703-0454�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 3, 2004, pp. 454 � 457. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 3,
2004, pp. 461� 464.
Original Russian Text Copyright � 2004 by Amirova, Magsumova.

MACROMOLECULAR CHEMISTRY
����������������������� �����������������������

AND POLYMERIC MATERIALS

Energy Characteristics of the Surface of Modified
Phosphorus-Containing Epoxy Polymers

L. M. Amirova and A. F. Magsumova

Tupolev Kazan State Technical University, Kazan, Tatarstan, Russia

Received April 22, 2003

Abstract�The Fowkes and van Oss�Good approaches were used for assessing the energy characteristics of
the surface of the epoxy�amine systems modified with triglycidyl phosphate. Variation of these characteristics
with the modifier content and polymer curing conditions was studied.

Modification of the initial oligomer systems allows
control of the surface properties of cured polymers.
It is known [1, 2] that the components of compounds
differ in the adsorbability, which can be responsible
for differences in their distribution in the bulk and at
interfaces [1, 2]. This allows formation of surfaces
with desired energy characteristics.

The surface energy �S of solids at the solid�liquid
or solid�gas interfaces is often assessed using the
Fowkes�Owens [3, 4] and van Oss�Good [5, 6] ap-
proaches. They are based on measuring the contact
angles of wetting of the surface with test liquids.
The surface energy and its components were estimated
for a number of epoxy polymers [1, 2, 7, 8]. Rudoi
and co-workers [1] and Chalykh and co-workers [2]
showed that the surface activity of modified epoxy
systems is governed by a number of factors such as
ratio of the rates of the chemical reaction and diffu-
sion, molecular weight, and the curing mode chosen.
However, the above-cited works, even though con-
cerned with the same epoxy systems, report different
surface energies. Van Oss and co-workers [5, 6] as-
sessed the acid�base properties of the surface of epoxy
polymers and revealed their basic nature.

We found earlier [9�13] that modification of
epoxy�4,4�-isopropylidenediphenol oligomers with
glycidyl esters of phosphorus-containing acids (GEPs)
yields materials with enhanced thermophysical, phys-
icomechanical, and optical properties. At the same
time, when the developed phosphorus-containing
epoxy compounds are intended as adhesives, prepara-
tion of coatings requires knowledge of the surface and
interphase properties of both uncured oligomer sys-
tems and polymers thereof.

The aim of this work is to quantitatively estimate

the energy characteristics of the surface of polymers
based on ED-20 epoxy-4,4�-isopropylidenediphenol
oligomer modified with triglycidyl phosphate.

EXPERIMENTAL

We used ED-20 epoxy�4,4�-isopropylidenediphenol
oligomer I, triglycidyl phosphate P(O)(OCH2�
CH�CH2)3 II, and 4,4�-diaminodiphenylmethane
\ /

O
(DADPM).

Oligomer I was vacuum-treated at 80�90�C, where-
upon the contents of epoxy and hydroxy groups were
estimated by chemical methods [14] (at 21.5 and
1.3%, respectively). Triglycidyl phosphate II was
synthesized as described by Rizpolozhenskii et al.
[15], purified by vacuum distillation, and kept in
sealed glass ampules. The compound was identified
by elemental analysis and IR and 1H, 13C, and 31P
NMR spectroscopy.

The compatibility of I and II was checked by
microinterferometry on an MI-2 instrument. Based on
the data obtained, we constructed phase diagrams.

Mixtures of I and II of different compositions were
cured with a stoichiometric amount of DADPM in
a stepwise mode (heating to 60�C and curing for 6 h
at 20�C) and postcured in a stepwise mode as well
(heating for 1 h at 100�170�C with a 10�C step).

The surface energy of the resulting polymers and
its components were estimated from the angle of wet-
ting with test liquids. The contact wetting angles were
determined using a horizontal microscope equipped
with a goniometric accessory, under saturated liquid
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Energy characteristics of the test liquids
������������������������������������������������������������������������������������

Test liquid

� Energy characteristic, mJ m�2, taken from indicated works
������������������������������������������������������������������������
� [3, 4] � [5, 6]
������������������������������������������������������������������������
� � � �d � �p � � � �LW � �SR � �+ � ��

������������������������������������������������������������������������������������
Water � 72.2 � 22.0 � 50.2 � 72.8 � 21.8 � 51.0 � 25.5 � 25.5
Glycerol � 64.0 � 34.0 � 30.0 � 64.0 � 34.0 � 30.0 � 3.92 � 57.4
Formamide � 58.3 � 32.3 � 26.0 � 58.0 � 39.0 � 19.0 � 2.28 � 39.6
Diiodomethane � 50.8 � 48.5 � 2.3 � 50.8 � 50.8 � 0 � 0 � 0
Ethylene glycol � 48.3 � 29.3 � 19.0 � 48.0 � 29.0 � 19.0 � 1.92 � 47.0
������������������������������������������������������������������������������������

vapor in a chamber kept at a constant temperature of
20�C. The test liquids were chosen by the criteria
suggested by Kwok et al. [16]. The surface energy
components and the equilibrium contact wetting angle
� for the contacting solid and liquid phases are linked
by the Owens�Wendt relationship [3, 4]

(cos� + 1)�L = 2(�S
d �L

d )1/2 + 2(�S
p
�L
p )1/2, (1)

where, �L is the surface tension at the liquid�gas inter-
face; �S

d and �L
d are the dispersion, and �S

p
and �L

p
, polar

components of the surface energy of a solid and a
liquid, respectively.

The total surface energy �S can be represented as

�S = �S
d + �S

p. (2)

The polar component �SR of the surface energy of
cured polymers and its acidic �S

+ and basic �S
� constit-

uents were estimated taking into account the Lifshits�
van der Waals nonpolar component �LW which is
virtually identical to the dispersion component �d in
terms of the approach suggested in [5, 6]. This ap-
proach implies that the polar component of the surface
energy �SR is due to electron donor�acceptor (acid�
base) interactions and is determined by the relation-
ship

�SR = 2(���+)1/2, (3)

where �� and �+ are the donor (basic) and acceptor
(acidic) components of the surface energy, respec-
tively.

The major equation linking the acid�base and non-
polar interactions with the contact wetting angle � is

(cos� + 1)�L = 2[(�S
LW �L

LW)1/2 + (�S
+ �L
� )1/2 + (�S

� �L
+ )1/2], (4)

where the subscripts �S� and �L� refer to the solid
and liquid phases, respectively.

The surface energies of the I�II�DADPM solid
polymers yielded by curing of the oligomer systems
were estimated from the contact angles of wetting
with a number of test liquids (see table). Figure 1
(curves 1�3) shows how the energies of the surface
formed at the epoxy polymer�air interface, estimated
by Eqs. (1) and (2), vary with the content of triglyci-
dyl phosphate II for epoxy polymers postcured in a
stepwise mode to 150�C.

It is seen that �S is virtually independent of tri-
glycidyl phosphate concentration up to 70 wt %. At the
same time, at the modifier content within 0�10 wt %,
the dispersion component �S

d tends to significantly
decrease, and the polar component �S

p, to increase.
Figure 1 shows that the increased surface energy of the
polymers containing over 70 wt % triglycidyl phos-
phate II is due to increased contribution from the polar
component, the dispersion component being virtually
unchanged.

Dogan et al. [7] and Chung et al. [8] showed that
the surface of epoxy�amine polymers is virtually
monopolar and basic. Our data (Fig. 2) suggest that the
surface basicity is enhanced by introduction of triglyci-
dyl phosphate II into the polymer. This is evidently
due to increases in the number of oxygen atoms in the
polymer network and of secondary hydroxy groups and
to appearance of phosphoryl groups.

�S, mJ m�2

c, wt %
Fig. 1. (1, 1�) Surface energy �S and its (2, 2�) dispersion, �S

d, and
(3, 3�) polar, �S

p, components as functions of the triglycidyl
phosphate concentration c in the epoxy�amine polymer heat-
treated at (1�3) 150 and (1��3�) 170�C.
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�S, mJ m�2

c, wt %

Fig. 2. Variation of (1, 1�) polar component �S
SR and

(2, 2�) acidic, �S
+, and (3, 3�) basic, �S

�, constituents of the
surface energy �S with the triglycidyl phosphate concentra-
tion c in the epoxy�amine polymer heat-treated at (1�3) 150
and (1��3�) 170�C.

T, �C

c, wt %

Fig. 3. Phase diagram of the I�II system. (T) Temperature
and (c) triglycidyl phosphate concentration.

To explain the nonuniform variation of the energy
characteristics of the epoxy polymer surface with in-
creasing content of triglycidyl phosphate II, we
will turn to the phase diagram of the I�II system
(Fig. 3). It is seen that, with <8 and >65 wt % II,
the system is compatible, and within 8�65 wt %,
incompatible with the upper critical solution point
(UCSP) of 120�C. Similar phase diagrams were ob-
tained previously by Amirova et al. [13] for a number
of GEPs and E-40 epoxy polymer. It was shown that,
in the region of incompatibility of the epoxy oligo-
mer�GEP system, stratifying emulsions are formed,
whose curing yields polymers exhibiting a composi-
tion gradient over the sample cross section. The upper
layer of such polymer is formed from the epoxy�
4,4�-isopropylidenediphenol oligomer containing ca.
10 wt % GEP. The lower layer is formed by GEP
saturated with the dissolved epoxy�4,4�-isopropyli-
denediphenol polymer. Elemental analysis suggested
similar segregation and formation of a gradient poly-
mer in the I�II system studied by us.

Thus, invariant energy characteristics of the surface
of epoxy�amine polymers of the I�II system with the
triglycidyl phosphate content within 10�70 wt %
(Figs. 1, 2) are due to invariant composition of their

surface containing 8�10 wt % triglycidyl phosphate II.
In the regions of compatibility, enhancement of the
polarity (and basicity) of the surface of these polymers
with increase in the concentration of II is due to in-
crease in the concentration of II in the upper layer.

Recently, Amirova [17] showed that heat treatment
at 170�C of the triglycidyl phosphate based epoxy
polymer cured with DADPM results in water elimina-
tion and decrease in the content of the secondary hy-
droxy groups. This is accompanied by increases in the
glass transition point and elastic modulus. A similar
effect is also observed for polymers prepared by cur-
ing mixtures of I and II with DADPM, whose glass
transition points are above 170�C. This holds for
polymers containing over 10 wt % triglycidyl phos-
phate II [10]. In this connection, it was of interest to
elucidate how such heat treatment affects the energy
characteristics of the surface of the polymers under
study.

Figure 1 (curves 1��3�) shows the plots of the sur-
face energy for the polymer�air interface formed by
epoxy polymers with different contents of triglycidyl
phosphate II, cured stepwise to 150�C and heat-treated
at 170�C. It is seen that heat treatment does not
noticeably affect the run of curves 1 and 3 for tri-
glycidyl phosphate concentrations within 0�70 wt %
and the run of curve 2 throughout the modifier con-
centration range. At 70�100 wt % content of triglyci-
dyl phosphate, the polar component �S

p and, thereby,
the surface energy of the polymer as a whole, sig-
nificantly decrease (Fig. 1).

The runs of the curves for the polar component and
its basic constituent as calculated by Eqs. (3) and (4)
were also different in the region of 70�100 wt % tri-
glycidyl phosphate (see curves 1� and 3� in Fig. 2),
while the acidic constituent remained unchanged
(Fig. 2, curve 2�). Weakening basicity of the surface of
polymers with these compositions during heat treat-
ment can be probably explained by the above-men-
tioned decrease in the amount of polar hydroxy groups
on the polymer surface during annealing at 170�C.
The fact that the heat treatment does not affect the
nature of the surface of the polymers containing up to
10 wt % triglycidyl phosphate II is evidently due to
the lacking water elimination and unchanged content
of the surface polar groups. As mentioned above, for
polymers containing 10�70 wt % triglycidyl phos-
phate II, the surface layer was formed by epoxy�
4,4�-isopropylidenediphenol oligomer with a constant
content of triglycidyl phosphate which is unaffected
by heat treatment at 170�C. In our opinion, this
adequately explains the fact that the energy character-
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istics of the surface of polymers containing 0�
70 wt % triglycidyl phosphate II are unaffected by
annealing at 170�C.

CONCLUSIONS

(1) Triglycidyl phosphate introduced into epoxy�
4,4�-isopropylidenediphenol oligomer modifies the
energy characteristics of the resulting polymer in the
region of compatibility of epoxy compounds.

(2) Heat treatment of the resulting polymer de-
creases the polar component of the surface energy and
its basic constituent at triglycidyl phosphate concen-
trations above 70 wt %.
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Abstract�Polyfunctional anion exchangers were prepared by copolymerization of allyl glycidyl ether with
polyamines in the presence of a promoter. The synthesis conditions were optimized. The composition and
physicochemical features of the resins prepared were studied.

It is known that, in storage, pretreatment, and prac-
tical application of sorbents, their characteristics are
deteriorated. Therefore, development of polymeric
sorbents with stable physicochemical and sorption
characteristics is an urgent problem. In this respect,
allylic resins show much promise. These polymers are
formed by slow radical polymerization of allyl mono-
mers. Their molecular weight is usually low because
of degradation chain transfer to the monomer [1]. This
process is widely used for preparating polymers with
stable physicochemical features [2, 3].

In this work we prepared polyfunctional anion
exchangers by copolymerization of allyl glycidyl ether
(AGE) and polyamines [polyethylenimine (PEI),
poly-2-methyl-5-vinylpyridine (PMVP) in the pres-
ence of initiator (H2O2)]. The composition, structure,
and acid�base properties of the anion exchangers were
studied by IR and 13C NMR spectroscopy and poten-
tiometric titration.

EXPERIMENTAL

The AGE�PEA (or PMVP) copolymers were pre-
pared in dimethylformamide (DMFA) at 70�80�C.
Before polymerization, a portion of 30% aqueous
hydrogen peroxide was added as initiator into the
reaction mixture. The initially formed gel-like poly-
mer was cured at 80�120�C. The solid polymer was
crushed, and the fraction with the granule size of
0.25 mm was separated by sifting [4, 5].

The pretreatment of the polymer and determination
of its physicochemical characteristics were carried out
by common technique [6].

The IR spectra of polimerization products formed

in the initial, intermediate, and final polymerization
stages were recorded on a Specord M80/M85 spectro-
photometer [KBr pellets (200 mg KBr + 1 mg poly-
merization product), thin film of the product placed
between plates]. The 13C NMR spectra of polymeri-
zation products were recorded in dimethyl sulfox-
ide solution on a Mercury-300 NMR spectrometer
(75 MHz) at room temperature.

The potentiometric titration of the anion exchanger
was carried out by contact of its air-dry weighed
samples (0.20�0.25 g) with different amounts of
0.1 N aqueous HNO3 at the ionic strength (KNO3) of
1 M. After the equilibrium was attained (within 7�
10 days), the pH was measured on an EV-74 universal
ionometer.

In order to optimize the conditions for preparing
the polyelectrolytes, their static exchange capacity
(SEC) and swelling (Vsp) were studied in relation
to the main preparation parameters: AGE : polyamine
ratio, polyamine type, temperature, and prepolymeri-
zation time.

We found (Table 1) that, with increasing the poly-
amine : AGE weight ratio in the reaction mixture
above unity, both the SEC of anion exchanger (pre-
pared in the presence of H2O2) for HCl and its swel-
ling decrease. The increase in the H2O2 concentration
in the reaction mixture from 0.1 to 0.3% also nega-
tively affects the polyelectrolyte characteristics.

Table 1 shows that the polymer prepared without
adding H2O2 has a lower anion-exchange capacity and
higher swelling as compared to the anion exchanger
prepared in the presence of hydrogen peroxide. Thus,
introduction of hydrogen peroxide into the reaction
mixture improves the resin characteristics.
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Table 1. Influence of AGE : polyamine ratio in the reaction mixture on the SEC and swelling of anion exchangers, T =
80�C, � = 4 h
������������������������������������������������������������������������������������

AGE : polyamine
�

CN in anion exchanger
� cH2O2

in reaction � SEC, mg-equiv g�1, for Cl� �
Vsp,

weight ratio
� � mixture � in 0.1 M solution �

ml g�1������������������������������������������������������������
� % � HCl � NaCl �

������������������������������������������������������������������������������������
AGE�PEI

1.0 : 1.0 � 13.6 � 0.1 � 9.5 � 0.1 � 5.5
1.0 : 1.5 � 14.0 � 0.1 � 9.5 � 0.2 � 5.1
1.0 : 2.0 � 14.6 � 0.1 � 8.8 � 0.2 � 5.0
1.0 : 2.5 � 15.7 � 0.1 � 7.5 � 0.2 � 2.7
2.5 : 1.0 � 12.8 � 0.1 � 8.6 � 0.3 � 5.4
3.0 : 1.0 � 12.3 � 0.1 � 7.9 � 0.2 � 7.4
1.0 : 2.5 � 15.4 � 0.2 � 6.6 � 0.3 � 1.5
1.0 : 2.5 � 15.9 � 0.3 � 5.4 � 0.3 � 1.1
1.0 : 1.5 � 13.2 � � � 6.6 � 0.2 � 12.9
1.0 : 2.5 � 14.6 � � � 5.1 � 0.2 � 10.0

AGE�PMVP

1.0 : 1.0 � 5.4 � 0.1 � 4.6 � 1.2 � 3.4
1.0 : 2.0 � 6.5 � 0.1 � 5.3 � 0.9 � 5.6
1.0 : 3.0 � 6.1 � 0.1 � 6.2 � 0.7 � 5.9
2.0 : 1.0 � 6.6 � 0.1 � 3.4 � 0.8 � 6.4
1.0 : 1.0 � 7.0 � � � 4.2 � 1.0 � 8.7
1.0 : 2.0 � 7.7 � � � 3.7 � 0.7 � 9.0

������������������������������������������������������������������������������������

Table 2. Influence of temperature and reaction time on SEC of AGE�PEI and AGE�PMVP anion exchangers
������������������������������������������������������������������������������������

Parameter
� T, �C � �, h
��������������������������������������������������������������������
� 70 � 80 � 90 � 1 � 2 � 3 � 4 � 5

������������������������������������������������������������������������������������
AGE�PEI

SECHCl, mg-equiv g�1� 7.3 � 7.5 � 5.2 � 2.3 � 4.1 � 5.9 � 7.5 � 7.2
Vsp, ml g�1 � 6.3 � 2.7 � 2.6 � 7.9 � 6.3 � 3.7 � 2.7 � 2.2

AGE�PMVP

SECHCl, mg-equiv g�1� 5.2 � 4.6 � 3.4 � 1.3 � 2.7 � 3.5 � 4.6 � 4.4
Vsp, ml g�1 � 5.8 � 3.4 � 2.5 � 8.3 � 7.7 � 5.8 � 5.4 � 5.2
������������������������������������������������������������������������������������

We found that EGA�PEI anion exchanger exhibits
higher sorption exchange capacity for chloride anions
than AGE�PMVP resin. The EGA�PEI resins also
have increased nitrogen content cN, apparently due to
the fact that PEI contains larger amount of primary
and secondary amino groups than PMVP. What is
more, the branched PEI structure is favorable for
the formation of chemically and thermally stable
polymers.

It is known [7] that polymerization time and tem-
perature strongly affect the physicochemical character-

istics of polymeric sorbents. Table 2 shows that
AGE�PEI copolymer prepared at 80�C has the highest
anion-exchange capacity. In copolymerization under
these conditions, the opening of the epoxy rings is the
most complete. In polymerization at temperatures
higher than 80�C, the static exchange capacity of the
polymer decreases. We found that the optimal poly-
merization time is 4 h. In further keeping of the reac-
tion mixture under these conditions, the sorption char-
acteristics of the resin did not change. The yield of the
polymeric sorbent exceeds 80%.
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Table 3. Chemical shifts in the 13C NMR spectra of PEI
����������������������������������������

Structural fragment
� Chemical shift, ppm
���������������������
� this work � data of [10]

����������������������������������������
CH2� � �

�NH2CH2CH2N/
\ � 40.0; 57.4 � 39.5; 57.0
CH2� � �

CH2� � �
�NHCH2CH2N/

\ � 47.2; 54.2 � 47.3; 54.4
CH2� � �

�NH2CH2CH2NH� � 41.2; 52.2 � 41.7; 52.0
�NHCH2CH2NH� � 48.9 � 48.9
����������������������������������������

Table 4. Assignment of signals in the 13C NMR spectra of
AGE�PEI and AGE�PMVP anion exchangers (before
postcuring)
����������������������������������������

Chemical � Assignment
shift, ppm �

����������������������������������������
�

53.2 broad signal � NCH2CH2N�
���H2C

�H2C

53.2

NCH2CH2N���H2C 54.2

H

��CH2

CH2

��CH2

CH2

�

�

�
�
�
�
�
�
�
�

48.0 broad signal � NCH2�CH2N��H2C
H

46.7
��

CH2�

CH2�
��

�
�
�
�

68.4 broad signal ��OCH2�CH�CH2�N��CH2�

H

�OCH2�CH�CH2�N��CH2�

CH2�

�
OH

�
OH

�

�

68.7

68.7

�
�
�
�
�
�

20.1; 27.2; 32.4; 33.7; � N�CH2�CH2�
���CH2

�CH2

36.3; 37.6; 42.8; 44.0
�
�
�
�
�

72.4 broad signal ��OCH2�CHCH2�N
�
OH

��
CH2�

H

�OCH2�CHCH2�N
�
OH

��
CH2�

CH2�
�

�
�
�
�
�

����������������������������������������

The IR spectrum of AGE�PEI anion exchanger
contains no absorption bands at 760 and 848 cm�1

belonging to the epoxy ring. This spectrum contains
the absorption bands of the N�H bending vibrations
(3200�3500 and 1600�1700 cm�1) and the bands of
C�N stretching vibrations of polymeric anion ex-
changers (1020�1220 cm�1). The asymmetric and
symmetric stretching vibrations of the CH2 groups
are manifested as the absorption bands at 2940 and
2840 cm�1, respectively. The absorption at 1460�
1470 cm�1 is due to the bending vibrations of the
C�H bonds. The IR spectra show that polymerization
sharply decreases the intensity of the absorption bands
of the out-of-plane vibrations of the vinyl groups at
910 cm�1.

The precondensation of AGE and PEI was studied
by 13C NMR technique (Table 3, 4). The signals in
the 13C NMR spectra of AGE�PEI copolymers (prior
to postcuring) in DMSO were assigned to particular
structural fragments by their comparison with the 13C
NMR spectra of AGE

CH2 CH�CH2�O�CH2�CH�CH2
�134.9116.2

��O
71.1 70.7 50.2 43.3

CH2 CH�CH2�O�CH2�CH�CH2
�134.9116.2

��O
71.1 70.7 50.2 43.3

and PEI [8, 9] (Table 3).

The 13C NMR spectra show that AGE�PEI anion
exchanger (prior to postcuring) contains significant
amount of linear-branched fragments containing sec-
ondary and tertiary amino groups.

One of important physicochemical characteristics
of polymeric sorbents is their chemical and thermal
stability. These characteristics were evaluated by
changes in the sorption capacity of the resins after
their treatment with 5 M aqueous H2SO4, 5 M aque-
ous NaOH, and 10% H2O2 (Table 5). Taking into
account that replacement of OH anions in the poly-
meric anion exchanger by other anions increases its
stability, we tested for chemical and thermal stability
the anion exchangers in the OH form. The chemical
and thermal stability of resins prepared by polymeri-
zation for 4 h in the presence of H2O2 exceeds that of
the polymers prepared without H2O2. We believe
that enhanced thermal stability of anion exchangers
prepared in this work as compared to that of commer-
cial anion exchangers (EDE-10P, AV-17 and AN-31)
is caused by more regular structure of AGE�PEI
resins and uniformity of functional groups in them.
We found that AGE�PEI anion exchanger is less
stable against aqueous acids, alkalis, and oxidants than
AGE�PMVP resin, apparently owing to the presence
of the aromatic ring in the PMVP molecule.
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Table 5. Chemical and thermal stability of AGE�PEI anion exchangers
������������������������������������������������������������������������������������

AGE : PEI
�

cH2O2
in

�
SECHCl before

�SECHCl after treatment, mg-equiv g�1/decrease in SECHCl after treatment, %
� � �������������������������������������������������������

weight � reaction � treatment, � chemical treatment � thermal treatment
� � �������������������������������������������������������ratio
�

mixture, %
�

mg-equiv g�1

�5 N H2SO4�5 N NaOH� 10% H2O2 � 3 h � 5 h � 7 h � 12 h
������������������������������������������������������������������������������������

AGE�PEI

1.0 : 1.5 � 0.1 � 9.5 � 6.6/30 � 7.6/20 � 7.2/24 � 8.5/10 � 8.0/16 � 7.1/25 � 7.1/25
1.0 : 2.5 � 0.1 � 7.5 � 6.8/9 � 7.07 � 6.6/12 � 7.3/3 � 7.2/4 � 7.1/5 � 7.1/5
3.0 : 1.0 � 0.1 � 7.9 � 5.5/30 � 5.8/27 � 2.5/68 � 7.6/4 � 7.3/8 � 7.1/10 � 6.7/15
1.0 : 1.5 � � � 6.6 � 3.5/47 � 4.0/40 � Dissolves � 5.9/11 � 5.5/17 � 4.8/27 � 4.7/28
1.0 : 2.5 � � � 5.1 � 2.5/50 � 2.6/48 � � � 4.5/12 � 4.2/18 � 3.7/28 � 3.6/30

AGE�PMVP

1.0 : 1.0 � 0.1 � 4.6 � 4.2/8 � 4.3/6 � 4.3/7 � 4.5/2 � 4.5/3 � 4.4/4 � 4.4/4
1.0 : 2.0 � 0.1 � 5.3 � 4.9/7 � 5.1/4 � 5.0/5 � 5.2/2 � 5.2/2 � 5.1/3 � 5/1/4
2.0 : 1.0 � 0.1 � 3.4 � 3.1/10 � 3.1/10 � 2.9/15 � 3.2/6 � 3.1/8 � 3.1/10 � 3.1/10
1.0 : 2.0 � � � 3.7 � 3.1/15 � 3.2/13 � 3.0/18 � 3.3/10 � 3.2/13 � 3.1/16 � 3.1/16

������������������������������������������������������������������������������������

The basicity of particular amino groups in anion
exchangers was determined by potentiometric titra-
tion. The pKa values of ionic groups of the anion
exchangers and the empirical coefficients m were
determined graphically (Figs. 1, 2). It is known [11]
that low and medium-basic anion exchangers exhibit
the highest complexing power. Therefore, the content
of particular amino groups of different basicity was
determined by titration of separate weighed samples
of anion exchanger in aqueous supporting electrolyte.

Since anion exchangers under consideration contain
secondary and tertiary amino groups, they are poly-
functional resins. However, due to small difference in
pKa of particular amino groups, there is only one
inflection point in the potentiometic titration curve,
which reflects the total content of functional groups
in the resin.

The pKa values of the functional groups of the
resins were calculated from the potentiometric titra-
tion curve by the Henderson�Hasselbach method [12].
The factor m (empirical coefficient reflecting interunit
interactions in polymeric chain) was calculated graph-
ically. The m and pKa values obtained in this work are
given below:

Anion exchanger m pKa

AGE�PEI 1.9 5.3
AGE�PMVP 2.2 4.9

The pKa values calculated by us are fairly well
consistent with the published data [13]. Considerably

VHNO3, ml

Fig. 1. Curves of potentiometric titration of (1) AGE�PEI
and (2) AGE�PMVP anion exchangers. (VHNO3

) 0.1 M
HNO3 volume.

log [(1 � �)/�]
Fig. 2. Plot of pH vs. log [(1 � �)�] for (1) AGE�PEI and
(2) AGE�PMVP anion exchangers.
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Table 6. Sorption capacity of AGE�PEI and AGE�PMVP
anion exchangers
����������������������������������������

AGE : PEI
� cH2O2

in � Sorption capacity,

weight ratio in
�

reaction
� mg-equiv g�1

� �������������������
reaction mixture�mixture, % � Cu2+ � Ni2+ � Co2+

����������������������������������������
AGE�PEI

1.0 : 2.5 � 0.1 � 6.1 � 4.8 � 4.3
3.0 : 1.0 � 0.1 � 3.6 � 0.7 � 0.5
1.0 : 2.5 � � � 2.3 � 0.8 � 0.5

AGE�PMVP

1.0 : 1.0 � 0.1 � 4.3 � 2.5 � 2.2
2.0 : 1.0 � 0.1 � 3.1 � 1.6 � 1.2
1.0 : 2.0 � � � 2.2 � 0.8 � 0.6

����������������������������������������

decreased basicity of AGE�PEI and AGE�PMVP
anion exchangers in comparison with the basicity of
the corresponding initial polyamines is apparently due
to increased degree of substitution at the nitrogen
atom, i.e., increased content of the secondary and ter-
tiary amino and substituted pyridinium groups in the
polymers.

As seen from Table 6, AGE�PEI and AGE�PMVP
anion exchangers have fairly high sorption capacity
for transition metals (Table 6). These data show that
anion exchangers prepared by us are promising sor-
bents for recovery of transition metals from waste-
water from hydrometallurgical plants.

CONCLUSIONS

(1) The sorption characteristics and stability of
polyfunctional anion exchangers prepared by copoly-
merization of allyl glycidyl ether and polyamines are
dependent on their ratio in the initial reagent mixture,
polymerization time, and temperature. The anion ex-
changers prepared in the presence of hydrogen per-
oxide as promoter have improved characteristics.

(2) The use of allyl glycidyl ether allows prepara-
tion of three-dimensionally cross-linked highly per-
meable polymeric sorbents suitable for use in hydro-
metallurgical production.

REFERENCES

1. Sutyagin, V.M. and Lyapkov, A.A., Izv. Vyssh.
Uchebn. Zaved., Khim. Khim. Tekhnol., 2002, vol. 45,
no. 3, pp. 113�123.

2. Ergozhin, E.E., Chalov, A.K., Iskakova, R.A., et al.,
Zh. Prikl. Khim., 2002, vol. 75, no. 11, pp. 1826�
1829.

3. Ergozhin, E.E., Chalov, A.K., Iskakova, R.A., et al.,
Zh. Prikl. Khim., 2001, vol. 74, no. 4, pp. 629�633.

4. Ergozhin E.E., Chalov, A.K., and Kovrigina, T.V., in
Trudy Mezhdunarodnoi nauchnoprakticheskoi kon-
ferentsii �Problemy khimicheskoi tekhnologii neorga-
nicheskikh, organicheskikh, silikatnykh i stroitel’nykh
materialov i podgotovka inzhenernykh kadrov� (Proc.
Int. Scientific and Practical Conf. �Problems of
Chemical Technology of Inorganic, Organic, Silicate,
and Structural Materials, and Engineering Staff
Training�), Shymkent, 2002, vol. 3, pp. 141�145.

5. Ergozhin, E.E., Chalov, A.K., Iskakova, R.A., et al.,
in Proc. Int. Monitoring Conf. �Development of
Rehabilitation Methodology of Environment of the
Semipalatinsk Region Polluted by Nuclear Tests,�
Semipalatinsk, 2002, pp. 94�96.

6. GOSTs (State Standards) 10 898�84, 10 898.2�74,
and 10 898.5�84.

7. Helfferich, F., Ionenaustauscher, Weinheim: Chemie,
1959, vol. 1.

8. Ergozhin, E.E., Chalov, A.K., Iskakova, R.A., et al.,
Zh. Prikl. Khim., 2002, vol. 75, no. 1, pp. 103�106.

9. Klepikova, S.G., Iskakova, R.A., Chalov, A.K., et al.,
Izv. Min. Obraz. Nauki Resp. Kaz., Nats. Akad. Nauk
Resp. Kaz., Ser. Khim., 2001, no. 4, pp. 88�90.

10. Ionin, B.I., Ershov, B.A., and Kol’tsov, A.I., YaMR-
spektroskopiya v organicheskoi khimii (NMR Spec-
troscopy in Organic Chemistry), Leningrad: Khimiya,
1983.

11. Saldadze, K.M. and Kopylova-Valova, V.D., Kom-
pleksoobrazuyushchie ionity (kompleksity) (Complex-
ing Ion Exchangers (Complexites)), Moscow: Khi-
miya, 1980.

12. Grissbach, R., Austauschadsorption in Theorie und
Praxis, Berlin: Akademie, 1957.

13. Ergozhin, E.E. and Menligaziev, E.Zh., Polyfunktsi-
onal’nye ionoobmenniki (Polyfunctional Ion Ex-
changers), Alma-Ata: Akad. Nauk Kaz. SSR, 1986.



1070-4272/04/7703-0463�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 3, 2004, pp. 463� 466. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 3,
2004, pp. 470 � 473.
Original Russian Text Copyright � 2004 by Myagchenkov, Proskurina.

MACROMOLECULAR CHEMISTRY
����������������������� �����������������������

AND POLYMERIC MATERIALS

Flocculation Activity (with Respect to Ocher) of Anionic
Copolymers of Acrylamide in the Mode of Restricted

Sedimentation as Influenced by Their Chemical Heterogeneity

V. A. Myagchenkov and V. E. Proskurina

Kazan State Technological University, Kazan, Tatarstan, Russia

Received October 22, 2003

Abstract�The kinetics of sedimentation of an aqueous ocher suspension in the presence of ionic (anionic)
acrylamide copolymers in the mode of restricted sedimentation was studied; the effect of composition and
of the composition polydispersity of the copolymer on the flocculation activity with respect to ocher was
evaluated.

Search for practicable and effective ways for direct
control of the aggregation and sedimentation stability
of disperse systems is of particular interest in many
branches of national economy [1]. In this connection,
synthetic or natural macromolecular compounds being
added in small amounts and acting as flocculants or
stabilizers of a disperse system [2, 3] show much
promise. The direction (decrease or increase in the
sedimentation stability of the system) and magnitude
of the resultant effect in addition of polymeric com-
pounds depend on numerous parameters of the disper-
sion medium, dispersed phase, (co)polymer-flocculant,
and process characteristics [4]. Ionic and nonionic
copolymers of acrylamide find wide use as flocculants
thanks to their high performance and availability.

Proceeding with systematic studies aimed to im-
prove the flocculation parameters of this promising
class of water-soluble copolymers, we examined in
this paper the sedimentation stability of concentrated
ocher solutions as influenced by the concentration,
composition, and chemical heterogeneity of random
copolymers of acrylamide and sodium acrylate. Avail-
able data on the effect of copolymer composition
polydispersity on the flocculation characteristics of
model and real disperse systems are scarce [4].

EXPERIMENTAL

In our work we used an ocher suspension [�golden�
brand, TU (Technical Specifications) 301-10-019�90]
with the average particle radius R = 9.25 �10�6 m.
The sedimentation kinetics of the 10% ocher suspen-

sion in the mode of restricted sedimentation in the
presence of polymeric additives was studied in 100-ml
cylinders by the shift of the boundary between the
clarified and unclarified fractions of the suspension.
The samples of acrylamide anionic copolymers were
prepared by base hydrolysis (NaOH) of the initial
polyacrylamide (hydrolysis degree � = 1.5% and
molecular weight

�
M� = 7.4 �106) under mild condi-

tions. Hydrolysis was performed at 35�C for 180 min
using 0.5% polymer solution; a total of seven dif-
ferent copolymer samples were obtained.

The simplified scheme of base hydrolysis of poly-
acrylamide can be presented as follows:

(CH2�CH) + mNaOH

� ( CH2�CH) �(CH2�CH)�

�

�

n
�

�n � m

�CONH2

�CONH2
�O C�O

_
Na

+�
+ mNH3.

(CH2�CH) + mNaOH

� ( CH2�CH) �(CH2�CH)�

�

�

n
�

�n � m

�CONH2

�CONH2
�O C�O

_
Na

+�
+ mNH3.

The degree of hydrolysis � was calculated from
Eq. (1):

7.1(V � V0)N
� = ������������������, (1)

0.01cq � 0.023(V � V0)N

where V and V0 are the volumes of NaOH solution in
the working and blank tests (cm3), N is the molarity
of the alkali solution (M), c is the concentration of
the copolymer (wt %), and q is the volume of the
copolymer solution sample (cm3).

The potentiometric measurements were carried out
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�, min

�, min
Fig. 1. Kinetic curves of sedimentation of the ocher suspen-
sion (1) in the absence and (2�5, 2��5�) in the presence of
acrylamide copolymers with the (2�5) minimal (� = 1.5%)
and (2��5�) maximal (� = 63.7%) degree of hydrolysis �.
(Q) Clarification ratio and (�) time. c 	104 (wt %): (1) 0,
(2, 2�) 0.999, (3, 3�) 5.96, (4, 4�) 11.9, and (5, 5�) 19.6.

on an I120-M digital pH-meter. The viscosity of the
aqueous solutions of acrylamide anionic copolymers
was measured on an Ubbelohde viscometer (0.56 mm
capillary diameter). The correction for the kinetic flow
energy was lower than 2% and was neglected in the
calculations of the reduced viscosity �sp/c.

In general case, in preparation of copolymers by
polymerization or polycondensation, the products at
final stages of conversion are nonuniform in molecu-
lar weight and composition of macromolecules [5�7].
Data for a wide range of carbon- and heterochain
copolymers show that the main properties (including
flocculation parameters) of copolymers and com-
posites based them depend on both the molecular
weight M and degree of hydrolysis � [4, 5]. The
dependence of the flocculation properties on the co-
polymer composition � becomes more pronounced

with increasing difference in the properties of the
repeating units in the copolymer macromolecules, in
particular, on passing from nonionic to ionic acryl-
amide copolymers [4]. As seen, all the seven samples
studied strongly differ in � (from 1.5 to 63.7%) and
in the properties of the repeating units in the copoly-
mer macromolecules: from nonionic (acrylamide) to
ionic (acrylate). These two factors obviously caused
more pronounced dependence of the flocculation
activity on the composition and on the composition
polydispersity of acrylamide copolymers and formula-
tions based on them. The dependence of the floccula-
tion effect D on M and � was observed in a series of
model and real dispersed systems based on anionic
copolymers of acrylamide and sodium acrylate. This
suggests that the correct dependences D = f (M) can be
obtained in the experiments at constant �, and vice
versa, D = f (�), at constant M. Fulfillment of the
latter condition for acrylamide anionic copolymers
(�warranted� by the mild hydrolysis conditions) was
confirmed by the data on the viscosity of the samples
in question using constants K and a in the Staudinger�
Mark�Houwink equation tabulated for various � [8]:

[�] = KMa. (2)

To evaluate the effect of the copolymer composition
on the flocculation parameters, we first studied the
kinetics of the ocher sedimentation as influenced by
concentration and composition of polymeric floc-
culants. For example, the kinetic data registered for
acrylamide copolymer samples with minimal and
maximal � are shown in Fig. 1. From these kinetic
curves, we calculated the flocculation effect D:

D = ��/��0 � 1, (3)

where �v and �v0 are the average rates of the ocher sedi-
mentation to the clarification ratio Q = 0.5 in the
presence of polymer flocculant (concentration c) and
without it, respectively.

When comparing the flocculation properties of co-
polymers with various c and �, it is advisable to
use not the parameter D, but the flocculation activity
� [4]:

� = (��/��0 � 1)c�1. (4)

The selected data on the concentration dependences
of the flocculation activity of three samples of hy-
drolyzed polyacrylamide with different � are shown in
Fig. 2. The maximum in the � = f (c) curve is indica-
tive, on the one hand, of certain deficiency of the
polymeric component in the course of formation of
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three-dimensional aggregates at small concentrations
c < cmax, and, on the other hand, of certain trend to
stabilization on addition of new portions of the co-
polymer at its relatively high concentrations (c >
cmax). In terms of the modern concepts of the floc-
culation by the bridging mechanism [3], appearance of
a maximum in the dependences of the flocculation
activity on the concentration � of ionic groups in the
copolymer macromolecule (Fig. 2, curves 1�3) is
quite natural, especially taking into account significant
differences in the macroscopic processes of adsorption
of the ionic and nonionic fragments of acrylamide
copolymer macromolecules [9].

The generalized dependences of the flocculation
activity of acrylamide copolymers as influenced by
their composition for three test series (with fixed c)
are shown in Fig. 3. As seen, the experimental depen-
dences � = f (�) have well-defined maxima. Analysis
of experimental data show that changes in the molecu-
lar parameters of the flocculant samples of various
composition produce no problems. The maxima in the
D = f (�) and � = f (�) dependences at flocculation
with ionic copolymers of acrylamide in a series of real
and model disperse systems were revealed previously
in [4]. The nonmonotonic dependences of � on the
composition of macromolecules of anionic acrylamide
copolymers are not unambiguously due to the specific
features of macroscopic processes of adsorption and
formation of structural elements (aggregates) from
dispersed particles and copolymer macromolecules [3,
10�12]. Obviously, the conformation of macromole-
cules noticeably affects the � = f (�) dependences,
especially taking into account that the concentration of
the ionic units in the copolymer macromolecules was
varied in a wide range. This is also confirmed by the
pronounced maxima in the dependences of the vis-
cosity numbers �sp/c [and thus of the root-mean-
square size of the macromolecule globules (

�
R2)0, 5] on

the degree of hydrolysis � (Fig. 4). We should note
that the quantities �sp/c and (

�
R2)0, 5 vary in similar

direction [13].

The maxima in the dependences � = f (�) (Fig. 3)
and �sp/c = f (�) (Fig. 4) and complex mechanism of
macroscopic processes of adsorption and flocculation
suggest the possibility that the flocculation properties
of the systems in question can also depend on the
composition polydispersion of anionic acrylamide co-
polymers. The copolymer samples with various com-
position polydispersion were prepared using several
standard samples with fixed � (the average composi-
tion �� being constant 14]).

For example, for the simplest binary composition

c, wt %

� � 10�3, m3 kg�1

Fig. 2. Flocculation activity 
 as a function of the copoly-
mer concentration c. � (%): (1) 36.2, (2) 47.93, and
(3) 63.7.

� � 10�3, m3 kg�1

�, %
Fig. 3. Flocculation activity 
 as a function of the composi-
tion of acrylamide copolymers with sodium acrylate �.
c	104 (wt %): (1) 2.99, (2) 11.9, and (3) 19.6.

�, mol %

�sp/c, m3 kg�1

Fig. 4. Viscosity number �sp/c of copolymers as influenced
by the copolymer composition �. c (kg m�3): (1) 0.4,
(2) 0.2, and (3) 0.1.

with �� = �a, the weight fraction of the reference sam-
ple w1 with a small degree of hydrolysis �1 < �a was
calculated from the following expression:

�a = w1�1 + (1 � w1)�2, (5)

where �2 is the degree of hydrolysis of the reference
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� � 10�3, m3 kg�1

Fig. 5. Flocculation activity 
 as a function of parameter �
in the presence of mixed acrylamide copolymers with �� =
41.02 mol %. c 	104 (wt %): (1) 0.999 and (2) 11.9.

sample with a high degree of hydrolysis (obviously,
�2 > �a).

The criterion � was used to characterize the chemi-
cal heterogeneity of the mixed systems:

k k

	 = � wi�i�wi /�i � 1, (6)
i = 1 i = 1

where �i and wi are the degree of hydrolysis and
weight fraction of the ith reference sample in the mix-
ture and k is the number of the reference components
in the mixture.

As seen from expression (6), � parameter is essen-
tially similar to the composition dispersion of co-
polymers [15, 16] often used for quantitative evalua-
tion of the chemical heterogeneity of copolymers.

For mixed copolymers with �� = 41.02% (
�
M being

constant), Fig. 5 shows the dependence of the floccu-
lation activity with respect to ocher as influenced by
the chemical heterogeneity of the hydrolyzed poly-
acrylamide copolymers. Based on general considera-
tions, we believe that the effect of chemical hetero-
geneity of the ionic copolymers of acrylamide on the
flocculation parameters of the system will be more
pronounced with complication of the disperse system
[e.g., on passing from the model (ocher) to the real
systems] and dispersion medium.

CONCLUSIONS

(1) Seven samples of ionic (anionic) acrylamide
copolymer with identical molecular weights M and
M polydispersity, but different compositions were
prepared by hydrolysis of polyacrylamide under mild
conditions using sodium hydroxide.

(2) The effect of composition and of the composi-
tion polydispersity of anionic acrylamide copolymers

of constant molecular weight on the flocculation activ-
ity with respect to ocher was analyzed. The extrema in
these dependences are largely due to the conformation
state of copolymer macromolecules in the dispersion
medium.
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Abstract�The efficiency of recovery of uranium(VI) from aqueous solutions with hydrolytic lignin and
strength of binding of uranium to lignin were studied in relation to the uranium concentration and acidity.
The mechanisms of sorption of uranium were analyzed by the methods of sequential leaching of uranium
from lignin and IR spectroscopy.

In recent years it was repeatedly reported that
hydrolytic lignin efficiently sorbs lead, zinc, and cop-
per [1�4]. The possibility of using hydrolytic lignin
for decontamination of aqueous solutions from natural
heavy radionuclides was analyzed in [5�7]. These
works show that hydrolytic lignin is a promising
material for this purpose. For example, it was found
[6] that hydrolytic lignin prepared from coniferous
wood practically completely recovers uranium(VI)
from 1 �10�2 g l�1 aqueous UO2(NO3)2. The high af-
finity of lignin for uranium(VI) is manifested in for-
mation of very stable chelates between uranium(VI)
and products of lignin humification [8]. Taking into
account the availability of hydrolytic lignin and the
fact that lignin is a precursor of humus substances in
soils, recovery of uranium with lignin from aqueous
media of different composition, among them from soil
solutions, deserves attention. The urgency of this
problem increases due to growing contamination of
environment with natural radionuclides.

In this work we studied recovery of uranium(VI)
with hydrolytic wood lignin from aqueous solutions
as influenced by acidity and uranium concentration.

EXPERIMENTAL

In our experiments we used fractions of hydrolytic
lignin with granule size of 0.25�0.5 mm. The content
of Komarov’s lignin in these samples was 82.5%, and
their ash residue was 6%. The sorption of uranium(VI)
was studied under static conditions at room tempera-

ture. The acidity of the initial uranium aqueous solu-
tions was adjusted by adding concentrated (13 M)
aqueous NH3 �H2O. The pH was measured on an Ino-
lab pH Level I pH meter (Wissenschaftlich�Tech-
nische Werkstatten GmbH, Germany). Before contact
with uranium(VI)-containing aqueous solution, the
samples of hydrolytic lignin were kept in distilled
water for a day. This procedure facilitates access of
lignin sorbent sites for uranium. To ensure high
specific surface area of the sorbent, we used the frac-
tions of lignin of small size. After contact of lignin
with uranium-containing aqueous solution, lignin was
separated from solution by filtration, and uranium
concentration in the liquid phase was determined. The
sorption capacity of lignin, the uranium distribution
coefficient, and the degree of uranium recovery were
determined by the difference between the uranium
concentrations in the liquid phase before and after
contact with lignin. Saturation of lignin with uranium
was reached by its repeated contact with uranium-con-
taining solution. In order to determine the strength of
uranium association with lignin, its sample saturated
with uranium was separated from aqueous solution
and sequentially treated with different leaching solu-
tions: distilled water (water-soluble uranium species),
1 M aqueous CH3COONH4 (exchangeable uranium
species), and HCl (acid-soluble species). This leaching
technique, widely used in soil science, allows isola-
tion of relatively uniform fractions of uranium species
associated with lignin by particular mechanisms and
bound to lignin with a certain strength.

The IR spectra of hydrolytic lignin saturated with



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 3 2004

468 RACHKOVA et al.

�, %

Degree of recovery of uranium(VI) with hydrolytic lignin
� from aqueous solution as function of pH. U(VI) concen-
tration (mg ml�1): (1) 0.1 and (2) 0.01.

uranium (VI) were recorded in the range 400�

4000 cm�1 on a Specord M-80 IR spectrometer (KBr
pellets). The quantitative calculation of the relative
optical density was carried out by the baseline meth-
od. The band at 1518 cm�1 was used as the internal
reference. The uranium content was determined by
luminescent technique [9]. The HCO3

� content was
determined by the back-titration [10].

The efficiency of metal sorption on proton-ex-
change sorbents is a function of acidity of the aqueous
phase. In sorption of heavy natural radionuclides on
hydrolytic lignin, the sorption is complicated by hy-
drolysis of these radionuclides. It is known that urani-
um(VI) is present in the form of UO2

2+ cations only
in acid solutions free of complexing agents. At low
acidity, uranium(VI) forms several coexisting mono-
nuclear and polymeric (among them colloid) hy-
drolyzed species [5, 11�15]. In neutral and alkaline
carbonate-containing media, stable uranyl carbonate
anionic complexes are formed. When the carbonate
concentration exceeds n�10�3 M, the hydrolysis of
uranium(VI) is completely suppressed by formation of
uranyl carbonate complexes [16]. Another reason
hindering the sorption of uranium on lignin is the
competitive uranium complexation with fulvic and
humic acids always present in lignin in sufficiently
large amount [17]. It is known that approximately one
fifth of organic carbon of hydrolytic lignin belongs to
humus substances present in lignin. Therefore, re-
covery of uranium from aqueous solution with hy-
drolytic lignin to some extents models the recovery of
uranuim from soil solutions containing humus acids.

Our experiments showed (see figure) that from 59
to 93% of uranium is recovered with hydrolytic lignin
from neutral and alkaline solutions containing 0.1 and
0.01 mg ml�1 U. In acid solutions (pH < 5), the
degree of recovery of uranium does not exceed 29%.

We believe that the decrease in uranium recovery is
caused by suppression of ionization of the acid ion-
exchange groups in lignin. Therefore, in sorption of
uranium from acidic media, the fraction of its ex-
changeable species considerably decreases (see table).

Another reason for decreased uranium recovery
from acidic solutions is specific behavior of fulvic
acids in the systems under consideration. On the con-
tact of lignin with acidic uranium-containing aqueous
solution, the fulvic acids associated with lignin pass
into the aqueous phase. Since fulvic acids do not form
complexes with uranium in acid solutions [18�22],
their liberation from lignin does not affect the re-
covery of uranium with lignin. However, fulvic acids
liberated from lignin can be repeatedly sorbed on the
lignin surface. As a result, the sorption centers of
lignin get shielded with fulvic acid molecules, and
uranium sorption on lignin becomes suppressed.

To elucidate how uranium(VI) carbonate complexes
formed in the presence of atmospheric CO2 influence
the recovery of uranium(VI) with lignin, the urani-
um(VI)-containing aqueous solutions were kept in air
for 24 h before introduction of lignin. We found that,
under these conditions, the CO2 concentration in aque-
ous solutions was 1.6, 1.7, and 2.6 mM at pH 7, 8
and 9, respectively. The equilibrium concentrations of
CO3

2� and HCO3
� calculated by common methods do

not exceed n �10�3 M. These results showed that,
under our experimental conditions, the contribution of
uranium(VI) carbonate complexes is very small, and
hydrolyzed uranium species prevail [16]. Therefore, in
further analysis of uranium(VI) recovery with lignin,
the contribution of uranium carbonate complexes was
not taken into account.

With increasing pH, the content of soluble hy-
drolyzed uranium species [UO2(OH)+, (UO2)3(OH)5

+,
(UO2)3(OH)4

2+, (UO2)4(OH)7
+] and UO2(OH)2 sol in-

creases. All these species exhibit enhanced sorbability
on lignin. With increasing pH, ionization of both the
carboxy and phenolic hydroxy groups of lignin and
humus acids associated with it increases and, as a
result, sorption of uranium on lignin by ion-exchange
mechanism is enhanced. Due to ion-exchange sorp-
tion, the aqueous phase is acidified, and the content of
the exchangeable uranium species associated with
lignin increases to 19%.

We found that, at pH within 5�8, the fraction of
uranium species strongly bound to lignin increases.
This effect can be caused by formation of stable ura-
nium(VI) complexes with humus acids entering into
the composition of lignin. Among these species,
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Influence of acidity and uranyl nitrate concentration on efficiency of uranium(VI) recovery from aqueous solutions with
hydrolytic lignin (lignin to aqueous phase ratio 1 : 20)
������������������������������������������������������������������������������������

pH of
� U(VI) concentration, �

Uranium
�

Distribution

� Uranium(VI) desorbed, % of its �
Strongly bound

initial
� c�105, g ml�1 �

sorbed,
�

coefficient,

� amount sorbed �
U(VI), % of������������������ � ������������������������������

solu- �
before

�
after

� c�104, �
ml g�1 �

distilled
� 1 M solution � total U(VI)

� � � � � ��������������������tions
�sorption � sorption �

g g�1

� � water �CH3COONH4� HCl �
sorbed

������������������������������������������������������������������������������������
3 � 1.00 � 0.89�0.01 � 0.45�0.01 � 5.1�0.01 �38.40�0.40 � 18.20�0.47 �44.53�0.44� (n/f)*
4 � 1.00 � 0.80�0.02 � 0.60�0.03 � 7.49�0.45 �19.78�1.58 � 16.51�1.41 �44.24�0.63� 19.48�3.61
5 � 1.00 � 0.65�0.05 � 0.86�0.09 � 13.29�2.15 �15.09�2.03 � 10.94�0.16 �42.63�4.72� 31.35�5.8
6 � 1.00 � 0.47�0.04 � 1.18�0.07 � 25.38�3.65 � 7.27�1.50 � 7.18�0.77 �46.98�1.27� 38.56�3.55
7 � 1.00 � 0.22�0.01 � 1.62�0.02 � 73.62�4.14 � 1.98�0.02 � 7.81�0.76 �47.65�2.55� 42.71�1.92
8 � 1.00 � 0.23�0.002� 1.59�0.003� 67.89�0.64 � 5.94�0.82 � 7.67�0.11 �53.24�3.26� 33.15�3.96
9 � 1.00 � 0.23�0.003� 1.60�0.004� 70.44�0.95 � 4.91�0.40 � 7.40�1.13 �48.72�6.69� 38.97�7.42
3 � 10.00 � 9.80�0.01 � 2.85�0.01 � 2.91�0.01 �64.33�0.63 � 3.78�0.02 �31.92�0.63� (n/f)
4 � 10.00 � 8.50�0.70 � 5.22�1.14 � 6.31�1.83 �46.93�13.47� 3.30�0.05 �34.86�1.51� 15.00�1.20
5 � 10.00 � 8.20�0.50 � 5.74�0.09 � 7.05�0.16 �29.81�1.74 � 6.00�0.05 �53.44�3.35� 10.75�5.14
6 � 10.00 � 1.30�0.20 �17.73�0.35 �140.12�24.25� 1.26�0.02 � 13.88�1.66 �51.34�2.91� 33.52�4.58
7 � 10.00 � 0.90�0.20 �18.52�0.27 �234.40�51.90� 1.10�0.12 � 16.39�0.43 � 51.2�2.92� 31.12�3.23
8 � 10.00 � 1.00�0.10 �18.34�0.09 �193.64�11.14� 0.84�0.10 � 18.65�0.61 �58.78�1.19� 21.73�1.90
9 � 10.00 � 1.80�0.20 �16.94�0.26 � 97.65�9.86 � 2.30�0.07 � 14.75�1.49 �62.46�3.17� 20.50�1.60

������������������������������������������������������������������������������������
* (n/f) Not found.

poorly soluble stable compounds can be formed [8,
19�22, 24]. Beyond the above-noted pH range, the
total recovery of uranium and its fraction strongly
bound to lignin slightly decrease.

Our experiments showed that recovery of uranium
with lignin is dependent on uranium concentration in
the aqueous phase. At low uranium concentrations,
the pH range of optimal recovery of uranium is shifted
to alkaline region, the sorption curve flattens, and the
uranium fraction strongly bound to lignin substantial-
ly increases. These results are consistent with the
well-known effect of dilution of aqueous solution on
the behavior of hydrolyzable metals. According to this
effect, we can expect that, in dilution of uranium
solution, the hydrolysis of uranium is facilitated, its
hydrolyzed species are stabilized in solution, and
deposition of UO2(OH)2 sol on the lignin surface is
hindered. It is known that hydrolyzable metals form
the most stable complexes with natural organic com-
pounds in the range of formation of hydrolyzed metal
species [5, 25].

To elucidate the mechanism of uranium recovery
with hydrolytic lignin, we studied its IR spectra before
and after saturation with uranium. On saturation of
lignin with uranium from aqueous uranyl nitrate
(0.1 mg l�1) at pH 6, the intensity of the absorption
band of the stretching vibrations of the carboxy groups

at 1716 cm�1 decreases. The absorption band at
1600 cm�1 becomes 21% more intense and is shifted,
presumably due to structural changes in the phenolic
fragments of lignin macromolecule. The broadening
of the band of the OH stretching vibrations with 8%
change in its asymmetry index suggests that more
kinds of hydrogen bonds are formed. The formation of
the carboxylate groups is manifested as a new absorp-
tion band at 1390 cm�1. Thus, our spectroscopic data
show that one of the main mechanisms of recovery of
uranium with lignin is substitution of protons of
carboxy and phenolic groups by uranim-containing
cations. Therefore, in recovering uranium with lignin,
the aqueous phase is acidified.

CONCLUSIONS

(1) Hydrolytic lignin efficiently recovers urani-
um(VI) from weakly acidic and alkaline solutions.

(2) The IR spectra of hydrolytic lignin saturated
with uranium and the data on uranium speciation ob-
tained by sequential leaching show that lignin re-
covers uranium from aqueous solutions not only by
the mechanism of ion exchange of uranium(VI)-con-
taining cationic species for acid protons of carboxy
and phenolic groups of lignin and humus acids as-
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sociated with them, but also by donor�acceptor inter-
action of lignin oxygen atoms with uranyl ions.

(3) Hydrolytic lignin recovers uranium(VI) most
efficiently from weakly acidic and neutral solutions.
Under these conditions, uranium is recovered by vari-
ous mechanisms: ion exchange of uranim(VI)-contain-
ing cationic species for protons of carboxy and phen-
olic groups, sorption of UO2(OH)2 sol on the lignin
surface, and formation of insoluble uranium(VI) com-
pounds with humus acids entering into the lignin
composition.

(4) In dilution of uranium solution, the pH of
optimal recovery of uranium is shifted to alkaline
range and the fraction of uranium(VI) species strongly
bound to lignin substantially increases.
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Abstract�Complexation of iron(III), aluminum(III), and chromium(III) cations with monocarboxy cellulose
was studied by potentiometric titration and IR spectroscopy. The composition and stability constants of
the complexes were determined.

Monocarboxy cellulose is used as a suture material
in surgery and as a sorbent of heavy metals. There-
fore, the study of reactions of metal ions with func-
tional groups of monocarboxy cellulose and determi-
nation of factors affecting the metal sorption on
monocarboxy cellulose are of both scientific and
practical interest.

Cellulose containing hydroxy and carboxy groups
is prepared by oxidation with nitrogen(IV) oxide.
Oxidized cellulose selectively sorbs some multi-
charged metal cations which behave as cross-linkers
[1, 2].

In this work we studied complexation of Al3+,
Cr3+, and Fe3+ with monocarboxy cellulose (MCC).
No data are available on the stability of complexes
of these metals with functional groups of MCC.

EXPERIMENTAL

The mechanism of sorption of the multicharged
cations on MCC was studied by potentiometric titra-
tion in the presence and in the absence of the metal
and by IR spectroscopy.

We used oxidized viscose cord threads (184 tex)
and cotton threads (100 tex) containing from 0.4 to
1.4 mmol g�1 of carboxy groups in the H form. The
threads were prepared by treatment with 5 or 10%
solutions of nitrogen(IV) oxide in tetrachloromethane
for 7 h [3]. Some physicochemical properties of the
samples are summarized in Table 1.

The procedure for calculating the stability constants
and the experimental procedure are described in [4, 5].

The MCC samples were titrated under static condi-

tions. The ionic strength was kept constant (0.5) by
adding Na2SO4 and NaCl to the solutions of metal
sulfates and metal chlorides, respectively. The total
solution volume was 40 ml; the sample weight was
0.3 g. After the equilibrium was attained (24 h), pH of
the solution and the metal concentration in the sorbent
were determined.

To analyze the cellulose samples for Al3+, Cr3+,
and Fe3+, they were dissolved in H2SO4 solution
containing H2O2. The content of these metals in the
resulting solution was determined, respectively, by
complexometric titration with Dithizone indicator,
chromatometric titration, and colorimetry in the pres-
ence of sulfosalicylic acid [6].

The procedure for preparing KBr pellets of cellu-
lose samples was described in [7]. The IR spectra
were recorded on a Specord 75-IR spectrophotometer.

The OH bands in the range 3000�3700 cm�1 were
characterized by the following parameters: �OH,
frequency of the absorption maximum; a /b, symmetry
index equal to the ratio of the right (a) and the left
(b) parts of the band at the half-maximum [8, 9].

Table 1. Ion-exchange properties of MCC samples at
I = 0.5
����������������������������������������

cNa2SO4
= 0.17 M � cNaCl = 0.5 M �

Degree of������������������������������
ECCOOH, �

pKa
�

n
�

pKa
�

n
� swelling in

mmol g�1 � � � � � water, ml g�1

����������������������������������������
0.8 � 3.5 � 0.85 � 3.0 � 1.10 � 0.73
1.4 � 3.5 � 0.85 � 3.0 � 1.05 � 0.95

����������������������������������������
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(a)

m, mg g�1

(b)

m, mg g�1

Fig. 1. Potentiometric titration curves of MCC (ECCOOH =
0.8 mmol g�1) (1) in the absence of triple-charged cations
and in the presence of (2) Al3+, (3) Cr3+, and (4) Fe3+

cations. Ionic strength I = 0.5 was produced by (a) hy-
drochloric acid and (b) sulfuric acid solutions of the met-
als(III) and sodium. (m) NaOH amount.

Sorption of Al3+, Cr3+, and Fe3+ cations on the
cellulose cation exchanger is caused by both electro-
static attraction and formation of strong donor�
acceptor bonds.

Formation of MCC�M3+ intrapolymeric complex
can be described by the following equilibrium:

��� ������
ncelCOOH + M3+ �

� [(celCOO)nM](3 � n) + n+H+,

where M3+ is the metal cation; n is the mean content
of carboxy groups coordinated to one metal cation.

The concentration equilibrium constant K of com-
plexation is related to the stability constant of the
complex in the sorbent phase Kst:

�cM(H+)n

K = ��������� = Kst(H
+)n.���

cM(COO�)n

To calculate these constants, n should be deter-

mined by the equation

EC � [COOH] � [COO�]
n = ������������������,�cM

where EC is the exchange capacity of the cation ex-
changer (mmol g�1); [COOH] and [COO�] are the con-
centration of protonated and deprotonated (coordina-
tion-active) carboxy groups (mmol g�1), respectively;
�cM is the metal concentration in the sorbent phase
(mmol g�1).

The pontiometric titration curves of MCC taken in
the presence of Al3+, Cr3+, and Fe3+ cations are
shown in Figs. 1a and 1b. The solubility of iron sul-
fate was insufficient to construct the curve of MCC
titration in the presence of this salt. Furthermore, the
potentiometric titration curves were measured only in
acidic solution (Fig. 1), since at higher pH metal
hydroxides precipitated. Based on the results obtained,
the relative stability of MCC�M3+ complexes can be
ranked in the following order: Fe3+ > Cr3+ > Al3+.
It should be noted that more stable chromium and
aluminum complexes with MCC are formed when
these metals are sorbed from sulfuric acid solutions.

This may be due to the fact that the composition of
Al3+ and Cr3+ complexes substantially depends on
the nature of anions of their salts, all other conditions
being the same [10�13]. It is known [13] that these
metal cations form aqua complexes in aqueous solu-
tions, which hydrolyze with increasing pH.

[M(H2O)6]3+ �
� [M(H2O)5OH�]2+ + H+.

The hydroxo complexes can condense to form poly-
nuclear species.
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Unlike CrCl3 solution, positively charged hydroxo-
sulfate complexes are formed along with hydroxo-
complexes in equilibrium Cr2(SO4)3 solution [12].
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Table 2. Results of titration of MCC (ECCOOH = 0.8 mmol g�1) in the presence of Al3+, Cr3+, and Fe3+ cations
������������������������������������������������������������������������������������

Salt concentration, M � pH � cM, mmol g�1 � Kd � n �[COO�], mmol g�1 � log K1* � log K2*
������������������������������������������������������������������������������������

0.09 FeCl3 � 1.92 � 0.51 � 10.9 � 2.3 � 1.0
10�2 � � � 5.0
� 1.93 � 0.54 � 11.0 � 2.3 � 6.0
10�3 � � � 5.0
� 1.95 � 0.55 � 11.8 � 2.4 � 2.5
10�3 � � � 6.3
� 1.98 � 0.56 � 11.2 � 2.5 � 1.0
10�3 � � � 7.0

0.05 Cr2(SO4)3 � 2.37 � 0.15 � 3.2 � 2.3 � 6.6
10�3 � � � 4.9
� 2.45 � 0.16 � 3.3 � 2.3 � 7.9
10�3 � � � 4.7
� 2.50 � 0.17 � 3.4 � 2.5 � 7.4
10�3 � � � 4.8
� 2.66 � 0.21 � 3.7 � � � 1.0
10�4 � � � 8.5

0.022 Cr2(SO4)3 � 2.53 � 0.13 � 6.8 � 1.8 � 1.9
10�2 � � � 4.3
� 2.61 � 0.16 � 7.7 � 2.5 � 1.4
10�2 � � � 4.6
� 2.83 � 0.22 � 8.1 � � � 3.6
10�3 � � � 5.8

0.107 CrCl3 � 2.39 � 0.07 � 1.5 � 2.1 � 0.197 � � � 1.6
� 2.44 � 0.11 � 2.4 � 1.8 � 0.196 � � � 1.8
� 2.50 � 0.14 � 3.1 � 1.8 � 0.202 � � � 1.9
� 2.56 � 0.18 � 3.9 � 1.7 � 0.196 � � � 2.0
� 2.83 � 0.22 � 4.1 � � � 8.6
10�2 � � � 2.8
� 2.89 � 0.22 � 4.0 � � � 2.1
10�2 � � � 4.0

0.05 Al2(SO4)3 � 2.44 � 0.29 � 6.2 � 1.0 � 1.2
10�2 � 2.8 � �
� 2.51 � 0.31 � 6.7 � 1.1 � 1.1
10�2 � 2.8 � �
� 2.53 � 0.33 � 6.9 � 1.3 � 0.9
10�2 � 2.9 � �
� 2.79 � 0.39 � 6.8 � � � 1.4
10�3 � 3.7 � �
� 2.84 � 0.41 � 6.7 � � � 5.4
10�5 � 5.1 � �

������������������������������������������������������������������������������������
* K1 and K2 are the stability constants of complexes with the composition M : COO� = 1 : 1 and 1 : 2, respectively.
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Hence, higher selectivity in sorption of Al3+ and
Cr3+ cations on MCC from sulfuric acid solutions, as
compared to the sorption from hydrochloric acid solu-
tions, may be due to different absorption energy of
the aqua, hydroxo, and polynuclear complexes whose
relative content depends on the anion.

The composition and stability constants of the com-
plexes were calculated from the results of poten-
tiometric titration (Table 2). Complexes with the
composition M(III) : COO� = 1 : 2 are mainly formed
in the Fe(III)�MCC and Cr(III)�MCC systems at pH
of equilibrium solutions pHeq � 1.98 and pHeq � 2.50,
respectively. Aluminum cation (pHeq � 2.51; pHin �

3.60) mainly coordinates a single carboxy group.
Determination of the composition of the intrapoly-

meric complexes at higher pH failed owing to sub-
stantial influence of the hydrolysis and polycondensa-
tion on the equilibrium. The stability constants in
a wider pH range can be calculated assuming that
their composition in the sorbent phase remains the
same [13, 14].

As seen from Table 2, the stability of M(III)�MCC
complexes depends on the pH of the solution. This is
due to the fact that the fraction of stable six-
membered rings

(H2O)5M��
OH��O
O		C
��	R ,

(H2O)5M��
OH��O
O		C
��	R ,

(where R is cellulose residue) formed by the hydroxo
complexes in the sorbent phase increases with pH.

The calculated stability constants of the polymeric
complexes at pHeq from 1.98 to 2.51 are as follows:

pK2 System EC, mol g�1 pH

7.0 FeCl3�MCC 1.4 1.98
4.8 Cr2(SO4)3�MCC 0.7 2.50
1.9 CrCl3�MCC 0.7 2.50

2.8(pK1) Al2(SO4)3�MCC 0.7 2.51
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�, cm�1

Fig. 2. IR spectra of (1) MCC (ECCOOH = 0.7 mmol g�1),
and its complexes (2) Fe3+

�MCC (cFe = 0.34 mmol g�1),
(3) Al3+

�MCC (cAl = 0.50 mmol g�1), and Cr3+
�MCC

(cCr = 0.41 mmol g�1). (�) Wave number and (T) trans-
mission; the same for Fig. 3.

�, cm�1

Fig. 3. IR spectra of Cr3+
�MCC (ECCOOH = 0.7 mmol g�1)

with cCr (mmol g�1) (1) 0.19 and (2) 0.41.

Table 3. Parameters of the OH band in the spectra of
MCC containing metal cations
����������������������������������������

Cation
� Metal content, � �OH, �

a/b� mmol g�1 � cm�1 �
����������������������������������������

MCC (EC = 0.4 mmol g�1) viscose fiber

H+ � � � 3390 � 0.77
Cr3+ � 0.18 � 3395 � 0.79
Al3+ � 0.21 � 3395 � 0.78
Fe3+ � 0.16 � 3395 � 0.79

MCC (EC = 0.8 mmol g�1) viscose fiber

H+ � � � 3430 � 0.48
Cr3+ � 0.40 � 3450 � 0.43
Fe3+ � 0.34 � 3430 � 0.46
Al3+ � 0.50 � 3440 � 0.45

MCC (EC = 1.4 mmol g�1) viscose fiber

H+ � � � 3350 � 0.88
Cr3+ � 0.11 � 3395 � 0.80
Fe3+ � 0.42 � 3425 � 0.61

����������������������������������������

To confirm the proposed composition of Fe(III)�
MCC intramolecular complex, let us consider com-
plexation of Fe3+ cations with dicarboxylic acids. The
pK2 of FeOx+ complexes formed in the Fe(III)�oxalic
acid (H2Ox) system is 7.54 (the hydrolytic equi-
librium was not considered). At the same time, the
stability constants of Cr3+ complexes with anions of
malonic, succinic, and phthalic acids [Cr(III) : L =
1 : 2] are 12.85, 10.99, and 10.00 [15] (pH of the
solution was not reported).

The IR spectra of Cr(III)�MCC and Al(III)�MCC
complexes isolated form sulfuric acid solutions and
those of Fe(III)�MCC complexes isolated from hy-
drochloric acid solutions are shown in Figs. 2 and 3,
respectively. The intensity of the band at 1720 cm�1

decreases and that of the band at 1610 cm�1 increases
after treatment of MCC with the metal salt. The ap-
pearance of absorption in the ranges 1610�1550 and
1450�1350 cm�1 with simultaneous weakening of the
C=O band at 1750�1720 cm�1 was believed [1, 7] to
be due to the ion-exchange reaction. However, as the
metal content in the MCC increases, the intensity of
the absorption with the main maximum at 1610 cm�1

grows, but the intensity of the �C=O band at 1720 cm�1

does not decrease. This trend is the most pronounced
in the IR spectra of Cr�MCC complexes (Fig. 3).

As the Cr3+ content in the samples increases by a
factor of 2, the intensity of the band at 1610 cm�1 in-
creases, whereas the intensity of the band at 1720 cm�1

decreases negligibly. These results confirm our as-
sumption that the OH group of the coordinated metal
hydroxo complexes forms hydrogen bonds with car-
boxy group of MCC to give a stable six-membered
ring.

The parameters of the OH band of MCC salts are
presented in Table 3. Intramolecular bonds of MCC
are partially ruptured after introduction of the metal
cation into the sorbent phase. The higher the content
of carboxy groups in MCC, the stronger is this effect.
However, the symmetry indices and the frequencies at
the maxima of bands of the OH groups forming hy-
drogen bonds depend mainly on the content of car-
boxy groups in the oxidized cellulose rather than on
the nature of the sorbed metal cation.

The 40 cm�1 shift of the OH band to high fre-
quencies and the decrease in the symmetry index
with an increase in the content of carboxy groups of
MCC indicate that the sample structure becomes not
only looser but also less uniform [8, 9].

The higher the content of carboxy groups in MCC,
the stronger the high-frequency shift of the OH bands
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in the spectra of MCC salts. The 10�70 cm�1 high-
frequency shift of the OH bands in the spectra of
MCC salts containing more that 0.8 mmol g�1 car-
boxy groups suggests partial rupture of the H bonds
in the cellulose matrix after introduction of the metal
cations. At the same time, the parameters of the
OH band in the spectra of MCC samples with a low
content of carboxy groups (EC = 0.4 mmol g�1)
change insignificantly after the metal sorption, sug-
gesting preservation of the polymer structure.

CONCLUSIONS

(1) As determined by IR spectroscopy, Al3+, Cr3+,
and Fe3+ cations are sorbed on monocarboxy cellulose
by ion exchange and formation of hydrogen bonds
between the OH group of the hydroxo complex and
carboxylate anion of the sorbent. Intramolecular bonds
in monocarboxy cellulose are partially ruptured after
metal sorption.

(2) The stability constants of the complexes of
Al3+, Cr3+, and Fe3+ cations with monocarboxy cellu-
lose increase with increasing pH of the solution. The
stability of these complexes at pH 1.98�2.51 de-
creases in the following order: Fe3+ > Cr3+ > Al3+.
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Abstract�Structuring and viscosity of solutions of cellulose derivatives as influenced by mechanical treat-
ment under high shear stresses were studied.

In exploitation and processing, polymer systems
are exposed to various mechanical impacts modifying
the structure of their solutions and affecting the com-
patibility of their components, which, in turn, affects
the properties of films and coatings thereof. Prediction
of such changes requires knowledge on the influence
of mechanical impacts on structuring in polymer
solutions.

In this work, we consider how the mechanical
activation parameters affect the structure and viscosity
of aqueous solutions of cellulose ethers, namely, hy-
droxypropyl cellulose (HOPC), methyl cellulose
(MC), hydroxyethyl cellulose (HOEC), and methyl
hydroxypropyl cellulose (MHPC).

EXPERIMENTAL

We studied samples of HOPC, MC, HOEC, and
MHPC with the degrees of polymerization of 810,
800, 920, and 840, respectively, synthesized by Poli-
tsell Closed Joint-Stock Company (Vladimir). Double-
distilled water served as solvent. The solutions were
prepared by dissolving weighed portions of polymers
in water under continuous stirring with a magnetic
stirrer at 298 K. To attain an equilibrium, the solu-
tions were kept for 3 days. The resulting systems were
treated on a rotary-pulse installation for 1 min at the
activator rotor rate w within 500�3000 rpm. This
corresponded to shear strain rate varying from 0.5�
103 to 3 �103 s�1. The viscosity of the initial and
mechanically treated solutions was measured on a
Rheotest 2.1 rheoviscometer (coaxial-cylinder work-
ing unit) at shear rates within 0.0167�145.8 s�1 at
293�318 K. Before measurements, the treated solu-
tions were kept at rest for 4 h. The heterogeneity
parameters of aqueous solutions of cellulose ethers

(turbidity t�, disperse phase particle size r, and con-
tent of disperse particles in 1 m3 N) were determined
by the turbidity spectrum method on a Specord M-40
spectrophotometer in the wavelength range from 240
to 450 nm.

The radius of the disperse phase particles and the
content of disperse particles in 1 m3 were determined
by the formulas [1]

r = ��0 /2�n0, (1)

N = �
�

/K1�r2, (2)

respectively. Here, r is the disperse phase particle
radius; �, relative particle size; �0, average wave-
length in the measurement range; n0, refractive index
of the disperse phase under study; N, content of dis-
perse particles in 1 m3; t�, turbidity at the wavelength
�; and K, dissipation constant.

Figure 1 presents the log�log plots of the viscosity
� vs. shear stress � for aqueous solutions of cellulose

log � [Pa]

log� [Pa s]

Fig. 1. Viscosity � as a function of the shear stress � for
aqueous solutions (5 wt %) of cellulose ethers at 298 K.
(1) HOEC, (2) MC, (3) HOPC, and (4) MHPC.
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ethers at 293 K. The systems under study are non-
Newtonian liquids. The viscosities of equiconcen-
trated aqueous solution of cellulose ethers (Fig. 1) in-
crease in the series MHPC < HOPC < MC < HOEC.
The lowest viscosity is characteristic of aqueous solu-
tions of MHPC which exhibit a close-to-Newtonian
flow under shear stress throughout the temperature
range studied. Increase in viscosity along the above-
mentioned series of systems is accompanied by de-
terioration of the polymer affinity for the solvent. This
is confirmed by increase in the structuring coefficient
(from 1.07 for MHPC solutions to 1.49 for MC solu-
tions) as calculated by the formula [2]

� = K�n, (3)

where n is the structuring coefficient; �, shear rate; �,
shear stress; and K = 1 for Newtonian liquids.

It was shown in [3�5] that the main contribution to
the mechanical impacts exerted on liquid-phase sys-
tems when treated in rotary-pulse activators comes
from shear stress, cavitation, and its accompanying
physical and physicochemical phenomena. Figure 2
presents the plots of extremal viscosity vs. mechanical
impact for the cellulose ether solutions at 298 K. It is
seen that mechanical treatment strongly affects the
shear viscosity of all the systems studied. Solutions of
MC, MHPC, and HOPC are characterized by a maxi-
mum, �max, in the plot of the viscosity vs. mechanical
impact, the largest viscosity increment being observed
at w = 1000 rpm. Increase in the viscosity is evidently
due to unfolding of the macromolecular chains in a
flow, which yields additional intermolecular hydrogen
bonds in the system. This, in turn, yields a new,
larger, supramolecular structure. For the HOEC�water
system, the viscosity tends to sharply decrease with
increasing w. The decline in viscosity is due to dis-
turbed intermolecular interaction of the macromole-
cules in solution, which is responsible for conforma-
tional changes. Khailenko et al. [6] reported similar
results for structuring in cellulose ether solutions as
influenced by mechanical treatment.

The more developed structure of polymers is con-
firmed by the structuring coefficients calculated from
the rheological data and by the microheterogeneity
parameters of the solutions. The plots of the structur-
ing coefficients n vs. the rotor rotation rate w for
HOPC, MC, and MHPC (but not HOEC) exhibited a
maximum near 1000 rpm (Fig. 3). This suggests that
the mechanically treated cellulose ethers (1000 rpm)
are liquids that surpass the initial polymers in the
degree of structuring.

Table 1 lists the sizes of the supramolecular forma-

log � [Pa s]

w, rpm

Fig. 2. Extremal viscosity � of 5 wt % cellulose ether
solutions at 298 K as a function of the activator rotor rota-
tion rate w. (1) MC, (2) HOEC, (3) HOPC, and (4) MHPC.

w, rpm

Fig. 3. Structuring coefficient n of cellulose ether solutions
as a function of the rotor rotation rate w. (1) HOPC,
(2) HOEC, and (3) MHPC.

Table 1. Size of the supramolecular formations in aqueous
solutions (5 wt %) of cellulose ethers
����������������������������������������
Cellulose � w, � �

�
�10�2,� r�108, �

N�10�17
ether � rpm � m�1 � m �

����������������������������������������
MHPC � 0 � 1.6 � 4.6 � 68

� 1000 � 1.8 � 5.1 � 40
� 2000 � 1.5 � 4.8 � 68
� 3000 � 1.1 � 4.5 � 69

HOPC � 0 � 1.5 � 5.9 � 38
� 1000 � 1.8 � 6.9 � 23
� 2000 � 1.4 � 6.5 � 34
� 3000 � 1.4 � 5.1 � 48

MC � 0 � 1.8 � 12.0 � 0.7
� 1000 � 1.9 � 12.7 � 0.6
� 2000 � 1.8 � 12.1 � 0.7
� 3000 � 1.7 � 11.4 � 0.8

����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 3 2004

478 ALEKSEEVA et al.

w, rpm

log� [Pa s]

Fig. 4. Viscosity � of the aqueous solution (5 wt %) of
MHPC at (1) 293, (2) 298, (3) 303, and (4) 308 K as a
function of the rotor rotation rate w, rpm.

log � [Pa]

log� [Pa s]

Fig. 5. Viscosity � as a function of the shear stress � of
aqueous solutions (5 wt %) of MC at (1) 293, (2) 298,
(3) 303, and (4) 308 K.

tions in aqueous solutions of cellulose ethers. For
systems based on MC, MHPC, and HOPC, the largest
supramolecular formations are observed at w =
1000 rpm, which agrees well with the � = f (w) plots.
In the HOEC�water system, the size of these forma-

Table 2. Viscous flow activation energy for cellulose ether
solutions (5 wt %) at different rotor rotation rates
����������������������������������������

w, rpm
� Ea, kJ mol�1

��������������������������������
� MHPC � MC � HOEC � HOPC

����������������������������������������
0 � 30.6 � 25.0 � 63.3 � 22.4

1000 � 73.3 � 71.1 � 43.7 � 35.6
2000 � 26.4 � 34.0 � 17.2 � 30.6
3000 � 13.3 � 31.5 � 5.6 � 27.9

����������������������������������������

tions tends to decrease with increasing mechanical
impact.

Further information about the structure of polymer
solutions can be derived from the temperature depen-
dences of the viscosity. Figure 4 shows as an example
the plot of the viscosity vs. rotor rotation rate for
5 wt % MHPC solution at different temperatures.
With increasing temperature, the viscosity of both the
initial and mechanically activated solutions of MHPC,
HOPC, and HOEC tends to decrease, suggesting a
change in their degree of structuring, and the maxi-
mum in the �max vs. w plot gets more flattened
(Fig. 4).

Solutions of MC exhibit an opposite trend (Fig. 5),
i.e., the viscosity of the system tends to increase with
rising temperature. As known, heating of aqueous MC
solutions results in degradation of, above all, the
weakest H-bonds linking the oxygen atoms in the
methoxy groups with water molecules. This enhances
hydrophobic interactions (association) and changes the
size and shape of the associates in solution. Further
increase of temperature can result in gelation [7].
However, our experiment showed that methyl cellu-
lose solutions within the temperature range studied,
both with and without strong mechanical impact,
did not form gels, as confirmed by polarization-
microscopic examination.

We found that the dependence of Ea on w is non-
linear (Table 2). With rotor rotation rate w increasing
to 1000 rpm, the solutions of MHPC, MC, and HOPC
exhibited an increase in Ea, but Ea tended to decrease
with further enhancement of the mechanical impact.
The viscous flow activation energy is associated with
scission of the secondary bonds or temporary contact
points of the fluctuation network. Therefore, increase
in the absolute value of Ea suggests formation of
new, stronger, bonds. The hydrodynamic field near
1000 rpm, evidently, modifies the structural organiza-
tion (shape and size of associates) of the solutions. In
the case of HOEC solutions, enhancement of the
mechanical impact tends to decrease Ea.

CONCLUSION

At certain shear stresses, systems based on MC,
MHPC, and HOPC exhibit a maximal increase in
viscosity due to increase in the size of supramolecular
formations, which tends to increase the viscous flow
activation energy. This pattern is not characteristic
of hydroxyethyl cellulose solutions.
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Abstract�The effect of thermal treatment in the range 110�250�C on the structural and sorption character-
istics of cellulose was studied by 1H NMR and sorption methods.

Production of composite materials based on renew-
able raw materials is an urgent problem. One of the
most abundant natural materials suitable for produc-
tion of various items in the form of composites and in
the pure state are cellulose materials, among them
wastes formed in production of these materials. These
materials are widely used in many branches of in-
dustry. One of the problems in production of efficient
cellulose-containing composites is estimation of
relaxation characteristics of macromolecules and the
number of active centers in cellulose material, since
precisely these characteristics govern the adhesion
and ultimately consumers’ characteristics of finished
products.

In production of textiles and their service, the
materials based on cellulose are subjected to thermal
action (drying, ironing, and fixation of dyes), which
can result in degradation of the polymer and, hence,
deterioration of its performance. Under the action of
elevated temperatures, the least ordered areas of the
cellulose matrix are altered first. These variations in
the amorphous component of cellulose can be signifi-
cant even under the action of temperatures that do not
exceed the point at which cellulose starts to actively
degrade.

Despite the publications [1�3] devoted to thermal
degradation of cellulose, variation of its fine structure
and hydrophilic and relaxation characteristics as a
result of thermal action was not studied in detail.

Here, the effect of thermal treatment on the state of
amorphous areas of cellulose and its water absorption
capacity was analyzed on the basis of NMR relaxation
data and sorption data.

EXPERIMENTAL

For the samples of cotton cellulose heat-treated at
105, 150, and 175�C (below the point of intense
thermal degradation of cellulose), the dependences of
the proton spin�spin relaxation time of the sorbate T2d
on the equilibrium moisture content coincide within
the limits of the experimental error, i.e., under these
conditions the thermal treatment does not noticeably
affect the structure of amorphous areas of cellulose
and, hence, the mobility of sorbed water. The general
shape of the dependences of T2d on the moisture con-
tent shows two linear portions (Fig. 1, curves 1�3),
corresponding to fractions of firmly bound (the initial
portion) and relatively weakly bound water, which is
characteristic of native cellulose fibers. Further in-
crease in the treatment temperature (200�250�C)

T2d, �s

Fig. 1. Spin�spin relaxation time of water T2d as a function
of equilibrium moisture content W (g H2O per 100 g cellu-
lose) for cotton cellulose. (1) Initial cellulose; treatment
temperature, �C: (2) 150, (3) 175, (4) 200, (5) 225, and
(6) 250.
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results in changes in the curve shape (Fig. 1, curves 4
and 5). Relatively stable values of spin�spin relaxation
time of sorbate protons at moisture content above 5�
6 wt % (up to the maximum moisture capacity from
the vapor phase) suggest transformation of the cellu-
lose structure as a result of thermal treatment. In our
opinion, thermal treatment under the above conditions
is favorable for formation of stable microareas with
bounded geometry, hindering development of rotation
mobility of water molecules with increasing moisture
content of cellulose.

Above 200�C, the mobility of macromolecules in-
creases due to devitrification of a significant frac-
tion of the amorphous phase of the polymer, which
provides favorable conditions for the mutual approach
of the macromolecules and intermolecular dehydration
with formation of cross-links. The presence of strong
interchain bonds provides the stability of the resulting
quasi-network microstructure and, hence, low mobil-
ity of sorption water even at high relative vapor pres-
sure. The similar results were obtained for wood cel-
lulose with the only difference that the mobility of
water sorbed on wood cellulose is somewhat lower
compared to cotton cellulose and stabilization of the
microstructure is observed at lower temperatures,
which is caused by lower thermal stability of wood
cellulose in comparison with cotton cellulose.

The experimental dependences of spin�lattice
relaxation time of cellulose protons T1c on the equi-
librium moisture content is typical for cellulose ma-
terials (Fig. 2). The position of the minimum of T1c
depends on the accessibility of the sorption surface for
sorbate molecules and its nature. An increase in the
treatment temperature results in a shift of the T1c
minimum toward lower W, which is caused by partial
changes in the nature of relaxation centers, in par-
ticular, by formation of carboxy groups as a result
of thermal oxidation [4]. The shift of the left branches
of the dependences toward lower moisture content
suggests an increase in the number of functional
groups available in the initial stages of sorption, more
pronounced at temperatures above 200�C. At treat-
ment temperatures below 175�C, this is apparently
caused by compaction of amorphous areas of cellulose
due to removal of the fraction of residual water most
firmly bound to the polymer and not removed in
drying [5].

Additional data on variation of supramolecular and
chemical structure of the cellulose samples were
obtained in processing of sorption isotherms of water
with the use of thermal equation of sorption (1) [5, 6]

T1c, �s

Fig. 2. Spin�lattice relaxation time of thermally treated
cotton cellulose T1c as a function of equilibrium moisture
content W (g H2O per 100 g cellulose). Treatment tempera-
ture, �C: (1) 150, (2) 175, (3) 200, (4) 225, and (5) 250.

and equation for quasi-chemical model of sorption
equilibrium (2) [7]:

a = aa
0(1 � Xc) exp [�(���1/E)n + �(T � T0)], (1)

a = am��h/{(1 � �h)[1 + (�� � �)h]}, (2)

where a0
a is the limiting sorption in amorphous areas

of the fiber at the standard temperature T0 = 293 K
and the pressure of saturated vapor p0, Xc is the
degree of crystallinity, E (the characteristic energy of
sorption) and n = 0.7 are the equation parameters,
��1 = RT lnh, � is the thermal factor of sorption, �
and �� are the parameters of the quasichemical model
of the sorption equilibrium, am is the concentration of
active centers in the free volume of the polymer, h =
p /p0, and � is a constant mostly related to the rigidity
of the polymer structure: the lower the mobility of
the macromolecule, the lower the constant.

In Eq. (1), a0
a, E, and � allow estimation of the

integral heat of sorption

E aa
0

qi = ������ (1 � �T)�(n�1), (3)
MH2O n

where � is gamma-function (for cellulose � = 0.8861)
and MH2O is the molecular weight of water.

We found that aa
0 and E remain unchanged up to

the treatment temperature of approximately 175�C and
then regularly decrease. This causes the constancy of
the heat of sorption, i.e., the energy of the interaction
of water with the polymer is constant up to the above
temperature (Fig. 3a) and then decreases. The latter
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q, J g�1 (a)

(b)

(c)

T, �C
Fig. 3. Variation of (a) heat of sorption q and (b, c) con-
stants am and � of Eq. (2) in thermal treatment of (1) cot-
ton and (2) wood cellulose. (am) Concentration of active
centers (g H2O per 100 g cellulose) and (T) temperature.

can be caused by changes in the chemical structure of
cellulose, e.g., by formation of carboxy groups.

The am value regularly decreases in thermal treat-
ment of cellulose materials (Fig. 3b), which correlates
with the NMR data and suggests that these changes in
the cellulose structure are observed even at low tem-
peratures, while the main changes begin at a tempera-
ture above 180�200�C. It is seen from Fig. 3c that,
with increasing temperature to 150�170�C, � some-
what decreases, which can be caused by the transition
of cellulose into a more equilibrium state. At higher
temperatures, dehydration and thermal oxidation proc-
esses begin, which are accompanied by formation of
carboxy groups and rupture of intermolecular hydro-
gen bonds; therefore, � somewhat increases.

Higher heats of sorption of wood cellulose and
lower values of � in comparison with cotton cellulose
suggest higher strength of bonds of water molecules

with active groups of the polymer [7], which is con-
firmed by the NMR data.

EXPERIMENTAL

We used samples of cotton cellulose [GOST (State
Standard) 595�79] and whitened sulfate cellulose
(GOST 9571�89). The samples were subjected to iso-
thermal drying at 105�C to constant weight (GOST
6839�54), after which the samples were heat-treateded
in air at 150, 175, 200, 225, and 250�C for 1 h. Under
these conditions, the temperature affects only amor-
phous areas of cellulose and does not noticeably affect
the crystalline areas. For moistening, the thermally
treated cellulose samples were placed over saturated
solutions of crystal hydrates producing constant water
vapor pressure. The amount of sorbed water was
determined gravimetrically. The 1H NMR relaxation
parameters were measured on an NMR spectrometer
operating at 42 MHz with an amplitude detector; the
90� pulse length was 3 �s. The free induction delay
for the system cellulose�water is two-component.
There are short (fast relaxation) and long (slow relaxa-
tion) components corresponding to relaxation of cellu-
lose protons and water protons, respectively. The
values of transverse relaxation time for each com-
ponents differ by two orders of magnitude; therefore,
approximation by two exponents is justified. The
proton spin�spin relaxation time of sorbed water was
determined by the Carr�Purcell method (the deter-
mination error did not exceed 5%). The spin�lattice
relaxation time of cellulose protons was determined
by measuring the curve of reduction of longitudinal
magnetization [4] (the determination error did not
exceed 3%).

CONCLUSION

Data furnished by 1H NMR and sorption methods
allow elucidation of changes in the chemical and
supramolecular structure of cellulose materials under
thermal treatment in the range 110�250�C and the
influence of these changes on the state of sorbed
water.
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Abstract�Acid hydrolysis of chitin and chitosan recovered from shells of sea Crustacea was studied by
exclusion high-performance liquid chromatography.

Antiarthrosis preparations based on chitin oligo-
mers and glucosamine salts attract growing attention
[1, 2]. The yield and quality of glucosamine hydro-
chloride produced from chitin1 depend in a complex
manner on the chitin properties [3]. To understand this
dependence, the mechanism of acid hydrolysis of
chitin was studied in more detail.

Acid hydrolysis of chitin (CTN) and chitosan
(CSN) was examined in [4�8]. The aim of this work
was to determine the limiting degree of chitosan
deacetylation suitable for preparing glucosamine. For
this purpose, the influence of the degree of chitosan
deacetylation on its acid hydrolysis was studied by
exclusion high-performance liquid chromatography
(HPLC).

EXPERIMENTAL

We used CTN prepared by deproteinization and
demineralization of shell of North shrimp (Pandalus
borealis) by the procedure in [9]. The chitosan content
in the sample was 97 wt %; the ash content was lower
than 0.1 %; the particle size was no larger than 2 mm.

The chitosan samples were prepared by deacetyla-
tion of CTN and CSN. Chitosan with the 68.0%
degree of deacetylation (DD) (CSN-1) was obtained
by treatment of CTN with 50% aqueous NaOH at
95�5�C for 30 min. The samples with DD of 88.0
(CSN-2) and 92.0% (CTN-3) were prepared under
similar conditions from CSN-1 and CSN-2, respec-
tively.

Chitin and chitosan were hydrolyzed with 36.5%
HCl at 50 and 70�C. The resulting hydrolyzates were
diluted with distilled water, neutralized to pH 3, and
������������

1 Ekobiotek-Murmansk Research and Technical Center, Limited
Liability Company.

filtered through a glass filter with pore diameter of no
more than 10 �m (POR 10).

The degree of CSN deacetylation was determined
by potentiometric titration of a 2% CSN solution with
0.1 M HCl by the procedure in [10]. The absolute
error of the determination was 0.5%.

The hydrolysis products of CTN and CSN were
separated by HPLC on an LC10Avp chromatograph
(Shimadzu, Japan) with TSK-gel Alpha-2500 (30 �
0.78 cm) column and TSK-guardcolumn Alpha (6 �
0.4 cm) precolumn (TOSOH, Japan). The hydrolyzate
samples were applied in the form of 0.1% solutions in
the eluent (0.3 M NaCl acidified with HCl to pH 3).
The hydrolysis products were detected by the absorp-
tion at 210 nm.

The UV detection of the hydrolysis products al-
lowed us to monitor changes in the concentration of
acetylated compounds and acetic acid. The consider-
ably weaker absorption of deacetylated CSN oligo-
mers and D-glucosamine (GA) was obscured by the
strong band of the acetylated products. Monomeric
N-acetylated glucosamine (AcGA) was identified by
comparing its retention time (9.78 min) with that of
pure GA (9.86 min). For this purpose, a 5% GA solu-
tion in the eluent was used.

Based on the published chromatographic data on
CTN oligomers [5�7], we assigned the other chro-
matographic peaks to the acetylated oligomers (Fig. 1).
If peak 2 is due to AcGA, then peaks 3 and 4 are
assigned to N,N�-diacetylchitobiose and N,N�,N"-tri-
acetylchitotriose, respectively. The semilog plot of the
molecular weight (MW) of these compounds on the
elution time � is linear. The nonlinear deviation for
GA can be due to either characteristics of the linearity
the column or structural difference of the deacetylated
monomer from AcGA. Hence, GA cannot be used to
construct the calibration curve.
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It is known [4, 8] that the rate of formation of
AcGA and GA in the course of acid hydrolysis of
CTN and CSN decreases with an increase in their DD.

The influence of DD on the rate of acid hydrolysis
of CTN and CSN is seen from the chromatograms of
their hydrolyzates. At 50�C, CTN is hydrolyzed in-
completely to form a mixture of macromolecular and
low-molecular-weight products (Fig. 2). As the hy-
drolysis time increases, the peaks of the macromolecu-
lar products shift toward lower molecular weights and
decrease in the integral intensity; the intensity of the
peaks of the oligomers and monomers increases. It
should be noted, however, that the integral intensity of
peaks cannot be a measure of chitin depolymerization,
since depolymerization is accompanied by formation
of deacetylation products whose molar extinction co-
efficient is lower than that of the acetylated products.

The content of the macromolecular compounds in
the products of hydrolysis of CTN and CSN-1 (DD =
68%) at 70�C sharply decreases (Fig. 3). The products
of hydrolysis performed for more than 10 min contain
mainly oligomers, monomers, and acetic acid; the
polymer concentration is very low.

In the products of hydrolysis of CSN-2 and -3
(DD 88 and 92%), the peak of macromolecular frac-
tions is preserved even after hydrolysis for 300 min. It
should be noted that a chitosan precipitate in the form
of a fine dispersion and with the outward appearance
of the initial sample was observed after 5-h hydrolysis
of CSN-2 and CSN-3, respectively.

The degree of hydrolysis was estimated from the
AcGA yield. The AcGA amount was recalculated to
the number of acetyl groups in CTN with DD = 0%,
taking the initial DD into account. The AcGA yield
increases in the first hydrolysis steps owing to cleav-
age of glycoside bonds of the macromolecules and
then decreases owing to deacetylation (Fig. 4). The
AcGA yield in hydrolysis of CTN and CSN, per-
formed for the same time, sharply decreases with an
increase in DD of the polysaccharide (Fig. 5).

This result agrees with the fact that the glycoside
bond in acetylated monomeric chains is more readily
hydrolyzed than the bond in deacetylated chains [8].
Based on relative deceleration of depolymerization
with respect to the deactylation rate at high acid con-
centrations, Varum et al. [8] suggested different hy-
drolysis mechanisms of N-acetyl and glycoside bonds.
Probably the N-acetyl bond is hydrolyzed by the S4N2
mechanism in which the rate-determining step is addi-
tion of water molecule to the carbocation. As the acid
concentration increases, the concentration of water

MW

�, min
Fig. 1. Calibration curve for chromatographic determination
of mono- and polysaccharides. (MW) Molecular weight and
(�) retention time. (1) GA, (2) AcGA, (3) chitobiose, and
(4) chitotriose.

�, min
Fig. 2. Chromatograms of CTN hydrolyzates obtained at
50�C, normalized to the equivalent amount of acetyl groups
corresponding to DD = 0%; the same for Fig. 3. (D210) Op-
tical density at 210 nm, and (�) retention time. Hydrolysis
time, min: (1) 20 and (2) 40.

�, min
Fig. 3. Chromatograms of hydrolyzates of (1) CTN,
(2) CSN-2, and (3) CSN-3 at 70�C (120 min). (D210) Opti-
cal density at 210 nm and (�) retention time.

molecules decreases and the reaction decelerates. The
glycoside bond is hydrolyzed by the SN1 mechanism
in which the rate-determining step is the proton attack
to form carbocation. In this case, the reaction rate is
independent of the water concentration.

However, the influence of the acetyl substituent at
the nitrogen atom of a CTN molecule on the depoly-
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m, �g

�, min
Fig. 4. Kinetics of AcGA formation in hydrolysis of
(1) CTN, (2) CSN-1, (3) CSN-2, and (4) CSN-3. Tempera-
ture 70�C; the same for Figs 5 and 6. (m) AcGa weight and
(�) hydrolysis time.

m, �g

DD, %

Fig. 5. Yield of AcGA as a functions of DD of CTN and
CSN hydrolyzed for (1) 30 and (2) 60 min. (m) AcGa
weight and (DD) degree of deacetylation.

�, min

AcOH/AcOHmax, %

Fig. 6. Rate of AcOH formation in hydrolysis of
(1) CTN, (2) CSN-1, (3) CSN-2, and (4) CSN-3.
([AcOH]/[AcOH]max) Relative AcOH concentration and
(�) hydrolysis time.

merization rate cannot be explained within the frame-
work of the proposed hydrolysis mechanism of the
glycoside bond. Computer simulation of the electron
density distribution in the molecule showed no ap-
preciable increase in the excess negative charge on the
atoms of the glycoside bond after acetylation of the
amino group. This charge promotes the proton attack.
To understand the hydrolysis mechanism of glycoside

bonds in a chitin molecule, more comprehensive
studies are required.

It is of practical importance that partially deace-
tylated CTN or CSN are completely hydrolyzed to
AcGA and GA in a time longer than that required for
hydrolysis of CTN with minimal DD.

The GA concentration in the CTN hydrolyzate is
low, and this product cannot be detected by UV ab-
sorption since its molar extinction coefficient is small.
Therefore, deacetylation of the acetylated products
was monitored by the rate of acetic acid formation
(Fig. 6).

The AcOH amount was estimated in relative units
from chromatographic peak area (retention time
14.14 min). The amount of AcOH that could be
released upon complete acid hydrolysis of CTN with
DD = 0% was taken as the maximal. A sample con-
taining the calculated amount of AcOH was intro-
duced in the column, and the peak area was measured.

As seen from Fig. 6, the deacetylation rate is
almost independent of the initial DD. This is also the
case for the deacetylation of CTN and CSN in alkaline
solution [11].

Thus, Figs. 4 and 6 show that depolymerization of
CTN and CSN depends on the initial degree of their
deacetylation. The higher DD, the lower is AcGA
yield. The deacetylation course depends only on the
experimental hydrolysis conditions and is independent
of DD of CTN and CSN. Hence, the steps of depro-
teinization and demineralization of chitin production
should be performed with care to avoid uncontrolled
deacetylation affecting the GA yield.

The limiting degree of deacetylation providing
optimal hydrolysis of CTN can be estimated from the
dependence of the AcGA yield on DD, assuming that
this dependence is linear in the DD range from 15 to
68%. We suggest that a decrease in the monomer
yield in the course of hydrolysis should not exceed
10% of its yield in hydrolysis of commonly used CTN
with DD �15%. Our calculations show that the DD of
CTN should not exceed 26%. The yield estimated by
extrapolation to zero DD is higher by 14% than that
of AcGA formed in hydrolysis of commonly used
CTN. Hence, the production process of glucosamine
can be further improved.

CONCLUSIONS

(1) The study of acid hydrolysis of chitin and chi-
tosan by HPLC shows that accumulation of oligomers
and monomers of chitin and chitosan decelerates with
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increase in the degree of deacetylation and the de-
acetylation rate is independent of the initial degree of
deacetylation of chitin and chitosan.

(2) The minimal degree of deacetylation of chitin
suitable for glucosamine production is 26%.
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Abstract�Binary blends of linear polymers, segmented polyurethane [derived from oligooxytetramethylene
glycol (MW 1000), toluene diisocyanate (65 : 35 isomer mixture), and magnesium p-hydroxybenzoate] and
poly-N-vinylpyrrolidone (MW 10 000), were prepared and studied.

Polymer blends and interpenetrating polymer net-
works (IPNs) whose components are capable of form-
ing a three-dimensional system of stable physical
bonds offer wide opportunities for preparing compo-
site materials with diverse properties, which can be
readily processed in any step [1�3]. Segmented poly-
urethanes (SPUs) show much promise as such compo-
nents. In these polymers, microphase segregation re-
sults in formation of hydrogen-bonded aggregates of
rigid blocks, domains, acting as centers of cross-
linking [4, 5]. This accounts for the rubber-like prop-
erties of SPUs. When ion-containing SPUs are used
for preparing blends or IPNs, not only hydrogen
bonds but also ionic bonds can participate in forma-
tion of the material structure, significantly affecting
the microphase structure and properties of the compo-
site [1�3, 6, 7]. Therefore, the researchers’ interest in
polyurethane ionomers is steadily high. However, data
on blends based on SPUs with ionic groups in the
backbone are extremely scarce. We have recently initi-
ated studies in this field [7, 8].

Proceeding with this research, we have studied
blends of an ion-containing polyurethane with poly-
vinylpyrrolidone.

EXPERIMENTAL

The polyurethane component was a linear polyure-
thane ionomer (PUI) derived from oligooxytetrameth-
ylene glycol (OTMG, MW 1000), toluene diisocya-
nate (TDI), and magnesium p-hydroxybenzoate (Mg-
PHOB). The PUI was prepared in two steps following
the general procedure described in [8]. In the first
step, a prepolymer with terminal NCO groups was

prepared by the reaction of OTMG with TDI (65 : 35
isomer mixture) in the molar ratio OH : NCO = 1 : 2.
In the second step, the prepolymer was extended with
Mg-PHOB, and ionic magnesium dicarboxylate frag-
ments were thus introduced. The polyurethane iono-
mer had MW �40000; the anionic group content was
about 2%. The second component of the blends was a
linear polymer with a pendant five-membered hetero-
ring, commercially available polyvinylpyrrolidone
(PVP, A) with mean MW 10000:

(�CH�CH2�)n
�
N��

H2C C O�
� �

H2C CH2
�

A

.(�CH�CH2�)n
�
N��

H2C C O�
� �

H2C CH2
�

A

.

Blends were formed by chemical mixing of the two
polymers [1]. The starting prepolymer and the chain-
extending agent were added to a solution of PVP in
dimethylformamide, and PUI was formed in a PVP
solution upon vigorous stirring at room temperature
for 2 h. The reaction mixture was cast on Teflon
supports, and the reaction was completed by drying
for 5�7 days at 353 K. The weight fraction of PVP in
the blend samples was varied from 0 to 90%.

To study intermolecular interactions in polymer
blends, we recorded the IR spectra of blend samples
in KBr on a Specord M-80 spectrophotometer in the
range 600�4000 cm�1. To study the viscoelastic prop-
erties of the blend samples and qualitatively estimate
the extent of their microheterogeneity, we used a
relaxometer with automatic recording of the phase
shift angle [9]. Measurements were performed at a
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100 Hz frequency of induced sinusoidal vibrations
in the temperature range 173�513 K. The dynamic
modulus of elasticity E � (MPa) and modulus of loss
E " (MPa) were calculated from the experimental val-
ues of the complex modulus of elasticity and mechan-
ical loss tangent tan�. The glass transition points Tg
were determined graphically from the temperature
dependences of tthe viscoelastic characteristics. The
sample length, width, and thickness were about 0.06,
0.03, and 0.005 m, respectively. We also evaluated
the physicomechanical properties of films prepared
from the blends.

The polyurethane ionomer is a segmented polyether
urethane; its flexible segments (or blocks) are formed
by oligooxytetramethylene glycol B:

�[�O(CH2)4�]n�

B
.�[�O(CH2)4�]n�

B
.

The rigid blocks of PUI are formed by reaction of
the terminal isocyanate groups of the prepolymer with
the chain-extending agent; their structure can be sche-
matically shown as structure C:

����C�OMgOC�
�

��
�

�
��O ��O
��O�C�N�
��O �

H

�
�
CH3

�N�C�O��
�
H��O

�

�
�

m
��

C

.����C�OMgOC�
�

��
�

�
��O ��O
��O�C�N�
��O �

H

�
�
CH3

�N�C�O��
�
H��O

�

�
�

m
��

C

.

Various kinds of intermolecular bonds (H bonds,
ion�ion, ion�molecule bonds) are possible in this PUI.
These bonds can be revealed by IR spectroscopy [7].

Figures 1 and 2 show the IR spectra of the starting
polymers and some blends therefrom. We analyzed in
more detail the range 1800�1500 cm�1 corresponding
to stretching vibrations of various kinds of carbonyl
groups (urethane, ester, ionic, heterocyclic).

The spectrum of PUI (Fig. 1, spectrum 1) in the
range 1600�1730 cm�1 contains weak ill-resolved
bands at 1730, 1710, and 1675 cm�1; also, there is a
band at 1610 cm�1 with a shoulder at 1630 cm�1.
It is known [7] that the carbonyl group in urethane
fragments of SPUs gives bands at 1730 (free C=O
groups) and 1710 cm�1 (C=O groups involved in
H bonding with NH groups). It is also known that the
carbonyl group in polymers can interact with metal
ions, especially with those having high ionic potential
such as, e.g., Mg2+ [7]. Such interaction gives rise to
a new, lower-frequency C=O stretching band in the
IR spectra. Therefore, we believe that the band at
1675 cm�1 characterizes the ion�molecule bonds
C=O���Mg2+ in PUI. The band at 1630 cm�1, observed

	, cm�1

A

Fig. 1. UR spectra of (1) PUI and (2) PVP. (A) Absorption
and (�) wave number; the same for Fig. 2.

	, cm�1

A

Fig. 2. IR spectra of PUI�PVP blends with the PVP content
(wt %) of (1) 10, (2) 20, (3) 30, and (4) 70.

as a shoulder, is due to vibrations of the carboxylate
anions RCOO� coordinated with the metal ion [7].
The nonassociated carboxylate anions absorb at 1580�

1610 cm�1 [7]. The benzene rings also absorb in this
range; therefore, the band at 1610 cm�1 is the strong-
est in this part of the spectrum.

The most characteristic bands in the spectrum of
PVP (Fig. 1, spectrum 2) are those of the lactam
carbonyl groups at 1680�1690 cm�1 and of the pyrro-
lidone ring [10] at 1290 cm�1.
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Fig. 3. Temperature dependences of the mechanical loss
tangent tan�, dynamic modulus of elasticity E �, and modu-
lus of loss E " for PUI�PVP blends. PVP content, wt %:
(a) 0, (b) 10, (c) 20, (d) 30, (e) 90, and (f) 100.

Comparison of the IR spectra of the polymer
blends and their components reveals appreciable
changes in the carbonyl absorption pattern depending
on the component ratio (Fig. 2). In the spectrum of the
blend containing 10 wt % PVP (Fig. 2, spectrum 1),
compared to the spectrum of PUI, the intensity of the
band at 1730 cm�1 grows, and that of the bands at
1610 and 1630 cm�1 sharply decreases. This fact
suggests the prevalence of intermolecular interactions
between the blend components. For example, the PVP
amide group as a strong H-bond acceptor (stronger
than the urethane ester group) can participate in hy-
drogen bonding with the NH groups of urethane frag-
ments. As a result, the content of bound urethane CO
groups decreases, and the content of urethane carbonyl
groups not involved in hydrogen bonding grows.

A decrease in the intensity of the bands at 1610
and 1630 cm�1 may also be due to interpolymer inter-
actions of free RCOO� groups of PUI with the nitro-

gen atoms of PVP and of Mg2+ ions with the C=O
groups of PVP.

As the PVP content in the blend is increased to
20 wt % (Fig. 2, spectrum 2), the intensity of the band
at 1610 cm�1 appreciably grows. In the carbonyl
absorption range, ill-resolved maxima are observed at
1695, 1710, and 1730 cm�1. These data suggest pre-
dominant formation of an ion�molecule bond between
the CO groups of PVP and Mg2+ ions in PUI. Such
interaction is energetically preferable compared to
H bonding between two urethane fragments [7].

As the PVP content in the blend is further in-
creased to 30 and 70 wt % (Fig. 2, spectra 3, 4), the
shape and position of the absorption bands (for all
kinds of C=O groups and ionic groups) undergo
changes suggesting partial break of the main types of
bonds between the components.

The character of intermolecular interactions in
polymer blends is closely related to their microstruc-
ture. In this connection, we compared the IR data with
the viscoelastic properties of the composites, which
were studied by dynamic mechanical thermal analysis
(DMTA). It is known that the viscoelastic character-
istics, especially tan�, are extremely sensitive to all
kinds of relaxation processes, structural nonuniformi-
ties, and morphological features of multiphase sys-
tems; they can be efficiently used for qualitative
characterization of the microphase structure [11].
Figure 3 shows the temperature dependences of tan�,
E �, and E " for PUI, PVP, and a series of blends there-
from.

For PUI (Fig. 3a), the temperature dependence of
tan� shows two relaxation transitions. The first tran-
sition in the range 250�275 K corresponds to the
flexible (polyester) block. The second transition re-
flects processes in rigid blocks; it has the shape of an
ascending curve in the range 400�420 K.

The temperature dependence of the viscoelastic
characteristics of PVP (Fig. 3f) shows a transition in
the range 300�330 K.

The temperature dependences of the viscoelastic
characteristics of the polymer blends containing 10,
20, and 30 wt % PVP show two temperature transi-
tions: at 230�260 and above 300 K. This unambigu-
ously indicates that two-phase systems are formed. In
the blends, the low-temperature (polyether) PUI tran-
sition is slightly shifted toward lower temperatures
(Figs. 3b�3d, cf. Fig. 3a), and the tan� peak becomes
less pronounced (from the T > Tg side). The tempera-
ture dependences of the viscoelastic characteristics of
the polymer blends (Figs. 3b�3e) are characterized by
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Physicomechanical properties of PUI�PVP blends
������������������������������������������������������������������������������������

Content in blend, wt % �
Tensile strength,

�
Relative elongation

�
Modulus of elasticity,

�
Hardness,��������������������� � � �

PUI � PVP � MPa � at break, % � MPa � arb. units�10�1

������������������������������������������������������������������������������������
100 � � � 21.0 � 300 � 7.0 � 1.0
99 � 1 � 23.0 � 290 � 7.9 � 1.4
98 � 2 � 25.0 � 280 � 8.9 � 1.7
95 � 5 � 28.0 � 240 � 1.7 � 2.0
90 � 10 � 29.5 � 100 � 14.7 � 2.5
85 � 15 � 28.5 � 180 � 15.0 � 2.7
80 � 20 � 25.5 � 150 � 17.0 � 2.3
70 � 30 � 19.0 � 100 � 19.0 � 1.3
60 � 40 � 15.0 � 100 � 15.0 � 0.9
50 � 50 � � � � � � � 0.7

������������������������������������������������������������������������������������

a shoulder appearing in the high-temperature branch
of the tan� curve (T > Tg). This is the temperature
range of relaxation processes associated with the
mobility in microareas of rigid blocks (rigid domains)
and with the breakdown of these domains [12], and
also with transition of PVP from the glassy to hyper-
elastic state. This shoulder is not observed in the
temperature dependences of tan� of the starting poly-
mers. These effects may be due to more pronounced
microphase segregation in preparation of blends with
small (�20 wt %) PVP content. This, in turn, causes
Tg of the polyether blocks to decrease [12].

As shown by the IR spectra, the intermolecular
interactions of the two polymers are the strongest
specifically in this concentration range. The DMTA
data reveal changes in the structure formation: new
structural groups arise, favoring more pronounced
microphase segregation [12]. It should be noted that
the temperatures at which these structural formations
are broken down in blends are lower than the temper-
atures at which rigid PUI blocks are broken down
(Figs. 3b�3d, cf. Fig. 3a).

The DMTA results for blends containing 30 wt %
PVP and more are also consistent with the IR data.
The temperatures and intensities of the peaks of the
relaxation processes in the temperature dependences of
the dynamic characteristics approach those observed
with the starting polymers. The lower stability of the
interpolymer structural formations at temperatures
above Tg follows from the facts that the temperature
of their breakdown decreases to 300�330 K (Figs. 3d,
3e), the shoulder in the temperature dependence of
tan� becomes less pronounced, and the modulus of
elasticity decreases.

The system of the forming physical bonds and the

participation of ionic groups in formation of addition-
al ionic �cross-links� are responsible for formation of
a definite microphase structure of the blends, affecting
their physicomechanical properties. Elucidation of the
interrelation of all these factors in multicomponent
polymer sysrtems is very important, as being related
to development of new valuable materials [1�3, 8, 11].
The physicomechanical properties of films prepared
from some PUI�PVP blends are listed in the table.

It is seen that the physicomechanical parameters of
blends depend on the ratio of the polymeric compo-
nents. At a PVPO content of 1�20 wt %, the strength
of the composites exceeds that of the components
taken separately. The maximal tensile strength is
attained in the 5�15 wt % range of PVP content. As
noted above, at these compositions the redistribution
of intermolecular bonds is the most pronounced, and
the active groups of both polymers are involved in the
interaction to the greatest extent. As a result, accord-
ing to DMTA data, the extent of microphase segrega-
tion increases. As the PVP content in blends is in-
creased to 40 wt %, the strength decreases significant-
ly, and the modulus of elasticity decreases slightly.
These results are also consistent with the IR and
DMTA data.

CONCLUSIONS

(1) According to the IR spectrum, the synthesized
segmented polyurethane ionomer is characterized by
a system of intermolecular interactions such as ure-
thane�urethane hydrogen bonds, ion�ion bonds, and
ion�molecule bonds. These interactions are responsi-
ble for formation of a two-phase microstructure.

(2) In blends of the polyurethane ionomer with
small amounts (up to 20 wt %) of polyvinylpyrroli-
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done, the intermolecular interactions between the
polymers are the strongest. As follows from the
results of dynamic mechanical thermal analysis, these
interactions cause formation of structural groups that
are less stable than domains of rigid polyurethane
blocks. The network of intermolecular interactions
and the microphase structure of the systems in this
composition range ensure the maximal tensile strength
of the composites.

(3) As the polyvinylpyrrolidone concentration in
the blends is increased above 40 wt %, the main inter-
molecular bonds between the polymers are gradually
broken down, the microphase structure of the blends
becomes similar to that of the individual polymeric
components, and the strength of the material de-
creases.
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Abstract�The applicability of the previously developed principles of activating mixing to modification of
rubbers in solutions was tested, and a process was developed for mechanochemical modification of cis-1,4-
polyisoprene in rotary pulsation apparatus.

Activating mixing can significantly intensify pro-
cesses involved in production of synthetic rubber.
Among such processes are distribution of catalyst
suspensions in the monomer and solvent prior to
polymerization, deactivation, stabilization, activation,
and washing. Activating mixing may be of particular
importance in chemical modification of rubbers in the
step of polymer preparation (these processes will be
considered below for modification of cis-1,4-polyiso-
prene as example).

Progress of studies on rubber modification allowed
development of commercial brands of modified cis-
1,4-polyisoprene (SKI-3-01 and DKI-3-OK rubbers).
Their production involves reactions with aromatic
C-nitroso compounds. Nitroso derivatives are widely
used as modifying agents, stabilizers, and promoters
of the interaction of rubber with carbon black in the
course of preparation of rubber stocks and vulcani-
zates. Among numerous C-nitroso amines and nitroso
compounds tested as modifying agents, much promise
is shown by p-nitrosodiphenylamine (PNDPA) owing
to a wide spectrum of its modifying effect and insig-
nificant contribution of side reactions to the molecular
structure of the final product.

The diphenylamine fragment, which can bind to the
polymeric chain via nitrogen atom, shows antioxidant
properties; therefore, PNDPA can act not only as
modifier, but also as stabilizer [1].

It is very interesting to prepare cis-oligoisoprene
with nitroso amine groups (SKI-3-NA) formed by
reactions of high-molecular-weight cis-1,4-polyiso-
prene (SKI-3) with nitroso compounds. The reaction
of cis-1,4-polyisoprene with PNDPA in solution in-
volves successive and parallel addition of the nitroso
compound dimer, cleavage of the resulting tetrahydro-
oxadiazole ring, and branching of the polymeric chain

with the participation of double bonds and groups
[2, 3].

The use of SKI-3-NA in preparation of tire stocks
not only improves such propertiers of tires as heat and
ozone resistance but also considerably enhances the
fatigue resistance, stability in prolonged vulcanization,
and tear resistance�the parameters responsible for the
quality and service characteristics of large tires. Never-
theless, no high-capacity process for production of
SKI-3-NA have been developed up to now.

We noted recently [4] that rotary pulsation appara-
tus (RPA) show much promise in modification of
polymers using activating mixing. This fully concerns
the modification of SKI-3. The use of activating mix-
ing opens wide prospects for the process intensifica-
tion and improvement of the product quality.

The goals of this study are to analyze the possibili-
ties of modifying rubbers under conditions of activat-
ing mixing and to reveal qualitative and quantitative
correlations between the criteria of mechanochemical
transformations and criteria describing the external
mechanical field acting on a material.

EXPERIMENTAL

We used the substances required for development
of a process for modification of isoprene rubber:
solutions of cis-1,4-polyisoprene in hexane of various
concentrations, solutions of p-nitrosodiphenylamine
sodium salt of various concentrations, phosphoric
acid (grades A, B), and other solvents (isopentane,
toluene).

Modification of isoprene rubber was performed on
an installation schematically shown in Fig. 1.

The starting components for modification of iso-
prene rubber were prepared as follows. First, we pre-
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Fig. 1. Installation for modification of isoprene rubber.

pared in stirred vessels a 10% solution of SKI-3 rub-
ber in hexane and a 20% solution of the PNDPA salt.
Phosphoric acid was added in amount of 1 mol per
mole of PNDPA sodium salt to convert the salt to free
p-nitrosodiphenylamine. Toluene was added in an
amount of 150 ml per liter of solution. The sodium
salt was added in an amount of 15 wt % relative to
the rubber.

A solution of the rubber in hexane was fed from
reactor 1 with a gear pump 2 to RPA 3. An aqueous
solution of PNDPA sodium salt was also fed to the
RPA with a piston pump 4. Feeding of phosphoric
acid from reactor 5 with a gear pump 6 to RPA was
also provided. The process was monitored visually
through a window 7. After passing RPA, the modified
rubber solution was collected in reactor 8 in which
it was heated to 80�C for 5 h under stirring with an
anchor stirrer (n = 500 rpm). The temperature in the
reactor was maintained by passing hot water heated
in a heat exchanger 9 through the reactor jacket. The
rate of RPA rotor rotation was varied from 1000 to
4400 rpm with a hydraulic drive 10 connected to a
hydrosystem. The rotation rate was measured with a
digital tachometer 11. The temperature of the medium
was measured with a Chromel�Copel thermocouple
connected to a PM-66 potentiometer. Samples for

quantitative determination of the extent of physico-
chemical transformations were taken after 1, 3, and
5 h. Analyses were performed spectrophotometrically
[5]. The physicomechanical and service properties of
the materials were determined according to the corre-
sponding GOSTs (State Standards): 270�75, 10722�
76, 19338�90, 19816.4�74, and 27109�86.

First, we analyzed the effect of various solvents on
the structure and properties of oligoisoprenes. The
oligoisoprenes prepared in different solvents appreci-
ably differed in the molecular characteristics. For ex-
ample, samples prepared in toluene had lower values
of the intrinsic viscosity, weight-average molecular
weight, and polydispersity.

The range of molecular weights of oligoisoprene
fractions prepared in a 100 : 200 isopentane : toluene
is considerably wider, especially for high-molecular-
weight fractions. The differential molecular-weight
distribution (MWD) curves calculated from the gel
chromatograms show significant differences in the
position of the maximum and number of fractions for
the oligomers prepared in different solvents. The
differences in the MWD parameters of oligoisoprenes
can significantly affect the course of modification.
Significant microheterogeneity observed with the
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isopentane�toluene mixture used as solvent can lead,
upon mechanical treatment, to formation of both the
initial SKI-3 rubber fractions (high-molecular-weight
MWD branch) and oligomeric molecules formed by
degradation (low-molecular-weight MWD branch).

At large extents of degradation, the MWD should
tend to that characteristic of random bond cleavage
(Mw/Mn � 2). The fact that the MWD of oligoiso-
prenes is considerably wider suggests abnormal pro-
cess conditions due to heterogeneity of the system;
this ultimately depends on the solvent used.

The second step of our study concerned features of
chemical modification. The chemical degradation of
SKI-3 with PNDPA occurs under microheterogeneous
conditions. Therefore, different fractions of the rubber
participate in the reaction to different extents, depend-
ing on the solubility of PNDPA in these fractions. In
particular, Fig. 2 shows that the PNDPA concentration
in oligoisoprene fractions can vary from 9 to 50�
60 wt % in the range of molecular weights from 500
to (40�50) � 103. The functionality of the fractions
increases from 1.5�1.7 to 15�20 in the same range of
molecular weights. Hence, the low-molecular-weight
fraction is polyfunctional to a significant extent.

In the third step of our study, we analyzed the
possibility of activation of polymer solutions. It is
known that mixing, along with equalization of the
concentrations of the component being distributed and
with its dispersion, can induce mechanochemical
transformations in the system. Such transformations
are often undesirable. In our case, however, they allow
the SKI-3 modification process to be considerably
intensified.

We studied solutions of isoprene rubber in various
solvents to reveal their tendency to degrade. By sub-
jecting the material to various actions in an RPA, we
determined the percentage of free and bound PNDPA.
The material was analyzed after keeping the solution
in the reactor for 1, 3, and 5 h.

Figure 3 shows the results obtained as a correlation
between the extent of mechanochemical modification
and parameters describing the external effect on the
system. It is seen that treatment in an RPA, even at
relatively low strain energy densities ��, considerably
increases the amount of bound PNDPA, thus decreas-
ing the residence time of the solution in the reactor.

This effect is determined by the mechanism of the
treatment process in an RPA. Modifying agents are
mixed with the polymer matrix to form a system with
a large interface area, due to dispersion and homogen-
ization. The mixed system moves from the apparatus

c, % fn

log Mn

fn

Fig. 2. PNDPA content c and functionality fn vs. the molec-
ular weight Mn of the oligomer fractions (oligomer pre-
pared in toluene).

�� � 10�4, kJ m�3

Fig. 3. Influence of the strain energy density �� on the
reaction of 10% SKI-3 solution in hexane with PNDPA.
(�) Fraction of bound PNDPA. Reaction time, h: (1) 1,
(2) 3, and (3) 5.

center to the region of increasing shear rates and
stresses. In the process, the polymer gets activated,
which may cause both generation of active radicals
and redistribution over the polymer chains of the
vibration energy of the initial highly active state that
arose upon local supply of excess mechanical energy.
Thus, favorable conditions are created for the reaction
of the polymer with modifying agents.

The results of our study were used in development
of a flowsheet for producing SKI-3-OK rubber�oligo-
mer formulation for big tires, using RPA as the main
equipment. The efficiency of using RPA for modify-
ing cis-1,4-polyisoprene is confirmed by the results
of industrial tests at the Sintezkauchuk Production
Association (Togliatti, Samara oblast, Russia).

The activating mixing in RPA ensured satisfactory
agreement between the amount of PNDPA sodium
salt added and the sum of free and bound PNDPA in
the reaction mixture after mixing the components.
Without RPA treatment, the PNDPA content in the
reaction mixture was lower by a factor of 1.5�2, indi-
cating that mixing was unsatisfactory; furthermore,



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 3 2004

496 SMIRNOV et al.

the PNDPA salt precipitated, and its significant frac-
tion was lost in side reactions. With activating mix-
ing, the reaction temperature could be decreased from
65 to 50�C, the polymer concentration could be in-
creased from 11 to 13%, and two vessels could be
eliminated from the polymerization battery.

CONCLUSIONS

(1) Activating mixing in rotary pulsation appara-
tus, used in modification of cis-1,4-polyisoprene,
allows significant intensification of the process: in-
crease in the polymer concentration from 11 to 13%,
elimination of a part of equipment from the flowsheet,
decrease in the process temperature, and shortening of
the treatment cycle.

(2) Intensification of the modification by activat-
ing mixing is due to the following factors: (a) forma-
tion of a large interface area between the modifying
agents and polymer matrix as a result of homogeniza-
tion and dispersion; (b) activation of the polymer,

which can cause generation of active radicals or redis-
tribution over the polymer chains of the vibration
energy of the initial highly active state that arose on
local supply of excess mechanical energy.
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Abstract�The coagulation activity of aluminum sulfate and products of its hydrolysis was analyzed. Forma-
tion of particles in fat-containing disperse systems in the presence of both the coagulant and its mixtures with
flocculants based on polyacrylamide was studied.

Treatment to remove impurities from wastewater of
food and light industry is an important environmental
problem. The most difficult is removal of emulsified
fats, which is often performed using traditional coagu-
lants [sulfates and chlorides of aluminum, iron(III),
etc.] and mixtures of coagulants with various floc-
culants, in particular, water-soluble polyacrylamide
copolymers [1]. However, due to unpredictable results
obtained with aluminum oxysulfate (AOS) coagulant,
it is necessary to find empirically the optimal condi-
tions of coagulation and flocculation [2, 3].

EXPERIMENTAL

In this work, we used the wastewater from a fur-
processing plant; its average composition is given
Table 1.

As seen from the IR spectra [4] (Specord 71-IR
spectrophotometer), before treatment the disperse
phase contains both aliphatic (methyl and methylene)
structural groups and heteroatomic groups (sulfoxides,
acids, and esters). The broad band of OH vibrations
confirms the presence of fatty (e.g., oleic, palmitic,
and, partially, stearic) acids. The group of bands in the
1240�1170 cm�1 range indicates the presence of vari-
ous oxygen-containing compounds. Among the organ-
ic components, polyfunctional heteroatomic com-
pounds are predominant.

In our work we used AOS [GOST (State Standard)
3758�65] containing 15.3�0.4 wt % aluminum oxide
as coagulant, and anionic (PAA1 and PAA2) and
cationic (PAA3) polyacrylamide copolymers as floc-
culants. The average molecular weight M� of PAA1
and PAA2 was 12.6�106 (Technical Certificate) and
4.46�106, respectively; and the molecular weight of
the acrylamide copolymer with dimethylaminoethyl

methacrylate hydrochloride (PAA3) was 3.5�106.
The content of the ionic units in PAA1, PAA2, and
PAA3 was 19.8, 20, and 42%, respectively [5, 6].

The systems in question were studied by sedimen-
tation [7], optical microscopy [7], and colorimetry [8].
The kinetics of sedimentation in the presence of
coagulant and flocculants was studied on a VT-500
torsion balance using 1000-ml beakers. The particle-
size distribution in the untreated disperse system was
studied by optical microscopy (Biolam microscope).
The experimental data obtained by this method in
20 series of measurements were treated according to
the procedure given in [9]. The particle size in the
untreated disperse system was 2.76�10�6 m. The
colorimetric measurements were carried out on a
KFK-2 photocolorimeter (� = 440 nm, l = 10 mm)
using the middle supernatant fraction.

The flocculation power of polyacrylamide copoly-
mers can be quantitatively evaluated using the dimen-
sionless parameter D:

D = V/V0 � 1, (1)

Table 1. Chemical composition of wastewater
����������������������������������������

Parameter � Average content, mg l�1

����������������������������������������
Formaldehyde � 0.2�1.1
Chlorides � 1800�2500
Sulfates � 100�500
Detergents � 80�170
COD � 900�2000
Fats � 400�600
Soaps � 60�100
Suspended compounds � 2000�2500
Chromium(III) � 5�10
Chromium(VI) � 2
����������������������������������������
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(a)

(b)

c, wt %

AOS
AOS + PAA1
AOS + PAA2
AOS + PAA3

t, s

t, s

c � 105 (PAA1), wt %

c � 104 (PAA2, PAA3), wt %

Fig. 1. Time of formation of primary flakes t as influenced
by the concentration c of (a) AOS and (b) PAA additives
(cAOS = 0.04 wt %). The flocculant was added after AOS
coagulant in (1) 10 s, (2) 20 s, and (3) 10 min.

where V and V0 are the sedimentation rates of the
dispersed phase in the presence of the flocculant and
without it [10]. We also calculated the flocculating
activity � of each additive:

� = D/c = (V/V0 � 1)c�1, (2)

where c is the flocculant concentration.

Available data on the coagulation and flocculation
in model and real multicomponent disperse systems
[11] show that the study of the mechanisms of inter-
action involving the dispersed phase (e.g., between the
coagulant aggregates and dispersed particles or bet-
ween the flocculant and coagulant macromolecules,
etc.) is of particular importance. The mechanisms of
the interparticle interactions between the dispersed
phase and dispersion medium can be judged from
such macroscopic parameters as the rate of formation

of primary flakes, sedimentation rate, etc.

In this work we attempted to evaluate the correla-
tions between the kinetic parameters of flocculation
and sedimentation in the presence of AOS and poly-
acrylamide flocculants.

The dependences of the time of formation of the
primary flakes in the disperse system on the concen-
tration of various flocculants and coagulant are shown
in Fig. 1. The curve in Fig. 1a exhibits pronounces
steep section, which, in our opinion, is probably
due to the latent coagulation and formation of the
adsorption-active centers and primary aggregates of
aluminum hydroxide. The flat section of the curve is
related to structuring of the resulting particles and
formation of the products of AOS hydrolysis with
various size and density parameters, lime factors, and
other characteristics [12]. The coagulant concentration
corresponding to the inflection in the curve determines
the boundary of the optimal concentration range of the
coagulant for the given disperse system; the solution
pH in this point is 4.5.

As seen from the IR data, the content of paraffin
(especially branched) structures strongly decreases
after treatment of the disperse system with AOS
coagulant. Simultaneously, the contribution of the
carboxy groups belonging to acids and esters also
decreases, which suggests predominant coagulation of
branched aliphatic oxygen-containing compounds.

Thus, we determined the optimal concentration of
the coagulant it the stage of formation of the primary
flakes (c = 0.04%). Now, by adding flocculant in
various time intervals (10 s, 20 s, and 10 min) after
the coagulant, we can determine the optimal concen-
tration range of flocculants (Fig. 1b). The flocculant
shows high activity, probably related to the intensity
and diversity of intermolecular interactions of the
flocculants with primary and relatively open mosaic
structure of the coagulant. Formation of the secondary
particle structures in the presence of the coagulant
after prolonged exposure (10 min) does not noticeably
affect the interparticle interactions between the coagu-
lant and flocculants as compared to the experiment in
which the flocculant was added in 20 s after coagulant
addition.

The second series of flocculation experiments was
carried out at various pH using different concentra-
tions of the coagulant. As seen from Fig. 2 (pH 6.0,
5.4, 4.0), the flocculation rate is relatively high. More-
over, we can determine the optimal concentrations of
flocculants already in the initial stage of flocculation,
which is probably due to the properties of aluminum
hydroxo complexes.
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t, s

AOS + PAA1
AOS + PAA2
AOS + PAA3

c � 105 (PAA1), wt %

c � 104 (PAA2, PAA3), wt %

Fig. 2. Time of formation of primary flakes t as influenced
by the concentration of additives c. pH: (1) 6.0, (2) 4.5, and
(3) 4.

The dependences of the optical density of a fat-
containing dispersion on the concentrations of the
coagulant and its mixtures with flocculants allow
determination of the optimal concentration range for
AOS (Fig. 3a). The maximal coagulation power of the
reagent is observed in the concentration range 0.04�
0.08 wt %; thus, addition of the coagulant to the
smallest optimal concentration would considerably
decrease its consumption in industry.

Addition of flocculants to the disperse system con-
taining coagulant in the optimal concentration strong-
ly improves the purification quality. The optimal con-
centrations of the flocculants correspond to the mini-
mum in the curves plotted in the optical density�floc-
culant concentration coordinates (Fig. 3b).

Further stage in purification of a disperse system is
related to formation of the chain structures and coarser
aggregates. The curves of the particle sedimentation in
the presence of the coagulant and flocculants added in
the optimal amounts are shown in Fig. 4.

As seen from Fig. 4, addition of both cationic or
anionic flocculants increases the rate of the particle
sedimentation. The flocculation power increases with
increasing polymer concentration to some optimal
value and then decreases (Fig. 5).

Our results (Fig. 5) showed that, at optimal co-
agulant concentration, the flocculation power of

(a)

(b)
c, wt %

AOS
AOS + PAA1
AOS + PAA2
AOS + PAA3

c � 105 (PAA1), wt %

c � 104 (PAA2, PAA3), wt %

Fig. 3. Optical density D of a fat-containing disperse
system as influenced by the concentration of additives c.
Optimal concentration, wt %: AOS 0.04, PAA1 4 �10�5,
PAA2 4 �10�4, and PAA3 4 �10�4 (recorded 30 min after
flocculant addition).

AOS, c = 0.04%
AOS + PAA1
AOS + PAA2
AOS + PAA3
Initial system

t, min
Fig. 4. Kinetic curves of sedimentation of fat dispersions at
optimal doses of coagulant and flocculants; (Q) sediment
amount and (t) time. Optimal concentration, wt %: AOS
0.04, PAA1 4 �10�5, PAA2 4 �10�4, and PAA3 4 �10�4;
the same for Fig. 5.

AOS + PAA1

AOS + PAA3
AOS + PAA2

log c [%]

Fig. 5. Flocculation parameter D as a function of the floc-
culant concentration c.
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anionic acrylamide copolymers is higher than that of
the cationic compound. This difference is probably
due to the nature of interactions between the nega-
tively charged copolymer macromolecules and posi-
tively charged products of coagulant hydrolysis. For-
mation of hydrogen bonds between the functional
groups of the copolymer with the AOS hydroxy
groups can also be considered. The repulsion between
the dispersed particles and similarly charged floc-
culant particles levels off the interaction with the
primary coagulant structure. Comparison of the floc-
culation data for similarly charged copolymers PAA1
and PAA2 reveals that the molecular weight of the
copolymer strongly affects formation of intermolecu-
lar bridges between the flocculant particles and coagu-
lant structures.

The effect of the cationic flocculant added to the
disperse system containing coagulant (cc = const) is
slightly lower that that of the anionic copolymers.
This is probably due to some �blocking� effect of the
positively charged AOS particles and repulsion of
similarly charged flocculant and coagulant structures.
In this case, the role of hydrogen bonds between
the coagulant structures and cationic copolymer
macromolecules in the course of flocculation is pre-
dominant.

Analysis of the composition of organic compounds
remaining in the system after its treatment with AOS
and flocculants indicates strong decrease in the optical
density of solutions in the 1240�1170 cm�1 range.

CONCLUSIONS

(1) Data on sedimentation, primary flocculation,
and optical density of fat-containing disperse system
demonstrate the possibility of using aluminum oxysul-
fate as coagulant. The optimal concentration range of
the coagulant was determined.

(2) The optimal properties of the coagulant are due
to the primary coagulant structure formed by the
products of aluminum sulfate hydrolysis.

(3) The data on sedimentation, primary floccula-
tion, and optical density demonstrate rapid particle

formation in the presence of flocculants in the stage
of flake formation.

(4) The strongest flocculation effect is observed
for anionic flocculants. At similar content of the ionic
units in macromolecules, the flocculation power of
polyacrylamide copolymers increases with increasing
molecular weight of the polymer.
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Abstract�Strength and water, frost, and heat resistance of asphalt binding compound were studied in relation
to the content of calcium oxide.

Asphalt�mineral composite is the main structural
component of asphalt concrete; it acts as binder and
strongly affects such properties of concrete as density,
strength, deformability, resistance to water, frost, and
heat, etc. [1].

The quality of asphalt binder (asphalt�mineral
powder binary system) is characterized by structural-
mechanical properties and their changes under the
action of external factors, especially, temperature and
water [2].

The stability of these properties depends on the
organic binder and mineral powder and their ratio.
Since asphalt binder is an ultimately concentrated
disperse system, the interaction of the mineral surface
with asphalt provides the decisive effect. Hence, the
nature of the boundary and, especially, adhesion inter-
action between the filler and binder determine the
properties of composites and their operation stability
[2, 3].

It is known that the adhesion of asphalt to mineral
materials is determined by their chemical composi-
tion. Numerous studies and factory experience show
that the best components are finely ground limestone
and dolomite [1, 2] chemically interacting with
asphalt. These powders are recommended for produc-
tion of asphalt concrete by GOST (State Standard)
16557�78.

In some cases, industrial wastes can also be used as
fillers in production of asphalt concretes, but, accord-
ing to GOST 9128�97, the content of active CaO +
MgO must not exceed 3 wt %.

This limit has virtually no substantiation. More-
over, to activate acidic mineral fillers (rubble and
sand) and improve their adhesion to asphalt, lime is
added in asphalt concrete mixture in amounts of 1�2%
of the total system weight (i.e., 15�20% of the weight
of mineral powder) [1, 4].

The data on utilization of finely dispersed industrial
wastes containing 15�25% CaO as mineral filler of
asphalt concretes indicate that they improve the con-
crete properties [5].

The aim of this work was to determine the optimal
content of calcium oxide in the mineral powder and to
study its effect of structuring and properties of the
asphalt�lime-containing mineral powder system.

EXPERIMENTAL

We used limestone from the Elets field and lime
purchased from the Stroimaterialy Joint-Stock Com-
pany (Belgorod, Russia). These mineral components
were thoroughly mixed in certain ratios; the properties
of the resulting powders are listed in Table 1.

The size distribution and specific surface area of
the mineral powders tested were similar (100% sifting
through sieve 0.071, 4500 cm2 g�1 specific surface
area).

The asphalt binder was prepared by mixing of the
preheated components at 150�160�C for 5�6 min to
obtain a uniform mixture.

The optimal charge of asphalt for each composi-
tion was determined by the procedure given in [6].
We used BND-60/90 asphalt with the following
properties: penetration 21 �10�1 and 83 �10�1 mm
at 0 and 25�C, respectively; softening point 41�C;
extensibility 3.8 and 70 cm at 0 and 25�C, respec-
tively; brittle point 17�C; and flash point 246�C.

The properties of the asphalt�lime-containing
mineral powder binary system were studied using
cylindrical samples (25 mm in diameter) according to
GOST 12784�78.

The interaction with asphalt and structuring proc-
esses as influenced by the properties of mineral
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Table 1. Properties of mineral powders
������������������������������������������������������������������������������������

Parameter
�

GOST
� Mineral powders

� ����������������������������������������������
�requirements� limestone � studied

������������������������������������������������������������������������������������
Content of active CaO + MgO, no more� 3 � 0 � 20 � 30 � 40 � 50 � 60
than � � � � � � �
Porosity, vol % � 45.00 � 29.60 � 33.60 � 35.00 � 32.34 � 29.90 � 27.01
Capacity for asphalt, g, no more than � 100 � 68 � 82 � 89 � 93 � 105 � 123
������������������������������������������������������������������������������������

Table 2. Properties of asphalt binder
������������������������������������������������������������������������������������

Parameter
� CaO : CaCO3 ratio in the mineral powder
���������������������������������������������������
� 0 : 10 � 2 : 8 � 3 : 7 � 4 : 6 � 5 : 5 � 6 : 4

������������������������������������������������������������������������������������
Water saturation, wt % � 1.81 � 1.68 � 1.52 � 1.24 � 1.09 � 0.75
Average density, kg m�3 � 2170 � 2180 � 2190 � 2190 � 2230 � 2240
Swellability, vol % � 2.01 � 1.88 � 1.73 � 1.61 � 1.55 � 1.46
Compression strength, MPa, at temperature, �C:� � � � � �

50 � 3.1 � 3.6 � 4.2 � 4.25 � 4.4 � 4.5
20 � 5.4 � 5.8 � 6.2 � 6.7 � 7.15 � 7.0
at 20�C in water-saturated state � 4.59 � 5.2 � 6.05 � 7.0 � 7.55 � 7.2

������������������������������������������������������������������������������������

powders were studied by IR spectroscopy and conical
plastometry.

The results of physicomechanical tests of the as-
phalt binder shown in Table 2 and in the figure in-
dicate that calcium oxide contained in the mineral
powder noticeable affects the properties of the as-
phalt�lime-containing mineral powder system. With

cCaO, wt %

W, V, vol %

Properties of asphalt binder as influenced by the content of
calcium oxide in the mineral powder cCaO. Coefficient K of
(1) water resistance, (2) water resistance at prolonged
storage, (3) heat resistance; (4) water saturation W, and
swellability V.

increasing content of CaO to 60%, the average density
of the samples increases from 2170 to 2240 kg m�3.
Simultaneously, water saturation and swellability
decrease from 1.81 and 2.01 to 0.75 and 1.46%, re-
spectively; the sample strength increases. All these
facts suggest more active interaction of asphalt with
mineral lime-containing filler as compared to the com-
posite based on limestone. This is probably due to the
acid�base reaction of asphaltic and naphthenic acids
with calcium oxide in the mineral powder and chemi-
sorption on its surface of aromatic acids and other
organic compounds (with unsaturated bonds) con-
tained in asphalt.

The above assumptions are confirmed by the IR
data. The decrease in the intensity of the absorption
bands in the 1720�1700 and 1600 cm�1 ranges in-
dicates that the content of acids and aromatic com-
pounds participating in the interaction of asphalt with
lime-containing mineral powder is smaller than that
with the filler based on calcium carbonate.

Formation of calcium hydroxide in the presence of
water and mudding of the pores (due to new growths
[7]) probably explains the increasing density and
decreasing water saturation of the samples.

It was found [1] that free lime, being added in
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certain amounts, acts as active filler of asphalt con-
crete and promotes its structuring.

Our data on structural-mechanical properties of
asphalt binder confirmed the above assumption. As
seen, in the case of lime-containing mineral powders,
the inflection in the dependence of the ultimate shear
stress on the degree of filling of the disperse systems
is observed at lower degrees of filling as compared to
the composites based on limestone. The structuring
effect is proportional to the content of calcium oxide
in the filler. For example, at 40% content of the
limestone-containing mineral powder, the ultimate
shear stress was 0.53, and at addition of 20% and 40%
lime, the ultimate shear stress increased to 0.69 and
0.79 MPa, respectively. At 60% degree of filling, the
ultimate shear stress comprised 1.28, 1.55, and
1.70 MPa, respectively.

With increasing content of calcium oxide in the
mineral powder to 50%, the ultimate compression
strength at 20�C increases, and at cCaO > 50% this
parameter decreases for samples in both dry and
water-saturated states (Table 2).

As seen, maximal increase in the strength of the
dry samples is 32.4%, whereas in the case of water-
saturated samples it is greater (64.5%); this fact con-
firms formation of calcium hydrate and filling of
the pores.

When the content of lime in the mineral powder is
higher than 30%, the compression strength of water-
saturated samples at 20�C is greater than that of the
dried samples, i.e., the water resistance coefficient is
greater than 1 (figure, curve 1) and reaches a maxi-
mum (1.06) at 50 wt % content of CaO in the filler.
Though with further increase in the lime content the
water resistance coefficient slightly decreases (to
1.03), it does not meet the GOST requirement (no
more than 0.8). Similar dependence was registered for
the water resistance coefficient at prolonged storage
(figure, curve 2). According to [8], specifically the
water resistance of the binary systems exactly deter-
mines the intensity of adhesion at the mineral powder�
binder boundary.

The ultimate compression strength at 50�C in-
creases in the entire concentration range studied,
probably due to the increase in the adhesion, and the
maximal increase is 45.2%. This fact is of particular
importance, because at 50�C the adhesion of asphalt
sharply decreases [9]. The increase in the compression
strength at 50�C improves the heat resistance of the
samples (figure, curve 3).

It was found that, after prolonged storage, the
strength of the samples based on lime-containing min-
eral powder with an optimal content of CaO was
greater as compared to the limestone-containing sam-
ples. For example, the ultimate compression strength
of the samples (based on mineral powder containing
40% CaO) stored for 30 days at room temperature and
tested at 20 and 50�C increased by 12�14%, whereas
the compression strength of the limestone-containing
samples remained virtually constant. The tests per-
formed after 6-month storage of the samples showed
no changes in the compression strength, i.e., structur-
ing processes were completed.

These results indicate elevated adhesion of the
mineral powder and asphalt, which was confirmed in
[10], and intensive structuring in the presence of lime.
The optimal content of CaO in the mineral powder is
20�50%. At greater content of calcium oxide the
parameters of asphalt concrete become worse, prob-
ably due to insufficient content of the active com-
ponents in asphalt, such as naphthenic acids and other
oxygen-containing compounds able to bind the reac-
tive mineral component.

CONCLUSIONS

(1) Calcium oxide being added in optimal amounts
(20�50 wt %) to the mineral powder increases the
strength and water, frost, and heat resistance of the
asphalt binder and decreases its water saturation and
swellability, which is probably due to the active sorp-
tion of asphalt on the mineral powder surface, hydra-
tion of lime, and its structuring effect on asphalt.

(2) The experimental data obtained allow predic-
tion of physicomechanical and operation properties of
the asphalt concrete pavement at utilization of the
lime-containing mineral powder.
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Abstract�A method for creating a pH gradient in a microflow of an electrolyte and an installation for
the same purpose without any moving parts were developed.

Modern high-performance liquid chromatography
(HPLC) is frequently carried out by the method of
gradient elution in order to optimize the determina-
tions. In doing so, a modifying substance, which
changes the eluting capacity of the mobile phase, is
introduced into its flow in the form of a compact
zone. By now, introduction techniques based on
mechanical agitation of the eluting mixture in mixing
chambers of liquid chromatographs have been devel-
oped in ample detail [1]. In addition to being tech-
nologically complicated, such an approach is hardly
possible in microcolumn chromatographic analysis,
when the volume of the eluting mixture is several
microliters [2]. The method of preformed gradient,
which is frequently used in the microcolumn version
of HPLC and consists in introducing precisely meas-
ured volumes of the eluent of various compositions, is
rather laborious [3].

A flow-through porous electrode (FPE) can be used
to meter a marker substance into the flow of the
mobile phase. In polarization of an FPE made of
glassy or activated carbon, there occurs, depending on
the polarization sign, a change in the pH of the aque-
ous mobile phase:

2H2O + 2e � 2OH� + H2� �
� (1)

2H2O � 4e � 4H+ + O2�. �

The electrochemical method for changing the pH
value in a microflow of the electrolyte makes it pos-
sible to vary the pH of the mobile phase within six
pH units using an FPE with a microvolume of the
mobile phase of up to 2�3 �l.

The need in such a method for varying the pH in
a microflow of an electrolyte is acute in analysis of
amino acids [4]. The schematic of an electrochemical

installation that can be used for this purpose is shown
in the figure. The mobile phase, which fills vessel 1,
is driven therefrom by compressed helium delivered
into the vessel from cylinder 2. The flow of the
mobile phase is directed into the electrochemical cell
that contains a graphite FPE through whose pores the
mobile phase is filtered. The vessel 1 contains an
auxiliary electrode made of platinum-plated titanium
and used to polarize the FPE. Depending on the
polarization sign, the pH of the mobile phase changes
as a result of occurrence of reaction (1) in the pores of
the FPE. Further, the modified flow of the mobile
phase is delivered to the measuring unit of the instal-
lation, which contains a flow-through capillary in-

Schematic of an electrochemical acid�alkali generator:
(1) vessel filled with the mobile phase, (2) cylinder with
compressed helium, (3) titanium electrode, (4) casing of the
generator cell, (5) cell of the control pH-meter with a capil-
lary indicator electrode, (6) eluate collector, (7) control
pH-meter, (8) self-recording potentiometer, (9) dc power
source with variable polarity, (10) graphite generator FPE,
(11) milliammeter, and (12) rheostat.
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Experimental and calculated pH values of the mobile
phase at different filtration rates
����������������������������������������

I, mA
� u �103, � pH of the flow
� ������������������������
� cm3 s�1

� calculation � experiment
����������������������������������������

0.83 � 14.2 � 3.82 � 3.62
0.91 � 8.3 � 3.55 � 3.58
0.54 � 8.3 � 3.77 � 3.68
0.30 � 8.3 � 4.03 � 4.01
0.11 � 8.3 � 4.46 � 4.50
0.88 � 5.8 � 3.40 � 3.41
0.83 � 5.8 � 3.43 � 3.45
0.61 � 5.8 � 3.57 � 3.52
0.29 � 5.8 � 3.89 � 3.90
0.91 � 4.2 � 3.25 � 3.26
0.90 � 2.5 � 3.03 � 3.05
0.91 � 1.6 � 2.83 � 2.78

����������������������������������������

dicator electrode made of Corning 015 glass and
having a hydrogen function [4].

The volume of the measuring capillary of the trans-
ducer was 20 mm3. The geometric thickness of the
generator FPE was found from the condition of decay
of the electrochemical process in the porous medium
of the electrode. The calculations performed demon-
strated that the thickness of the generator FPE should
be 0.4�0.5 cm.

With the four-electron mechanism of the electrode
reaction, the concentration c of ions being regenerated
was calculated using the Faraday law:

I
c = ����,

4Fu

where I is the polarization current; F, the Faraday
number; and u, the filtration rate of the mobile phase.

The table lists the calculated and experimental pH
values of the mobile phase composed of a 0.1 M KCl
solution.

The table shows that the results of calculation
coincide with the experimentally measured pH values.
In solutions having higher buffer capacity, compared
to an aqueous solution of potassium chloride, the
current of polarization of the generator FPE should be
raised to 200�500 mA, depending on the buffer
capacity of the mobile phase used. For example, to
change the pH of a citrate buffer solution that contains
potassium citrate, hydrochloric acid, thiodiglycol,
detergent, and caprylic acid [1] from 4.26 to 8.30 at
a filtration rate of the mobile phase equal to 5 cm3 s�1,
it is necessary to maintain the current at about
240 mA.

CONCLUSION

An electrochemical method for creating a pH gradient
in a microflow of an electrolyte and an installation for
this purpose, which contains no moving parts and
makes it possible to vary the pH value within six
units, were suggested. The volume of the generation
chamber is about 20 mm3.
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Abstract�Binary cooling mixtures consisting of CH3COONa �3H2O and NH4NO3, Al(NO3)3 �9H2O, or
Ni(NO3)2 �6H2O were developed. They allow the initial temperature to be decreased by 18�19�C. Application
of the mixtures does not require additional consumption of water.

Recently there has been an interest in problems of
small-scale power engineering for the purpose of
power saving. One of the routes to power saving is
the development of materials and devices based on the
use of physicochemical properties of substances, e.g.,
of cooling mixtures. Cooling mixtures as autonomous
sources of cold are used in laboratory and everyday
practice and for cooling and transportation of biologi-
cal materials (e.g., vaccines, blood, etc.) [1�3].

Numerous compositions of cooling mixtures con-
taining solid salts and water (ice) have been described.
A temperature decrease on mixing them is due to
the absorption of heat upon salt dissolution [1].
For example, a ternary mixture containing (wt %)
NH4NO3 40.62, Na2CO3 40.62, and CuSO4 0.76 is
produced for everyday use under the Shal’tis brand
name [2]. The temperature decrease on dissolving this
mixture in water is 10�C (difference in the tempera-
tures before and after mixing). The drawback of this
mixture is relatively low performance. A search for
new mixtures is an urgent problem.

Mixtures containing CH3COONH4 �3H2O were
tested previously. The test procedure is described
in [4].

The tests performed showed that mixtures contain-
ing CH3COONa �3H2O and NH4NO3, Al(NO3)3 �

9H2O, or Ni(NO3)2 �6H2O are the most effective. It is
important that the binary mixtures found are applied
without using free water. Evidently, the process
occurs with participation of water of crystallization.
We found no data on such mixtures in the literature.

Let us give a typical example of application of
the cooling mixture. A 100-ml beaker was charged
with 5.0 g of CH3COONa �3H2O and then 7.0 g of
NH4NO3 (as powders), and the temperature was re-
corded with a thermometer placed inside the beaker.
The initial temperature was 21.5�C. The minimal
temperature was 2.0�C after stirring for 2.0�2.5 min

and 3.0�C after stirring for 4.0�5.0 min. The tempera-
ture difference was 19.5�C. The mixture after stirring
becomes a suspension. The results of similar tests
with mixtures of other compositions are presented in
the table. The table shows that, at the component
weight ratios from 1 : 0.5 to 1 : 2.9, the temperature
decrease is from 17.5 to 29.5�C, i.e., the mixtures
show considerably higher performance than Shal’tis.
Moreover, the mixture proposed is simpler in use.

Performance of binary cooling mixtures
����������������������������������������

Second �CH3COONa,�M(NO3)n,�CH3COONa :� �T,
component � g � g � M(NO3)n � �C
����������������������������������������
NH4NO3 � 6 � 6 � 1 : 1 �20.5

� 7 � 4 � 1 : 0.6 �20.0
� 8 � 4 � 1 : 0.5 �17.5
� � � �Ni(NO3)2 � � 7 � 7 � 1 : 1 �25.5

6H2O � 7 � 14 � 1 : 2 �26.5
� � � �Al(NO3)3 � � 7 � 20 � 1 : 2.9 �22.5

9H2O � 7 � 7 � 1 : 1 �29.0
� 7 � 14 � 1 : 2 �29.5

����������������������������������������
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Abstract�The heats of combustion and melting of a series of natural terpenoids, alkaloids, and flavonoids
were estimated by approximate thermochemical methods. From these quantities, the standard heats of forma-
tion of the compounds in the liquid (molten) and solid states were calculated.

Natural terpenoids, alkaloids, and flavonoids exhib-
it a wide spectrum of biological activity, and valuable
drugs have been developed on their basis. However,
data on the thermochemical and thermodynamic char-
acteristics of these natural compounds, required to
simulate physicochemically their synthesis and to
reveal correlations between structural and energy char-
acteristics of these substances, are lacking. Our goal
was to estimate the thermochemical characteristics
(heats of combustion, melting, and formation) of some
terpenoids, alkaloids, and flavonoids using indirect
approximate methods.

The standard enthalpies of combustion of the com-
pounds were calculated by the Karash and Frost equa-
tions [1] applicable to complex organic substances in
the liquid state. The heats of combustion calculated by
both methods, and also the mean values, are given in
the table.

The Karash method takes into account the presence
of lactone rings, various functional groups, and
number of shifted electrons. The Frost method
takes into account the presence of aromatic rings,
cyclenes, and double bonds in rings and side chains of
cyclenes.

From the mean values of �H0
comb, using the Hess

law and proceeding from the reactions

CaHbOc(l) + (a + b/4 � c/2)O2(g) = aCO2(g) + b/2 H2O(l)

� �H0
comb, (1)

CaHbNdOc(l) + (a + b/4 � c/2 + d/4)O2(g) = aCO2(g)

+ b/2H2O(l) + d/2N2 � �H0
comb, (2)

we calculated the standard enthalpies of formation of
the compounds in the liquid state (see table). The
quantities �fH

0(298.15) for CO2(g) and H2O(l) were
taken from [2].

Since at the standard temperature (298.15 K) the
compounds are in the crystalline state, it is necessary
to calculate �fH

0(298.15) for the solid compounds.
To do this, we estimated �H0

m of these compounds by
the Gambill equation recommended in [3]:

�H0
m /Tm = 20.72 �100.00324M, (3)

where M is the molecular weight of the compound.

The results of calculation of �H0
m are given in the

table. The melting points of terpenoids, alkaloids, and
flavonoids were taken from [4�10].

From the equations

�f H0 (298.15) CaHbOc(s) = �f H0 (298.15) CaHbOc(l)

� �H0
m, (4)

�f H0 (298.15) CaHbNdOc(s) =

= �f H0 (298.15) CaHbNdOc(l) � �H0
m, (5)

we calculated the standard enthalpies of formation of
the compounds in the crystalline state (see table).
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Thermochemical characteristics of terpenoids, alkaloids, and flavonoids
������������������������������������������������������������������������������������

Compound
� ��H0

comb, kJ mol�1 �
�Hm,

� �fH
0(298.15), kJ mol�1

�������������������������������� ��������������������
� Karash � Frost � mean � kJ mol�1

� liquid � solid
������������������������������������������������������������������������������������

Terpenoids

Austricin C15H18O4 � 8256 � 8556 � 8406 � 54.8 � 74.8 � 129.6
Artemisin C15H18O4 � 8256 � 8556 � 8406 � 69.3 � 74.8 � 144.1
Anobin C15H20O5 � 8365 � 8774 � 8569 � 75.0 � 197.4 � 272.4
Arborescin C15H20O3 � 8665 � 8747 � 8706 � 54.3 � 61.0 � 115.3
Artausin C15H22O3 � 8855 � 8965 � 8910 � 63.4 � 143.0 � 206.4
Arlatin C15H22O4 � 8692 � 8965 � 8828 � 71.0 � 224.4 � 295.4
Artemin C15H22O4 � 8474 � 8937 � 8706 � 75.4 � 347.0 � 422.4
Artepaulin C15H22O3 � 8801 � 8937 � 8869 � 57.2 � 184.0 � 241.2
Grosshemin C15H18O4 � 8310 � 8610 � 8460 � 69.3 � 20.04 � 90.0
Grossmisin C15H18O4 � 8256 � 8556 � 8406 � 62.8 � 74.8 � 137.6
Gracillin C15H20O3 � 8610 � 8747 � 8679 � 49.7 � 88.0 � 137.7
Tauremisin C15H20O4 � 8447 � 8747 � 8597 � 66.4 � 170.0 � 236.3
Hanphyllin C15H20O3 � 8719 � 8828 � 8774 � 61.0 � 6.73 � 54.3

Alkaloids

Aconine C25H41NO9 � 14 022 � 15 368 � 14 695 � 348.0 � 1013.0 � 1361.0
Aconitine C34H47NO11 � 18 435 � 19 191 � 19 191 � 1213.0 � 919.0 � 2132.0
Harmaline C13H14N2O � 6702 � 7329 � 7016 � 53.5 � 105.2 � 159.0
Harmalol C12H12NO � 5981 � 6675 � 6328 � 40.3 � 113.0 � 153.3
Glaucine C21H25NO4 � 11 280 � 12 043 � 11 662 � 110.5 � 182.0 � 293.5
3-Deoxyaconitine C34H47NO10 � 18 272 � 19 946 � 19 109 � 1013.2 � 1001.0 � 2014.2
9-Deoxylappaconitine C32H44N2O7� 17 901 � 18 828 � 18 365 � 673.0 � 528.3 � 1201.3
Deoxypeganidine C14H16N2O � 7302 � 7956 � 7629 � 40.0 � 172.0 � 212.0
Deoxypeganine C11H12N2 � 5749 � 6212 � 5976 � 27.0 � 72.0 � 99.0
Isolappaconitine C32H44N2O8 � 17 698 � 18 747 � 18 222 � 744.0 � 671.0 � 1415.0
Caffeine C8H10N4O2 � 3732 � 4632 � 4182 � 44.5 � 398.3 � 443.0
Lappaconine C23H37NO6 � 13 041 � 14 060 � 13 550 � 180.0 � 798.0 � 978.0
Lupinine C10H19NO � 6049 � 6430 � 6240 � 25.0 � 415.0 � 440.0

Flavonoids

Apigenin C15H10O5 � 6883 � 7657 � 7270 � 95.3 � 66.8 � 162.1
Bonanzin C19H18O8 � 9156 � 10 272 � 9714 � 145.0 � 342.0 � 487.0
Isorhamnetin C16H12O7 � 7400 � 8311 � 7855 � 126.5 � 161.0 � 287.5
Casticin C19H18O8 � 9293 � 10 229 � 9761 � 149.5 � 295.0 � 444.5
Kaempferol C15H10O6 � 6883 � 7657 � 7270 � 96.0 � 66.8 � 162.8
Luteolin C15H10O6 � 6897 � 7657 � 7277 � 105.5 � 59.7 � 165.2
Rhamnetin C16H12O7 � 7400 � 8311 � 7855 � 124.5 � 161.0 � 285.5
Rhamnocitrin C16H12O6 � 7603 � 8311 � 7957 � 96.5 � 59.5 � 156.0
Salvigenin C18H16O6 � 8842 � 9662 � 9262 � 111.0 � 124.0 � 235.0
Tricin C17H14O7 � 7918 � 8965 � 8441 � 135.0 � 255.0 � 390.0
Chrysoeriol C16H12O6 � 7400 � 8311 � 7855 � 117.0 � 161.0 � 278.0
Cirsiliol C17H14O7 � 7918 � 8965 � 8441 � 134.0 � 255.0 � 389.0
Cirsilineol C18H16O7 � 8639 � 9575 � 9107 � 128.4 � 269.1 � 397.5
������������������������������������������������������������������������������������
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CONCLUSIONS

(1) Previously unknown enthalpies of combustion,
melting, and formation of a series of terpenoids, alka-
loids, and flavonoids were calculated.

(2) The results are of interest for predicting the
thermodynamic properties of related compounds and
simulating their synthesis. They can also be included
in basic handbooks and data bases.
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Abstract�Hydrogenation of ethyl p-nitrobenzoate on carbon-supported palladium�triphenylphosphine cata-
lyst at 40�C and atmospheric pressure of H2 was studied.

Hydrogenation of ethyl p-nitrobenzoate (ENB)
attracts particular attention, since the reaction product
is ethyl p-aminobenzoate (EAB), which is an anesthet-
ic (medical name Anesthesin) and an intermediate in
synthesis of novocaine.

Anesthesin is synthesized in industry by reduction
of ENB in aqueous solution with the system iron
powder�ammonium chloride [1�3]:

p-NO2C6H4CO2Et + Fe + NH4Cl �� p-NH2C6H4CO2Et

+ H2O. (1)

Reaction (1) is performed at 96�98�C; the yield
of the target product does not exceed 90%, and it
requires additional time-consuming purification. The
synthesis is labor-consuming; it is performed under
severe conditions, is accompanied by formation of
colored by-products, and involves dilution of the reac-
tion mixture with water, washing, and separation of
the metallic slime, which gives rise to environmental
problems.

The majority of the above problems can be avoided
by performing catalytic hydrogenation of ENB with
molecular hydrogen:

Cat.
p-NO2C6H4CO2Et + H2

��
�� p-NH2C6H4CO2Et + H2O.

(2)

Some implementations of this process are reported
in [4�8]. In some cases [4�6], classical heterogene-
ous hydrogenation catalysts based on platinum group
metals were used. The reaction was performed at
atmospheric or elevated [4] H2 pressure; the reaction
temperature was varied from 20 to 80�C. The yield of

Anesthesin did not exceed 90%. The drawbacks of
these procedures are high consumption of Pd (5 wt%),
its inefficient utilization, the necessity of the catalyst
purification after every run, and severe reaction condi-
tions (high pressure, elevated temperature, corrosive
medium). In other works [7, 8], EAB was prepared on
metal�polymer catalysts such as palladium-containing
anion exchangers A-17-8-Pd and AN-1-Pd. The reac-
tion was performed at 30�45�C and H2 pressure of
1 atm; the yield was 98�100%. The major drawback
of the process is relatively low reaction rate on such
catalysts (by an order of magnitude lower than on
Pd/C catalysts).

Thus, search for new, more effective catalysts of
reaction (2) remains an urgent problem. In this con-
nection, we studied hydrogenation of ENB on carbon-
supported palladium�triphenylphosphine catalyst.

EXPERIMENTAL

Carbon-supported palladium�triphenylphosphine
catalyst was prepared as follows: 2.11 g of palladium
acetate and 0.985 g of triphenylphosphine were dis-
solved in 200 ml of acetone in an inert atmosphere
(N2, Ar), 50 g of a carbon support was added in an
inert gas flow, and the mixture was stirred at room
temperature until the solution became fully colorless.
Then the reactor was purged with H2 for 5 min, and
the catalyst was reduced at 20�40�C for 4�6 h with
vigorous stirring. The catalyst was filtered off, dried
in a vacuum, and stored in an inert atmosphere. The
resulting catalyst contained no more than 2 wt % Pd.

Reduction of ENB was performed in ethanol or
2-propanol at 40�C with H2 at atmospheric pressure.
The reactants were loaded in an inert gas atmosphere.
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Hydrogenation of ENB was also performed at
atmospheric pressure in a temperature-controlled
reactor at 30�40�C. The components were also loaded
in an inert gas atmposphere (N2 or Ar) to prevent their
oxidation with atmospheric oxygen and thus improve
the product quality. After loading the catalyst pre-
pared, ENB, and solvent, the whole system was kept
at the required temperature for 3�5 min and purged
with H2 for 5 min, after which vigorous stirring was
started. After the uptake of the theoretical amount of
hydrogen, the reaction stops. The next portion of ENB
is fully hydrogenated in the same time. The catalyst
can effect hydrogenation of up to 50 portions of ENB
without noticeable loss in the activity.

The total amount of converted ENB per gram of Pd
is 29250 g on the average. The yield of Anesthesin
is quantitative (chromatographic analysis data).

The spent catalyst can be separated, regenerated,
and then reused without noticeable loss in the activity.

The high activity and long life of the suggested
catalyst are due to its structural features. As shown in
[9], deposition of palladium on carbon supports fol-
lowed by reduction with hydrogen results in formation
of cluster complexes in which triphenylphosphine
molecules stabilize palladium particles of definite size
(optimal ratio PPh3/Pd � 0.4), exhibiting the highest
catalytic activity. This allows the hydrogenation rate
and yield of the target product to be considerably
increased; it also ensures long working life of the
catalyst without noticeable loss in the activity.

The preservation of the catalyst activity is also
favored by mild synthesis conditions (H2 pressure
1 atm; temperature up to 40�C; anhydrous medium;
single-component solvent readily removable by evap-
oration in isolation of the target product). It is also
important that the solvents used are not involved in
side reactions and are not so toxic as, e.g., toluene,
benzene, or methanol used in alternative procedures
[4, 8] (which is very important in preparation of phar-
maceuticals); also, they do not require time-consum-
ing washing of the finished product.

It should be noted that, with ultradispersed dia-
mond used as catalyst support, the hydrogenation rate
appreciably increases [10].

Thus, we have improved the hydrogenation pro-
cess: the service life of the catalyst was increased

many-fold; the process was made simpler and shorter;
the high pharmacopoeia quality of the finished prod-
uct and its �100% yield were attained.

CONCLUSIONS

(1) A carbon-supported palladium�triphenylphos-
phine catalyst was suggested for preparation of Anes-
thesin of high pharmacopoeia quality in a quantitative
yield.

(2) Anesthesin is prepared in one step under mild
conditions without by-products. Fifty synthesis runs
can be performed with one catalyst portion, after
which it can be regenerated and reused.

REFERENCES

1. USSR Inventor’s Certificate no. 609 278.
2. USSR Inventor’s Certificate no. 753 069.
3. USSR Inventor’s Certificate no. 492 514.
4. US Patent 3 037 046.
5. Simonov, A.P., Chuvilin, A.L., Moroz, E.M., et al.,

Abstracts of Papers, II Vsesoyuznaya konferentsiya
�Kataliz i kataliticheskie protsessy khimfarmproizvod-
stva� (II All-Union Conf. �Catalysis and Catalytic
Processes in Production of Pharmaceuticals�), Mos-
cow, October 8�10, 1989, part 2, p. 248.

6. Klyuev, M.V., Zh. Org. Khim., 1984, vol. 20, no. 9,
pp. 1908�1912.

7. Abdullaev, M.G., Abstracts of Papers, 12-ya Mezhdu-
narodnaya konferentsiya molodykh uchenykh po khi-
mii i khimicheskoi tekhnologii, posvyashchennaya
100-letiyu obrazovaniya Rossiiskogo khimiko-tekhno-
logicheskogo univ. (12th Int. Conf. of Young Scien-
tists on Chemistry and Chemical Technology, Dedi-
cated to the Centennial of Foundation of the Russian
Univ. of Chemical Engineering), Moscow, November�
December 1998, p. 90.

8. Morogina, A., Nasibulin, A.A., and Klyuev, M.V.,
Neftekhimiya, 1998, vol. 38, no. 4, pp. 277�281.

9. RF Patent 2 203 885.
10. Obraztsova, I.I., Efimov, O.A., Simenyuk, G.Yu., and

Min’kov, A.I., in Trudy Mezhdunarodnoi nauchno-
prakticheskoi konferentsii �Khimiya � XXI vek: novye
tekhnologii, novye produkty� (Proc. Int. Scientific and
Practical Conf. �Chemistry�XXI Century: New
Technologies, New Products�), Kemerovo, December
5�8, 2000, pp. 62�66.



1070-4272/04/7703-0513�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 3, 2004, pp. 513�514. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 3,
2004, pp. 519�520.
Original Russian Text Copyright � 2004 by Pisanenko, Smirnov-Zamkov.

BRIEF
������������������������������� �������������������������������

COMMUNICATIONS

Chloromethylation of Benzyltoluenes with Chlorodimethyl Ether

D. A. Pisanenko and Yu. I. Smirnov-Zamkov

Kiev Polytechnic Institute, National Technical University of Ukraine, Kiev, Ukraine

Received November 6, 2003

Abstract�Chloromethylation of a mixture of benzyltoluenes with chlorodimethyl ether in CCl4 at 65�C in
the presence of Fe, FeO, Fe3O4, Fe2O3, ZnCl2, FeCl3, and a cation-exchange resin (KU-2 � 8chS) was studied.

Macromolecular chloromethylated derivatives are
used for preparing metal corrosion inhibitros, anti-
microbial agents, and anion-exchange resins [1�3];
they show increased performance when used in multi-
component mixtures. It is interesting to test as com-
ponents of such mixtures chloromethylation products
of commercial hydrocarbons, e.g., diarylmethanes
used as liquid dielectrics and heat carriers [4, 5].
Their chloromethylation with chlorodimethyl ether
allows HCl to be eliminated from the process [6].

Here we report on chloromethylation of a 35 : 55 :
10 mixture of mono-, di-, and tribenzyltoluenes (I)
with chlorodimethyl ether II in CCl4 at 65�C in the
presence of various catalysts:

������
CCl4, catalyst

( MeCH 2
)n����
���
CH Cl2III

�Me + Me OH,

(PhCH 2 )n
���
�
��Me + ClCH2OMe

III

������
CCl4, catalyst

( MeCH 2
)n����
���
CH Cl2III

�Me + Me OH,

(PhCH 2 )n
���
�
��Me + ClCH2OMe

III

where n = 1�3 (see table).

The chloromethylation efficiency was studied in
relation to the molar ratio of benzyltoluenes I to chlo-
rodimethyl ether II, kind and amount of the catalyst,
and reaction time. The number of incorporated CH2Cl
groups was determined from the intensity of the meth-
ylene proton signals in the 1H NMR spectra [7]; both
reaction mixtures and final products were sampled.
The conditions and results of the experiments are
given in the table.

As seen from the table, Fe2O3, FeCl3, and ZnCl2
show high catalytic activity in the process; the number
of incorporated CH2Cl groups can be controlled by
varying the amount of the catalyst (run nos. 15�21)
and the excess of chlorodimethyl ether (run nos. 8�
11). At too long reaction time, the content of CH2Cl

Conditions and results of chloromethylation of benzyltolu-
enes I with chlorodimethyl ether II
����������������������������������������

Run
�

Catalyst, wt %
�Excess �

�, h
� Number of

no.
�

relative to I � of II, � � incorporated
� � mol � �CH2Cl groups

����������������������������������������
1 �Fe, 3 � 2.5 � 4 � 0.86
2 �� � 2.5 � 8 � 1.02
3 �Fe, 1.5 � 2.5 � 5 � 1.85
4 �FeO, 1.5 � 2.5 � 5 � 1.80
5 �Fe2O3, 1.5 � 2.5 � 1 � 1.10
6 �� � 2.5 � 2.5 � 1.70
7 �� � 2.5 � 5 � 1.90
8 �Fe3O4, 1.5 � 1.2 � 5 � 1.00
9 �� � 1.5 � 5 � 1.20

10 �� � 2.5 � 5 � 1.96
11 �� � 3.0 � 5 � 2.20

� � � �12 �FeCl3(anhydr.), 1.5� 2.5 � 5 � 2.10
�FeCl3 �6H2O: � � �

13 �1.5 � 2.5 � 5 � 1.63
14 �3 � 2.5 � 5 � 1.75

� � � ��ZnCl2(anhydr.): � � �
15 � 0.1 � 2.5 � 6 � 0.55
16 � 0.2 � 2.5 � 6 � 0.65
17 � 1.0 � 2.5 � 6 � 0.85
18 � 2.0 � 2.5 � 5 � 1.85
19 � 2.0 � 2.5 �12 � 1.70
20 � 5.0 � 2.5 � 5 � 1.90
21 �25.0 � 2.5 � 5 � 1.95

� � � ��KU-2�8chS, 10%� � �
�moisture content: � � �

22 �10.0 � 2.5 � 5 � 1.10
23 �10.0 � 2.5 �12 � 1.30
24 �25.0 � 2.5 � 6 � 1.51

� � � �25 �KU-2�8chS � � �
�anhydrous, 25.0 � 2.5 � 6 � 1.60

26 �� � 2.5 �12 � 1.50
����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 3 2004

514 PISANENKO, SMIRNOV-ZAMKOV

groups starts to decrease (run no. 19), probably owing
to condensation of chloromethylated benzyltoluenes.
The optimal content of anhydrous ZnCl2 is 2 wt %
relative to benzyltoluenes, as with larger amounts of
the catalyst (run nos. 20, 21) the content of CH2Cl
groups does not noticeably grow, whereas at smaller
amounts (1 wt % and less) it drastically decreases (run
nos. 15�17). A cation-exchange resin, KU-2 � 8chS,
is also suitable as catalyst, but it should be taken in
amount as large as 25 wt % relative to benzyltoluenes
(run nos. 24�26).

Iron(III) oxides are promising as catalysts of this
reaction, as they show high performance and can be
readily separated by filtration. Chloromethylated ben-
zyltoluenes, after purging with nitrogen and distilling
off the solvent, can be used in various processes as
compounds with a labile chlorine atom [8]; unchanged
benzyltoluenes can be reused.

EXPERIMENTAL

Chlorodimethyl ether was prepared by passing HCl
through a mixture of paraform and methanol [6]; a 35 :
55 : 10 mixture of mono-, di- and tribenzyltoluenes
was prepared by alkylation of toluene with benzyl
chloride in the presence of anhydrous FeCl3 [9] or
taken as a ready commercial product (used as liquid
dielectric) [4]. The GLC analysis was performed on
a Biokhrom device (5% SE-30 on Chromosorb W,
carrier gas He). The 1H NMR spectra were recorded
on a Tesla BS-487 spectrometer (80 MHz); internal
reference tetramethylsilane.

Chloromethylation was performed following the
procedure from [6]. A reactor was charged with 50 g
of a mixture of benzyltoluenes, and 100 ml of CCl4

and the required amount of the catalyst were added.
The mixture was heated with stirring to 65�C, and
a solution of the required amount of chlorodimethyl
ether in 50 ml of CCl4 was added over a period of
0.5 h. Then the stirring was continued for the required
time. After reaction completion, the catalyst was fil-
tered off, the filtrate was purged with nitrogen, the
solvent was distilled off, and a sample was withdrawn
for taking a 1H NMR spectrum. Samples of the reac-
tion mixture in the course of the reaction were taken
and treated similarly. Characteristic results are given
in the table.
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Abstract�Evolution of properties of cold asphalt is investigated. The time required for establishment of
adsorption equilibrium in preparation of asphaltic concrete is determined.

The asphaltic dispersion differs from the classical
colloidal systems in that its dispersed phase is formed
from molecules similar to those of the dispersion
medium. The molecules with a polynuclear condensed
structure consisting of 3�4 aromatic and 2�3 naph-
thene rings represent planes with alkyl substituents
bound around. Four to six molecules are arranged in
parallel to each other to form a quasispherical stack
associate.

Thanks to �-electron systems of the aromatic and
heteroaromatic rings, the intermolecular bonds in the
associate appear to be rather strong, and their dissocia-
tion starts only above 300�C. It was demonstrated by
X-ray diffraction that, in supramolecular structures of
this kind, the stack thickness is well comparable with
the diameter of the molecules (�0.8�1.7 nm), that
including the solvate shell being about 2.0�2.3 nm
[1, 2]. These structures are known as asphaltenes,
even though it is not absolutely correct.

In practice, by asphaltenes is meant a mixture of
compounds precipitated from a toluene solution of
asphalt under the action of n-pentane or n-hexane.
Along with high-molecular-weight aromatic mole-
cules, this mixture can contain low-molecular-weight
polar molecules insoluble in the indicated solvents.
Therefore, asphaltenes thus isolated can differ sig-
nificantly from those forming the dispersed phase of
asphalt. Furthermore, asphalt contains a great amount
of molecules also tending to association, but with a
lower energy of intermolecular interaction. In all
cases, association proceeds by random diffusion of
molecules in the asphalt bulk, until molecules of
the appropriate structure come into collision. This
requires a time increasing with decreasing tempera-
ture, because of increasing viscosity of the system and
decreasing energy of the molecules.

Therefore, it takes a long time to form a thermo-
dynamically stable asphalt structure. The lower the
temperature of asphalt, the longer this time. This may
be clearly demonstrated by measuring the penetration
of asphalt without intermediate softening in eight days
under oxygen-free conditions in the dark. The results
of such experiments are given in the table.

As seen, the penetration of asphalt decreased with
time, which is due to solely structural transformations.
Such an aging effect was attributed to oxidation in
the course of storage. However, in fact, it is a result
of high-temperature oxidation of asphalt. Structural
transformations accompanying establishment of ther-
modynamically stable state are very typical of oxi-
dized asphalts. In the course of asphalt oxidation,
naphtheno�aromatic oils undergo oxidative dehydro-
genation to form asphaltenes. At 220�280�C, this is
a kinetically controlled process, while association is
controlled by diffusion, proceeding at a considerably
lower rate.

Another consequence of aging, but of asphaltic
concrete pavements, which has not been taken into
consideration until now, is structural transformation of

Variation in the penetration of asphalt in aging at room
temperature
����������������������������������������

Asphalt

� �25,* 0.1-mm units, in aging for indicated
� time, days
�������������������������������
� 0 � 2 � 4 � 6 � 8

����������������������������������������
BND 40/60 � 59 � 57 � 56 � 53 � 50
BND 60/90 � 88 � 83 � 77 � 74 � 70
BND 90/130 � 120 � 115 � 110 � 102 � 98
����������������������������������������
* (�25) Penetration of asphalt at 25�C.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 3 2004

516 LEVCHENKO et al.

asphalt caused by adsorption of certain components on
the mineral ballast. In fabrication of asphaltic concrete
at an asphalt plant, the time of contact of asphalt with
mineral ballast is 20 min at 160�C. A short time after
asphaltic concrete is laid to the roadbed. Thus, ap-
parently, asphaltic concrete is cooled before reaching
the adsorption equilibrium.

It was demonstrated by the hot centrifugation
method that the adsorption equilibrium of asphalt on
both acidic and basic rocks is established in 3�4 h at
160�C and somewhat more rapidly at higher tempera-
tures. At room temperature, this takes 6�7 months.
Adsorption of asphalt on the mineral ballast surface is
a selective process, resulting in extraction of the most
readily adsorbed components from asphalt, which, in
its turn, distorts the thermodynamic equilibrium in the
asphaltic dispersion system. As a result, transforma-
tion of the asphalt structure changes its characteristics:
the penetration considerably decreases and softening
point increases.

The effect of heating time � on the performance
characteristics (penetration �25 and softening point
Ts) of centrifuged asphalt is illustrated below.

�, h 0 1/2 1 2 3 4
�25, 0.1-mm units 88 71 59 46 39 37
Ts, �C 48 50 54 62 66 67

The observed considerable decrease in the penetra-
tion and increase in the softening point suggest an
increase in the rigidity of the asphalt structure and
decrease in its volume. Detachment of asphalt from a
mineral material always proceeds via break of the
cohesion bonds, whose strength is lower as compared
to the adhesion bonds. Therefore, in asphalt cooled
before reaching the adsorption equilibrium, inner
stresses are realized in its bulk between the mineral
ballast grains, which may result in microcracking,
penetration of water, and deterioration of the road
pavement. Therefore, the primary cause of deteriora-
tion of a road pavement is not an oxidation, but struc-
tural transformation of asphalt. Oxidation contributes
only at the next stage, i.e., after microcracks are
formed in the asphaltic mass.

As a conclusion, our results show that, to improve
the durability of asphaltic concrete, it is necessary to
hold it at high temperature (160�C) for at least 3�4 h,
i.e., until reaching the adsorption equilibrium.
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A group of authors, headed by known scientists in
the field of simulation of metallurgical processes and
apparatus (prof. I.N. Beloglazov) and concentration of
mineral resources (prof. O.N. Tikhonov), published,
together with the leading specialists of the Finnish
Larox Oy company, a manufacturer of filtering equip-
ment, a monograph that summarizes a vast material on
dehydration of industrial pulps and slurries. In the
four chapters of the book, the authors presented the
basic concepts of the theory of dehydration processes
and data on technical means used in filtration separa-
tion of solid�liquid systems and provided the descrip-
tion with their own recommendations and examples
of original engineering decisions from the world
practice.

The brief foreword (pp. 3�5) notes the importance
of developing, as fast as possible, high-intensity proc-
ess filters that would meet the requirements of modern
industry and enable optimization of the operation
modes of the already existing equipment. Tackling
with such a task requires a detailed development of
appropriate mathematical models and algorithms. The
first chapter (pp. 6�109) presents information con-
cerning the theoretical description of filtration proc-
esses. A classification of pulps and sediments and of
methods for changing their moisture content is given.
Reference data on physical properties of various real
process pulps, cakes, and gas mixtures and methods
for determination of these are presented. The funda-
mental aspects of hydrodynamic and heat- and mass-
exchange processes, which are taken into account by
the theory of filtration separation of pulps, are con-
sidered. In the main part of the chapter, the funda-
mental aspects of the processes of filtration, filtration
washing, and drying are presented. The authors
suggest a unified algorithm for calculating filtration�
dehydration processes, based on classical theories of
filtration and drying.

The second chapter (pp. 110�143) contains detailed
evidence concerning methods for intensifying vari-

ously implemented filtration processes. Various
methods for improving the filterability of pulps are
described, the most effective flocculants lowering the
stability of pulps are indicated, and the mechanism
by which auxiliary substances affect the course of
filtration is analyzed. Also, the main methods for
physical or physicomechanical intensification are
considered. In particular, studies concerned with the
influence exerted by mechanical vibrations with vari-
ous frequencies, amplitudes, and inducing methods
are discussed. A method for improving the filterability
of pulps by destruction of the sediment is analyzed.

The third chapter (pp. 144�213) reviews various
apparatus implementations of the filtration process.
Designs, operation principles, and technical character-
istics of a great number of filters are described. These
include rotary and plate filters, cartridge and leaf
filters, band vacuum filters, plate-and-frame pressure
filters, drum and disc filters, automated press filters
with horizontal chambers of the FPAKM type, and
other special types of filters. The authors note advant-
ages and disadvantages of filters of various designs
and give recommendations on choice of the filtration
equipment for particular industries. Special attention
is given to filtering partitions, their classification is
given, and data on their chemical stability and mech-
anical properties, as well as strength and durability,
are given. A summary table of technical character-
istics of filtering fabrics of Russian manufacture is
presented.

The fourth chapter (pp. 214�305) of the mono-
graph is devoted to recent achievements of world’s
filter-manufacturing industry. Recently, a tendency
toward organization of low-waste plants has been
manifested in the development of world’s industry,
which is due to global economical and environmental
problems. This tendency is particularly pronounced
for plants of mining, concentrating, and metallurgical
industries. In this context, the requirements to particu-
lar processes, including separation of process pulps by
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filtration, become increasingly stringent. The authors
formulate the requirements to modern filters. The con-
tribution of Russia’s specialists to the creation of new
filtering technologies and development of the FPAKM
family of filters is noted. Modern varieties of filters of
this kind are represented by those manufactured by a
Finnish company Larox Oy. The manufactured set of
press filters is described, with all technical character-
istics listed and designs, operation principles of sepa-
rate units of the filters, and conditions of their in-
dustrial use described. Also, the laboratory and pilot
equipment for testing of process pulps is described,
and results of laboratory tests of pulp samples from a
number of domestic and foreign plants are presented.
Of particular interest is the material concerning the
reconstruction of filtration processes at the largest
plants of mining, metallurgical, foodstuff, paint-and-
varnish, pharmaceutical, and other industries. Larox
LSF filters, which serve for deep purification of vari-
ous objects: for recovery of solid suspended particles
from industrial solutions, electrolytes, and wastewater
even at very low content of these particles, are briefly
described. The operation of the Larox LSF deep-puri-

fication filters is based on the phenomenon of adsorp-
tion filtration, which ensures adhesion of micrometer-
and submicrometer-size particles to fibers of the filter-
ing fabric, even despite the much smaller size of these
particles as compared to the sizes of pores in this
fabric. This phenomenon makes it possible to dimin-
ish the content of solid particles in media being
processed to a level of several ppm (by volume).

The bibliographic list (pp. 306�311) contains 125
references to studies by domestic and foreign re-
searchers. The book is very well printed, it includes
illustrative graphical material and useful reference
data.

The monograph by Beloglazov and co-authors is of
interest for a wide audience of engineers and scientists
engaged in process design and modification in a wide
variety of industries. The book may be of use for
teachers, postgraduate students, masters, and under-
graduate students specializing in chemical engineering
and metallurgy.

A. G. Morachevskii
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The book, published in the framework of the an-
nual series Sostoyanie i perspektivy razvitiya funktsi-
onal’nykh materialov dlya nauki i tekhniki (State and
Prospects for Further Development of Functional
Materials for Science and Technology), reviews, sys-
tematizes, and generalizes the results of investigations
in the field of synthesis, study, and use of organic
luminophores, which have been carried out during
more than 40 years under supervision of Professor
B.M. Krasovitskii at the Institute of Single Crystals,
Academy of Sciences of Ukr. SSR (now National
Academy of Sciences of Ukraine).

These investigations were commenced at the time
when the main task of the Institute of Single Crystals
was to provide the nuclear engineering with effective
means for monitoring the nuclear radiation. Therefore,
the main goal was to obtain luminophores that served
as activators of liquid and plastic scintillators. Later,
the scope of the investigations was substantially
expanded because of the steadily increasing demand
for effective luminophores for a wide variety of fields
of science and technology. A necessity arose for a
search for new classes of luminescent substances,
improvement of methods for their synthesis, study of
the relationship between their structure and spectral-
fluorescent properties, and optimization of conditions
of their use. The main feature of the investigations
performed was the synthesis of compounds with two
fluorophore groups, bifluorophores.

The results obtained in all of these studies are
presented in the book, which comprises three parts.
The first part (�Monofluorophores�) considers succes-
sively the synthesis, structure, and use of the follow-
ing compounds: polycyclic aromatic hydrocarbons and
their functional derivatives, vinyl-substituted aromatic
hydrocarbons, diaryl-substituted ethylene and poly-
enes, Schiff bases, dibenzofulvenes and their azometh-
ine derivatives, compounds with five- and six-
membered nitrogen-containing heterocyclic rings
(derivatives of oxazole, aryl-hetaryl-substituted azoles,
imidazoles, and compounds with a pyrazoline ring)
and those with carbonyl-containing fluorophore groups

(�,�-unsaturated ketones, substituted benzanthrone
and anthrapyridone, anthraquinonediazoles, deriva-
tives of oxazolone and imidazolone, benzoxazin-
4-ones, substituted 9-akridones), sulfonyl-containing
heterocyclic rings, and also derivatives of naphthal-
imide, N-aminoimides, and hydrazides of naphthalic
acid, and 1,8-naphthoylene-1�,2�- benzimidazole and
its derivatives. Thus, the variety of the objects studied
is exceedingly wide.

The second part (�Bifluorophores�) is devoted to
luminophores with conjugated fluorophore groups
(both symmetric and asymmetric), polycondensed bi-
fluorophores, luminophores with unconjugated fluoro-
phore groups (with �insulating� groups, with meta-
position of fluorophore groups in the common aromat-
ic ring, and also with a bridging amide group), as
well as to sterically hindered bifluorophores, bifluoro-
phores with ionic structure, and compounds contain-
ing more than two fluorophore groups.

The third part (�Luminescent Materials�) contains
a wide variety of data on day-glo fluorescent and
decorative paints and printing inks, use of day-glo
fluorescent pigments in translucent screens and in
visualization of latent electrostatic images, as well as
on day-glo fluorescent pigments and paints based
on polyester resins. Luminescent dyes for plastics
and synthetic fibers (polystyrene and polymethyl
methacrylate, polyethylene, polyvinyl chloride and
polyacrylonitrile) and epoxy resins and luminescent
organosilicon dyes are considered in detail. Consider-
able attention is given to organic scintillators, materi-
als for detection and dosimetry of the ionizing radia-
tion. The chapter concerned with fluoroscopic flaw
detection considers fluorescent dye penetrant testing,
magnetic luminescent materials, and the luminescent
technique for determining the chemical stability of
rubbers. Further, a review is given of a valuable in-
formation about fluorescent markers and probes for
biological studies and medical diagnostics. The same
chapter considers luminescent markers for indication
of proteins and fluorescent probes for fast analysis of
cholesterol and triglycerides in the diagnostics of
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atherosclerosis, determination of the binding capacity
of albumin, and study of the structure of biomem-
branes and lipoproteins. Finally, there are special
chapters devoted to lasers operating on organic lumi-
nophores, to organic luminophores in chemi- and
electroluminescent formulations, and to thermoin-
dicating coatings and photographic materials. In a
form that is concise, but convenient for readers, the
book presents the most important data on synthesis,
structure, and spectral-luminescent properties of
organic compounds; polarographic studies of the
luminophores considered here are also briefly re-
ported. The text is provided with a great number of
structural formulas. The book has a particular practical
value because of the numerous indications of the
application fields of luminophores and vast bibliog-
raphy: the book contains a total of more than

1200 references, including 45 references to reviews
and monographs by Krasovitskii and co-authors.

The scale of investigations whose results are gen-
eralized in the book is indicated by the mere fact that
only joint investigations, performed in cooperation
with other organizations, involved 24 institutes of the
Academies of Sciences of the Sovient Union and
CIS countries, 28 industrial research institutes and
research-and-production associations, 21 higher-
school institutions, and 14 industrial plants.

The book will be of use for organic chemists, bio-
hemists, scientists dealing with spectroscopy and laser
technology, and specialists working in various fields
of applied chemistry, associated with synthesis, study,
and use of luminophores.

N. O. Mchedlov-Petrosyan
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Abstract�Technological prerequisites for obtaining special liquid fertilizers with potassium and ammonia
hydrophosphates as components were studied. The solubility in the multicomponent (NH4)2HPO4�K2HPO4�
NH4NO3�H2O and (NH4)2HPO4�K2HPO4�CO(NH2)2�H2O systems was studied. The chemical composition
of the liquid compound fertilizers obtained was determined.

About 5% of the world output of fertilizers is used
to grow vegetable, fruit, and berry cultures [1]. Spe-
cial types of fertilizers are used with this aim, their
main function being to satisfy to the maximum pos-
sible extent the needs of plants for mineral nutrition
during various periods of their development [2]. There-
fore, with regard to a great variety of agricultural
crops and their special features, a wide assortment of
fertilizers of this kind is necessary. The most efficient
for these purposes are liquid compound fertilizers
(LCF) that contain ammonium phosphates as the main
components [3, 4]. Potassium phosphates are hardly
used in the production of LCF owing to their high
cost, though they are characterized by a high solu-
bility and high content of potassium and phosphorus
[5]. Potassium hydrophosphate contains 40.7% P2O5
and 54.0% K2O and is readily soluble in water. At
20�C, the maximum content of K2HPO4 in water is
as high as 61.6 wt %. Thus, K2HPO4 is a promising
source for the production of special liquid fertilizers.
When cultivating hot-house cultures, the expenditure
for fertilizers is comparatively small, and, therefore,
use of potassium phosphates is promising.

The aim of this study was to create technological
prerequisites for production of special liquid fertil-
izers based on potassium hydrophosphates. To this
end, it was necessary to solve the following pro-
blems: (i) to study the solubility in the multicom-
ponent (NH4)2HPO4�K2HPO4�NH4NO3�H2O and
(NH4)2HPO4�K2HPO4�CO(NH2)2�H2O systems and
(ii) to find the chemical composition of liquid com-
pound fertilizers and to determine the physicochemi-
cal properties of the products on the basis of solubility
data.

To study the solubility, we used K2HPO4,
(NH4)2HPO4, CO(NH2)2, NH4NO3 reagents of analyt-
ically pure grade and distilled water. To obtain LCF,
we also used technical-grade K2CO3, orthophosphoric
acid of pure grade (concentration 86%), technical-
grade aqua ammonia NH4OH (concentration 25%),
and technical-grade 58% HNO3.

We determined the composition of substances by
chemical and physicochemical methods of analysis.
The concentration of ammonia nitrogen was found
using the formaldehyde method [6, 7], and that of
nitrate nitrogen, by the titration method based on
the reduction of nitrates with a titration standard of
iron(II) sulfate in an acid medium with the subsequent
titration of the excess of iron(II) salt with a potassium
permanganate solution in the presence of ammonium
molybdate as a catalyst [8], or by the photometric
method [9]. The concentration of potassium ions was
determined by flame photometry on a Jenway PFP-7
flame photometer, and the concentrations of P2O5 and
amide nitrogen, by the photometric method [7, 10, 11]
on a KFK-2 photocolorimeter.

The solid phases were analyzed using IR spectrom-
etry, thermogravimetry, and X-ray phase analysis.

IR spectra were recorded on a Specord M-80 spec-
trometer. Samples for recording were compacted into
pellets with KBr.

The thermogravimetric experiments were carried
out on a Du Pont Instruments 990 Thermal Analyzer,
with the temperature raised at a rate of 10 deg min�1.

The X-ray phase analysis was made on a DRON-3
device with a cobalt anode, the interval of diffraction
angles was 0��166.5�, the error did not exceed 0.5%.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 4 2004

522 SVIKLAS, PALETSKENE

Fig. 1. Sections in the (NH4)2HPO4�K2HPO4�NH4NO3�
H2O system, studied by the polythermic method. Point A cor-
responds to 20%NH4NO3 + 80%H2O; the same for Fig. 3.

Fig. 2. Polytherms in the (NH4)2HPO4�K2HPO4�NH4NO3�
H2O system. (T) Temperature, and K2HPO4 and (NH4)2HPO4
content of the corresponding compounds; the same for Fig. 4.
Section: (a) (I) A � K2HPO4, (II) [5% (NH4)2HPO4 +
95% A] � K2HPO4, (III) [10% (NH4)2HPO4HPO4 + 90%
A] � K2HPO4, (IV) [15% (NH4)2HPO4 + 85% A] �

K2HPO4; (b) (V) A � (NH4)2HPO4, (VI) [10% K2HPO4 +
90% A] � (NH4)2HPO4, (VII) [20% K2HPO4 +80% A] �
(NH4)2HPO4.

The properties of solutions and LCF were deter-
mined using a pH-673 pH-meter, a VPZh-2 viscom-
eter, a set of AON-1 areometers for measuring the
density of solutions of compound fertilizers, an IRF-2
refractometer for finding the refractive indexes, and
a Radelkis conductometer for measuring the electrical
conductivity.

We determined the solubility of the salts in water
by the visual-polythermic method [12, 13]. Depending
on a required temperature, a mixture of ice, sodium
chloride, and ammonium chloride (nitrate) or a mix-
ture of dry ice and ethanol was used as a cooling agent.

To identify the composition of solid phases, the
compounds were isolated in the crystalline state.
The crystals obtained at the inflection points and in
the characteristic intervals of the resulting polytherms
were separated using a centrifuge condenser (at low
crystallization temperatures) or a Nutsch filter (at
crystallization temperatures higher than 0�C) and
subjected to the chemical and instrumental analysis.

To determine the composition of liquid special
compound fertilizers, the data on the solubility
in the (NH4)2HPO4�K2HPO4�NH4NO3�H2O and
(NH4)2HPO4�K2HPO4�CO(NH2)2�H2O systems were
necessary.

We studied each system by the method of inner
sections. We constructed solubility polytherms along
the sections on the basis of experimental data and then
obtained triangular section diagrams for the system in
the region under study. All the systems were studied
in the range from the temperature of complete freezing
to +40�C.

The (NH4)2HPO4�K2HPO4�NH4NO3�H2O system
was studied at concentrations of ammonium hydro-
phosphate and potassium hydrophosphate in the ranges
from 0 to 30 and from 0 to 25 wt %, respectively.
The ratio of ammonium nitrate and water was main-
tained constant at 1 : 4. The study was carried out
along seven sections, four of which were directed to-
ward increasing potassium hydrophosphate concentra-
tion, and three toward increasing ammonium hydro-
phosphate concentration. The location of the sections
is shown in the triangular diagram in Fig. 1. The
curves of solution crystallization are shown in Fig. 2.

Crystallization curves of sections I�IV are of the
same nature. Each section consists of two crystalliza-
tion branches. The inflections in the curves occur ow-
ing to changes in the phase composition. In sections
V�VI, two inflection points are formed, and the crys-
tallization from solutions of section VII occurs only
at positive temperatures.
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Table 1. Indices of eutonic points in the (NH4)2HPO4�K2HPO4�NH4NO3�H2O system
������������������������������������������������������������������������������������

� Solution composition, wt % � �
���������������������������������������� �Section � � Tcr, �C � Solid phase
� (NH4)2HPO4 � K2HPO4 � NH4NO3 � H2O � �

������������������������������������������������������������������������������������
I � � � 9.00 � 18.20 � 72.80 � �8.5 � Ice + NH4NO3
II � 4.66 � 6.75 � 17.72 � 70.87 � �8.8 � Ice + NH4NO3 + (NH4)2HPO4
III � 9.45 � 5.50 � 17.01 � 68.04 � �10.2 � Ice + NH4NO3 + (NH4)2HPO4
IV � 14.36 � 4.25 � 16.28 � 65.11 � �10.9 � Ice + NH4NO3 + (NH4)2HPO4
V � 15.50 � � � 16.90 � 67.60 � �11.1 � Ice + (NH4)2HPO4�2H2O
V � 25.00 � � � 15.00 � 60.00 � 12.0 � (NH4)2HPO4�2H2O + (NH4)2HPO4
VI � 4.00 � 9.60 � 17.28 � 69.12 � �2.7 � NH4NO3 + (NH4)2HPO4
VI � 15.50 � 8.45 � 15.21 � 60.84 � 9.2 � NH4NO3 + (NH4)2HPO4
VII � 14.80 � 17.04 � 13.63 � 54.53 � 31.0 � NH4NO3 + (NH4)2HPO4

������������������������������������������������������������������������������������

Table 2. Chemical composition of saturated solutions with the crystallization temperature of 0�C in the (NH4)2HPO4�
K2HPO4�NH4NO3�H2O system
������������������������������������������������������������������������������������

Section
� Solution composition, wt % �Concentration of nutritious substances, wt %�

Ratio�������������������������������������������������������������������
�(NH4)2HPO4� K2HPO4 � NH4NO3 � H2O � N � P2O5 � K2O � sum �

N: P2O5 : K2O

������������������������������������������������������������������������������������
I � 0.00 � 10.25 � 17.95 � 71.80 � 6.28 � 4.18 � 5.53 � 16.00 � 1.5 : 1 : 1.3
II � 4.56 � 8.75 � 17.34 � 69.35 � 7.04 � 6.03 � 4.72 � 17.78 � 1.5 : 1.3 : 1
III � 9.23 � 7.75 � 16.61 � 66.42 � 7.77 � 8.13 � 4.18 � 20.08 � 1.9 : 1.9 : 1
IV � 13.92 � 7.20 � 15.78 � 63.10 � 8.47 � 10.43 � 3.89 � 22.79 � 2.2 : 2.7 : 1
V � 18.25 � 0.00 � 16.35 � 65.40 � 9.59 � 9.82 � 0.00 � 19.41 � 1 : 1 : 0
VI � 5.5 � 9.45 � 17.01 � 68.04 � 7.12 � 6.82 � 5.10 � 19.04 � 1.4 : 1.3 : 1

������������������������������������������������������������������������������������

The solid compounds formed within the range of
the solution concentrations under study were identified
using chemical and instrumental analyses and stoi-
chiometric calculations of the composition.

The crystallization temperatures of eutonic points,
Tcr, and the chemical compositions of precipitated
solid phases of the (NH4)2HPO4�K2HPO4�NH4NO3�

H2O system were determined within the indicated
range of the component concentrations (Table 1).
The eutonic point of section IV corresponds to
the lowest crystallization temperature (�10.9�C).
Its chemical composition corresponds to (wt %):
(NH4)2HPO4 14.36, K2HPO4 4.25, NH4NO3 16.28,
and H2O 65.11. The total concentration of nutritious
substances is 20.50%.

Based on the data obtained, we constructed a
triangular diagram of the (NH4)2HPO4�K2HPO4�

NH4NO3�H2O system (Fig. 3). The boundary lines of
the crystallization fields are plotted in the diagram on
the basis of the polythermic and chemical analysis
data. A study of the bottom phases precipitated from
supersaturated solutions in various regions of the sys-
tem at the appropriate temperatures, demonstrated
that no new compounds are formed in the system.
A comparison of derivatograms, X-ray diffraction pat-

terns, and IR absorption spectra confirmed these con-
clusions.

To determine the chemical composition of liquid
compound fertilizers, we calculated the composition
of saturated solutions with the crystallization temper-
ature of 0�C. The results are listed in Table 2.

Fig. 3. Solubility polytherm of the (NH4)2HPO4�K2HPO4�
NH4NO3�H2O system.
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Fig. 4. Polytherms of the (NH4)2HPO4�K2HPO4�CO(NH2)2�H2O system. Section: (a) (I) [5% (NH4)2HPO4 + 55% K2HPO4 +
40%H2O] � CO(NH2)2, (II) [55%(NH4)2HPO4 + 45%H2O] � CO(NH2)2, (III) [5%(NH4)2HPO4 + 45%K2HPO4 50%H2O]�
CO(NH2)2, (IV) [10% (NH4)2HPO4 + 40% K2HPO4 + 50% H2O] � CO(NH2)2, (b) (V) [15% (NH4)2HPO4 + 35% K2HPO4 +
50% H2O] � CO(NH2)2, (VI) [25% (NH4)2HPO4 + 25% K2HPO4 + 50% H2O] � CO(NH2)2, (VII) [5% (NH4)2HPO4 +
35% K2HPO4 + 60% H2O] � CO(NH2)2, (VIII) [10% (NH4)2HPO4 + 30% K2HPO4 + 60% H2O] � CO(NH2)2, (XI) [5%
(NH4)2HPO4 + 30% K2HPO4 + 65% H2O] � CO(NH2)2.

It is seen from Table 2 that the maximum concen-
tration of nutritious substances is 22.79 wt % at the
ratio N : P2O5 : K2O = 2.2 : 2.7 : 1.

The replacement of ammonium nitrate with car-
bamide is known to raise, as a rule, the total concen-
tration of nutritious substances in LCFs [3, 14]. With
this in mind, we studied the solubility of the
(NH4)2HPO4�K2HPO4�CO(NH2)2�H2O system. We
analyzed the solutions at ammonium hydrophosphate,
potassium hydrophosphate, and carbamide concentra-
tions of 5 to 25, 25 to 55, and 0 to 35 wt %, respec-
tively. The solubility polytherms were plotted using
the results of the polythermic studies. The analysis
was made for nine sections, with varied chemical
composition of the system (wt %):

I: [5(NH4)2HPO4 + 55K2HPO4 + 40H2O] � CO(NH2)2,

II: [55(NH4)2HPO4 + 45H2O] � CO(NH2)2,

III: [5(NH4)2HPO4 + 45K2HPO4 + 50H2O] � CO(NH2)2,

IV: [10(NH4)2HPO4 + 40K2HPO4 + 50H2O] � CO(NH2)2,

V: [15(NH4)2HPO4 + 35K2HPO4 + 50H2O] � CO(NH2)2,

VI: [25(NH4)2HPO4 + 25K2HPO4 + 50H2O] � CO(NH2)2,

VII: [5(NH4)2HPO4 + 35K2HPO4 + 60H2O] � CO(NH2)2,

VIII: [10(NH4)2HPO4 + 30K2HPO4 + 60H2O]�CO(NH2)2,

IX: [5(NH4)2HPO4 + 30K2HPO4 + 65H2O] � CO(NH2)2.

The general shape of the curves obtained is shown
in Fig. 4.

All the crystallization curves are of the same na-
ture. They consist of two crystallization branches.
The indices of eutonic points of the crystallization
curves are listed in Table 3.

To determine the chemical composition of LCF,
we calculated the chemical composition of saturated
solutions with the crystallization temperature of 0�C.
The data are listed in Table 4.

Use of carbamide instead of NH4NO3 sharply in-
creases the concentration of nutritious substances.
The maximum sum of nutritious substances in section
I is 54.94 wt %. High concentrations are attained with
popular ratios of nutritious substances. For example,
at the ratios N : P2O5 : K2O of 1 : 2 : 2, 1 : 2 : 1, and
1 : 1 : 1 the sum of nutritious substances is 45.61,
43.00, and 35.5%, respectively. This indicates that
(NH4)2HPO4, K2HPO4, and CO(NH2)2 can be used



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 4 2004

PHYSICOCHEMICAL PRINCIPLES OF SYNTHESIS OF LIQUID FERTILIZERS 525

Table 3. Indices of eutonic points in the (NH4)2HPO4�K2HPO4�CO(NH2)2�H2O system
������������������������������������������������������������������������������������

� Solution composition, wt % � �
���������������������������������������� �Section � � Tcr, �C � Solid phase
� (NH4)2HPO4 � K2HPO4 � CO(NH2)2 � H2O � �

������������������������������������������������������������������������������������
I � 4.61 � 50.74 � 7.75 � 36.9 � �6.7 � K2HPO4�6H2O + CO(NH2)2
II � � � 49.36 � 10.25 � 40.39 � �10.3 � K2HPO4�6H2O + CO(NH2)2
III � 4.53 � 40.72 � 9.50 � 45.52 � �23.6 � K2HPO4�6H2O + CO(NH2)2
IV � 9.12 � 36.50 � 8.75 � 45.63 � �23.3 � K2HPO4�6H2O + CO(NH2)2
V � 13.82 � 32.25 � 7.85 � 46.08 � �23.1 � (NH4)2HPO4�2H2O + CO(NH2)2
VI � 23.44 � 23.44 � 6.25 � 46.87 � �22.0 � (NH4)2HPO4 + CO(NH2)2
VII � 4.32 � 30.28 � 13.50 � 51.90 � �19.2 � Ice + CO(NH2)2
VIII � 8.62 � 25.86 � 13.80 � 51.72 � �17.4 � Ice + CO(NH2)2
IX � 4.17 � 25.05 � 16.50 � 54.28 � �17.3 � Ice + CO(NH2)2

������������������������������������������������������������������������������������

Table 4. Chemical composition of saturated solutions with the crystallization temperature of 0�C in the (NH4)2HPO4�
K2HPO4�CO(NH2)2�H2O system
������������������������������������������������������������������������������������

Section
� Solution composition, wt % �Concentration of nutritious substances, wt %�

Ratio�������������������������������������������������������������������
�(NH4)2HPO4� K2HPO4 � CO(NH2)2 � H2O � N � P2O5 � K2O � sum �

N: P2O5 : K2O

������������������������������������������������������������������������������������
I � 4.49 � 49.36 � 10.25 � 35.90 � 5.74 � 22.56 � 26.64 � 54.94 � 1 : 3.9 : 4.6
II � � � 47.58 � 13.50 � 39.92 � 6.30 � 19.42 � 24.68 � 51.40 � 1 : 3.1 : 4.1
III � 4.18 � 37.57 � 16.50 � 41.75 � 8.59 � 17.58 � 20.28 � 46.45 � 1 : 2.1 : 2.4
IV � 8.45 � 33.80 � 15.50 � 42.25 � 9.03 � 18.34 � 18.24 � 45.61 � 1 : 2 : 2
V � 12.75 � 29.82 � 14.80 � 42.60 � 9.62 � 19.04 � 16.09 � 44.75 � 1 : 2 : 1.7
VI � 21.75 � 21.75 � 13.00 � 43.50 � 10.68 � 20.58 � 11.74 � 43.00 � 1 : 2 : 1
VII � 3.98 � 27.82 � 20.50 � 47.70 � 10.41 � 13.50 � 15.01 � 38.92 � 1 : 1.3 : 1.4
VIII � 7.98 � 23.94 � 20.20 � 47.88 � 11.12 � 14.07 � 12.92 � 38.11 � 1 : 1.3 : 1.2
IX � 3.83 � 23.01 � 23.30 � 49.86 � 11.69 � 11.45 � 12.42 � 35.56 � 1 : 1 : 1

������������������������������������������������������������������������������������

Table 5. Physicochemical properties of LCFs at 20�C
������������������������������������������������������������������������������������

Type �
Tcr, �C

�
pH

� Viscosity, � Density, � Refractive � Electrical conductivity,
(N�P2O5�K2O) � � � mPa s�1 � kg m�3 � index � S m�1

������������������������������������������������������������������������������������
12�11�12 � �1.2 � 7.4 � 3.38 � 1267 � 1.405 � 0.071
11�21�11 � �2.5 � 7.7 � 8.12 � 1355 � 1.421 � 0.067

7�8�4 � �2.5 � 7.0 � 1.87 � 1171 � 1.378 � 0.164
������������������������������������������������������������������������������������
Note. Liquid compound fertilizers based on potassium hydrophosphate, ammonium hydrophosphate, and ammonium nitrate or

carbamide can be used under both field and greenhouse conditions, irrespective of a plant species and the period of its
vegetation.

as components in production of highly concentrated
liquid compound fertilizers.

Based on the results of our chemical and phys-
icochemical studies, we developed a procedure and
a technology for manufacture of LCF [15]. K2CO3,
CO(NH2)2, NH3 � H2O, H3PO4, and HNO3 as the raw
materials for production of special-purpose LCF. Us-
ing this procedure, we prepared LCF solutions under
laboratory conditions and determined their properties

(Table 5). These properties were found to be close
to those of standard fertilizers.

CONCLUSIONS

(1) The solubility in the (NH4)2HPO4�K2HPO4�

NH4NO3�H2O and (NH4)2HPO4�K2HPO4�CO(NH2)2�

H2O systems was studied within the temperature range
from complete solidification to +40�C. The crystal-
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lization polytherms and the compositions of liquid
and solid phases were determined and also the con-
centrations of the saturated solutions with the crystal-
lization temperature of 0�C were found.

(2) With carbamide, the concentration of nutritious
substances in solution increases to 54.94 wt %,
whereas with ammonium nitrate, the concentration of
nutritious substances is only 22.79 wt %.
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Abstract�Distribution of HCl and Pd(II) among aqueous solutions of HCl and the product of electric-arc
evaporation of graphite, fullerene black, impregnated with trioctylamine was studied.

Recently, macroporous sorbents impregnated with
extracting agents of various classes have found wide
application in the analytical and preparative practice
of recovery and concentration of metal ions from
aqueous solutions [1, 2]. Pd(II) has been recovered
from hydrochloric solutions with the use of macro-
porous polymeric sorbents impregnated with trialkyl-
amines [3], trioctylphosphine oxide [4], sulfoxides
[5], dialkylthiophosphoric acids [6], and nitrogen-
containing phenolformaldehyde oligomers [7]. Hy-
drocarbon materials as a matrix for obtaining impreg-
nated sorbents have been studied to a lesser extent.
Recovery of Pd(II) from hydrochloric solutions with
an intercalated compound of trioctylamine (TOA),
based on fluorinated graphite, has been reported [8].
With the development of research aimed to synthesize
fullerenes, attention was given to the high specific
surface area and sorption capacity of the fullerene
black (FB), an amorphous carbon material obtained
in exhaustive extraction of fullerenes C60 and C70
from the product formed in electric-arc evaporation
of graphite [9].

In order to assess the possibility of using FB as
a matrix for obtaining an impregnated sorbent, some
aspects of how Pd(II) is distributed among HCl solu-
tions and FB impregnated with TOA were examined
in the present study.

EXPERIMENTAL

The fullerene black was synthesized by exhaustive
extraction of fullerenes C60 and C70 with toluene in
a Sohxlet apparatus from a fullerene-containing car-
bon black. The black was obtained by electric-arc
evaporation of graphite on an installation described

in [10]. As the active component of the impregnated
sorbent was used TOA (Merk) without additional
purification. The FB was impregnated with trioctyl-
amine by the procedure similar to that described pre-
viously in [7]. The content of TOA in the sorbent
was 0.1�11.26 mol kg�1 of FB.

The starting aqueous Pd(II) solutions with a con-
centration of 5 � 10�3 M were prepared by dissolving
PdCl2 of pure grade in a 6 M solution of HCl, with
subsequent dilution of the resulting solution to obtain
required concentrations of Pd(II) and the acid. Sorp-
tion experiments were performed under static condi-
tions at a temperature of 18 � 2�C. The aqueous solu-
tion with a sorbent was agitated with a magnetic stir-
rer for 2 h, which is sufficient for constant distribution
coefficients DPd of Pd(II) to be attained. The ratio
between the volume of the aqueous phase and the sor-
bent mass was 300 : 1.

The concentration of Pd(II) in the aqueous solu-
tions before and after sorption was determined photo-
metrically with KNCS [11], and that in the sorbent
phase, using the material balance equation. The dis-
tribution coefficients of Pd(II) were calculated as a ra-
tio of Pd(II) concentrations in the equilibrium solid
and aqueous phases. The concentration of HCl in the
equilibrium aqueous phases was determined by poten-
tiometric titration with a NaOH solution.

It is known that, when brought in contact with HCl
solutions, TOA forms trioctylammonium chloride
(TOAHCl) [12]. Extraction of Pd(II) with TOAHCl
solutions in organic solvents has been studied rath-
er well [13�17]. It was established that Pd(II) is ex-
tracted into the organic phase from solutions with
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Fig. 1. Distribution of HCl among aqueous solutions of
the acid, [HCl], and FB impregnated with TOA, [

�
H
�
Cl].

Content of TOA (mol kg�1): (1) 0.5, (2) 0.3, and (3) 0.1.

Fig. 2. Distribution coefficient of Pd(II), DPd, vs. the con-
centration of HCl in the equilibrium aqueous phase, [HCl],
in sorption with a fullerene black containing TOA in
amount of 1.26 mol kg�1 of FB.

Fig. 3. Distribution coefficient of Pd(II), DPd, vs. the con-
tent of TOAHCl, [

�
T
�
O
�
A
�
H
�
Cl], in the sorbent phase in sorp-

tion from a 1 M solution of HCl.

1�6 M of HCl as a result of occurrence of the anion-
exchange reaction

PdCl4
2� + 2

�

T
�

O
�

A
�

H
�

Cl �� [
�

P
�

d
�

C
�

l
�

4]
�

(
�

T
�

O
�

A
�

H)2 + Cl�, (1)

where the overline designates components in the non-
aqueous phase.

In addition, Pd(II) passes into the organic phase in
the form of a binuclear complex [Pd2Cl6](TOAH)2 un-
der the conditions of deficiency of an extracting agent
[15]. It has been shown by means of IR and Raman
spectroscopy that complexes of the same kind are
also formed upon interaction of hydrochloric solutions
of Pd(II) with TOA in the absence of an organic sol-
vent [8].

To study equilibria in the system Pd(II)�HCl�
TOA�FB, recovery of HCl from its aqueous solution
with an impregnated sorbent was examined prelimi-
narily. Since FB does no extract HCl from a solution
in the absence of trioctylamine, the rise in the concen-
tration of HCl in the sorbent phase with increasing
concentration of TOA in the solid phase or of HCl
in the aqueous phase (Fig. 1) can be attributed to the
formation of the complex

�

T
�

O
�

A
�

H
�

Cl in the sorbent
phase [18]:

H+ + Cl� +
�

T
�

O
�

A �
�

�

T
�

O
�

A
�

H
�

Cl. (2)

The equilibrium constant of reaction (2), found
from the data in Fig. 1, KHCl = 1.5 � 104.

At a constant concentration of TOA in the sorbent
phase, the recovery of Pd(II) into the solid phase
decreases as the concentration of HCl in the aque-
ous phase becomes higher (Fig. 2), which is due to
a shift of the equilibrium of reaction (1) to the left.
The rise in the concentration of TOA in the sorbent
phase is accompanied by an increase in the sorption
of Pd(II) (Fig. 3), with the slope of the dependence of
log DPd on log [

�

T
�

O
�

A] equal to 2, which corresponds
to recovery of Pd(II) in the form of the complex
[PdCl4](TOAH)2 by reaction (1). The equilibrium
constant of the process of interphase distribution of
Pd(II)[Eq. (1)], found from the data in Fig. 3,
KPd = 5.62 � 104.

The isotherm of Pd(II) adsorption from a hydro-
chloric solution with an impregnated sorbent (Fig. 4a)
can be described using the Langmuir equation

[Pd] = ������,
�� K[Pd]max[Pd]

��

1 + K[Pd]
(3)

where [Pd], [
�

Pd] are the equilibrium concentrations
of Pd(II) in the aqueous and solid phases; [

�

Pd]max,
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Fig. 4. (a) Distribution of Pd(II) among a 1 M solution
of HCl, and an impregnated sorbent containing TOA in
an amount of 1.26 mol kg�1 of FB, [

�
Pd]. (b) Linearization

of Eq. (3).

Fig. 5.Sorption of Pd(II) from a 1 M solution of HCl with
an impregnated sorbent vs. the agitation time t.

maximum concentration of Pd(II) in the sorbent phase
under the conditions of monolayer formation; and
K, the equilibrium constant of the sorbent�sorbate
system.

The value of [
�

Pd]max, found from the data in Fig. 4b
upon linearization of Eq. (3), is 0.63 mol kg�1 of FB,
which corresponds, with account of the initial con-
centration of TOA (1.26 mol kg�1) to the following
stoichiometry of the complex being sorbed: Pd(II) :
TOA = 1 : 2. The value K = 5.88 � 104 corresponds
to the equilibrium constant of the anion-exchange re-
action (1), found above. This indicates that at the
metal concentrations studied, the process of sorption
recovery of Pd(II) from hydrochloric solutions is ade-
quately described, by the equation of reaction (1).

According to the existing concepts [19], a sorbed
TOAHCl molecule is oriented so that its hydrophobic
moiety is directed toward the carbon matrix, and its
polar reaction center, toward the aqueous phase. Thus
considerably facilitates the anion exchange at the phase
boundary. The rate of Pd(II) sorption is independent
of the agitation rate in the range 50�1000 rpm, i.e., it
is determined by the diffusion of the tetrachloropal-
ladate anion being recovered within the pores of the
sorbent [20]. The experimental dependence of Pd(II)
sorption on the time of contact between the phases is
described by the equation

�ln (1 � F2 ) =
�

Kt, (4)

where F is the degree of completeness of sorption, cal-
culated as a ratio of the sorption capacity at an instant
of time t to the equilibrium capacity of the sorbent for
Pd(II), and

�

K is the apparent rate constant, found from
the data in Fig. 5 to be

�

K = 4.3 � 10�4 s�1.

The data presented above show that fullerene black
impregnated with TOA can be used for recovery of
Pd(II) from aqueous solutions.

CONCLUSIONS

(1) Fullerene black impregnated with trioctylamine
effectively recovers Pd(II) from hydrochloric solutions.

(2) In the concentration range studied, [PdCl4]
2�

is sorbed as a complex [PdCl4](TOAH)2 through
an anion-exchange reaction with trioctylammonium
chloride. The equilibrium constant of this reaction is
(5.75 � 0.13) � 104.

REFERENCES

1. Meretukov, M.A., Ispol’zovanie impregnirovannykh
materialov dlya izvlecheniya i razdeleniya tsvetnykh
metallov: Obzornay informatsiyua TsNIIEITsM (Use
of Impregnated Materials for Recovery and Separation
of Nonferrous Metals: Review by TsNIIEITsM), 1980,
issue 2.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 4 2004

530 TURANOV, EVSEEVA

2. Cortina, J.L. and Warshawsky, A., Ion Exch. Sol-
vent Extraction, 1997, vol. 13, pp. 195�293.

3. Rovira, M., Cortina, J.L., Arnaldos, J., and Sas-
tre, A.M., Solv. Extr. Ion Exch., 1998, vol. 16,
pp. 1279�1302.

4. Turanov, A.N., Zh. Prikl. Khim., 1990, vol. 63,
no. 11, pp. 2602�2604.

5. Turanov, A.N., Zh. Prikl. Khim., 1992, vol. 65, no. 1,
pp. 121�125.

6. Rovira, M., Hurtado, L., Cortina, J.L., et al. Solv.
Extr. Ion Exch., 1998, vol. 16, pp. 545�564.

7. Turanov, A.N., Karandashev, V.K., and Reznik, A.M.,
Zh. Prikl. Khim., 2000, vol. 73, no. 5, pp. 744�750.

8. Tatarchuk, V.V., Paasonen, V.M., Korda, T.M., and
Shubin, Yu.V., Zh. Neorg. Khim., 2000, vol. 45, no. 4,
pp. 732�738.

9. Kulikov, A.V., Kushch, S.D., Fursikov, P.V., and
Bogatyrenko, V.R., Appl. Magn. Reson., 2002, vol. 22,
pp. 539�550.

10. RF Patent 2 121 965.

11. Ginzburg, S.I., Ezerskaya, N.A., Prokof’eva, I.V.,
et al., Analiticheskaya khimiya platinovykh elementov

(Analytical Chemistry of Platinum-Group Elements),
Moscow: Nauka, 1972.

12. Mazurova, A.A. and Gindin, L.M., Zh. Neorg. Khim.,
1965, vol. 10, no. 11, pp. 2559�2563.

13. Mazurova, A.A. and Gindin, L.M., Zh. Neorg. Khim.,
1965, vol. 10, no. 2, pp. 489�496.

14. Ivanova, S.N., Gindin, L.M., Chernyaeva, A.P., et al.,
Izv. Sib. Otd. Akad. Nauk SSSR, Ser. Khim. Nauk,
1978, no. 14, issue 6, pp. 68�73.

15. Selezneva, I.A., Ivanova, S.N., and Gindin, L.M.,
Izv. Sib. Otd. Akad. Nauk SSSR, Ser. Khim. Nauk,
1982, no. 14, issue 6, pp. 107�110.

16. Belova, V.V., Khol’kin, A.I., Zhidkova, T.I., and
Sidorova, T.P., Zh. Neorg. Khim., 1997, vol. 42,
no. 11, pp. 1922�1926.

17. Hasegawa, Y., Kobayashi, I., and Yoshimoto, S.,
Solv. Extr. Ion Exch., 1991, vol. 9, pp. 759�768.

18. Shmidt, V.S., Ekstraktsiya aminami (Extraction with
Amines), Moscow: Atomizdat, 1980.

19. Gustafson, R.L., Albright, R.L., Heisler, J., et al.,
I&C Research Development, 1968, vol. 7, no. 2,
pp. 107�115.

20. Warshawsky, A., Ion Exch. Solvent Extraction, 1981,
vol. 8, pp. 229�310.



1070-4272/04/7704-0531 � 2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 4, 2004, pp. 531�537. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 4, 2004,
pp. 538�543.
Original Russian Text Copyright � 2004 by Gilev.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Synthesis of Micro- and Nanoporous Materials from Silicon
Carbide in Ultradisperse Reaction Systems

V. G. Gilev

Scientific Center for Powder Materials Science, Perm’, Russia

Received March 20, 2004; in final form, December 2003

Abstract�The synthesis of porous sorption-active materials and membranes from SiC in the reaction system
composed of 70% Si and 30% C was studied. The influence exerted by the conditions under which the reac-
tion mixture is dispersed and compacted samples are thermally treated on the porous structure, specific
surface area, permeability, and strength of the resulting materials was analyzed.

Silicon carbide is of interest as a basis for sorption-
active and membrane materials owing to its chemical
activity, abrasion resistance, temperature stability, and
ability to sorb organic pollutants from water filtered
through filters based on this compound [1�3]. A high
temperature stability of micro- and mesoporous ma-
terials and nanoporous membranes based on silicon
carbide would be expected in view of the high melting
point of SiC and the covalent nature of atomic bonds
in this compound [4].

Methods for production of membranes and porous
materials with pore size of 1�2 �m from silicon car-
bide have been sufficiently well developed [1�3, 5, 6].
However, it is difficult to obtain a ceramic with a
smaller pore size by usual sintering of ceramic pow-
ders. For example, when ultradisperse powders (UDP)
of the high-melting compounds TiN and AlN are
sintered, raising the temperature to 0.45�0.6Tm leads
to shrinkage, with the pore size simultaneously in-
creasing [5].

To synthesize microporous materials and mem-
branes from silicon carbide, it has been suggested to
use the following solid-phase reaction [7]:

Sis + Cs = SiC. (1)

The thus obtained silicon carbide materials with
pore size of 0.4�0.7 �m demonstrate highly selective
properties in purification of water [8]. It has been
found [7] that lowering the temperature of synthesis
from 1600 to 1300�C results in an increase in the spe-
cific surface area of silicon carbide materials to more
than 20 m2 g�1, which opens up opportunities for

creating sorption-active materials. Furthermore, es-
timates of the pore size by the formula ref = 2�/Ssp
(� is the porosity, and Ssp, the specific surface
area) give a value of about 20 nm. At this pore
size, free-molecular gas flow or Knudsen diffusion,
on which membrane separation of gases is based [9],
becomes possible.

The aim of this study was to develop further this
method for obtaining sorption-active materials and
membranes based on nanoporous silicon carbide with
the use of highly dispersed Si�C reaction mixtures
with 30% C.

EXPERIMENTAL

Dry mixtures of KR1 silicon and S-1 colloidal
graphite with Si :C weight ratio of 70 : 30 were ground
with steel balls of diameter 5.2 and 6.8 mm in an
AGO-3 high-energy planetary activator for 3�10 min.
The weight of the mixture was 100 g, and that of
steel balls, 2000 g. In some cases, thermally ex-
panded graphite (TEG) manufactured by Novomet-
Perm Closed Joint-Stock Company was additionally
introduced into the resulting highly dispersed mixture.
Samples of the materials were compacted under a
pressure of 50�150 MPa with a technological binder
composed of a 5% aqueous solution of polyvinyl al-
cohol (PVA), in amount of 1�4 ml per 10 g of
the mixture. Mixtures with TEG additive were com-
pacted without a binder. A thermal treatment was car-
ried out in argon, nitrogen, and carbon dioxide, and
in a vacuum with a residual pressure of 10 Pa in
a furnace with a graphite heater.
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Table 1. Sorption characteristics of silicon carbide materials synthesized from Si�C reaction mixtures with 30% C
������������������������������������������������������������������������������������
Duration � Ssp of �

P,
� Sintering � � Gas-permeability � � Ssp,

� � ����������������������� � � �of grind- � a mixture, �
MPa

� � �, % � coefficient, � Dmax, �m �
ing, min � m2 g�1 � � T, �C � �, h � medium � � �m2 � � m2 g�1

������������������������������������������������������������������������������������
5 � 88 � 50 � 1600 � 1 � Ar � 61 � 0.008 � 0.5 � 5.9
5 � 88 � 100 � 1600 � 1 � Ar � 58 � 0.005 � 0.47 � 6.5
5 � 88 � 150 � 1600 � 1 � Ar � 54 � 0.002 � 0.41 � 11.0

10 � 32 � 50 � 1300 � 2 � Ar � 57 � 0.0025 � 0.5 � 24.2
5 � 88 � 50 � 1600 � 0.5 � Ar � 57 � 0.0045 � 0.36 � 8.2

10 � 32 � 50 � 1600 � 0.5 � Ar � 56 � 0.02 � 1.0 � 2.3
5 � 88 � 50 � 1600 � 2 � Ar � 58 � 0.006 � 0.56 � 3.6
6 � 115 � 50 � 1220 � 0.5 � CO2 � 56 � 0.0006 � 0.38 � 30.2

� � � � � � � � �4 � 58 � 50 � 1130 � 0.67 � N2 + H2
* � 43 � 0.00022 � <0.3 � 26.7

� � � � � � � � �4 � 58 � 50 � 1130 � 0.67 � N2 + H2
* � 42 � 0.00008 � <0.3 � 22.9

� � � � � � � � �6 � 115 � 50 � 1130 � 0.67 � N2 + H2
* � 50 � 0.00026 � <0.3 � 33.4

6** � 115** � 25 � 1130 � 0.5 � Ar � 64 � 0.0005 � <0.3 � 41.0
������������������������������������������������������������������������������������
* Atmosphere of dissociated ammonia.

** Sample with an addition of 17% TEG.

Supports for silicon carbide membranes were pre-
pared from SiC powders with addition of SiO2 and
CaO in amounts of 10 wt % each [10]. The dry mix-
ture was ground with hard-alloy balls for 24 h in
a ball mill lined with a hard alloy, compacted using
a 5% aqueous solution of PVA as a temporary tech-
nological binder under a pressure of 100 MPa, and
sintered in argon at 1620�C for 30 min. The prepara-
tion of the supports was described in detail in [10]. To
obtain double-layer membranes, a layer of highly dis-
persed reaction mixture containing 17% TEG was
fixed by pressing on a support, and a synthesis was
carried out in argon at 1100�C for 30 min. Layers of
thickness 200 �m, firmly adhering to the supports,
were obtained in this way.

Fig. 1. Specific surface area Ssp of a porous silicon carbide
material synthesized from a 70% Si�30% C mixture
vs. temperature of synthesis, T. (1) CO2, (2) vacuum,
(3) N2, (4) N2 + H2, and (5) Ar.

The gas-permeability was determined in accordance
with GOST (State Standard) 25283�82, and the max-
imum and average sizes of channel pores were found
from the gas-driving pressure in accordance with
GOST 26849�86 (bubble method).

The phase composition of the samples was anal-
yzed on a DRON-4-13 diffractometer with the �Ka

(Co)
radiation and a graphite monochromator. The record-
ing was done point-by-point with a scanning step
of 0.02��0.05� and a 10-s exposure at each point.
The specific surface area was determined by the BET
method on a GKh-1 gas-meter. Nitrogen adsorption
isotherms were obtained on a Carlo Erba Strumenta-
zone Sorbtomatic 1800 device (Italy). The sample
strength was determined with a three-point bend on
an Instron 1195 test machine on samples in the form
of 3 � 5 � 40-mm bars.

The use of a highly dispersed reaction mixture
(70% Si�30% C) with Ssp of up to 115 m2 g�1 makes
it possible to obtain materials with a specific surface
area of pores of up to 48 m2 g�1 (Fig. 1). The temper-
ature of synthesis strongly affects Ssp. Furthermore,
Ssp increases when the isothermal exposure becomes
shorter and when the specific surface area of the initial
mixtures increases. The data scatter in Fig. 1 is due
to variation of these parameters.

As the compacting pressure is raised from 50 to
150 MPa, Ssp increases from 5.9 to 11.0 m2 g�1 in
the case of synthesis in argon at 1600�C for 1 h and
from 39.2 to 42.4 m2 g�1 in synthesis at 1100�C for
0.5 h. The materials synthesized in argon have the
highest specific surface area.
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The possibility of using these materials as mem-
branes is determined not only by the average pore size
ref, but also by the pore size distribution and especial-
ly by the presence of larger pores. When the tempera-
ture of synthesis is lowered, the maximum pore size
decreases to 0.2�0.3 �m and less (Table 1). Making
longer the isothermal exposure at 1600�C results in
an increase in the maximum pore size. These changes
indicate that the materials obtained with short iso-
thermal exposures are in a nonequilibrium state and,
in spite of a rather low temperature {1600�C corre-
sponds to 0.63 Tm (SiC), and sintering of silicon car-
bide begins at 0.8 Tm (SiC) [4]}, structural trans-
formations take place. Addition of 17% TEG to the
70% Si�30% C mixture with Ssp = 115 m2 g�1 leads
to an increase in porosity, but the gas permeability and
the maximum pore size do not increase significantly
in this case (Table 1).

Lowering the temperature and making shorter
the duration of isothermal exposure should result in
a decelerated and incomplete synthesis and crystal-
lization of a new phase. An X-ray structural analysis
demonstrated that, if a 70% Si�30% C mixture is
converted to a highly dispersed state with Ssp =
115 m2 g�1, the synthesis of SiC is strongly accelerated,
and its temperatures decrease substantially. Thus, after
a 20-min exposure in argon at 1150�C no graphite
lines were found in the X-ray diffraction pattern, with
only two weak lines of silicon present. When a mix-
ture with Ssp = 61 m2 g�1 is used under the same
conditions, a significant amount of unreacted silicon
remains (Fig. 2). The X-ray diffraction pattern of a
sample of the mixture with Ssp = 115 m2 g�1, sintered
at 1650�C within 0.5 h, shows that the high-tempera-
ture synthesis provides a full expenditure of the re-
agents, with, however, the ratio of line intensities not
coinciding with tabulated data for the equilibrium SiC
phases (6H, 15R, 3C).

When a dispersed mixture with Ssp = 115 m2 g�1

is subjected to a short (0.17 h) heat treatment at a
low temperature (1200�C) in nitrogen, a significant
amount of silicon nitride Si3N4 is formed alongside
with SiC (Fig. 3). It is known [11] that the conven-
tional technologies based on nitriding of silicon in-
volve long exposures at temperatures of at least
1300�C. The content of silicon nitride in the materials
synthesized from mixtures with Ssp = 61 m2 g�1 is
lower, and it does not increase on heating to 1600�C.
Apparently, both silicon nitride and silicon carbide are
synthesized in early stages of heating. In this case,
the amount of silicon nitride is mainly determined by
the kinetic opportunities for delivery of nitrogen to
within a sample. Therefore, the extent of the nitriding

Fig. 2. X-ray diffraction patterns of samples of porous
materials based on silicon carbide, synthesized in argon.
(2�) Bragg angle; the same for Fig. 3. Synthesis mode:
(1) and (2) 1150�C, 0.33 h; (3) 1650�C, 0.17 h. Specific
surface area of the initial reaction mixtures (m2 g�1):
(1) and (3) 115; (2) 61.

Fig. 3. X-ray diffraction patterns of porous materials
synthesized from 70% Si�30% C mixtures in nitrogen.
(I) SiC, (II) �-Si3N4, (III) graphite. Synthesis regime:
(1) 1200�C, 0.17 h; (2) 1210�C, 0.25 h; (3) 1600�C, 0.25 h.
Specific surface area of the initial reaction mixtures
(m2 g�1): (1) 115; (2) and (3) 61.

reaction in samples of a mixture with Ssp = 115 m2 g�1

is greater not only because of the particle size, but
also owing to the higher porosity of a sample.

An analysis of the porous structure on the basis of
isotherms of nitrogen adsorption demonstrated that
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Table 2. Characteristics of porous structure, determined from isotherms of nitrogen adsorption for materials based
on silicon carbide as compared with analogous materials*

������������������������������������������������������������������������������������
Technological parameters � Porous structure parameters

������������������������������������������������������������������������������������
Ssp of � TEG � � � � SBET � Sme � Vmi � Vme � Ws �

� � � � ����������������������������������������mixture, � additive, � T, �C � �, h � medium � �rp, nm
m2 g�1 � wt % � � � � m2 g�1 � cm3 g�1 �

������������������������������������������������������������������������������������
87 � � � 1600 � 1 � Ar � 6.1 � 3.8 � 0.003 � 0.008 � 0.011 � 3.6
87 � � � 1600 � 0.25 � Ar � 8.6 � 6.8 � 0.004 � 0.012 � 0.016 � 3.7
32 � � � 1300 � 2 � Ar � 18.5 � 16.2 � 0.007 � 0.019 � 0.026 � 2.8
87 � � � 1210 � 0.25 � N2 � 19.0 � 13.2 � 0.008 � 0.023 � 0.031 � 3.3
46 � � � 1350 � 0.5 � Vacuum � 20.7 � 17.3 � 0.009 � 0.029 � 0.038 � 3.7

115 � � � 1150 � 0.33 � Ar � 37.2 � 30.0 � 0.015 � 0.045 � 0.060 � 3.2
115 � � � 1220 � 0.5 � CO2 � 31.2 � 23.2 � 0.013 � 0.059 � 0.072 � 4.6
115 � � � 1100 � 0.5 � CO2 � 48.3 � 44.7 � 0.020 � 0.058 � 0.078 � 3.2
115 � 33 � 1100 � 0.5 � CO2 � 40.9 � 26.3 � 0.018 � 0.059 � 0.077 � 3.8
115 � 17 � 1350 � 0.5 � Ar � 27.4 � 23.2 � 0.012 � 0.098 � 0.110 � 8.0
115 � 33 � 1350 � 0.5 � Ar � 24.9 � 14.9 � 0.011 � 0.086 � 0.097 � 7.7

Active coal from FFS [12] � � � 0.1�0.4 � 0.05�0.2 � �
Sintered from TiN SDP at 800�C [5] � 21.8 � � 0 � � 0.24 �
Sintered from AlN SDP at 800�C [5] � 20.8 � � 0 � � 0.43 �
Sintered from Al2O3 SDP [13] � � � 0 � � 0.29 � 16.8
������������������������������������������������������������������������������������
* Blank places in Table 2 are due to the lack of data.

the total volume of the sorption space of SiC materials
is considerably smaller than that of sorbents based on
active coals [12] (Table 2). However, a positive point
is that they contain an appreciable volume of micro-
pores. Micropores are completely absent in the ma-
terials obtained by sintering of UDP of AlN, TiN,
and Al2O3 [5, 13].

The volume of micropores and the total sorption
space grow in proportion to the increase in the spe-
cific surface area. Introduction of thermally expanded
graphite as an additive to the 70% Si�30% C mixture
with Ssp = 115 m2 g�1 in amounts of 17 and 33 wt %
changes the shape of adsorption isotherms and raises
the total sorption volume Ws mainly because of an in-
crease in the fraction of micropores. Simultaneously,
the fraction of micropores decreases somewhat. The
effective pore size rp = Ws /SBET increases when TEG
is added. The properties of thermally expanded graph-
ite essentially differ from those of ordinary graph-
ite, and, therefore, the synthesis of silicon carbide in
mixtures of silicon and TEG has its own specificity.
The authors of [14] believe that the honeycomb struc-
ture of particles of thermally expanded graphite,
which is retained on its mixing with dispersed silicon,
decelerates the exothermic reaction of synthesis. Thus,
elevating the temperature and making longer the syn-

thesis leads to a more complete consumption of re-
agents and, simultaneously, to a decrease in the
specific surface area and in the volume of micro-
pores.

There exists an opinion [15] that pores of size 2 nm
and less can be obtained only in materials of two
types: in those based on carbon and in zeolites. Sor-
bents based on carbon are produced either by pyrolysis
of hydrocarbons [12] or by treatment of carbides with
chlorine [6, 16]. Recently, the preparation of silicon
carbide with a pore size of less than 1 nm by pyrolysis
of organosilicon precursors has been reported [17].

The experimental results obtained in this study and
published data suggest that micropores are formed
in the carbon phase. In this case, the decrease in Ssp
and Vmi with increasing synthesis temperature and an-
nealing duration are readily attributable to the de-
crease in the amount of carbon remaining in the course
of reaction (1). We can also assume that micropores
are formed in silicon carbide, but this microstructural
state of SiC is metastable. It is evident that the mech-
anism of micropore formation is associated with dif-
fusion processes that accompany reaction (1). A more
detailed discussion of the micropore formation re-
quires an additional study.
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Table 3. Bending strength �fl of porous silicon carbide materials synthesized from reaction mixtures 70% Si�30% C
(compacting pressure P = 50 MPa)
������������������������������������������������������������������������������������

Milling � Ssp � Sintering � � Ssp, �
�fl,� ���������������������������������� � �time, � of mixture, � � �, % �

m2 g�1 �
MPa

min � m2 g�1 � T, �C � �, h � medium � � �
������������������������������������������������������������������������������������

3 � 61 � 1150 � 0.33 � Ar � 47 � 28.7 � 51.4
6 � 115 � 1150 � 0.33 � Ar � 54 � 37.9 � 30.4
6 � 115 � 1650 � 0.17 � Ar � 59 � 2.6 � 12.0
7 � 46 � 1650 � 0.17 � Ar � 50 � 3.7 � 31.9
5 � 88 � 1600 � 0.5 � Ar � 48 � Not determined � 12.0
3 � 61 � 1350 � 0.5 � Vacuum � 52 � 9.0 � 36.0
7 � 46 � 1350 � 0.5 � � � 47 � 19.3 � 39.8
3 � 61 � 1210 � 0.25 � N2 � 43 � 19.1 � 63.6
5 � 88 � 1210 � 0.25 � N2 � 41 � 20.9 � 78.7
3 � 61 � 1600 � 0.25 � N2 � 42 � 19.9 � 45.8

������������������������������������������������������������������������������������

Usually, mechanical properties of materials obtained
by sintering of powders are improved as the tempera-
ture of sintering is raised. However, if materials are
synthesized by reactive sintering with the use of re-
action (1), the strength increases when the sintering
temperature is somewhat lowered (Table 3). The high
strength of the materials sintered in the atmosphere of
nitrogen results from their greater density and from
the presence of silicon nitride in their composition. It
is also seen that lowering the temperature of synthesis
from 1600 to 1220�C results in a higher strength in
this case, too.

Commonly, the limiting stress at which cracks ap-
pear in fragile materials is determined by the size
of the largest defects. In our case, we cannot attribute
the rise in strength on lowering the temperature of
synthesis to the corresponding change in the max-
imum size of channel pores, measured by the bub-
ble method (Table 1), as they are not the largest.
The structure contains pores about 1 �m in size
(Fig. 4), which are the compaction defects. The micro-
structure of an Al�SiC composite obtained by impreg-
nation of the pore space of the ceramic under study
with a molten aluminum alloy under a pressure is
shown in Fig. 4. The increase in the material strength
in the case of the low-temperature synthesis seems to
be attributable to structural features on a deeper level
of the hierarchy. For example, we can assume that
the size of SiC crystallites forming the skeleton is
comparable with the pore size, i.e., SiC crystals are
nanosize.

The materials synthesized can be used in double-
layer membranes as a nanoporous selective layer.

Double-layer membranes with a coating of nanopo-
rous SiC on silicon carbide supports were fabricated.

To obtain selective layers of double-layer mem-
branes, we used a highly dispersed 70% Si�30% C
mixture with a specific surface area of 115 m2 g�1. We
additionally introduced 17% TEG into this mixture.
An even layer of the mixture was deposited on a sup-
port and fixed on its surface at a pressure of 25 MPa
under isostatic conditions. The selective layers were
sintered in argon at 1100�C in the course of 30 min.
The thickness of the membrane layer, estimated by the
weight of the coating deposited, was about 200 �m.
The firm adherence of the selective layer to the sup-

Fig. 4. Structure of an Al�SiC composite obtained by
impregnation of the nanoporous ceramic under study
with a molten aluminum alloy under pressure. Light
regions correspond to the largest pores filled with Al
alloy; the gray background is the nanodispersed Al�SiC
mixture.
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Fig. 5. Flow rate A of (1) hydrogen and (2) nitrogen vs.
the pressure difference �P across a double-layer membrane
with a silicon carbide support.

port is confirmed by the fact that a silicon carbide
double-layer silicon carbide membrane sustained a re-
turn gas purging under a pressure of 5 atm.

The gas permeability of double-layer membranes
in the case of hydrogen is 3.3 times that for ni-
trogen (Fig. 5). This ratio is close to a value of 3.7
given by the equation for the Knudsen diffusion coef-
ficient:

Di = � � ��� .K
����
�
�
�

8RTl
3 �Mi

Di = � � ��� .K
����
�
�
�

8RTl
3 �Mi

Here Mi is mass of molecules; R, the universal gas
constant; and T, temperature (K).

The dependence of the gas flow rate on the pressure
difference is linear. Usually, deviations from a linear
dependence are observed in the case of a viscous flow.

Furthermore, the viscosities of nitrogen and hy-
drogen differ by no more than a factor of 2 [18].
All the aforesaid suggests that the Knudsen gas
flow prevails in the selective layer, which is attained
under common pressures only in nanoporous ma-
terials.

A double-layer membrane with a silicon carbide
support was tested in filtration of artesian water con-
taining 1.2 mg l�1 of manganese ions. According
to an atomic-absorption analysis carried out on a
Proton instrument, the concentration of manganese
ions in this water after the filtration decreased to
below 0.1 mg l�1.

CONCLUSIONS

(1) It was shown that use of reaction mixtures of
silicon with graphite with a specific surface area of
120 m2 g�1 makes it possible to synthesize at rather
low temperatures (1100�1200�C) porous silicon car-
bide materials with a porosity of 45�60%, a high
(up to 48 m2 g�1) specific surface area, and a signif-
icant fraction of micropores (up to 0.020 cm3 g�1).

(2) Addition of 17 wt % thermally expanded graph-
ite to a reaction mixture results in an increase in the
total sorption space Ws to 0.11 cm3 g�1 because of
the growing volume of mesopores.

(3) Raising the temperature of synthesis to 1600�C
leads to a decrease in the specific surface area of
the resulting material, an increase in the pore size, and
a decrease in the material strength.

(4) Selective nanoporous layers (200 �m thick)
of double-layer membranes firmly adhering to a sil-
icon carbide support were obtained by synthesis of
SiC at 1100�C from highly dispersed mixtures of
silicon with graphite.
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Abstract�Molybdenum oxide groups were synthesized on a porous glass surface by the molecular layering
technique. Kinetic features of Mo(V) �� Mo(VI) transitions in thermal oxidation and photoreduction were
studied for a set of samples containing 0.02�0.12 mmol g�1 of molybdenum.

Recently, photochromic properties of polyoxomo-
lybdates in solutions, films, and solids have been in-
tensively studied [1�5]. A typical blue color arising
under UV irradiation is, as a rule, caused by the tran-
sition of a part of Mo(VI) atoms to the Mo(V) state.
The appearance, in this case, of an electron on the
4d orbitals of the metal makes possible d�d transi-
tions and gives rise to optical absorption in the visi-
ble range. The fact that photochromism is a charac-
teristic feature of molybdenum clusters, which is not
observed in the case of the [MoO4]

2� monomer, al-
lows it to be regarded as a �dimensional� property.
In this context, it may be assumed that an increase in
the number of molybdenum atoms in oxide particles
stabilizes the photoreduced form through delocaliza-
tion of 4d 1 electrons over its �metal core.� However,
this assumption has not been confirmed experimental-
ly because of certain difficulties in reliable identifica-
tion, of molybdenum-oxide clusters in solutions, and
especially in their isolation in the solid state [1�5].

In the present study, we examined the influence
exerted by collective d�d-electron interactions on
the Mo(V) �� Mo(VI) intervalence transitions via
thermal oxidation and photo-reduction of molybden-
um-oxide groups grafted to the porous glass surface
by the molecular layering technique [6]. Previously,
we have shown [7�9] that the reaction of MoCl5 with
a completely hydroxylated silica surface presumably
occurs by the scheme

(1)3(�Si�OH) + MoCl5 � (�Si�O�)3MoCl2 + 3HCl.

The treatment of the resulting chlorine-containing
product with water vapor lead to the formation of
Mo(V) hydroxy groups chemically bound to a sup-
port:

(�Si�O�)3MoCl2 + 2H2O � (�Si�O�)3Mo(OH)2 + 2HCl.
(2)

It has been established [7, 8] on the basis of IR
spectral data that the thermal oxidation of Mo(V) sil-
ica involves the formation of Mo�O�Mo bridging
bonds between adjacent molybdenum-oxide groups
(in this case, a partial �inner-sphere� condensation
of hydroxy groups occurs to give Mo=O molybdenyl
bonds). The kinetic features of their oxidation, their
possible relationship with the degree of filling of
the SiO2 surface with grafted groups, and the pos-
sible photochromic properties of oxidized Mo(VI) sil-
ica remain unstudied.

EXPERIMENTAL

Thin polished plates (1 mm thick) of porous glass
(PG) were used in the experiments. The porous glass
was obtained by leaching of the DV-1M sodium-boro-
silicate glass thermally pretreated (6 days at 530�C
with subsequent annealing at 480�C for 3 h). The spe-
cific surface area of PG (80 m2 g�1) was determined
from low-temperature adsorption of argon. The av-
erage pore radius (4.5 nm) was found from parameters
of the hysteresis loop in the region of capillary con-
densation of water [10].
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The modification reaction (1) was carried out as
described earlier [7�9] at room temperature in so-
lutions of MoCl5 in dried CCl4. After 2 h of con-
tact, the solution was removed, the glass plates were
thoroughly washed with the solvent to complete re-
moval of trace amounts of molybdenum(V) in the
washout. The content of Mo(V) in the grafted groups
was varied by changing the concentration of the work-
ing solutions. To carry out a quantitative analysis,
the modifying component was dissolved by boiling in
0.1 M sulfuric acid. Molybdenum(V) was determined
by photocolorimetry in the presence of ammonium
thiocyanate [11]. The surface of the modified PG
[reaction (2)] was hydroxylated at 180�C in a flow
of nitrogen saturated with a water vapor. The com-
pletion of the reaction was judged from the absence
of hydrogen chloride at the reactor outlet.

The molybdenum(V)-containing plates were oxi-
dized in air in the temperature range 100�160�C.
The oxidation process was monitored by their spectra
in the visible range (SF-56 spectrometer). To study
the photochromic properties of thermally oxidized
glasses, they were irradiated with an unfiltered light of
an SVD-120A mercury lamp.

The spectra of glass plates modified with molyb-
denum(V) oxide groups are shown in Fig. 1. A weak
absorption peak at 760 nm is observed for all the sam-
ples. The strong band in the short-wavelength region
corresponds to charge transfer from pseudo-atomic
nonbonding oxygen orbitals to 4d molybdenum or-
bitals 2pn(O) � 4d(Mo). The poor resolution of the
spectra in the visible range seems to be determined
not only by the vibronic, but also by the exchange
interaction of Mo(V) 4d 1 electrons of neighboring
groups [9]. For the set of the glasses obtained, the
linear dependence of the optical density D at � =
760 nm on the Mo(V) content in a grafted layer is
well observed.

To study the stability of the molybdenum(V) state,
we plotted time dependences of D for the oxidation
of the modified plates in air. The corresponding ex-
perimental data, shown in Fig. 2 for three composi-
tions, are described by the second-order kinetic equa-
tion

�D /� = kD0 (D0 � �D ), (3)

where k is the oxidation rate constant and D0 is the
initial optical density.

Linearization of the kinetic curves in the coordi-
nates of Eq. (3) allows us to determine the constants
and their temperature dependences, which are shown

Fig. 1. Spectra of PG plates modified with Mo(V) oxide
groups. (D) optical density and (�) wavelength. Content
of molybdenum(V) oxide groups (mmol g�1): (1) 0.021,
(2) 0.043, (3) 0.068, (4) 0.087, (5) 0.098, and (6) 0.127.

Fig. 2. Kinetic curves for oxidation of Mo(V)-contain-
ing PGs at various temperature. (D) optical density and
(�) time; the same for Fig. 5. T (�C): (1) 100, (2) 110,
(3) 125, (4) 140, and (5) 160. Content of Mo(V) in the sam-
ples (mmol g�1): (a) 0.127, (b) 0.087, and (c) 0.068.
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Fig. 3. Logarithm of the rate of oxidation of Mo(V)-con-
taining PGs vs. temperature T. Content of Mo(V) in
the samples (mmol g�1): (1) 0.127, (2) 0.087, (3) 0.068.

Fig. 4. Activation energy E* of the oxidation reaction vs.
the content of Mo(V) oxide groups, [Mo], and the de-
gree of filling of the porous glass surface with these
groups, �.

for three selected compositions in Fig. 3, and to
calculate the activation energies of oxidation, E*.
The fact that these energies are low (Fig. 4) indicates
that the reaction occurs in the diffusion region. How-
ever, it is not improbable that the values obtained
correspond to oxidation, which occurs with an appre-
ciable rate even at moderate temperatures.

The clearly pronounced and characteristic change
in the activation energy for the set of samples under
study can be interpreted as an evidence of the increas-
ing stability of Mo(V) state at higher concentrations
of the component deposited. The most probable rea-
son for the stabilization of molybdenum(V) oxide
groups are the lateral Mo(V) � � �Mo(V) interactions,
which predetermine the delocalization of 4d1 electrons
of molybdenum within the surface layer [9]. In terms
of the general theory of conjugated systems, an in-
crease in the conjugation area (chain length) results

in a fast manifestation of the basic energetic contri-
bution to the stability. The observed dependence of
the activation energy of oxidation on the content of
Mo(V) in the grafted layer (Fig. 4) well corresponds
to this behavior. The degree of surface filling with
grafted groups can be estimated to a first approxima-
tion as:

� = 3[Mo] /�OHSsp. (4)

Here [Mo] is the content of molybdenum(V) in
the porous glass (	mol g�1); 
OH = 7.5 	mol m�2,
the average �concentration� of OH groups on a com-
pletely hydroxylated surface of silica [12]; Ssp =
80 m2 g�1; and the coefficient 3 corresponds to
the dominant grafting mode [reaction (1)].

The role of the �concentration� contribution to the
stabilization of molybdenum(V)-containing glasses,
discussed here, is also clearly seen when studying
the photochromic properties of oxidized samples. It is
typical that a prolonged UV irradiation of a glass with
a low [Mo(VI)] content of 0.021 mmol g�1 does not
lead to any observable consequences, whereas an in-
crease in the degree of filling of the PG surface with
molybdenum(V) oxide groups leads to the appearance
and enhancement of the photochromic properties. In
this case, the spectra of plates reduced under UV ir-
radiation are close to those of the initial molybde-
num(V)-containing samples.

The kinetics of photoreduction of modified PG
plates is illustrated in Fig. 5 by the plots of optical
density D at � = 760 nm against the duration of irra-
diation. It is typical that the D�� curves are almost
linear in their main portions and rapidly level off at
� > 40 min. The observed constant oxidation rate may
be due to the compensation of the decrease in the con-
tent of the oxidized form by the acceleration of the re-
action by the progressive Mo(V) � � �Mo(V) cation�cat-
ion interactions. A significant deceleration of the pro-
cess at � > 40 min is most likely due to a limited pen-
etration of the UV irradiation into the plate, which
corresponds to a strong absorption in the range of
charge-transfer transitions (Fig. 1).

The degree of photoreduction can be judged from
the parameter

	 = (D* / D0) 
 100%.

Here D0 is the initial optical density of Mo(V)-con-
taining plates and D is the optical density after a 1-h
irradiation of oxidized samples.
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The character of the resulting dependence of � on
the content of the photochromic component (Fig. 5)
is one more indication of the increasing stability of
molybdenum(V) oxide groups at their higher content
in the glass.

The photoreduction is completely reversible. The
absorption in the visible range is eliminated by an-
nealing the samples in air at 100�150�C. The ob-
served photochromic properties of molybdenum-con-
taining porous glasses are independent of the humidity
and possible presence of reducing molecules in air.
Moreover, the dehydration of oxidized samples and
their subsequent UV irradiation in a quartz cuvette in
a flow of helium give rise to a moderate, but clearly
observable acceleration of the photoreduction as com-
pared with the photoreduction in air. It is likely that
the equilibrium is shifted in the inert gas toward de-
tachment and desorption of the mobile �bridging�
oxygen, which determines the state of molybdenum in
the grafted groups [9].
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In fact, the Mo(VI) � Mo(V) transition occurs
even upon excitation in the charge-transfer band
2pn(O) � 4d(Mo). The formation of metal�metal
bonds and the delocalization of Mo(V) pseudoatomic
4d 1 electrons over these bonds stabilize the reduced
state.

In conclusion it may be noted that the structural
features and the �topographical density� of grafting of
molybdenum-oxide groups on the accessible PG sur-
face, which depend on the method of synthesis, de-
termine the clearly pronounced photochromic proper-
ties of the samples under study. The photochromism
appears to a considerably lesser extent in most of
the known molybdenum-oxide media [1�5]. The mo-
bility of oxygen in the Mo�O�Mo bonds in molyb-
denum-containing porous glasses produced by molec-
ular layering is reflected both in the rate and extent of
photoreduction and in the readily occurring thermal
regeneration of the oxidized state.

CONCLUSIONS

(1) Molybdenum-oxide groups were synthesized
on a porous glass surface in amounts of 0.02�
0.12 mmol g�1. The rate constants of oxidation of
Mo(V)-containing porous glasses by atmospheric oxy-
gen at 100�160�C were determined. The activation
energies of oxidation indicate that the stability of

Fig. 5. (a) Kinetics of photoreduction of modified PGs with
varied content of Mo(VI) and (b) dependence of the degree
of reduction, �, on the content of Mo(VI) in the PG.
Content of Mo(V) in the samples (mmol g�1): (1) 0.043,
(2) 0.068, (3) 0.087, and (4) 0.127.

the Mo(V) state grows as the content of grafted groups
increases.

(2) The photochromic properties of Mo(VI)-con-
taining porous glasses were revealed. The rate and
degree of photoreduction are determined by the con-
tent of a grafted component. The reversibility of
Mo(V) �� Mo(VI) transitions was attributed to
the mobility of oxygen in the Mo�O�Mo bonds be-
tween the neighboring molybdenum-oxide groups.
The attention is called to the possibility of stabiliza-
tion of the reduced forms through delocalization of
molybdenum(V) 4d 1 electrons within the system of
metal�metal bonds.
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Abstract�The kinetics and thermodynamics of formation of chloromagnesium cements, which involves
magnesium oxide, the main component of metallurgical sludge produced in manufacture of magnesium, were
studied. The rate constants, activation energy, frequency factor, and thermodynamic constants of the reactions
in which crystalline hydrates of composition 3Mg(OH)2 � MgCl2 � 8H2O and 5Mg(OH)2 � MgCl2 � 2H2O are
formed were calculated.

It has been shown previously that metallurgical
sludge that contains magnesium oxide MgO and car-
nallite KMgCl3 �6H2O exhibits binding properties
and can be used as a chloromagnesium binder in man-
ufacture of composite wood-mineral construction ma-
terials.

In this study, the reactivity of MgO contained in
sludge was analyzed by means of thermodynamic cal-
culations and experimentally, as a component of the
chloromagnesium cement (Sorel cement).

EXPERIMENTAL

The thermodynamic studies were carried out using
the known calculation techniques.

In the experimental part of the study, stoichiometric
calculations were performed using the equations of
the following chemical reactions

MgO + H2O = Mg(OH)2, (1)

3MgO + MgCl2 + 11H2O = 3Mg(OH)2 � MgCl2 � 8H2O.
(2)

The interaction in the system MgO�H2O was ana-
lyzed in order to reveal the part played by reaction (1)
in the mechanism of hardening through formation of
basic magnesium chlorides, which can occur, in par-
ticular, via reaction (2). MgO necessary for reactions
(1) and (2) was obtained by washing soluble salts out

of the sludge with water at room temperature, with
subsequent drying of the resulting solid residue with
acetone on a filter. The amount of water in all the ex-
periments corresponded to the mass ratio MgO : H2O =
1 : 1.5. In studying the interaction in the system MgO�

MgCl2�H2O, a stoichiometric amount of MgCl2 of
pure grade was dissolved in this amount of water.

Mixtures of MgO with water or a MgCl2 solution
were kept in a thermostat at prescribed temperatures
and experiment durations. Then the reaction mixture
was rapidly freed of the excess amount of water by
filtration and washed with acetone on a filter.

The process of MgO hydration was studied by ther-
mogravimetry; the composition of the products formed
in the hydration reaction was determined by X-ray
phase analysis and IR spectroscopy. Separate samples
were subjected to physicomechanical tests.

It is known from the laboratory and industrial
practice that the main products of reactions of MgO
with MgCl2 are crystalline hydrates of composition
3Mg(OH)2 �MgCl2 �8H2O (I) and 5Mg(OH)2 �MgCl2 �
2H2O (II) [2], which are formed in accordance with
the equations of the following reactions

3MgO+ Mg2+ + 2Cl�+ 11H2O = 3Mg(OH)2 �MgCl2 �8H2O,
(3)

5MgO+ Mg2+ + 2Cl�+ 7H2O = 5Mg(OH)3 �MgCl2 �2H2O.
(4)
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Table 1. Thermodynamic constants of compounds formed in reaction of MgO with MgCl2 solutions
������������������������������������������������������������������������������������

Compound
� ��H0

298.15 � ��G0
298.15 � S 0

298.15 � C 0
P(298.15)

����������������������������������������������������������������
� kJ mol�1 � J mol�1 K�1

������������������������������������������������������������������������������������
3Mg(OH)2 � MgCl2 � 8H2O � 5973.52 � 5179.28 � 563.46 � 589.12
5Mg(OH)2 � MgCl2 � 2H2O � 6009.90 � 5396.95 � 509.11 � 468.04
3Mg(OH)2 � MgCl2 � 3517.71 � 3200.10 � 296.09 � 259.87
5Mg(OH)2 � MgCl2 � 5379.20 � 4882.06 � 430.99 � 385.73
������������������������������������������������������������������������������������

Thermodynamic calculations of these and other
reactions were carried out using thermodynamic con-
stants obtained by the authors of this study (Table 1)
or those taken from [3�6]. The calculated values refer
to basic magnesium oxides. The enthalpy and Gibbs
energy of formation of basic magnesium chlorides
were calculated in terms of the theory of regular so-
lutions, which makes it possible to determine the ex-
cess functions of mixing at a minimum amount of
experimental data [7, 8].

Actually, the concept of basic salts as isomorphous
mixtures of a hydroxide and a neutral salt [Mg(OH)2
and MgCl2 in the case in question] was used in the
calculations. Also, account was taken of the fact that
the formation of basic chlorides of variable composi-
tion is characteristic of hydroxochloride systems [9].

The excess function of mixing of Mg(OH)2 and
MgCl2 was found to be 133.98 � 2.1 kJ mol�1 on
the basis of the known values of �H0

298.15 and �G0
298.15

for MgOHCl and 0.5NaCl � MgOHCl [5]. The excess
functions of addition of crystalline-hydrate water was
determined using the known data for MgCl2 crystal-

Fig. 1. �G for the processes that occur in the system
MgO�MgCl2�H2O by reactions (3), (4), and (7)�(11) vs.
temperature T.

line hydrates. The temperature dependences of the
Gibbs energy were found using the simplified formula

�GT = �H0
298.15 � T�S 0

298.15. (5)

The equilibrium constants K were determined using
the equation

�G = �RT ln K, (6)

where �G is the energy of the reaction; R, the uni-
versal gas constant; and T, temperature (K).

In these calculations, account was taken of the fact
that the activities of the solid reactants and liquid
water are taken to be unity for the standard conditions
and only the activities of the solutes or the partial
pressure of gaseous reactants appear in the equation
for the equilibrium constants.

To analyze the stability of phases in hydrolysis,
solubility, and dehydration, the following reaction
equations were considered:

3Mg(OH)2 �MgCl2 �8H2O = 2
�
3

[5Mg(OH)2 �MgCl2 �2H2O]

+ 2
�
3

H+ + 2
�
3

Cl� + 6 H2O, (7)

3Mg(OH)2 �MgCl2 �8H2O = 4Mg(OH)2 + 2H+

+ 2Cl� + 6 H2Ol, (8)

3Mg(OH)2 �MgCl2 �8H2O = 3Mg(OH)2 �MgCl2 + 8H2Ol,
(9)

3Mg(OH)2 �MgCl2 �8H2O = 3Mg(OH)2 �MgCl2 + 8H2Og,
(10)

3Mg(OH)2 �MgCl2 �8H2O = 4Mg(OH)2 + 2HClg + 6 H2Og,
(11)

5Mg(OH)2 �MgCl2 �2H2O = 6 Mg2+ + 10 OH�

(12)+ 2Cl� + 2H2Ol,

3Mg(OH)3 �MgCl2 �8H2O = 4Mg2+ + 6OH�

(13)+ 2Cl� + 8H2Ol.
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Table 2. Results of thermodynamic calculations of chemical reactions
������������������������������������������������������������������������������������

Reaction
� ��H0

298.15, � ��G0
298.15, � S 0

298.15, �
log K

�
Type of equation for Keq� � � � �

� kJ mol�1 � J mol�1 � J mol�1 K�1 � �
������������������������������������������������������������������������������������

(3) � �224.16 � �140.72 � �279.89 � 24.64 � 1/[Mg2+][Cl�]2

� � � � �(4) � �200.51 � �168.14 � �108.56 � 29.44 � 1/[Mg2+][Cl�]2

� � � � �(7) � 139.17 � 69.67 � 233.12 � �12.2 � [H+]2/3[Cl�]2/3

� � � � �(8) � 222.11 � 155.96 � 219.35 � �27.31 � [H+]2[Cl�]2

� � � � �(9) � 167.47 � 80.39 � 292.07 � � � �

� � � � �(10) � 519.83 � 149.38 � 1242.47 � �26.16 � P 8
H2O

� � � � �(11) � 636.18 � 279.72 � 1195.58 � �48.98 � P 2
HClP

6
H2O

� � � � �(12) � 29.48 � 352.36 � �1082.96 � �61.70 � [Mg2+]6[OH�]10[Cl�]2

� � � � �(13) � 121.54 � 251.25 � �435.05 � �44.00 � [Mg2+]4[OH�]6[Cl�]2

������������������������������������������������������������������������������������

The results obtained in thermodynamic calculations
for the standard conditions (298.15 K, 1 atm) are
listed in Table 2 and shown in Fig. 1.

The values of �G in Fig. 1 refer to one atom
of magnesium for all the reactions. For example,
�G0

298.15 = �140.72/4 = �35.18 kJ mol�1 for reac-
tion (3) and �168.14/6 = �28.02 kJ mol�1 for reac-
tion (4). In plotting Fig. 1, account was also taken of
the fact that the dependences �G�T can be repres-
ented in the temperature range under study, to a good
approximation, as formula (5).

It should be noted that the exothermic effects in
the reactions of formation of compounds (I) and (II)
[reactions (3), (4)] are strong. For example, calcula-
tions by the equation �T = �H/CP show that the heat
of the reaction is sufficient for heating compound (I)
by 653 K and compound (II) by 701 K.

Analysis of the data in Tables 1 and 2 leads to
a number of technologically important conclusions.

In particular, the data for reactions (12), (13) in-
dicate that compounds (I) and (II) have exceedingly
low solubility, which decreases as temperature be-
comes higher. Compound (I) is thermodynamically
stable in the presence of a liquid phase up to 437 K,
and, accordingly, its solubility is lower. Possibly,
compound (II) is formed as an intermediate metastable
phase, which is present in the reaction products at
temperatures below 437 K for kinetic reasons only.
The thermodynamic stability of compound (I) is also
indicated by the data for reaction (7). The presence of
a metastable phase in the reaction products, mentioned
above, is a widely occurring and well-known fact

of formation of a stable phase via metastable inter-
mediates [10].

The thermodynamic calculations also indicate that
the compound (I) is stable against loss of crystalliza-
tion water in the form of a liquid phase in the whole
temperature range studied [reaction (9)] and as a gas
up to 418 K [reaction (10)]. This compound is also
stable against hydrolysis [reactions (7), (11)].

Thus, from the thermodynamic standpoint, the for-
mation of the magnesian stone in a wide temperature
range must not be complicated by loss of crystalliza-
tion water or by hydrolysis.

The influence exerted by the temperature factor on
the degree of hydration of magnesium oxide was re-
vealed experimentally. The time dependences of the
degree of MgO hydration in the systems MgO�H2O
and MgO�MgCl2�H2O at different temperatures are
shown in Fig. 2. These kinetic curves were used to

Fig. 2. Degree of MgO hydration, �, in the systems
(1�3) MgO�H2O and (4�6) MgO�MgCl2�H2O vs. time t.
Temperature (K): (1, 4) 313, (2, 5) 333, and (3, 6) 353.
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Fig. 3. Derivatogram of the products formed in interaction
of MgO in sludge with a MgCl2 solution. (�m) Loss of
mass and (T ) temperature.

calculate the rate constants of the reactions of MgO
hydration for both of the systems studied. The ex-
perimental value of the degree of MgO hydration was
calculated on the basis of derivatograms. For this pur-
pose, the total loss of mass by the dried samples was
related to the stoichiometric amounts of the products
formed in the reactions of thermal decomposition

Mg(OH)2 = MgO + H2Og, (14)

3Mg(OH)2 � MgCl2 � 8H2O = 4MgO + 2HClg + 11H2Og.

(15)

The stoichiometric amounts were calculated ac-
cording to reaction (14) for the system MgO�H2O and
reaction (15) for MgO�MgCl2�H2O. The assignment
of the loss of mass was the simplest for the first of
these systems, for which only a single endothermic
effect of loss of mass in decomposition of Mg(OH)2
by reaction (14) was present in the derivatograms.
For the second system, the derivatograms exhibited
several effects. Figure 3 shows a derivatogram of
the product formed in interaction of MgO in sludge
with a MgCl2 solution at 353 K in the course of 3 h.
Published data on the thermal behavior of crystalline
hydrates of MgCl2 and also crystalline hydrates of its

double salts with sodium and potassium chlorides
[11, 12] make it possible to assign the endothermic
effects observed in the derivatograms.

At temperatures of 433, 473, and 533 K there occur
processes of steplike dehydration, which are mainly
associated with removal of physically bound water
and are accompanied by partial hydrolysis of MgCl2
with evolution of hydrogen chloride.

Mg(OH)2 formed in interaction of MgO with
an aqueous solution of MgCl2 decomposes at a tem-
perature of 693 K. In the process, chemically bound
water is removed.

The endothermic effect at 783 K is associated with
decomposition of anhydrous basic magnesium chlo-
ride MgOHCl to give MgO and HCl.

The assignment of the endothermic effects to
the corresponding chemical transformations is also
confirmed by thermodynamic calculations, e.g., for
the reactions

5Mg(OH)2 �MgCl2 �2H2O = 5Mg(OH)2 �MgCl2 + 2H2Og,

(16)

5Mg(OH)2 �MgCl2 = 6MgO + 2HClg + 4H2Og. (17)

Zero free energy is reached at 490 K for reaction
(16) and at 714 K for reaction (17).

Thus, the whole amount of crystallization and hy-
droxide water, and also chloride ions in the form
of HCl, were removed when the samples under study
were heated to 1073 K.

The conversion was found as the ratio of the ex-
perimental loss of mass to that furnished by calcula-
tion. The mathematical processing of the kinetic
curves shown in Fig. 2 was performed using the Kol-
mogorov�Erofeev equation [13]

� = 1 � e �kt n
, (18)

where � is the conversion; t, the process duration
(h); and k, n, temperature-dependent constants.

The reaction rate constants K were found using
the Sakovich equation [13]

K = nk1/n, (19)

where n, k are the constants of the Kolmogorov�Ero-
feev equation.

The statistical processing of the results obtained
was made using the STATGRAPHICS software. In
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doing so, the constants k and n were found by approx-
imation of the experimental data with straight lines
obtained by rearranging terms and taking double
logarithm of Eq. (18):

ln [�ln (1 � �)] = ln k + n ln t. (20)

The results of regression and correlation analyses
demonstrated that the Kolmogorov�Erofeev equation
describes the kinetics of reactions (1) and (2) with high
precision: at a 95% confidence level (p-value < 0.05)
the correlation coefficients varied within the range
0.91�0.98. The calculated constants are listed in
Table 3.

The rate constant of MgO hydration grows as tem-
perature becomes higher, and its values for reac-
tion (2) were found to exceed those for reaction (1).
The resulting values of K were used to determine
the apparent activation energy �E and the frequency
factor A by the equation

K = Ae ��E /RT. (21)

The regression equation ln K (1/T ) was used to
determine the values of �E and A, which were found
to be 14.61 kJ mol�1 and 1.196 � 108, respectively, for
reaction (2). The activation energy obtained suggests
that the heterogeneous processes under study occur in
the diffusion region (�E < 16.7 kJ mol�1), in which
the rate of diffusion is the limiting factor. The same
conclusion follows from the relatively low value of
the frequency factor. However, the reaction of MgO
hydration is not rate-limiting in the process of forma-
tion of the magnesian stone. The kinetics of the pro-
cesses under study is also strongly affected by nuclea-
tion of the new phase on the reaction surface.

On the whole, the kinetic studies demonstrated that
MgO contained in sludge exhibits a chemical activity
that enables its use as a magnesium binder. Mixing
MgO with MgCl2 solutions with a density of 1.18�
1.20 g l�1 leads to formation of the magnesian stone.
However, initiation of hardening requires that the
magnesian paste should be preheated to 343 K. Con-
trol samples formed from such a magnesian paste
and hardened for 3, 7, and 28 days were subjected
to strength tests. The breaking compression stress
was 18.7, 31.2, and 53.1 MPa, respectively.

CONCLUSIONS

(1) The investigation performed demonstrated that
magnesium-containing sludge can be used as a min-
eral binder; a preliminary heating of the reaction mix-

Table 3. Constants calculated by the Kolmogorov�Erofeev
and Sakovich equations
����������������������������������������

Constant
� Temperature, K
���������������������������������
� 313 � 333 � 353

����������������������������������������
Reaction (1)

k � 0.0191 � 0.0200 � 0.0227
n � 0.416 � 1.225 � 1.711
K � 3.077 � 10�5 � 5.026 � 10�2 � 1.871 � 10�1

Reaction (2)

k � 0.1382 � 0.2202 � 0.4009
n � 0.618 � 0.930 � 0.859
K � 2.513 � 10�2 � 1.827 � 10�1 � 2.964 � 10�1

����������������������������������������

ture to 343�353 K can be recommended for industrial
conditions. After that the process may occur in the
auto-thermal mode with a transition to the autoclave
region, in which the magnesian stone will be formed
at a high rate.

(2) At the same time, the high exothermicity of
the main reactions requires that special measures
should be taken to perform the process under con-
trollable conditions. The thermodynamic and kinetic
data obtained make it possible to carry out the neces-
sary technological calculations.
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Abstract�Experimental data on evaporation of binary mixtures composed of ethanol and water, ethyl acetate
and acetic acid, water and acetic acid, and ethyl acetate and water in a wide range of concentrations, across
film membranes composed of cellulose myristinate and polyphenylene oxide are presented.

Membrane separation of substances have attracted
increasing attention in recent decades in both tech-
nological and scientific regards. In the course of per-
vaporation, a liquid mixture is brought in contact with
a polymeric or inorganic membrane, commonly non-
porous polymeric membrane, with a vapor (permeate)
that contains mostly the target component removed
from its back side. Therefore, the liquid�vapor phase
transition is an integral part of this process. The in-
terface between the liquid and vapor frequently lies
within a membrane, and the contribution of this phase
transition to selectivity of pervaporation may be sig-
nificant, compared with the part played by physico-
chemical interactions between the material of the
membrane and molecules transported across the mem-
brane, which are specific to this process.

The aim of this study was to analyze the contribu-
tion of the liquid�vapor phase transition to the char-
acteristics of pervaporation and to examine the evap-
oration across a membrane composed of cellulose
myristinate and polyphenylene oxide of binary mix-
tures of water, ethanol, acetic acid, and ethyl acetate.

Modeling of pervaporation for engineering pur-
poses is commonly based on Fick’s law equations,
which relate fluxes of substances to gradients of their
concentrations. In a more correct form, the gradient or
difference of the chemical potentials of substances in
the liquid and vapor phases are to be used as driving
forces of the process.

The conditions for equilibrium between binary liq-
uid and vapor phases are as follows:

�1
(l) = �1

(v),

�2
(l) = �2

(v),

P (l) = P (v),

T (l) = T (v),

�
�
� (1)
�
�

where � is the chemical potential of substances 1 and
2 in the liquid (l) and vapor (v) phases; P and T are,
respectively, the pressure and temperature of the co-
existing phases.

When one of these quantities changes, there arise
fluxes of substance or heat, which results in that
an equilibrium is established. For example, a pressure
difference across the membrane gives rise to substance
fluxes that compensate for this difference. If the dif-
ference is created by a vacuum pump that removes
the vapor (permeate), and the feeding liquid is at the
atmospheric pressure, then the pressure difference
cannot exceed 760 mm Hg. However, there are no
data indicating that creating such a pressure difference
by raising the pressure in the liquid, with the atmo-
spheric pressure maintained in the permeate, gives
rise to any noticeable fluxes. In other words, over-
coming the hydraulic resistance of the membrane is
not the principal condition for the appearance of sig-
nificant fluxes.

The role of the vacuum consists to a greater extent
in diminishing the partial pressure of substances in
the permeate, i.e., in lowering the chemical potentials
of the substances in the vapor phase. In Onzager’s
notation, the flux J1 of substance 1, assumed to be
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independent of the flux of substance 2, has the form

J1 = K1(�1
(l) � �1

(v) ), (2)

where K1 is the proportionality factor.

The chemical potential �1
(l) of the component 1

in the liquid phase is given by

�1
(l) = �1

0(l) (T, P ) + RT ln �1x1, (3)

where �1
0(l) is the standard value of the potential

in the liquid phase; �1, the activity coefficient; x1,
the mole fraction of substance 1 in the liquid phase;
and R, the gas constant.

The chemical potential �1
(v) of component 1 in

the vapor (permeate) is expressed as

�1
(v) = �1

0(v) (T ) + RT ln Py1 , (4)

where P is the permeate pressure, and y1 is the mole
fraction of component 1 in the vapor.

In the course of pervaporation, the value of P,
which is set by the vacuum pump, is equal to the sum
of partial pressures of components 1 and 2.

With account of formulas (3) and (4), the flux J1
in expression (2) takes the form

J1 = J1
0 + B(�ln y1 � ln P ), (5)

where J1
0 = K1(�1

0(l) � �1
0(v) ) is the flux determined

by the difference of the standard chemical potentials,
and B = K1RT.

In deriving formula (5), it was assumed that the
composition of the liquid remains unchanged in the
course of its evaporation across the membrane. This
assumption is well substantiated, since the fluxes
across the membrane are relatively small, and is com-
monly confirmed in experimental studies.

The separating ability of membranes in pervapora-
tion is commonly characterized by the selectivity factor

�PV = (y1/y2)/(x1/x2), (6)

where the concentrations of the substances in the li-
quid (x) and vapor (y) phases are more frequently
expressed in weight percent.

Attempts to prognosticate the selectivity of the
process are commonly made in terms of the dissolu-
tion�diffusion model. In accordance with this model,
the feeding liquid does not wet the membrane and

transforms into vapor at the boundary of the mem-
brane on the side of the liquid. In accordance with
the concept of a local equilibrium, the composition
of the vapor is considered to be in equilibrium with
that of the liquid. The vapor selectively diffuses
across the membrane and is collected at its back side
in the form of the permeate. Thus, the selectivity fac-
tor is expressed as the product

�PV = (y*
2 )/y2

*(x1/x2)(y1/y2)/(y*
1/y*

2 ) = K�GS, (7)

where y1
*, y2

* represent the composition of the vapor
in equilibrium with a liquid of composition x1, x2.

The coefficient K, equal to the first multiplier in
formula (7), is known in the equilibrium thermody-
namics as the coefficient of relative fugacity. The sec-
ond multiplier, �GS, is the selectivity of gas separation
on the membrane of a vapor of composition y1

*, y2
*

to give a permeate of composition y1, y2. Such a
representation of the selectivity of pervaporation as
a product of the coefficient of relative fugacity by
the selectivity of gas separation was made in [1, 2].
In [1], the coefficient �GS was named the perva-
poration improvement factor E1. The author of the
monograph [2] introduced the notion of selectivity
�evap of the liquid�vapor phase transition, then equat-
ing it, however, to K.

Apparently, with formula (6) used to calculate the
selectivity and nonselective membranes (�GS = 1),
the coefficient �PV may be large and nearly equal to
the coefficient of relative fugacity, K. For example,
for a mixture of esters with water, K = 100�300.
Thus, the high selectivity of some membranes is de-
termined by characteristics of the liquid�vapor phase
transition, rather than by the properties of a polymer.
Therefore, to ascertain the separation characteristics
of the polymer constituting the membrane, it is neces-
sary to divide the selectivity factor found from ex-
perimental data by the coefficient of relative fugacity:

�MS = �PV/K, (8)

where �MS is the selectivity of the process, determined
by the interaction of the polymer with flows of liquid
and vapor dissolved in it.

In this case, as always, to �MS values greater than
unity correspond organophilic properties of the mem-
brane with respect to the readily volatile substance
being isolated. If the coefficient �MS is close to, but
less than unity, the membrane may be both nonselec-
tive (chemically inert or interacting in the same man-
ner with the substances transported across it) and or-
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ganophobic with respect to the readily volatile sub-
stance being isolated. In the former case, if the flux
across the membrane is lowered by making higher the
permeate pressure and the compositions of the liquid
and vapor approach their equilibrium values, �MS tends
to unity. In the latter case, �MS is always smaller than
K and may be substantially less than unity.

However, such a comparison, which takes into ac-
count the contribution from the selectivity of the li-
quid�vapor phase transition to the total selectivity of
pervaporation is, as a rule, not made. Data on the li-
quid�vapor equilibrium, presented in some papers,
serve for comparison of pervaporation and simple dis-
tillation as methods for separation of liquid mixtures.

Meanwhile, the selectivity of the liquid�vapor phase
transition can be equated to the coefficient of relative
fugacuty if, as it is commonly assumed in the dis-
solution�diffusion model, such a transition occurs
outside the membrane. However, the problem of
where the phase transition occurs has not been solved
conclusively. The author of the monograph [3] be-
lieves that the liquid is transformed into a vapor
�along the entire way from the entrance into the
membrane to permeate formation� at the exit. In the
model of a flow within pores [4], the liquid evaporates
at a certain depth within the pores penetrating through
the bulk of the membrane. If such a transition occurs
within the membrane, the applicability of the concept
of a local equilibrium is unobvious.

Indeed, this concept assumes that the fluxes across
the phase boundary in the forward (from liquid to
vapor) and reverse directions are so large that the re-
sulting flux in the forward direction is small and does
not affect the phase compositions on both sides of the
surface. These compositions correspond to those in
equilibrium. If, however, the phase transition occurs
within the membrane, the diffusion resistance of the
polymer makes the fluxes smaller, so that the result-
ing flux may become comparable with them. Then,
the composition of the vapor no more corresponds to
an equilibrium with the liquid. For a nonequilibrium
process, which the pervaporation is, the content of,
e.g., the more volatile component in the vapor is
lower than the equilibrium value. Therefore, in the
case of nonselective membranes, the selectivity is
somewhat lower than the coefficient of relative fugac-
ity and approaches it asymptotically as the flux de-
creases. This point will be confirmed when discussing
the experimental results.

The setup for studying the pervaporation process
included a 200-ml glass reactor thermostated with an

internal heat exchanger. The liquid placed in the re-
actor was agitated with a magnetic stirrer at a rate
of 1000 rpm, which is commonly [1] considered suf-
ficient for preventing concentration polarization near
the membrane surface. The bottom of the reactor
was in the form of a porous fluoroplastic plate on
which a membrane was placed. The under-membrane
space was connected by means of a vacuum tube to
a glass trap cooled with liquid nitrogen. The trap
was connected with a 20-l evacuated vessel, which
made it possible to maintain the rarefaction created by
the vacuum pump.

The temperature of the liquid mixtures used in all
the experiments was maintained equal to 30 � 0.1�C.
The residual pressure in the vacuum system was
10 � 0.5 mm Hg. In the case when the dependence of
the flux across the membrane on the vapor (permeate)
pressure was studied, this pressure was varied within
the range 1�100 mm Hg.

As membranes served 40-�m-thick films of cellu-
lose myristinate and 65-�m-thick films of polyphe-
nylene oxide.

The liquid mixtures were prepared from ethyl ace-
tate, ethanol, and acetic acid of chemically pure grade
and distilled water. Evaporation across the membrane
of binary mixtures composed of ethanol and water,
water and acetic acid, ethyl acetate and acetic acid
was studied over the entire range of concentrations.
The compositions of the liquid mixtures and the per-
meate were determined by gas chromatography. The
fluxes were calculated gravimetrically with account
of the membrane area and experiment duration.

In some reported experimental studies of perva-
poration, the selectivity factors �PV do not exceed
the coefficients of relative fugacity, K. To membranes
of this kind belongs, e.g., a polydimethylsiloxane film
in isolation of methanol and ethanol from their 10
and 30 wt % solutions in water. The selectivities of
this process, �PV, taken from [5] and the coefficients
of relative fugacity, K, [6] are listed below

Alcohol �PV K �PV K
10 wt % 10 wt % 30 wt % 30 wt %

MeOH 6.03 8.21 4.72 8.06
EtOH 7.44 7.66 5.79 7.00

A film composed of cellulose myristinate is also dis-
tinguished by low values of �PV, compared with K,



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 4 2004

552 KUZNETSOV et al.

Fig. 1. Composition y and flux J of the permeate vs. the composition x of the liquid in evaporation across a film membrane
composed of (1) cellulose myristinate and (2) polyphenylene oxide; (3) vapor composition for a liquid�vapor equilibrium.
Liquid mixture: (a) ethanol and water, (b) ethyl acetate and acetic acid, (c) water and acetic acid, and (d) ethyl acetate and water.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 4 2004

DEPENDENCE OF SEPARATION CHARACTERISTICS OF PERVAPORATION 553

for all of the mixtures studied. Figures 1a�1d show
how the vapor (permeate) composition depends on
the composition of the liquid for the binary mixtures
composed of ethanol and water, ethyl acetate and ace-
tic acid, water and acetic acid, and ethyl acetate and
water. The same figures show, for comparison, the
lines of composition of a vapor that is in equilibrium
with the liquid. The plots for pervaporation and
an equilibrium with a somewhat lower content of
readily volatile substances in the vapor, compared
with the equilibrium values, apparently coincide in
shape. For example, the azeotropic point character-
istic of the equilibrium in the system ethanol�water
corresponds to the permazeotropic point with a higher
content of water. It is of interest to study how
the composition corresponding to the permazeotropic
point is related to departure of the process from
the equilibrium state.

Figure 2 shows the experimentally determined de-
pendence of the composition of the vapor phase and
the flux of ethanol on the permeate pressure. The com-
position of the liquid phase corresponded to that of
the permazeotropic point (28 mol % water, 72 mol %
ethanol) at 10 mm Hg and remained constant to with-
in analytical error during the experiments. It can be
seen that the flux decreases (which corresponds to
an approach to equilibrium) and the composition of
the vapor phase (permeate) asymptotically tends to
the value in the liquid�vapor system as the flux de-
creases. Thus, when the flux decreases, the composi-
tion of the permazeotropic point shifts toward the
equilibrium azeotropic composition. In the process,
the selectivity factor �MS, which characterizes the in-
teraction of the polymer constituting this membrane
with ethanol and water diffusing across the membrane,
becomes equal to unity. When the flux is raised (pres-
sure is lowered from 10 to 1 mm Hg), the content of
water at the permazeotropic point increases. With ac-
count of the constant composition of the liquid phase,
the flux of ethanol can be calculated using formula (5)
for J1

0 = 0.58, B = 0.13. The results of calculation are
shown graphically in Fig. 3.

At the same time, use of expression (5) for calcu-
lating the fluxes at constant temperature and pres-
sure and varied compositions of the liquid and vapor
phases failed to furnish an agreement with the experi-
mental data at a high content of ethanol in water. Pre-
sumably, this is due to strong changes in the proper-
ties of the membrane (wettability and plastification)
at high concentrations of ethanol. Experimental data
on fluxes of substances across cellulose myristinate
in the mixtures studied are shown in Figs. 1a�1d. It

Fig. 2. Effect of the permeate pressure P on (1) the per-
meate composition y and (2) the permeate flux J in evap-
oration of a liquid mixture ethanol�water across a film
membrane composed of cellulose myristinate, compared
with (3) the composition of a vapor in equilibrium with
the liquid. Temperature of the liquid 30�C, its composi-
tion: 28 mol % water and 72 mol % ethanol; the same
for Fig. 3.

Fig. 3. Ethal flux J vs. the permeate pressure P in evap-
oration of a liquid mixture ethanol�water across a film
membrane composed of cellulose myristinate. (1) Exper-
imental data and (2) results of calculation by formula (5).

can be seen that the fluxes are only significant for
ester-containing liquid mixtures.

In contrast to the film composed of cellulose myri-
stinate, a polyphenylene oxide film exhibits hydro-
phobic properties, and the permeate formed in evap-
oration of water-containing binary mixtures of etha-
nol or acid contains mainly water, as it is shown in
Figs. 1a, 1b. For a mixture composed of ethyl acetate
and acetic acid, the run of the dependence of the com-
position of the liquid on that of the vapor is similar
to that in the equilibrium case. However, the vapor
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contains a smaller amount of the ester, compared
with the case of cellulose myristinate (Fig. 1c). Fig-
ures 1a�1d show dependences of the mass fluxes of
the substances on the composition of the liquid. As
in the case of cellulose myristinate, their values are
higher for ester-containing mixtures.

CONCLUSIONS

(1) The selective properties of a film membrane
composed of cellulose myristinate are determined for
the binary mixtures studied by the parameters of the
liquid�vapor phase transition. The flux of ethanol
across the membrane was calculated at vapor pres-
sures in the range 1�100 mm Hg using the formula
of nonequilibrium linear thermodynamics.

(2) A film membrane composed of polyphenylene
oxide exhibits similar properties in separation of non-
aqueous mixtures, but demonstrates hydrophilicity in
the case of organic-aqueous mixtures.
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Abstract�Phase diagrams of ternary liquid systems constituted by tetadecane (hexane, decane), tri-n-butyl
phophate, and cerium(III) nitrate solvate with tri-n-butyl phosphate Ce(NO3)3(TBP)3 with phase separation
into liquid phases I and II were studied at 298.15 K. Phase I is enriched in the hydrocarbon diluent, and
phase II, in Ce(NO3)3(TBP)3. The distribution of components between phases I and II was considered.

Extraction of rare-earth elements (REE) with neu-
tral organophosphorus compounds, e.g., tri-n-butyl
phosphate (TBP) in hydrocarbon diluents (HCDs), is
widely used in their recovery and separation. The con-
centration and type of a diluent affect the extraction
isotherms and element separation factors [1]. At a low
TBP content in HCD, phase separation of the organic
phase into two phases is possible. This effect has been
studied in detail for actinides [2]. At the same time,
phase diagrams of ternary liquid systems constituted
by tetadecane (hexane, decane), TBP, and lanthani-
de(III) nitrate solvate with TBP in the region of phase
separation are unknown, although such diagrams can
be of practical interest in the choice of HCD and com-
ponent concentrations for extraction systems.

Vacuum-distilled TBP (density � = 0.9727 g cm�3

at 298.15 K) and tetradecane (0.7592 g cm�3), decane
(0.7263 g cm�3), and hexane (0.6548 g cm�3) of chem-
ically pure grade were used. Cerium(III) nitrate sol-
vate, Ce(NO3)3(TBP)3 (S), was prepared by threefold
saturation of TBP with fresh portions of a saturated
aqueous solution of cerium(III) nitrate [3]. The �con-
centration� of Ce(NO3)3(TBP)3 in pure S was 1.12 M
(� = 1.2755 g cm�3). The S concentration in the or-
ganic phase was determined complexometrically [4].
The phase densities were determined pycnometrically.
The binodal curves of the ternary systems were meas-
ured by Alekseev’s method [3] by titration of binary
systems with different compositions with the third
component under the temperature control.

Mixtures of tetradecane (hexane, decane) and S
taken in various volume ratios (2.5�10 cm3) (hetero-
geneous systems) were titrated with TBP, using a mi-
croburet, until the system became homogeneous. In
parallel experiments, mixtures of TBP and S (homo-
geneous systems) were titrated with the diluent until
the second organic phase formed.

The formation of the second organic phase was ad-
ditionally monitored by nephelometry with a Kernco
966 R turbidimeter equipped with a color filter (� =
850 nm). To determine the nodes (compositions of the
coexisting phases), the phase volumes were measured
(in special experiments, we showed that, within the
error of �0.2%, the system volume is equal to the sum
of the component volumes). With regard to binodals
and solution densities, the concentrations of TBP and
diluent were determined from the S concentration [5].
In this case, a binodal was plotted using volume frac-
tions under the condition that the total volume re-
mains unchanged when the components are mixed.
Later on, the phase composition was recalculated to
weight fractions to obtain the phase density.

Additionally, the TBP content was determined as
the difference between the total TBP concentration
and TBP concentration in S, evaluated after cerium
stripping into water, the subsequent saturation of
the organic phase with cerium(III) nitrate, and deter-
mination of the S concentration. The TBP concentra-
tion was determined from the phosphorus content
measured with an SF-26 spectrophotometer in 1-cm
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Phase separation in the systems Ce(NO3)3(TBP)3�TBP�
CnH2n + 2 at 298.15 K
����������������������������������������

�,
�[Ce(NO3)3(TBP)3]� TBP �CnH2n + 2 �
������������������������������g cm�3
� weight fraction �

����������������������������������������
C6H14

0.7169 � 0.178 � 0 � 0.822 � 1
0.7301 � 0.208 � 0.006 � 0.786 � 2
0.7463 � 0.244 � 0.012 � 0.744 � 3
0.7618 � 0.276 � 0.019 � 0.705 � 4
0.7637 � 0.278 � 0.022 � 0.700 � 5

� 0.434 � 0.046 � 0.520 �
� 0.475 � 0.050 � 0.475 � 6

0.9205 � 0.563 � 0.045 � 0.392 � 5
0.9498 � 0.609 � 0.043 � 0.348 � 4
0.9919 � 0.676 � 0.034 � 0.290 � 3
1.0247 � 0.727 � 0.022 � 0.251 � 2
1.0897 � 0.820 � 0 � 0.180 � 1

C10H22

0.7812 � 0.163 � 0 � 0.834 � 1
0.7883 � 0.177 � 0.010 � 0.813 � 2
0.7972 � 0.195 � 0.020 � 0.785 � 3
0.8065 � 0.214 � 0.029 � 0.757 � 4
0.8231 � 0.245 � 0.048 � 0.707 � 5

� 0.294 � 0.077 � 0.629 �
� 0.343 � 0.099 � 0.557 �
� 0.443 � 0.114 � 0.443 � 6
� 0.545 � 0.112 � 0.343 �

0.9986 � 0.569 � 0.109 � 0.322 � 5
1.0542 � 0.669 � 0.091 � 0.24 � 4

� 0.732 � 0.080 � 0.188 �
1.1051 � 0.752 � 0.075 � 0.173 � 3
1.1435 � 0.818 � 0.050 � 0.132 � 2
1.2205 � 0.940 � 0 � 0.060 � 1

C14H30

0.7850 � 0.081 � 0 � 0.919 � 1
0.7912 � 0.094 � 0.011 � 0.895 � 2
0.7993 � 0.110 � 0.026 � 0.864 � 3
0.8089 � 0.130 � 0.041 � 0.829 � 4
0.8184 � 0.148 � 0.057 � 0.795 � 5

� 0.182 � 0.076 � 0.742 �
� 0.346 � 0.160 � 0.494 �
� 0.368 � 0.168 � 0.464 �
� 0.403 � 0.195 � 0.403 � 6
� 0.475 � 0.197 � 0.328 �

1.0058 � 0.499 � 0.196 � 0.305 � 5
1.0475 � 0.586 � 0.174 � 0.240 � 4
1.0956 � 0.679 � 0.148 � 0.173 � 3

� 0.682 � 0.142 � 0.176 �
� 0.836 � 0.084 � 0.080 �

1.1829 � 0.838 � 0.087 � 0.075 � 2
1.2281 � 0.944 � 0 � 0.056 � 1
����������������������������������������

quartz cells after decomposition of samples with sul-
furic acid [6].

All the results are presented as phase diagrams,
using the second Roozeboom triangle: rectangular co-
ordinates (weight fraction scale) for two components
of ternary liquid systems; for the third component,
�3 = 1 � �1 � �2. Errors in � determination did not
exceed �(0.001�0.002).

Figure 1 and the table show that the binary systems
S-TBP and TBP-HCD are homogeneous at any com-
ponent ratios. By contrast, the S-HCD system has
the solubility limits; between them, the system forms
two liquid phases I and II. Phase I is enriched in
HCD, and phase II, in S. The solubility (weight frac-
tions) of S in HCD increases in the order: tetradecane
(0.081) decane (0.163), and hexane (0.178). The sol-
ubilities of tetradecane and decane in S are close
(0.056 and 0.060) and lower than the solubility of
hexane (0.180).

The phase diagrams of ternary liquid systems S�
TBP�HCD consist of fields of homogeneous organic
solutions (Fig. 1, field B) and fields of separation into
two liquid phases (Fig. 1, field A) bounded by bi-
nodals. In all the cases, the points of critical composi-
tion of the ternary system are compositions with ap-
proximately equal fractions of S and HCD and dif-
ferent TBP contents depending of HCD chain length.
At the point of critical composition, the TBP content
(�2cr) is proportional to the number of the carbon
atoms in HCD Cx and, to a first approximation, obeys
the equation

�2cr = �(0.062 � 0.013) + 0.0181 � 0.0012Cx .

This equation allows prediction of the field of
phase separation of the ternary system for various
HCDs. In practice, HCDs with lower molecular weight
are preferable, because in this case, the minimum con-
tent of free (not bound in S) TBP is required to pre-
vent phase separation. The analysis of nodes of ter-
nary liquid systems with phase separation (see table
and Fig. 1) shows that, along with binary systems
of the S�HCD type, two liquid phases I and II are
formed. Phase I is enriched in HCD, and phase II,
in S. Figure 2 presents a plot of the TBP distribution
between phases I and II for hexane, decane, and tetra-
decane. It was shown that, for the systems with phase
separation, the TBP weight fraction in phase II is
substantially higher than that in phase I and grows in
the order hexane < decane < tetradecane, i.e., with
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Fig. 1. Phase separation diagram of the ternary systems
Ce(NO3)3(TBP)3�TBP�CnH2n + 2 at 298.15 K. (A) Field
of phase separation into two liquid phases, (B) field of
homogeneous organic solutions, (CD) binodal, (1�5) nodes
(see table), and (6) critical point; (a) hexane, (b) decane,
and (c) tetradecane.

an increase in the HCD chain length. The curves of
HCD distribution between phases I and II are shown
in Fig. 3. As can be seen, the HCD weight fraction in
phase I is higher than that in phase II and increases in
the order: tetradecane < hexane < decane.

The S distribution coefficients between phases I and
II for various HCDs are shown in Fig. 4. As can be
seen, the S weight fraction in phase II is higher than
that in phase I and increases in the order: hexane <
decane < tetradecane.

Fig. 2. TBP distribution between phases I and II. � (TBP)I
and � (TBP)II are the weight fractions of TBP in phases I
and II. Phase I is enriched in CnH2n + 2, and phase II,
in Ce(NO3)3(TBP)3; the same for Figs. 3, 4. (1) Hexane,
(2) decane, and (3) tetradecane; the same for Figs. 3, 4.

Fig. 3. CnH2n + 2 distribution between phases I and II.
� (CnH2n + 2)I and � (CnH2n + 2)II are weight fractions of
CnH2n + 2 in phases I and II.

Fig. 4. Dependence of the distribution coefficients,
Dex, of Ce(NO3)3(TBP)3 between phases I and II on
the Ce(NO3)3(TBP)3 weight fraction in the phase II.

The extraction of cerium(III) nitrate from aqueous-
salt solutions with TBP in HCD proceeds by the equa-
tion [1]

Ceaq
3+ + 3NO�

3 aq + 3TBPorg
�� [Ce(NO3)3(TBP)3]org ,

where aq denoted the aqueous phase, and org, the or-
ganic phase.

At equilibrium TBP content (weight fraction) higher
than 0.2, only one liquid phase exists, which separates
into two phases when this fraction decreases.
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After saturation of the organic phase with Ce(III)
nitrate, two organic liquid phases coexist (phase I is
enriched in HCD, and phase II, in S). To use extrac-
tion systems based on TBP and HCD in practice,
the equilibrium TBP content (weight fraction) should
be of 0.17�0.20, i.e., it is necessary to operate with
organic phases unsaturated with respect to cerium(III)
nitrate, or to use commercial solvents with a low con-
tent of long-chain hydrocarbons.

CONCLUSIONS

(1) Phase diagrams of ternary liquid systems con-
stituted by tetradecane (decane, hexane), tri-n-butyl
phophate, and Ce(NO3)3(TBP)3 consist of the field of
homogeneous solutions and the field of phase separa-
tion (phases I and II). Phase I is enriched in hydro-
carbon diluent, and phase II, in cerium nitrate solvate.
The phase separation area diminishes in the order tetra-
decane > decane > hexane with shortening of the hy-
drocarbon chain length.

(2) At the point of the critical composition of the
ternary systems, the TBP content �2cr is proportional
to the number of carbon atoms in the solvent, Cx.

(3) In the phase separation field, the TBP fraction
in phase II is substantially higher than that in phase I;
the weight fraction of the diluent in phase I is higher
and increases in the order: hexane < decane < tetradec-

ane. The solvate weight fraction in phase II tends to
increase in the order: tetradecane < decane < hexane.

(4) In practice, to use extraction systems with TBP
and hydrocarbon diluent, it is necessary to keep the
equilibrium TBP content (weight fraction) no less
than 0.17�0.20 or to use commercial solvents with
a low content of long-chain hydrocarbons.
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Abstract�Phase diagrams of ternary liquid systems constituted by tetradecane, tri-n-butyl phosphate, and
lanthanide(III) nitrate solvates with tri-n-butyl phosphate {[Ln(NO3)3(TBP)3], Ln = La, Pr, Nd, Sm} were
studied at 298.15 K. The distribution of the components between the phases under stratification conditions
was considered.

In this study, we examined phase diagrams of ter-
nary liquid systems constituted by tetradecane, tri-n-
butyl phosphate, and lanthanide(III) nitrate solvate
with TBP in the region of phase separation. Solvates
Ln(NO3)3(TBP)3 were prepared by a threefold contact
of TBP with lanthanide(III) nitrate saturated aqueous

solutions [1]. The �concentrations� of Ln(NO3)3(TBP)3
in the phase of the pure solvate were 1.08�
1.12 mol dm�3, � = 1.2755 � 0.0012 g cm�3. Binodals
and nodes were plotted by the method described in [2].

The analysis of the data obtained (see table and
Fig. 1) showed that the binary systems Ln(NO3)3(TBP)3�

Fig. 1. Phase diagrams of the ternary systems Ln(NO3)3(TBP)3�TBP�C14H30 at 298.15 K. (A) Field of phase separa-
tion, (B) field of homogeneous organic solutions, (CD) binodal, (1�5) nodes (see table), and (6) point of critical com-
position of the ternary systems; (a) La, (b) Pr, (c) Nd), and (d) Sm.
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Phase separation in the systems Ln(NO3)3(TBP)3�TBP�C14H30 at 298.15 K
������������������������������������������������������������������������������������

�, g sm�3
�[Ln(NO3)3(TBP)3]� TBP � C14H30 �

Nodes
�
�, g sm�3

�[Ln(NO3)3(TBP)3]� TBP � C14H30 �
Nodes����������������������������� � �����������������������������

� wt. fraction � � � wt. fraction �
�����������������������������������������	������������������������������������������

Ln = La � Ln = Nd
0.7849 � 0.081 � 0 � 0.919 � 1 � 0.7850 � 0.081 � 0 � 0.919 � 1
0.7927 � 0.103 � 0.004 � 0.893 � 2 � 0.7880 � 0.087 � 0.006 � 0.907 � 2
0.8035 � 0.131 � 0.010 � 0.859 � 3 � 0.7938 � 0.098 � 0.018 � 0.884 � 3
0.8128 � 0.155 � 0.015 � 0.830 � 4 � 0.7971 � 0.103 � 0.027 � 0.870 � 4
0.8251 � 0.185 � 0.023 � 0.792 � 5 � 0.8025 � 0.111 � 0.041 � 0.848 � 5

� 0.299 � 0.048 � 0.653 � � � 0.128 � 0.057 � 0.815 �
� 0.383 � 0.069 � 0.548 � � � 0.144 � 0.083 � 0.773 �
� 0.402 � 0.072 � 0.526 � � � 0.201 � 0.106 � 0.693 �
� 0.459 � 0.082 � 0.459 � 6 � � 0.344 � 0.168 � 0.488 �

1.0132 � 0.573 � 0.087 � 0.340 � 5 � � 0.410 � 0.180 � 0.410 � 6
1.1071 � 0.733 � 0.079 � 0.187 � 4 � 0.9784 � 0.458 � 0.176 � 0.366 � 5

� 0.769 � 0.070 � 0.161 � � 1.0062 � 0.516 � 0.167 � 0.317 �
1.1613 � 0.830 � 0.047 � 0.123 � 3 � 1.0099 � 0.527 � 0.160 � 0.313 � 4

� 0.900 � 0.023 � 0.077 � � 1.0937 � 0.693 � 0.116 � 0.191 � 3
1.2176 � 0.920 � 0.019 � 0.061 � 2 � 1.1013 � 0.706 � 0.115 � 0.179 �
1.2192 � 0.932 � 0 � 0.068 � 1 � 1.1942 � 0.880 � 0.036 � 0.083 �

� 1.2027 � 0.894 � 0.032 � 0.074 � 2
Ln = Pr � 1.2135 � 0.925 � 0 � 0.075 � 1

0.7849 � 0.081 � 0 � 0.919 � 1 �
0.7909 � 0.094 � 0.010 � 0.896 � 2 � Ln = Sm
0.7987 � 0.109 � 0.025 � 0.866 � 3 � 0.7849 � 0.081 � 0 � 0.919 � 1
0.8060 � 0.122 � 0.04 � 0.838 � 4 � 0.7953 � 0.104 � 0.015 � 0.881 � 2
0.8214 � 0.152 � 0.065 � 0.783 � 5 � 0.8046 � 0.126 � 0.025 � 0.849 � 3

� 0.213 � 0.122 � 0.665 � � 0.8205 � 0.157 � 0.052 � 0.791 � 4
� 0.346 � 0.198 � 0.456 � � 0.8370 � 0.185 � 0.082 � 0.733 � 5
� 0.390 � 0.220 � 0.390 � 6 � � 0.345 � 0.161 � 0.494 �

1.0076 � 0.497 � 0.208 � 0.295 � 5 � � 0.411 � 0.178 � 0.411 � 6
1.0413 � 0.567 � 0.189 � 0.244 � 4 � 1.0091 � 0.516 � 0.177 � 0.307 � 5
1.0959 � 0.679 � 0.148 � 0.173 � 3 � 1.0958 � 0.678 � 0.149 � 0.173 � 4
1.1687 � 0.820 � 0.085 � 0.095 � 2 � 1.1426 � 0.774 � 0.102 � 0.124 � 3
1.2135 � 0.925 � 0 � 0.075 � 1 � � 0.838 � 0.076 � 0.086 �

� � � � � 1.1899 � 0.861 � 0.062 � 0.077 � 2
� � � � � 1.2135 � 0.925 � 0 � 0.075 � 1

�����������������������������������������
������������������������������������������

TBP and TBP�C14H30 the components are homo-
geneous at any component ratios. The mutual sol-
ubility of the components in the Ln(NO3)3(TBP)3�
C14H30 systems is limited, and, as a result, two liquid
phases I and II are formed. Phase I is enriched in
C14H30, and phase II, in Ln(NO3)3(TBP)3. The sol-
ubility (weight fraction) of Ln(NO3)3(TBP)3 in C14H30
is virtually independent of a particular lanthanide
and amounts to 0.081. The solubility of tetradecane
in the solvate is also independent of a particular lan-
thanide.

The phase diagrams of ternary liquid systems
Ln(NO3)3(TBP)3�TBP�C14H30 consist of fields of
homogeneous organic solutions (Fig. 1, field B)
and fields of phase separation into two liquid phases
(Fig. 1, field A), bounded by binodals. The points of
the critical composition of the ternary systems (�2cr)
are compositions with approximately equal weight
fractions of Ln(NO3)3(TBP)3 and C14H30 and different
TBP contents, depending on a lanthanide. At the point
�2cr, the TBP weight fraction tends to increase from
La(III) to Pr(III) and then to decrease from Pr(III) to
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Nd(III), while the TBP contents in the systems with
Nd and Sm are close (see table).

Nodes of ternary liquid systems with phase separa-
tion (see table and Fig. 1) show that, as in the case of
binary systems Ln(NO3)3(TBP)3�C14H30, two liquid
phases I and II are formed; phase I is enriched in
C14H30, and phase II, in Ln(NO3)3(TBP)3.

The dependences of the solvate distribution coef-
ficients between phases I and II on the solvate weight
fractions in phase II are shown in Fig. 2. As can bee
seen, the distribution coefficients decrease with in-
creasing solvate weight fraction. At the solvate weight
fraction of 0.5, the distribution coefficients depend on
a particular lanthanide and decrease in the order La,
Sm, Pr, Nd. At the solvate weight fraction in phase II
of 0.95, the distribution coefficients are virtually in-
dependent of a particular lanthanide.

Figure 3 shows that the TBP weight fraction in
phase II is substantially higher than that in phase I.
The maximal TBP accumulation in phase II is ob-
served for Pr and Nd solvates, and the minimum ac-
cumulation, for La and Sm solvates.

It follows from Fig. 4 that the C14H30 weight frac-
tion in phase I is higher than that in phase II.

Lanthanides(III) substantially (La and Nd, more
strongly, and Sm and Pr, more weakly) affect the tet-
radecane distribution between phases I and II. To use
extraction systems based on TBP and hydrocarbon
diluent in practice, the TBP equilibrium concentra-
tion (weight fraction) should be 0.17�0.20, i.e., it is
necessary to operate with organic phases unsaturated
with respect to lanthanide(III) nitrate, or to use com-
mercial solvents with a low content of long-chain hy-
drocarbon fractions.

CONCLUSIONS

(1) Phase diagrams of ternary liquid systems con-
stituted by tetradecane, tri-n-butyl phophate, and
Ln(NO3)3(TBP)3 (Ln = La, Pr, Nd, and Sm) consist
of the field of homogeneous solutions and the field of
phase separation (phases I and II). Phase I is enriched
in tetradecane and phase II, in lanthanide(III) nitrate
solvate.

(2) At the point of the critical composition of the ter-
nary systems, the weight fractions of Ln(NO3)3(TBP)3
and tetradecane are approximately equal at dif-
ferent TBP contents, depending on particular lan-
thanide. At the point �2cr, the TBP weight fraction

Fig. 2. Distribution coefficients of Ln(NO3)3(TBP)3,
Dex, between phases I and II vs. � Ln(NO3)3(TBP)3, in
phase II. Phase I is enriched in C14H30, and phase II, in
Ln(NO3)3(TBP)3; the same for Figs. 3, 4. (1) La, (2) Sm,
(3) Pr, and (4) Nd.

Fig. 3. Distribution of TBP between phases I and II.
� (TBP)I and � (TBP)II are weight fractions of TBP in
phases I and II, respectively. (1) La, (2) Nd, (3) Sm,
and (4) Pr.

Fig. 4. Distribution of C14H30 between phases I and II.
� (C14H30)I and � (C14H30)II are weight fractions of tetra-
decane in phases I and II, respectively. (1) La, (2) Nd,
(3) Sm, and (4) Pr.
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tends to increase from La(III) to Pr(III) and then
to decrease from Pr(III) to Nd(III), while the TBP
content in the systems with Nd and Sm is about the
same.

(3) In the phase separation field, the TBP and
Ln(NO3)3(TBP)3 weight fractions in phase II are
substantially higher than those in phase I; the tetra-
decane weight fraction in the phase I is higher than
that in phase II. The distribution of the components
in the ternary systems depends on a particular lan-
thanide.

(4) In practice, to use extraction systems with TBP
and tetradecane, it is necessary to keep the equilib-
rium TBP content (weight fraction) no less than
0.17�0.20 or to use commercial solvents with a low
content of long-chain hydrocarbons.
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Abstract�The phase diagrams of a binary liquid system constituted by tetradecane and samarium(III) nitrate
solvate with tri-n-butyl phosphate and a ternary system constituted by tetradecane, tri-n-butyl phosphate, and
samarium(III) nitrate solvate with tri-n-butyl phosphate were studied at 298.15�355.15 K. The distribution
of components between the phases was considered. The points of critical compositions of the ternary system
at various temperatures and the upper critical temperature of mixing of the binary and ternary systems were
estimated.

The phase diagrams of ternary liquid systems con-
stituted by tetradecane, tri-n-butyl phosphate (TBP),
and lanthanide(III) nitrate solvate with TBP at 298.15 K
were studied in [1]. These diagrams consist of a field
of homogeneous solutions and a field of separation
into two liquid phases: phase I is enriched in tetradec-
ane, and phase II, in [Ln(NO3)3(TBP)3]. Quantitative
data on the above binary and ternary phase diagrams
in relation to the temperature are lacking, although
such an information is of interest for the choice of
diluent, component concentrations, and temperature of
extractor operation. In this study, we examined the
temperature dependences of the above binary and ter-
nary systems with Sm(III).

The phase densities were measured pycnometrical-
ly. Vacuum-distilled TBP (density � = 0.9727 g cm�3

at 298.15 K) and tetradecane of chemically pure grade
(0.7592 g cm�3) were used. Samarium(III) nitrate sol-
vate [Sm(NO3)3(TBP)3] (S) was prepared by threefold
saturation of TBP with fresh portions of a saturated
aqueous solution of samarium nitrate [2]. The �con-
centration� of [Sm(NO3)3(TBP)3] in the phase of pure
S was 1.10 M, � = 1.2755 � 0.0012 g cm�3. The bi-
nodals of the ternary system were measured with
modified Alekseev’s method [3] by titration of the bi-
nary system with different compositions with the third
component under the temperature control. The S con-
centration in the organic phase was monitored com-

plexometrically [4]. Nodes (compositions of the co-
existing organic phases) were determined by the meth-
od described in [1, 3]. All the results are presented
as phase diagrams in the form of the second Rooze-
boom’s triangle: rectangular coordinates (component
weight fractions) for two components of the ternary
liquid systems (for the third component, �3 = 1 � �1 �
�2), depending on temperature. The errors in � de-

Fig. 1. Effect of temperature on phase separation of
the [Sm(NO3)3(TBP)3]�tetradecane system. (T ) Tempera-
ture, (�) weight fraction of [Sm(NO3)3(TBP)3], (A) field
of separation into two liquid phases, (B) field of homo-
geneous solutions, (CD) binodal, (1�5) nodes, and (6) upper
critical temperature of mixing.
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Table 1. Temperature effect on phase separation in
the [Sm(NO3)3(TBP)3]�tetradecane system
����������������������������������������

T, K
� [Sm(NO3)3(TBP)3] � C14H30 �

Nodes��������������������������
� wt. fraction �

(Fig. 1)

����������������������������������������
298.15 � 0.081 � 0.919 � 1
308.15 � 0.121 � 0.879 � 2
322.15 � 0.175 � 0.825 � 3
340.15 � 0.289 � 0.711 � 4
346.15 � 0.350 � 0.650 � 5
351.85 � 0.500 � 0.500 � 6
346.15 � 0.568 � 0.432 � 5
340.15 � 0.644 � 0.356 � 4
322.15 � 0.762 � 0.238 � 3
308.15 � 0.87 � 0.13 � 2
298.15 � 0.925 � 0.075 � 1

����������������������������������������

Table 2. Phase separation in the [Sm(NO3)3(TBP)3]�TBP�
tetradecane system at 298.15�333.15 K
����������������������������������������

T, K
�[Sm(NO3)3(TBP)3]� TBP � C14H30 � Nodes�����������������������������
� wt. fraction �

(Fig. 2)

����������������������������������������
333.15 � 0.242 � 0 � 0.758 � 1

� 0.253 � 0.003 � 0.744 � 2
� 0.267 � 0.008 � 0.725 � 3
� 0.305 � 0.019 � 0.676 � 4
� 0.474 � 0.052 � 0.474 � 5*

� 0.584 � 0.035 � 0.381 � 4
� 0.638 � 0.019 � 0.343 � 3
� 0.671 � 0.008 � 0.321 � 2
� 0.687 � 0 � 0.313 � 1

313.15 � 0.141 � 0 � 0.859 � 1
� 0.152 � 0.009 � 0.839 � 2
� 0.183 � 0.022 � 0.795 � 3
� 0.242 � 0.048 � 0.710 � 4
� 0.447 � 0.113 � 0.440 � 5*

� 0.566 � 0.105 � 0.328 � 4
� 0.667 � 0.069 � 0.264 � 3
� 0.726 � 0.040 � 0.234 � 2
� 0.824 � 0 � 0.176 � 1

298.15 � 0.081 � 0 � 0.919 � 1
� 0.104 � 0.015 � 0.881 � 2
� 0.126 � 0.025 � 0.849 � 3
� 0.157 � 0.052 � 0.791 � 4
� 0.185 � 0.082 � 0.733 � 5
� 0.411 � 0.178 � 0.411 � 6*

� 0.516 � 0.177 � 0.307 � 5
� 0.678 � 0.149 � 0.173 � 4
� 0.774 � 0.102 � 0.124 � 3
� 0.861 � 0.062 � 0.077 � 2
� 0.925 � 0 � 0.075 � 1

����������������������������������������
* Point of the critical composition of the ternary system.

termination did not exceed �0.001�0.002, and those
of temperature measurement, �0.2 K.

The binary systems S�TBP and TBP�tetradecane
are homogeneous at all the temperatures studied. By
contrast, the S�tetradecane system exhibits sol-
ubility limits and has a field of separation into two
liquid phases I and II. Phase I is enriched in tetra-
decane, and phase II, in S. With temperature rise, this
field narrows (Fig. 1). The upper critical tempera-
ture of mixing lies at Tcr = 351.15 � 0.2 K. The com-
positions of the coexisting phases (nodes) at various
temperatures are listed in Table 1. At the Tcr point,
the component weight fractions are approximately
equal (Table 1).

The phase diagram of the ternary liquid system
S�TBP�tetradecane at various temperatures is shown
in Fig. 2. It consists of the field of homogeneous so-
lutions (Fig. 2, field B) and the field of separation
into two liquid phases (Fig. 2, field A) bounded with
binodals. The points of critical composition of the ter-
nary system �2cr correspond to phases with approx-
imately equal weight fractions of S and tetradecane
and varied temperature-dependent TBP content (Ta-
ble 2). The upper critical temperature of mixing for
the binary and ternary systems is the same (Fig. 2).
The temperature rise leads to narrowing of the separa-
tion field of the ternary system (Fig. 2). The depen-
dence of �2cr on 1/T is shown in Fig. 3. It is virtually
linear and can be described by the equation

�2 cr = �(0.980 � 0.042) + (344 � 13) / T. (1)

Dependence (1) allows prediction of the critical
compositions of the ternary system at various tem-
peratures.

The nodes of the ternary liquid system S�TBP�
tetradecane (Table 2) show that, as in the case of
the binary system S�tetradecane, two liquid phases I
and II are formed. Phase I is enriched in tetradecane,
and phase II, in S. TBP is also concentrated predom-
inantly in phase II, while tetradecane is concentrated
in phase I at all the temperatures studied (Table 2).

In practice, to use extraction systems based on
TBP and hydrocarbon solvent, it is necessary to
keep the TBP equilibrium content (weight frac-
tion) no less than 0.17�0.20 at about 298.15 K,
i.e., to operate with the organic phase unsaturated
with respect to Ln(III). At 333.15 K, the equi-
librium TBP weight fraction can be decreased to
0.05�0.06.
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Fig. 2. Phase diagram of the ternary system
[Sm(NO3)3(TBP)3]�TBP�tetradecane in the 298.15�
355.15 K range. � [Sm(NO3)3(TBP)3] and � (TBP) are
weight fractions of [Sm(NO3)3(TBP)3] and TBP, respec-
tively; (A) field of separation into two liquid phases and
(B) field of homogeneous solutions.

CONCLUSIONS

(1) The binary system S�tetradecane exhibits sol-
ubility limits and has a field of separation into two
liquid phases I and II. Phase I is enriched in tetra-
decane, and phase II, in [Sm(NO3)3(TBP)3]. With tem-
perature rise, this field narrows (Fig. 1). The upper
critical temperature of mixing is Tcr = 351.15 � 0.2 K.

(2) The phase diagram of the ternary liquid system
[Sm(NO3)3(TBP)3]�TBP�tetradecane at various tem-
peratures consists of the field of homogeneous so-
lutions and the field of separation into two liquid
phases. The points of critical composition of ternary
system �2cr correspond to phases with approximately
equal weight fractions of [Sm(NO3)3(TBP)3] and tetra-
decane and varied temperature-dependent TBP content.

(3) Within the field of phase separation,
[Sm(NO3)3(TBP)3] and TBP are predominantly con-
centrated in phase II, while tetradecane, in phase I, at
various temperatures.

Fig. 3. Dependence of TBP weight fraction � on the tem-
perature T in the points of critical composition of the ter-
nary system [Sm(NO3)3(TBP)3]�TBP�tetradecane.

(4) In practice, to use extraction systems with TBP
and hydrocarbon solvent, it is necessary to keep
the equilibrium TBP content (weight fraction) no less
than 0.17�0.20 at about 298.15 K. At 333.15 K,
the equilibrium TBP weight fraction can be decreased
to 0.05�0.06.
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Abstract�Five-step countercurrent extraction of aromatic hydrocarbons from hydrofined diesel fraction
with the 2-methoxyethanol�water�pentane extraction system was studied. The process was performed on
a rotary-disk extractor.

In accordance with the demands proclaimed by
the World-Wide Fuel Charter for Category 2 diesel
fuels (for markets with stringent requirements for
emission control or other market demands), the total
content of aromatics should be no more than 25 wt %
and that of polyaromatics, 5 wt %. The corresponding
values for Category 3 diesel fuels (markets with ad-
vanced requirements for emissions control or other
market demands) are 15 and 2 wt %. The sulfur con-
tent should not exceed 300 (Category 2) and 30 ppm
(Category 3). Even more restrictions limits were im-
posed in such countries as the United States and
Sweden. For example, the Swedish national standards
for the quality of Grade 1 diesel fuel limit the con-
tent of total aromatics and polyaromatics to 5 and
0.02 vol %, respectively, and the content of sulfur, to
10 ppm [1].

Such very stringent requirements to the sulfur con-
tent are caused not only by undesirability of release of
sulfur oxides to the atmosphere, but also by the fact
that sulfur has a significant impact on vehicle emis-
sions by poisoning the afterburning catalysts.

Pollution-free diesel fuels can be produced using
hydrocracking of vacuum gas oils or hydroreforming
of diesel fractions [1, 2]. However, these hydrogena-
tion processes are performed at high pressure and re-
quire high specific investment, power consumption,
and hydrogen consumption. For example, the con-
sumption of H2 per 1 vol % of arenes removed is 5�
6 nm3 m�3 raw material, and that per 0.1 wt % of
sulfur and nitrogen removed, 2�3 and 4�6 nm3 m�3

raw material, respectively [3].

The first industrial unit for refining of diesel fuel by
solvent extraction was put into service in the United
States in 2001 [4]. The extractant composition was
not given, but it may be suggested from the reported
process flowsheet that it is a high-boiling selective
solvent, whose regeneration is performed by aqueous
stripping, followed by removal of excess water by
distillation. However, in this case, the water consump-
tion for regeneration of the extractant from the extract
phase should be high, requiring high power consump-
tion for the subsequent removal of water.

Previously, we have suggested quite efficient ex-
traction systems for refining of the diesel fraction
to remove aromatic and organoelement compounds:
acetonitrile�water�pentane [5�9] and dimethylform-
amide (or dimethylacetamide)�water�pentane [10�12].
These systems contain low-boiling polar and nonpolar
solvents readily regenerable by distillation. Aceto-
nitrile does not form azeotropic mixtures with com-
ponents of the diesel fraction, and dimethylformamide
and dimethylacetamide form heteroazeotropic mix-
tures only with saturated hydrocarbons contained in
this fraction. Formation of such azeotropic mixtures
improves the process selectivity: the major part of
saturated hydrocarbons remaining in the extract phase
is removed with a selective solvent in the course of its
regeneration, and the arene content in the concentrate
increases to 98�99.5 wt %.

Acetonitrile, dimethylformamide, and dimethyl-
acetamide are characterized by fairly high selectivity
with respect to aromatic hydrocarbons. Their draw-
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back is the hydrolytic instability in the course of re-
generation at high temperatures (highly corrosive ace-
tic and formic acids are formed as hydrolysis prod-
ucts). 2-Methoxyethanol is less selective with respect
to arenes [13], but demonstrates higher hydrolytic sta-
bility and lower corrosive activity. The extraction sys-
tem 2-methoxyethanol�water�pentane was successful-
ly used for removal of aromatic hydrocarbons from
dewaxed fractions 200�320�C [14, 15], for refining of
liquid paraffin fractions to remove aromatic hydrocar-
bons [16], and also for manufacture of hydraulic and
transformer oils from light oil fractions of the Troitsk-
Anastasievsk oil field [17, 18].

The goal of this study was to check the possibility
of manufacturing pollution-free diesel fuel by extrac-
tion refining of the hydrofined diesel fraction, us-
ing the 2-methoxyethanol�water�pentane extraction
system.

As a raw material, we used hydrofined diesel frac-
tion with the characteristics listed in Table 1.

EXPERIMENTAL

Five-step countercurrent extraction was carried out
using a system of temperature-controlled separating
funnels [20]. The raw material in pentane flowed
countercurrent to aqueous 2-methoxyethanol. The ex-
perimental conditions are given in Table 2. The de-
cision on five theoretical plates was caused by the
fact that the efficiency of industrial extractors used
for production of benzene, toluene, and xylenes from
reformates corresponds to 6�7 theoretical plates, and
that in selective refining of lube cuts, to 3�4 theoret-
ical plates. It would be expected that the efficiency of
similar extractors for selective refining of the diesel
fraction with a viscosity intermediate between the gas
oil and lube fractions corresponds to ca. five theoret-
ical plates. Cycling by the scheme reproducing the op-
eration of a fully charged column was performed until
the steady state mode, under which the weights and
compositions of the extract and raffinate phases be-
come constant was established. Pentane was recovered
from the extract and raffinate phases by distillation on
a 15 TP column. 2-Methoxyethanol was entirely re-
moved from the raffinate by multiple aqueous strip-
ping. The most part of 2-methoxyethanol and wa-
ter that remained after distillation of pentane were
removed using the same column. Small residual
amounts of 2-methoxyethanol (3�5 wt %) were re-
moved from the extract and raffinate by aqueous strip-
ping. The extract and raffinate were dried over cal-
cined zeolite NaA. The material balance data for

Table 1. Characteristics of hydrofined diesel fraction and
raffinate after selective refining
����������������������������������������

Parameter �Raw material� Raffinate
����������������������������������������
Yield, wt % � 100 � 81.8
Standard distillation, �C: � �

Initial boiling point � 213 � 210
10% � 235 � 249
20% � 247 � 255
30% � 256 � 269
40% � 268 � 277
50% � 277 � 287
60% � 290 � 300
70% � 305 � 313
80% � 315 � 328
90% � 360 � 349

Yield of fraction <360�C, vol % � 90.0 � 94.3
Density �4

20, g cm�3 � 0.840 � 0.825
Refractive index nD

20 � 1.4709 � 1.4598
Kinematic viscosity, mm2 s�1, � 6.03 � 5.72
at 20�C � �
Cloud point, �C � �5.5 � �5.0
Pour point, �C � �12.5 � �10.0
Flash point (closed vessel), �C � 81 � 72
Total aromatics content, wt % � 25.0 � 10.4
Polyaromatics content, wt % � 5.7 � 1.9
Sulfur content, wt % � 0.045 � 0.02
Olefin content, wt % � � � 1.0
Bromine number, g per 100 g � � � 0.706
Acid number, mg KOH � � � 0.618
per 100 ml fuel � �
Limiting filterability � � � �1.0
temperature, �C � �
Moisture content by Fischer, � � � 46.3
ppm � �
Cetane index** � 53 � 60
����������������������������������������
* Supplied by the Kirishi Refinery.

** Estimated by the empirical equation given in [19]: CI = 524 �
2605�20

3
3� 20.88�0.3t10 +0.53t50 +0.17t96

���������
� ���������������� ,
�0.3t10 +0.53t50 +0.17t96
���������

where t10, t50, and t96 are the 10, 50, and 96% distillation
temperatures, respectively (standard distillation), and �20 is
the density of the fraction at 20�C (g cm�3).

Table 2. Parameters of five-step countercurrent extractive
refining and selective extractive distillation on a rotary-
disk extractor
����������������������������������������

Parameter � Five-step extraction � RDE
����������������������������������������
Temperature, �C � 30 � 15
Moisture content in � 5.0 � 5.0
2-methoxyethanol, wt %� �
Mass ratio: � �

aqueous 2-methoxy- � �
ethanol : feed � 5 : 1 � 6.9 : 1
pentane : feed � 1 : 1 �0.96 : 1

����������������������������������������
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Table 3. Material balance in five-step countercurrent extractive refining of the diesel fraction (recalculated to 100 g
of raw material)
������������������������������������������������������������������������������������

Component � Feed � Raffinate � Extract
���������������������������������������������������������������
� g � wt % � g � wt % � g � wt %

������������������������������������������������������������������������������������
Aromatic hydrocarbons � 25.0 � 3.57 � 9.5 � 5.56 � 15.5 � 2.93
Saturated hydrocarbons � 75.0 � 10.71 � 74.2 � 43.39 � 0.8 � 0.15
Pentane � 100 � 14.29 � 68.6 � 40.12 � 31.4 � 5.94
2-Methoxyethanol � 475 � 67.86 � 18.5 � 10.82 � 456.5 � 86.29
Water � 25.0 � 3.57 � 0.2 � 0.11 � 24.8 � 4.69
������������������������������������������������������������������������������������
Total: � 700 � 100 � 171.0 � 100 � 529.0 � 100
������������������������������������������������������������������������������������

the extraction refining of diesel fraction are listed
in Table 3.

The process was then performed on a rotary-disk
extractor (RDE). It has the form of a column (inner
diameter 60 mm; height 1400 mm) with an axle drive
shaft supported by a ball thrust bearing. Horizontal
disks 40 mm in diameter are fastened on the shaft
between the stator rings at a 15-mm spacing. The col-
umn consists of 50 sections with a total height of
800 mm. There are settling zones 300 mm high at
the top and bottom of RDE. The extractor is equipped
with a water jacket. The rotor speed can be finely ad-
justed within the range 200�1300 rpm. In this study,
the extraction was carried out at a rotor speed of
400 rpm. The flows of the feed, extractant, and pen-
tane were set with dosing piston pumps. Watered 2-
methoxyethanol having a higher density as compared
to the diesel fraction was fed to the top of RDE.
The column was charged with the extractant and then
the raw material with pentane was started to be fed
through a sprayer producing fine droplets. The raf-
finate and extract phases were run off, respective-
ly, from the top and bottom settling zones to tanks.
The raffinate and extract were separated from the equi-
librium phases by the procedure described above for
the experiment with separating funnels.

The results obtained in the experiments on five-
step countercurrent extraction with separating funnels
and RDE with the use of the 2-methoxyethanol�
water�pentane extraction system are well consistent.
The yield of the raffinate in the experiments with sep-
arating funnels and RDE was 83.7 and 81.8 wt %,
respectively; density of the raffinate at 20�C, 0.822
and 0.823 g cm�3; refractive index at 20�C, 1.4599
and 1.4598; kinematic viscosity at 20�C, 5.98 and
5.72 mm2 s�1; and total content of aromatics, 11.3
and 10.4 wt %. Since the experiments on RDE were
carried out at reduced temperature, a decrease in the
solvency of the extractant was compensated for by

increasing the extractant-to-feed ratio (Table 2). In
the experiments on RDE, we achieved somewhat more
exhaustive dearomatization of the diesel fraction at
a lower (by 4.4 wt %) arene content in the extract.
The similarity of the results obtained in both exper-
iments suggests that the efficiency of RDE is about
five theoretical plates.

The conclusions made upon a comparison of the
results of this study with those obtained previously
with the acetonitrile�water�pentane [6�8] and DMF�
water�pentane extraction systems [10, 12] are as fol-
lows.

(1) Changing acetonitrile for 2-methoxyethanol in
the extraction system allows more exhaustive and
selective dearomatization of the diesel fraction. How-
ever, this requires an increase in the water content in
the extractant from 1 to 5 wt % and in the volume
ratio of the extractant to raw material from ca. 2.5 : 1
to (4.35 � 6.0) : 1.

(2) Changing DMF for 2-methoxyethanol provides
the same degree of dearomatization, but at a volume
ratio of 2-methoxyethanol to raw material, increased
by 25�40%.

Despite the somewhat lower efficiency of the 2-
methoxyethanol�water�pentane extraction system as
compared to the system with DMF, a decision on a
polar solvent for the industrial process should be
made taking into account such important advantages
of 2-methoxyethanol as its lower boiling point and,
accordingly, milder temperature conditions required
for its regeneration, and also higher thermal and hy-
drolytic stability of 2-methoxyethanol and, as a result,
its lower corrosivity.

Characteristics of the raffinate obtained (Table 1)
meet the requirements to summer diesel fuel. The flash
point of the diesel fraction after dearomatization de-
creased, and the cloud and pour points slightly in-
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Table 4. Characteristics of the extract from extractive refining of the diesel fraction with 2-methoxyethanol�water�
pentane extraction system
������������������������������������������������������������������������������������

Parameter
� Five-step �

RDE
�

Parameter
� Five-step �

RDE� extraction � � � extraction �
������������������������������������������	�����������������������������������������
Yield, wt % � 16.3 � 18.2 �Degree of recovery, %: � �
Density �4

20, g cm�3 � 0.932 � 0.916 � sum of aromatic hydrocarbons� 62.0 � 66.0
Refractive index nD

20 � 1.5179 � 1.5173 � polycycloarenes � � � 72.8
Arene content, wt % � 95.0 � 90.6 � sulfur-containing compounds � � � 63.6

among them polycycloarenes � � � 22.8 � � �
������������������������������������������
�����������������������������������������

creased. The content of aromatics in the extract was
90.6�95 wt % (Table 4).

The cetane index of the raffinate, which character-
izes the ability of diesel fuel to self-ignition and de-
pends on the group hydrocarbon composition, in-
creased by 7 points as compared to the hydrofined
diesel fraction. In this parameter (CI = 60) the raf-
finate meets the demands of the World-Wide Fuel
Charter for Category 3 diesel fuels. The sulfur content
in the raffinate decreased by a factor of 2.25 as com-
pared to the hydrofined diesel fraction, which meets
the requirements for Category 2 diesel fuels.

CONCLUSIONS

(1) Five-step countercurrent extraction of arenes
from hydrofined diesel fraction at 5 : 1 weight ratio of
aqueous (5% water) 2-methoxyethanol to raw material
and 1 : 1 weight ratio of pentane to raw material al-
lowed a decrease in the aromatics content from 25 to
10�11 wt % and in the content of organosulfur com-
pounds from 0.045 to 0.02 wt %. In this case, the
arene content in the extract approaches 90�95 wt %.

(2) Extractive refining of the diesel fraction with
the 2-methoxyethanol�water�pentane extraction sys-
tem can be successfully performed on an apparatus
with a rotary-disk extractor.

(3) The use of extraction systems with 2-methoxy-
ethanol provides more exhaustive and selective de-
aromatization of the diesel fraction as compared to
that with acetonitrile. In this case, the results are sim-
ilar to those obtained in refining with DMF�pentane.
However, the system with 2-methoxyethanol requires
an increased (by 25�40%) weight ratio of polar ex-
tractant to raw material. Such advantages of 2-meth-
oxyethanol as higher thermal and hydrolytic stability
and lower corrosivity, compared to acetonitrile and
DMF, should be taken into account in making a de-
cision on an extraction system for industrial imple-
mentation of the process.
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Abstract�Distribution of Ga(III) among aqueous solutions of NaOH and a macroporous copolymer of styrene
with divinylbenzene, impregnated with 1,2-dioxyanthraquinone in the presence of the trialkylmethylam-
monium cation, was studied.

The main source of raw materials for manufacture
of gallium are alkaline solutions formed in production
of alumina [1]. Pointing to the fact that extractive
techniques are promising for processing of materials
of this kind, the authors of reviews [2, 3] note that
the choice of extracting agents for selective recovery
of gallium is limited. Extraction of gallium(III) from
alkaline solutions with solutions of alkylated 8-oxy-
quinolines [4�6], pyrocatechols [7, 8], and alkyl
phenyl oligomers [9�11] in organic solvents has been
reported. The use of hydrophobic reagents of this kind
is associated with the decrease in their solubility in
aqueous alkaline solutions in the course of extrac-
tion [12].

Recently, impregnated materials that combine
properties of a sorbent and a selective extracting
agent have been finding increasingly wide use in re-
covery, concentration, and separation of rare, trace,
and nonferrous metals [13, 14]. Materials of this kind
not only make it possible to eliminate organic sol-
vents, which are frequently toxic, volatile, or fire-
hazardous, from the technological scheme, but also
ensure a substantial decrease in contamination of
aqueous solutions with organic reagents [15]. The use
of impregnated materials for recovery of gallium(III)
from alkaline solutions has been the subject of a com-
paratively small number of studies [16]. In these stud-
ies, alkylated 8-oxyquinolines, which form with
Ga(III) complex compounds in the sorbent phase,
served as organic complexing agents. Presumably, the
set of such reagents can be supplemented with other

phenol derivatives, including those soluble in aqueous
alkaline solutions.

For this purpose, the distribution of Ga(III) among
aqueous solutions of NaOH and a macroporous poly-
meric sorbent impregnated with 1,2-dioxyanthraqui-
none in the presence of the trialkylmethylammonium
cation was examined in this study.

EXPERIMENTAL

1,2-Dioxyanthraquinone (alizarin) of analytical-
ly pure grade and trialkylmethylammonium nitrate
(TAMAN) with the content of the main product of no
less than 98% were used in the study. As a matrix for
preparing an impregnated sorbent served nonionogenic
macroporous copolymer of styrene with divinylben-
zene, Wofatite EP-60.1 The parameters of the material
[17] are close to those of similar products of domestic
manufacture, polysorbs [18]. The polymeric matrix
was impregnated with TAMAN by a procedure sim-
ilar to that described previously [19] and then the
sorbed TAMAN was converted into the OH� form
[20]. The resulting sorbent was mixed with a solution
of 1,2-dioxyanthraquinone in a 1 M solution of
NaOH, the mixture was agitated for 1 h, and then
the sorbent was separated from the aqueous phase by
filtration and used to recover Ga(III) from aqueous
alkaline solutions.
����������

1 Manufactured by Bitterfeld Chemical Combine, Germany.
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Fig. 1. Distribution of 1,2-dioxyanthraquinone among
a 1 M solution of NaOH, [L], and a polymeric sorbent, [�L].
Concentration of ROH in the sorbent phase (mol kg�1):
(1) 0.75, (2) 0.5, (3) 0.25, (4) 0.1, and (5) 0.

Fig. 2. Distribution coefficient of 1,2-dioxyanthraquinone,
DL, vs. the concentration of ROH, cROH, in the sorbent
phase in sorption of from a 1 M solution of NaOH. Line:
calculation by Eq. (5).

The starting aqueous solutions of Ga(III) were
prepared by dissolving gallium oxide of pure grade
in a 1 M solution of NaOH, with subsequent dilution
with water or alkali. The concentration of Ga(III) in
the starting solutions was 4 � 10�4 M.

Sorption experiments were performed under static
conditions at 18�2�C. The mixture of an aqueous
solution and the sorbent was agitated with a magnetic
stirrer for 2 h, which is sufficient for constant distribu-
tion coefficients of gallium, DGa, and 1,2-dioxyanthra-
quinone, DL, to be attained. The ratio between the vol-
ume V (ml) of the aqueous phase and the mass m (g)
of the sorbent was 20 : 1.

The content of gallium(III) in the aqueous solutions
before and after sorption was determined by mass
spectrometry, with ionization of a sample in an induc-
tively coupled plasma (ICP-MS), on a VG Elemental

PlasmaQuad mass spectrometer (UK) by a procedure
described previously in [21]. The concentration of 1,2-
dioxyanthraquinone in the aqueous solutions was de-
termined photometrically at � = 590 nm on a KFK-
2MP photocolorimeter.

The content of gallium(III) and 1,2-dioxyanthra-
quinone in the sorbent phase was calculated using
material balance equations, and the distribution co-
efficients were found as the ratio of concentrations in
the solid and aqueous phases. The concentration of
NaOH in equilibrium aqueous solutions was deter-
mined by potentiometric titration with a 0.1 M solu-
tion of HCl.

Preliminarily, the distribution of 1,2-dioxyanthra-
quinone (H2L) among aqueous solutions of NaOH and
a polymeric sorbent impregnated with trialkylmethyl-
ammonium hydroxide (ROH) was considered. It is
known that 1,2-dioxyanthraquinone is soluble in
aqueous alkaline solutions because of the dissociation
of phenol groups and virtually cannot be extracted
with inert organic diluents. By contrast, the non-
ionogenic macroporous sorbent EP-60 sorbs 1,2-di-
oxyanthraquinone from solutions of this kind (Fig. 1,
curve 5), presumably as a sodium salt Na2L. The sorp-
tion of 1,2-dioxyanthraquinone is markedly enhanced
as the content of ROH in the sorbent phase grows
(Fig. 1). This may be due to the formation in the sor-
bent phase of ionic associates RNaL and R2L by the
following ion-exchange reactions

L2� + Na+ + ROH � RNaL + OH�,�

�� ��

(1)

L2� + 2ROH � R2L + 2OH��

�� ��
(2)

(the overline designates components in the solid phase)
with the corresponding equilibrium concentration
constants

K1 = ������� ,
[L2�][Na+][ROH]

[RNaL][OH�]
�

���

(3)

K2 = ����� ,
[R2L][OH�]2��

�

[L2][ROH]2��� (4)

The variation of the distribution coefficient of 1,2-
dioxyanthraquinone with the concentration of ROH
in the solid phase and with that of OH� ions in the
aqueous phase can be represented as

DL = ������ = ������ + ���� .
[L2�] [OH]

[RNaL] + [R2L]
��� ��

�

K1[Na+][ROH]
���

�

K2[ROH]2

[OH]2

���

�

(5)
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The equilibrium constants calculated by the least-
squares procedure with the use of the data in Fig. 2
are K1 = (4.7 � 0.2) � 103 and K2 = (6.3 � 0.3) � 103.
It follows from these results that the sorbent for re-
covery of Ga(III), prepared by saturating with 1,2-di-
oxyanthraquinone a polymeric matrix impregnated
with ROH, contains 1,2-dioxyanthraquinone in the
form of the associates RNaL and R2L. The concen-
tration of the latter, relative to the total concentration
of 1,2-dioxyanthraquinone in the sorbent phase, is
expressed as

� = ����������� .
K2[ROH] + K1[Na+][OH]

K2[ROH]
���

��� (6)

Hence follows that raising the concentration of
ROH in the solid phase and lowering the concentra-
tion of alkali in the aqueous phase favor an increase in
the content of such a complex. The sufficiently high
hydrophobicity of the associate R2L ensures that it
passes to only a slight extent into the aqueous phase
in sorption recovery of Ga(III).

The data on saturation of the sorbent with galli-
um(III) (Fig. 3) indicate that Ga(III) is recovered into
the solid phase in the form of a complex with a ratio
Ga : L = 1 : 3, which is characteristic of extraction of
this element in the form of intracomplex compounds
[1]. It may be assumed that the C=O and OH groups
of the molecule of 1,2-dioxyanthraquinone in the po-
sitions 9 and 1 of the anthraquinone ring are in-
volved in complexation with Ga(III) [22], and the
negative charge of the second phenol group of the re-
agent is neutralized by the trialkylmethylammonium
cation.

Taking into account this fact, the interphase equi-
librium of the process of recovery of Ga(III) from
alkaline solutions in the form of an ionic associate
GaL3

3�
� 3R+ can be described by the following equa-

tion of the exchange reaction

Ga(OH)4 + 3R2L � Ga(RL)3 + 3ROH + OH�

�� ��� ��� � (7)

with an equilibrium constant

K3 = ���������� ,
[Ga(RL)3][ROH]3[OH�]
��� ��

[Ga(OH)4][R2L]3
_ (8)

and the dependence of the distribution coefficient
of Ga(III) on the concentrations of components of
the aqueous and solid phases can be expressed as

(9)DGa = �����
[ROH]3[OH]
��
�

K3[R2L]3
��

Fig. 3. Distribution of Ga(III) among a 1 M solution of
NaOH, [Ga], and the impregnated sorbent, [�G�a]. cL =
cROH = 0.1 mol kg�1.

Fig. 4. Distribution coefficient of Ga(III), DGa, vs.
the concentration of (a) 1,2-dioxyanthraquinone, cL, and
(b) ROH, cROH, in the sorbent phase in sorption from
a 1 M solution of NaOH. (a) cROH = 0.1 mol kg�1,
(b) cL = 0.1 mol kg�1.
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or, with account of relation (6),

(10)DGa = �������������� ,
[OH](K2[ROH] + K1[Na+][OH])3

��
�

K3K2 (cL � 3[Ga] )3 �

where cL is the initial concentration of 1,2-dioxyan-
thraquinone in the sorbent phase, and [

�

G
�

a] is the
equilibrium concentration of Ga(III) in the same
phase.

The logarithmic dependence of the distribution co-
efficient of Ga(III) on the concentration of 1,2-di-
oxyanthraquinone in the solid phase (Fig. 4a) is re-
presented by a straight line with a slope close to 3,
which confirms the stoichiometric ratio Ga : L =
1 : 3.

It follows from expression (10) that DGa decreases
as the concentration of ROH in the sorbent phase
grows (Fig. 4b). At constant concentrations of NaOH
in the aqueous solution and 1,2-dioxyanthraquinone
in the solid phase, the dependence of log DGa on
log (K2[ROH] + K1[Na+][OH�]) is expressed by a
straight line with a slope close to 3, which corre-
sponds to the stoichiometric ratio Ga : R = 1 : 3 in
the complex being sorbed. This points to the adequacy
of the scheme suggested for describing the recovery of
Ga(III) into the sorbent phase. At an invariable initial
composition of the solid phase, the recovery of Ga(III)
decreases with increasing concentration of NaOH in
the aqueous phase, which is due both to the leftward
shift of the equilibrium (7) and to a decrease in the
fraction of the associate R2L in the equilibrium solid
phase as a result of an increase in the sorption of
sodium ions into the sorbent phase.

The data presented here indicate that the macro-
porous copolymer of styrene with divinylbenzene,
impregnated with 1,2-dioxyanthraquinone in the pres-
ence of the trialkylmethylammonium cation, effective-
ly sorbs Ga(III) from alkaline solutions and can be
used to recover and concentrate Ga(III).

CONCLUSIONS

(1) A sorbent based on a macroporous copolymer
of styrene with divinylbenzene, impregnated with 1,2-
dioxyanthraquinone (H2L) in the presence of the tri-
alkylmethylammonium cation (ROH), is suggested for
sorption recovery and concentration of Ga(III) from
alkaline solutions. The ionic associate R2L is the ac-
tive component of the sorbent.

(2) Gallium(III) is recovered from alkaline solu-
tions in the form of the Ga(LR)3 complex.
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Abstract�Joint sorption of Sr2+ and Fe3+ ions on blue Cambrian clay was studied. A relationship between
the isotherm of ideal ion exchange and the Langmuir sorption isotherm was revealed. The apparent constant
and Gibbs energy of exchange of Sr2+ and Fe3+ ions on blue Cambrian clay were calculated.

Studying the ion exchange in soil makes it possible
to prognosticate the behavior of 90Sr on contaminated
territories and to calculate the technological parameters
of the process of soil decontamination by ion-exchange
washing [1]. Previously, sorption isotherms of stron-
tium(II) and iron(III) ions on clay, which binds most
part of 90Sr in soil, have been obtained [2, 3]. The
present study is concerned with the exchange isotherm
for the case of joint sorption of these cations.

A sample of Cambrian blue clay of composition
K2Al4[Al2Si6O20](OH,F)4 had a specific surface area
of 5.86 m2 g�1 (found from sorption of Methylene
Blue) [4]. The exchange capacity of the clay has been
determined from the limiting sorption of Sr2+ and
Fe3+ ions separately [2, 3]. The limiting amount of
sorption was calculated from experimental data with
the use of the Langmuir equation. The capacities of
69 and 78 mequiv kg�1 for the limiting sorption of
Sr2+ and Fe3+ ions, respectively, have been obtained
[2, 3], with the average value of 73 � 5 mg-equiv kg�1.
A thermal analysis demonstrated that the clay is of
the hydromicaceous type. A curve of potentiometric
titration of a 0.5-g portion of air-dry clay soaked in
50 ml of water with a 0.01 N solution of NaOH was
obtained (Fig. 1). The pH values were measured with
a 150M pH-meter with a glass electrode upon addition
of the alkali in 0.5-ml portions under agitation with
a magnetic stirrer. Three pH jumps can be seen in the
titration curve, which indicates that the clay has three
functional groups. The equivalence point at pH 4.6
corresponds to an isoelectric state of kaolinite. The
jump at pH 7.5�8.0 corresponds to the isoelectric
point of hydrargillite and other minerals that are hy-
drates of aluminum oxide. The equivalence point at
pH 9.0�9.2 is presumably due to dissociation of silan-
ol groups.

Prior to determining the amount of sorption of cat-
ions, an air-dry sample of clay was ground and soaked
in a 1 M solution of HCl for 1 day with agitation at
regular intervals. Then the acid solution was replaced
with its fresh portion and the soaking was repeated
manyfold to negative reaction to iron ions in the
aqueous phase. The presence of iron ions was deter-
mined by reactions with hexacyanoferrates (II) and
(III) and with ammonium thiocyanate NH4SCN. After
that the clay was repeatedly washed with water to
pH 3 in an aqueous extract. Then the clay was dried
to the air-dry state and ground. The amount of sorp-
tion, � (mol kg�1), was determined under static con-
ditions at a ratio of the volume of the aqueous phase
to the mass of the solid phase, V/m = 10 ml g�1, with
a 3-g weighed portion of the clay from the difference
of concentrations of the initial (c0) and equilibrium
(ceq) solutions by the formula

� = (c0 � ceq)V/m.

A solution of a mixture of chlorides, SrCl2 and
FeCl3 was acidified to pH 3, mixed with a weighed

Fig. 1 Potentiometric titration curve of the clay. (V ) Vol-
ume of the NaOH solution.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 4 2004

EXCHANGE ISOTHERM OF STRONTIUM(II) AND IRON(III) IONS ON CLAY 577

Results of experiments on joint sorption of Sr2+ and Fe3+ ions on clay
������������������������������������������������������������������������������������

Fe3+ � Sr2+

������������������������������������������������������������������������������������
c0 � ceq � � � � c0 � ceq � � �

��������������������������������	 
��������������������������������	
mM � mmol kg�1 �

�Fe3+

� mM � mmol kg�1 �
�Fe3+

������������������������������������������������������������������������������������
0.217 � 0.213 � 0.03 � 0.622 � 0.455 � 0.26 � 1.95 � 0.810
0.34 � 0.28 � 0.55 � 0.575 � 0.60 � 0.375 � 2.25 � 0.782
0.44 � 0.34 � 1.04 � 0.537 � 0.80 � 0.52 � 2.80 � 0.759
0.60 � 0.45 � 1.50 � 0.493 � 1.00 � 0.70 � 3.0 � 0.730
1.34 � 0.94 � 4.0 � 0.371 � 2.00 � 1.525 � 4.75 � 0.644
2.60 � 2.05 � 5.5 � 0.256 � 4.00 � 3.35 � 6.5 � 0.546
4.43 � 3.37 � 10.70 � 0.191 � 6.00 � 5.40 � 6.0 � 0.479

������������������������������������������������������������������������������������

portion of clay, and agitated to the equilibrium state.
The time in which the equilibrium, which corre-
sponded to a constant concentration of the solution,
was attained was 5�6 h, the time of contact between
the phases in the experiments performed was no less
than 24 h. The initial and equilibrium pH values were
3 and 3.2 � 0.3, respectively.

After an experiment, a 2- to 10-ml, depending on
the content of strontium ions, portion of the solution
was filtered through a blue ribbon filter and trans-
ferred into a 50-ml vessel. The necessary pH 2.8�3.0
was adjusted using an acetate buffer solution (10 ml).
Then 25 ml of a 60% aqueous solution of acetone and
1 ml of a 0.1% solution of Nitroortanile C (nitro-
chromazo) were added. The content of strontium ions
in the solution under study was determined from the
intensity of the absorption band at a wavelength of
650 nm. This technique [5] makes it possible to find
the content of strontium ions in the range from 2 to
20 �g in a 25-ml portion of a solution. Under these
conditions there is no hindering effect by Na+ and
NH4

+ ions to a 100-fold excess; K+, to a 30-fold ex-
cess; Ca2+, to a 1.5-fold excess; and Mg2+, to a 5-fold
excess. The content of iron(III) was determined from
the intensity of the absorption band of a complex with
thiocyanate at 480 nm. The table lists the following
results obtained in the study: the initial and equilib-
rium concentrations of ions, c0 and ceq; amounts of
sorption, �; and activity coefficients � of cations,
calculated using the Davis equation [6].

The exchange of strontium(II) and iron(III) ions
was described thermodynamically on the assumption
of an ideal solid phase, i.e., with the activity coef-
ficients of ions in the sorbed state disregarded.
The equation of the ion-exchange isotherm for the re-
action

3Srs
2+ + 2Fe3

aq
+ �� 3Sr2aq

+ + 2Fes
3+

has, in this case, the form

K = �����,
�Fe3+ aSr2+

2 3

�Sr2+ aFe3+
23

(1)

where K is the apparent exchange constant; �Fe3+

and �Sr2+, the amounts of sorption of jointly present
ions (mol kg�1); and aFe3+ and aSr2+, the activities of
the ions in solution (mol kg�1). It was shown in [7]
that the ion-exchange isotherms can be described us-
ing equations of the type of the Langmuir isotherm.
Now, this method will be applied to the equilibrium
under study. The limiting amounts of sorption of the
ions �

�
= 3�Fe3+ + 2�Sr2+, where �

�
is the limiting

amount of sorption of ions in equiv kg�1, and the
amounts of sorption of the ions are expressed in
mol kg�1. With account of this fact, Eq. (1) can be
brought to the form

Fig. 2. Linear form of the ion exchange isotherm.
(�) Amount of sorption and (a) activity of ions
(mol kg�1).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 4 2004

578 CHIRKST et al.

K = ��������.
(�
�
� 2�Sr2+) aSr2+

2 3

9�Sr2+ aFe3+
23

(2)

Equation (2) is transformed into formula (3),
which resembles the Langmuir isotherm equation � =
�
�

Ka /(1 + Ka ):

�Sr2+ = �
�
��������������.

1/2 3/2

K
�1/2

aSr2+
3/2

3aFe3+�Sr2+ + 2K aSr2+
�1/2 (3)

The linear version of the equation has the form

�� = � + �������
�Sr2+

1 2
�
�

3aFe3+ (K �Sr2+)1/2

1/2
�
�

aSr2+

(4)

similar to the linear Langmuir equation

1/� = 1/�
�

+ 1/(�
�

Ka ).

A linear ion-exchange isotherm is shown in Fig. 2.
The dependence of the inverse amount of sorption of
strontium ions on the argument ��aFe3+�Sr2+

1/2 ��
/
/aSr2+

3/2 is
described by the following linear equation y =
246.01x + 47.08, with a correlation factor R2 =
0.9744. This equation was used to calculate �

�
=

42.5 mg-equiv kg�1, the apparent ion exchange con-
stant K = 12.14, and the Gibbs energy of exchange of
strontium(II) ions for iron(III) ions on the clay sur-
face, 	G0

298 = �6.19 kJ mol�1.

The thermodynamic data indicate that the ion-ex-
change equilibrium is shifted toward displacement of
strontium(II) ions from soil by solutions of iron(III)
salts.

CONCLUSIONS

(1) The isotherm of ideal ion exchange of stron-
tium(II) and iron(III) ions on blue Cambrian clay

is described by a dependence of the type of the Lang-
muir equation and can be expressed in a linear form
with a correlation factor R2 = 0.9744.

(2) The linear Langmuir form of the isotherm
was used to determine the apparent ion-exchange con-
stant K = 12.14 and the Gibbs energy of exchange,
	G0

298 = �6.19 kJ mol�1. The exchange equilibrium
is shifted toward displacement of strontium from the
solid phase by iron(III) ions.
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Abstract�The dynamics of ion-exchange sorption of double-charged metal ions on a phosphate cationite
KFP-12 was studied. Theoretical calculations of stationary fronts were carried out, the motion velocity of
the stationary fronts was calculated, and the rate constant of sorption was evaluated.

The theory of sorption dynamics is a theoretical
foundation of modern chromatography. The process
of dynamic sorption can be regarded as continuous,
and, therefore, all calculations are based on solution
of Rachinskii’s differential equations [1�5]. Methods
for solving differential balance equations make it pos-
sible to perform a theoretical analysis of the dynamics
of sorption in that stage of transfer, in which the up-
permost layer of the sorption column is saturated.

One of the main points in the process of ion-ex-
change sorption is the equivalence law, according to
which ions involved in the exchange are exchanged
in equivalent amounts.

The aim of this study is to analyze the dynamics
of ion-exchange sorption of double-charged ions on
a phosphate cationite KFP-12 from chloride solutions.

EXPERIMENTAL

A phosphate cationite KFP-12 in the hydrogen
form with porous structure was used in the study.
The structure of the KFP-12 cationite contains phos-
phonic groups, which dissociate in two stages; the de-
gree of their ionization is characterized by the par-
ameters pK1 = 3.5 and pK2 = 8.9 and total exchange
capacity of 7.5 mg-equiv g�1.

The grain size was 0.25�0.50 mm (in the air-dry
state). As starting solutions were used 0.2 M CuCl2,
ZnCl2, CdCl2, MnCl2, CoCl2, and NiCl2. Two sets
of experiments were carried out. In the first of these,
output sorption curves were measured at different
cationite charges (3.0, 6.0, 9.0, and 12.0 g in terms
of absolutely dry resin) in a column with a cross-sec-

tional area of 1.4 cm2, which corresponds to a bed
height of 8.3, 16.5, 24.75, and 33.0 cm, respectively,
and constant filtration rate (1.0 ml cm�2 min�1). In
the second, the filtration rate of the solutions was var-
ied (0.5, 1.0, 2.0, and 3.0 ml cm�2 min�1) at an invari-
able height of the cationite bed (6.0 g) in the column.

The process of ion-exchange sorption of two dif-
ferently charged ions under dynamic conditions is
described by a system of differential material balance
equations

� + � + � = 0,�c �c �N
�t �x �t

(1)

an equation describing the kinetics of sorption

� = �(c � ceq)�N
�t

(2)

and an equation for the ion exchange isotherm

�� = K1,2�� .
N1/z1

1

N1/z2
2

c1/z1
1

c1/z2
2

(3)

Here c is the concentration of ions being sorbed in
a solution (mg-equiv cm�1 of column length) at an in-
stant of time t; N, the concentration of ions in the ion-
ite (mg-equiv cm�1 of column length) at an instant
of time t; x, the distance counted off the inlet of
the column packed with the ionite (cm); ceq, the
equilibrium concentration of ions being sorbed in
the solution (mg-equiv cm�1); �, the mass-exchange
coefficient, which characterizes the broadening of the
sorption front and depends on inner- and outersphere
diffusion and on longitudinal transfer; and K1, 2,
the ion-exchange constant for the ions being ex-
changed; and z1, z2, charges.
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On introducing dimensionless variables � = n/n0,
U�� = n�/n0, V = N/N0, h = n0/N0, the above system
of equations takes the form

h � + Uh � + � = 0,
�� �� �V
�t �x �t

(4)

� = �h(� � ��),�V
�t

(5)

��� = B ��� ,
1 � V 1 � �

V � � �
(6)

where N0 and n0 are the initial concentrations of ions
in the ionite and solution, respectively; and � = z1/z2
is the ratio of the charges of the exchanged ions.

This system should be solved with the following
boundary conditions

� (x, 0) = V(x, 0) = 0; � (0, t) = 0;

V(0, t) = 1; � (�, �) = V(�, �) = 0.

In the standard front, the following condition is
satisfied

N/N0 = n /n0; n = h N or V = �.

Analysis of the ion-exchange isotherm (6) shows
that the shape of the isotherm depends on the constant
B, which is the dimensionless exchange constant

in a transformed Nikol’skii equation for the case of
exchange of two differently charged ions [6]. Thus,
the shape of the isotherm and, consequently, the sorb-
ability in the exchange of differently charged ions
depend not only on the exchange constant, but also
on the ionic ratio (concentration of the solution in-
troduced into the column) and the charge of the ex-
changed ions.

In the case of dynamics of ion-exchange sorption
of differently charged ions, it is possible to select,
by varying the ionic ratio, such operating conditions
in which the constant B < 1, which is the necessary
condition for formation of a stationary front of the
sorption wave.

Let us introduce the parameter S = V/�� = �/��.
Then the equation for the ion-exchange isotherm of
differently charged ions takes the form

� = ������� ,
S (1 � BS � � 1)

1 � BS �

(7)

(B�S ) 2 � (1 � �)�S � �B = 0
��

(8)

or

�S = ������������� .
�(1 � �) 	 � (1 � �)2 + 4�B2�

�������

2B
(9)

For a particular case at � = 1/2, the equation of
the stationary front has the form

����������

x = ��� Ut + � ��� ��� ln ����������������� + C ,
1 + h � 1 + h 1 � B2 (�S + 1)(1 � B) (�S � B)B (1 � B�S)1/B

h U 1 B (�S � 1)1 + B
� � �

�
�
�
�
�

�
�
�
�

-

-

-

-
(10)

where

C = ��� ln (1 � B) + ��� ln (1 + B) + ������ ,1 B B2 + B � 1
1 + B 1 � B 1 � B2

(11)

������������

at B < 1, c � �1. From Eq. (10), the following calcu-
lational equations are obtained:

(a) equation for the elution curve

V = ��� V0 � � � ��� ln F(S) + C ,
1 + h U Q B

h � h 1 � B2

�
�
�
�

-

-

�
�
�
�

-

-
(12)

where V is the filtrate volume; Q, cross-section of
the transfer front; V0, the volume of solution retained
within the sorbent column; and F(S), the sublogarith-
mic function in Eq. (7);

(b) equation for the front width of the sorption
wave in the column

(13)
V = � ��� ��� ln �� ,
U 1 B F(S1)

� 1 + h 1 � B2 F(S2)
�
�
�

��
-

-

�
�
�

��
-

-

where F(S1) and F(S2) are the values of the function
F(S) for two concentration points defining the front
width;

(c) equation for the front width of the elution curve


V = � � ��� ln �� ;
U Q B F(S1)

� h 1 � B2 F(S2)
�
�
�

��
-

-

�
�
�

��
-

-

(14)

(d) equation for the volume passed till break-
through (by analogy with the time of protective action)

V1 = ��� V0 � � � ��� ln F(S) � C ,
1 + h U Q B

h � h 1 � B2

�
�
�
�

-

-

�
�
�
�

-

-
(15)

where S1 is the value of the parameter S that corre-
sponds to the breakthrough concentration recorded at
the column outlet.
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Fig. 1. Elution curves for sorption of double-charged cations from 0.2 M solutions of MCl2 with a KFP-12 cationite. Filtration
rate 1 ml cm�2 min�1. Amount of ionite in the column (g): (1) 1.0, (2) 3.0, and (3) 6.0. (A) c/c0 ratio and (FV ) filtrate volume.
Points: (I) theoretical and (II) experimental.

The experiments were performed at four filtration
rates: 0.5, 1.0, 2.0, and 3.0 ml min�1. Figure 1 shows
elution curves for sorption of double-charged cations
on a phosphate cationite KFP-12 for different column
lengths, which were subjected to theoretical analysis.
These are ordinary S-shaped frontal curves.

The theoretical analysis of the elution curves con-
sisted in plotting the dependences of the shift of the
concentration points at � equal to 0.15, 0.30, 0.50,
0.70, and 0.85. These dependences confirm the theoret-
ical prediction that stationary fronts are to be formed
in the case of a convex isotherm. In all the exper-
iments, the plots that describe the shift of the concen-
tration points of the sorption front are straight lines
parallel to one another. The shift plot for � = 0.50
passes through the origin of the coordinates. Table 1
lists the results of a theoretical analysis of elution
curves for sorption of double-charged metal ions. Elu-
tion curves for sorption of transition metal ions, con-
structed using experimental data, are shown in Fig. 1.
Theoretical points are plotted on these curves.

To construct the theoretical elution curve for the
stationary front, the dynamic constant u /� (where u
is the flow velocity) was determined. Such a calcula-
tion was carried out using formula (14), and then
the corresponding elution curve was calculated by
Eq. (15). As can be seen from Fig. 1, the theoretically
calculated points satisfactorily fall on the experimental
elution curve, which also confirms that the dynamic
sorption of double-charged metal ions occurs in this
study in the stationary mode.

Calculation of the constant B gives values that are
less than unity. According to the theory of sorption
dynamics, such a value of the constant confirms the
formation of a stationary front.

Let us evaluate the kinetic constant �. The dynamic
constant by Todes�Bikson [6] is a sum of three terms:

� = � + � + � ,u u u D*

� �* �** u
(16)

where �* is the rate constant of outer-sphere dif-
fusion; �**, that of the inner-sphere diffusion; and D*
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Table 1. Calculated quantities necessary for construction of theoretical elution curves for sorption of double-charged
metal cations
������������������������������������������������������������������������������������

� �
V1,

�
u,

�

V,

� ln F(Si) � F(S1) � �
� � � � ��������������������� � �Ion � B � � � � � ln ����� � u /� � c
� � ml min�1

� cm min�1
� ml � �1 = 0.15 � �3 = 0.50 � F(S2) � �

������������������������������������������������������������������������������������
Cu2+ � 0.32 � 0.5 � 0.42 � 40 � 2.54 � 0.73 � 7.06 � 0.53 � �80

� � 1.0 � 0.83 � 50 � � � � 0.66 �
� � 2.0 � 1.67 � 60 � � � � 0.79 �
� � 3.0 � 2.50 � 75 � � � � 0.98 �
� � � � � � � � �

Zn2+ � 0.25 � 0.5 � 0.42 � 95 � 1.72 � 0.57 � 5.24 � 2.25 � �0.89
� � 1.0 � 0.83 � 100 � � � � 2.37 �
� � 2.0 � 1.67 � 110 � � � � 2.60 �
� � 3.0 � 2.50 � 125 � � � � 2.96 �
� � � � � � � � �

Cd2+ � 0.24 � 0.5 � 0.42 � 85 � 1.66 � 0.55 � 5.10 � 2.16 � �0.89
� � 1.0 � 0.83 � 90 � � � � 2.28 �
� � 2.0 � 1.67 � 100 � � � � 2.54 �
� � 3.0 � 2.50 � 110 � � � � 2.79 �
� � � � � � � � �

Mn2+ � 0.23 � 0.5 � 0.42 � 75 � 1.56 � 0.53 � 4.88 � 2.14 � �0.91
� � 1.0 � 0.83 � 80 � � � � 2.29 �
� � 2.0 � 1.67 � 90 � � � � 2.57 �
� � 3.0 � 2.50 � 95 � � � � 2.72 �
� � � � � � � � �

Co2+ � 0.29 � 0.5 � 0.42 � 50 � 2.04 � 0.64 � 5.94 � 0.89 � �0.85
� � 1.0 � 0.83 � 60 � � � � 1.07 �
� � 2.0 � 1.67 � 75 � � � � 1.34 �
� � 3.0 � 2.50 � 80 � � � � 1.43 �
� � � � � � � � �

Ni2+ � 0.27 � 0.5 � 0.42 � 45 � 1.90 � 0.62 � 5.64 � 0.90 � �0.86
� � 1.0 � 0.83 � 55 � � � � 1.10 �
� � 2.0 � 1.67 � 60 � � � � 1.20 �
� � 3.0 � 2.50 � 70 � � � � 1.40 �

������������������������������������������������������������������������������������

the effective constant of diffusion and quasi-diffusion
longitudinal transfers.

Let us introduce the generalized rate constant of
sorption

� = � + � .
�� �* �**
1 1 1 (17)

Then Eq. (16) takes the form

� = � + � .
� �� u
u u D (18)

The rate constants of outer- and inner-sphere dif-
fusion must be virtually independent of the flow ve-
locity. The effective constant of longitudinal transport
is proportional to the transport rate D* = �u. Con-
sequently, we have in accordance with Eq. (18)

(19)� = � + � .
� ��
u u

where � = const and � = const.

Substituting Eq. (19) into (14), we obtain


V = � + � � ��� ln �� ,�
�
�

��
-

-

�
�
�

��
-

-� h 1 � B2 F(S2)

u Q B F(S1)
�
�



�
�

� (20)

and then, assuming u = V/Q and

G = � ��� ln �� ,

�h 1 � B2 F(S2)

�Q B F(S1)

1 B F(S1)

�
�
�

��
-

-

�
�
�

��
-

-

�
�
�

��
-

-

�
�
�

��
-

-

h 1 � B2 F(S2)

H = � ��� ln �� ,

(21)
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we come to the equation

(22)
V = G + HV.

Having determined the experimental values of the
coefficients G and H in Fig. 2, we calculated the co-
efficients � and ��, using Eq. (21). Table 2 lists cal-
culated kinetic and quasi-diffusion constants of ion
exchange of double-charged metal ions.

The experimental values of the sorption constant
�� exceed by an order of magnitude those for porous
sorbents, such as silica gel or carbon [5]. This indi-
cates that the mechanism governing the sorption ki-
netics in ion-exchange resins is different. The higher
rate of sorption on the cationite is due to its developed
porous structure.

CONCLUSIONS

(1) The dynamics of exchange sorption of differ-
ently charged ions in the stationary mode was con-
sidered. The distribution of ions being sorbed in the
stationary mode of dynamic sorption is described by

Fig. 2. Front width A of the elution curves for sorption of
double-charged ions of (1) copper, (2) zinc, (3) cadmium,
(4) manganese, (5) cobalt, and (6) nickel vs. the rate of
solution filtration, RSF.

the equation of the stationary front, used to obtain
equations for calculating the elution curve and its
front width.

(2) A satisfactory agreement between experimental
elution curves and the theoretical equation of the elu-
tion curve was obtained.

Table 2. Calculated kinetic and quasi-kinetic ion-exchange constants in sorption of double-charged cations by KFP-12
cationite
������������������������������������������������������������������������������������

Ion
� u, � 1/�, � G, � �, � H, � 1/��, � ��, � D*, � �calc,
� cm min�1 � min � ml � cm � min � min � s�1 � cm2 min�1 � min

������������������������������������������������������������������������������������
Cu2+ � 0.42 � 1.25 � 14.7 � 0.18 � 11.7 � 0.087 � 0.19 � 0.151 � 378

� 0.83 � 0.79 � � � � � � �
� 1.67 � 0.47 � � � � � � �
� 2.50 � 0.39 � � � � � � �

Zn2+ � 0.42 � 5.35 � 93.75 � 2.22 � 10.0 � 0.141 � 0.12 � 1.840 � 389
� 0.83 � 2.85 � � � � � � �
� 1.67 � 1.56 � � � � � � �
� 2.50 � 1.18 � � � � � � �

Cd2+ � 0.42 � 5.14 � 84.40 � 2.16 � 8.3 � 0.127 � 0.13 � 1.79 � 394
� 0.83 � 2.75 � � � � � � �
� 1.67 � 1.52 � � � � � � �
� 2.50 � 1.12 � � � � � � �

Mn2+ � 0.42 � 5.11 � 71.88 � 2.09 � 6.7 � 0.117 � 0.14 � 1.74 � 382
� 0.83 � 2.76 � � � � � � �
� 1.67 � 1.54 � � � � � � �
� 2.50 � 1.09 � � � � � � �

Co2+ � 0.42 � 2.13 � 42.0 � 0.73 � 10.0 � 0.104 � 0.16 � 0.61 � 391
� 0.83 � 1.29 � � � � � � �
� 1.67 � 0.82 � � � � � � �
� 2.50 � 0.57 � � � � � � �

Ni2+ � 0.42 � 2.14 � 41.2 � 0.81 � 8.3 � 0.100 � 0.17 � 0.67 � 396
� 0.83 � 1.32 � � � � � � �
� 1.67 � 0.72 � � � � � � �
� 2.50 � 0.56 � � � � � � �

������������������������������������������������������������������������������������
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(3) The rate constant of sorption of double-charged
cations by the KFP-12 cationite was evaluated ex-
perimentally. The rate constants of sorption have close
values for the ions studied.
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Abstract�Desorption of hydrogen sulfide in a generator of monodisperse drops from a weakly alkaline so-
lution is considered. A mathematical model of the end effect is suggested. This model takes into account the
specific features of formation of a diffusion boundary gas layer at the surface of a drop of increasing volume.

As is known, spraying of fluids is used to tackle
with a wide variety of technological problems in
chemical, paper-and-pulp, and other industries and, in
particular, in purification of gases to remove unde-
sirable impurities.

It should be noted that the mechanisms of sub-
stance transfer in spraying mass-exchange apparatus in
the region of disintegration of a fluid jet into drops
and in that of motion of the already formed drops are
different.

When the transfer of the target component in these
apparatus is described, an assumption is frequently
made, in order to simplify the task of modeling, that
the contribution, which comes from the region of dis-
integration of the fluid jet outflowing from a single-
flare atomizer into drops, to the final result of the
mass-exchange process can be disregarded because of
the comparative smallness of this contribution. How-
ever, such an assumption is unjustified, e.g., for de-
sorption in a spraying scrubber in the case when the
main resistance to mass transfer is concentrated in
the liquid phase.

When this contribution cannot be disregarded, it is
said that there exists a pronounced end effect, which
is, in the given case, the effect of intensification of
mass exchange in the initial region of motion of
the liquid phase.

It should be noted that studying the end effect,
which is strongly dependent on the specific features of
motion of the fluid in drop formation, is a rather com-
plicated task.

Various experimental methods have been used to
solve this problem. One of these is based on use of

dropping bottles [1]. The main disadvantage of in-
vestigations of this kind is that the rate of drop forma-
tion with the use of dropping bottles is considerably
lower than that from a fluid jet outflowing from an
atomizer of a spraying apparatus. Therefore, the re-
sults obtained in studying the end effects with the use
of dropping bottles are hardly applicable to descrip-
tion of end effects in spraying apparatus.

Studies of end effects with the use of a generator
of monodisperse drops (GMD) are devoid of this dis-
advantage. A generator of this kind makes it possible
to obtain a chain of drops of the same size with an
outflowing velocity closer to that in the case of spray-
ing of a fluid with atomizers.

The aim of this study is the provide a theoretical
description of the end effect examined experimentally
with the use of a GMD in desorption of hydrogen sul-
fide [2].

The way in which a chain of drops is formed when
a fluid outflows from a needle-like nozzle of the GMD
is shown schematically in the figure. The fluid out-
flows from a nozzle at a constant velocity v in the form
of a jet of radius Rj and length l. Drops of radius R are
formed at the end of the jet at intervals of time �.

The experimental study was carried out at the fol-
lowing characteristic values of the parameters: v =
1.1 ms�1, Rj = 1.8 � 10�4 m, � = 1.045 � 10�3 s, and
R = 3.07�10�4 m. As fluid outflowing from the GMD
served a weakly alkaline solution of hydrogen sulfide.

As is known, hydrogen sulfide partly dissociates
at low pH to give hydrosulfide ions by the following
chemical reaction

(1)H2S + OH� �� HS� + H2O.
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Degree of hydrogen sulfide desorption in drop formation in
the GMD*

����������������������������������������

pH
�

x0 � 103,
� A/x0 � �0

exp � �0
calc � �v

exp
� ��������������������������

value
�

M
� %

����������������������������������������
7.5 � 0.947 � 0.110 � 44.0 � 12.1 � 42.7
7.55 � 1.118 � 0.101 � 42.1 � 11.1 � 39.0
7.70 � 1.118 � 0.078 � 36.7 � 8.58 � 30.1
7.75 � 1.171 � 0.071 � 36.4 � 7.81 � 27.5

����������������������������������������
* x0 is the total concentration of hydrogen sulfide and sodium

hydrosulfide in the initial solution; �0
exp, �0

calc, and �v
calc,

the degrees of desorption: experimental, theoretically cal-
culated for an immobile drop, and theoretically calculated
for a drop that moves at a velocity v; and A, the concentration
of hydrogen sulfide in the gas phase at the drop surface.

For this reason, the main forms of existence of
sulfur in the alkaline solution mentioned above are
the compounds H2S and NaHS. The end effect in
the GMD is manifested in this case as desorption
of hydrogen sulfide. The degree of hydrogen sulfide
desorption from a drop, before its detachment from
the fluid jet, is as high as 40%, as follows from
the table.

It was shown in [3] that such a strong desorption of
hydrogen sulfide occurs in the conditions under con-
sideration only when a drop is formed at the end of
the jet in the GMD. In this case, the desorption of hy-
drogen sulfide from the surface of this jet can be dis-
regarded.

Schematic of drop formation from a solution outflowing
from the needle-like nozzle of the GMD. (1) Fluid jet,
(2) forming drop, (3) needle-like nozzle of the GMD, and
(4) formed drop.

With account of such a high degree of desorption
and the short time of drop formation (10�3 s), it may
be assumed that the desorption of hydrogen sulfide
occurs during formation of a diffusion boundary layer
in the gas phase.

To construct a theoretical model of the process in
question, a simpler problem of determining the degree
of hydrogen sulfide desorption from an immobile ex-
panding drop will be considered first. The degree of
hydrogen sulfide desorption, which is determined rel-
ative to the total amount of hydrogen sulfide and
sodium hydrosulfide filling the drop volume, can be
represented by the formula

� = ��� ,3M
4�R3x0

(2)

where M is the amount of hydrogen sulfide (moles)
and x0 is the total concentration of hydrogen sulfide
and sodium hydrosulfide (M).

To find M, it is necessary to formulate and solve
a nonstationary boundary-value problem of diffusion
from an immobile expanding drop.

The mathematical formulation of this boundary-
value problem is as follows:

�� � D � + � � + � � ��c = 0,
	


�t
� � �

�r�r
2
r

R2

r2 �t
�R

�r
� �



�
�

�
� (3)

0 < r < �, 0 < t < �,

c�r = R = A(t), c�r =� = 0, c�t = 0 = 0, R�t = 0 = 0, (4)

where c is the concentration of hydrogen sulfide (M);
D, the diffusion coefficient of hydrogen sulfide in air
(m2 s�1); and r (m) and t (s), the running radius and
time, respectively.

This problem has been solved by Koutetsky [4].
The solution is as follows:

J = 4� �D��� �1.53t1/6 + 1.35� �D��� �A ,
���3b

4�

���

3b
4�t� �2/3
 � �1/3�

� � 	 � � 

(5)

where J is the flow of hydrogen sulfide from the entire
surface of the expanding drop at an instant of time t
(mol s�1), and b is the rate at which the drop volume
increases (m3 s�1).

The quantity b is defined by the formula

b = dV/dt, (6)

where V is the drop volume (m3).
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To find the sought-for value of M, it suffices to
integrate Eq. (5) over a time interval, having pre-
liminarily determined the dependence of A and b on
time for given particular conditions. In accordance
with the model of fluid flow in drop formation [3],
a fresh flow of the fluid with concentration x0 and
constant pH comes to the drop surface. This gives
reason to consider that the concentration of hydrogen
sulfide at the drop surface is constant during the entire
time � of drop expansion. The quantity b can be ex-
pressed by the formula

b = �R2
j v. (7)

Then, integration of Eq. (5) with respect to time �
yields the following expression for M:

M = 4� �D��� �1.31t1/6 + 1.012� �D�� � ��A .
���3b

4�
� �2/3

� � 	

��
�

�1/3�
� 
3b

4����� (8)

Substitution of (8) into Eq. (2) shows that the final
expression for the degree of desorption depends on the
ratio of A and x0. This ratio is given by the formula

� = � + K � 10pH,
A He

1x0 (9)

where K is the equilibrium constant defined by

K = ����� ,
[H+][HS�]

A
(10)

and [H+] and [HS�] are the concentrations of hydrogen
ions and hydrosulfide ions, respectively.

It follows from [5] that K = 10�6.68 at 20�C.
The �0

calc calculated with D = 1.47 � 10�5 m2 s�1,
He = 0.38, and b = 1.159 � 10�7 m3 s�1 are listed in
the table. The numerical values of these quantities
correspond to the experimental conditions of [2].
Comparison of the calculated �0

calc with the exper-
imental �0

exp shows that the actual intensity of desorp-
tion substantially exceeds the theoretical value in
the conditions under consideration. This can be ac-
counted for by a decrease in the thickness of the dif-
fusion boundary layer because of the drop motion.

The process of formation of a chain of drops in
the GMD is characterized by Reynolds numbers that
correspond to transition modes of a flow around a drop.
This circumstance gives no way of solving analytical-
ly the diffusion boundary-value problem formulated.

That is why the present study employs, in order to
simplify the solution of the problem in construct-
ing the model of the end effect, the semiempirical
Fresling dependence for calculating the mass-transfer

coefficient � for the gas phase in that form in which
it was presented in [6] when solving the problem for
an already formed drop of radius R. This dependence
is as follows:

�/�0 = 1 + 0.275Re1/2 Sc1/3, (11)

where � and �0 are the mass-transfer coefficients
at a drop motion velocity v under conditions of zero
relative motion of the gas and fluid phases, respec-
tively; Re = 2Rv / ��, the Reynolds number; Sc = �� /D,
the Schmidt number; and ��, the kinematic viscosity
of air.

The increase in the amount Mv of hydrogen sulfide
desorbed from a moving and, simultaneously, expand-
ing drop can be accounted for by the formula

Mv = M�/�0. (12)

The results of calculation of the degree of hydrogen
sulfide desorption, �0

calc, for the given case are listed
in the table and confirm the good agreement between
the theoretical values obtained in this study and ex-
perimental data.

CONCLUSIONS

(1) The mathematical model of hydrogen sulfide
desorption from a moving drop, constructed in this
study, is in agreement with experimental data.

(2) The high degree of hydrogen sulfide desorption
from a moving drop is attributed to specific features
of a nonstationary diffusion process in motion and
simultaneous increase in the volume of a drop in
the stage of its formation.
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Abstract�A model of desorption in the gas�fluid system for the region of disintegration into drops of a fluid
jet outflowing from a single-flare atomizer is suggested.

An issue of current interest in working with black-
liquor boilers in manufacture of sulfate pulp is how
to make lower the amount of toxic components dis-
charged with fume gases into the atmosphere. This
problem is commonly solved by using spraying scrub-
bers with single-flare atomizers. In scrubber purifica-
tion of fume gases to remove toxic components, ab-
sorption�desorption processes occur on the surface of
sprayed fluid. The intensity of these processes pre-
determines the efficiency of purification of fume gases.
As is known, in those cases when the main resistance
to mass transfer is concentrated in the liquid phase,
the intensity of adsorption and desorption is high in
that relatively small region in which the fluid jet dis-
integrates into drops [1]. This phenomenon has been
named the end effect in the scientific literature. By
now, no theoretical description of the end effect in
spraying of a fluid with single-flare atomizers has
been provided.

The aim of the present study was to construct
a model of this effect.

Let us consider the process of fluid disintegration
in a single-flare atomizer in more detail. In [2], pho-
tographic images of various parts of a fluid jet out-
flowing from a single-flare atomizer were obtained.

The region studied in the jet included both its ini-
tial part and that in which the process of jet disintegra-
tion into separate parts is complete.

In accordance with the data of [2], despite the di-
versity and complexity of the process of disintegration
of a fluid jet, it reduced to the follows: drops are final-
ly formed by fine jets that appear on the surface of
fragments of a disintegrating fluid jet.

In [3], formation of drops of the same size from
a separate fine jet outflowing from the nozzle of
a generator of monosdisperse drops was analyzed in
detail. It was established that the fine fluid jet passes
through a drop and comes to its front surface, with
vortex flows formed within the drop. As a result,
the drop size increases till the instant of drop detach-
ment from the fine jet.

The pronounced end effect in this case is accounted
for by mechanical transfer of the fluid to the surface
of a growing drop, which leads to a dramatic decrease
in the resistance to mass transfer in the fluid phase.

The contribution from the mechanism of diffusion
transport in the fluid is negligible under these condi-
tions. Comparison of the results obtained in exper-
imental studies of the process of drop formation from
fine jets outflowing from the surface of fragments
of a disintegrating fluid jet formed by a single-flare
atomizer in a spraying scrubber with the process of
drop formation in a generator of monodisperse drops
readily reveals a certain analogy between these proc-
esses. In this case, it seems natural to assume that
the overall end effect that appears in disintegration
into drops of a jet formed by a single-flare atomizer
in a spraying scrubber is constituted by end effects
that arise in the formation of separate drops from these
fine jets. This overall end effect can be evaluated by
the flux G of a substance, given by the formula

G = �M/�t, (1)

where �M is the total mass of a substance sorbed by
drops through the end effect in a certain period of
time �t.
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The quantities �M and �t are found on the basis
of the following considerations. Let us analyze a layer
�z in the region of motion of the already formed
drops (Fig. 1). Apparently, all the drops in this layer
are formed in region 2. To these drops corresponds
a certain value of the quantity G.

The quantity �M has the meaning of the character-
istic of the overall end effect of drops with the volume
�V of layer 4 in Fig. 2. The quantity �t has the mean-
ing of the time in which drops pass across the layer
�z. �M can be found from the formula

�M = � M� dR ,
�R
�N

0

�

(2)

where M is the value of the end effect for a separate
drop of radius R, and N is the number of drops of
radius R in the volume �V.

The quantity �N/�R in this formula has the mean-
ing of the numerical drop size distribution function.
However, it is more convenient to use in this model
the distribution function of drop volumes V over drop
sizes

�(R ) = � � .
�V
1 �v
�R

(3)

Then, with account of (3), formula (2) takes the
form

�M = � � � �(R )dR .3�V�
4�

�

0

M
R3 (4)

Let us express �V in terms of the flow rate Q of
a fluid emerging from the atomizer:

�V = �tQ, (5)

where �t is the time in which drops cross the layer �z.

From formula (4) can be obtained, with account of
(1) and (5), an integral expression for the flux of
substance in disintegration into drops of a jet formed
by a single-flare atomizer:

G = � Q � � �(R )dR .3
4�

�

0

M
R3 (6)

An expression for M in (6) was obtained in [4].
This expression takes into account the nonstationary
process of formation of a diffusion boundary layer at
a drop moving relative to the ambient gas medium. In
disintegration of a fluid jet formed by a single-flare
atomizer, the density of the forming fluid flow is so
high that the gas entrapped by the disintegrating fluid
jet moves at virtually the same velocity as the fluid.

Fig. 1. Schematic of determining the volume �V of
the fluid in a gas-fluid jet. (1) Single-flare atomizer,
(2) region of disintegration of the fluid jet, (3) region
of motion of the drops formed, and (4) elementary layer
of volume �V.

Fig. 2. Relative flux of substance being desorbed in dis-
integration of a fluid jet into drops vs. the Sauter di-
ameter d32. S = 6.35, D = 1.5�5 m2 s�1. v (m s�1):
(1) 5, (2) 10, and (3) 30.

Taking into account this circumstance, let us write
down the expression for M, obtained in [4], with
account of the assumption of the zero relative velocity
of motion of the phases:

M = �4�D � �1.31	1/6 + 1.012��D � 	A .
4�

2/3
�

3b


�

�


��

��
�
� � 


�
�


��

1/3�
��

3b 4�	 (7)

Here A is the concentration of the substance be-
ing desorbed in the gas phase at the drop surface
(kmol m�3); D, the diffusion coefficient of the gas A
in air (m2 s�1): b, the rate at which the drop vol-
ume grows (m3 s�1); and �, the time in which a drop
of radius R is formed (s).

The quantity A is considered to be constant at any
instant of time during the formation of a drop of an ar-
bitrary radius R, i.e.,

(8)A = const.
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The time of drop formation depends on the radius
of the drop and on its growth rate:

	 = � � � .
3

R34
b

(9)

The rate at which the drop volume grows is a func-
tion of the radius Rj of a jet from which the drop is
formed:

b = �R 2
j v, (10)

where v is the motion velocity of the fluid (m s�1).

Since the motion velocity of the fluid varies only
slightly in the region of disintegration of the fluid
jet, it is assumed that the motion velocity of fine jets
with different radii in the disintegrating fluid jet
formed by the single-flare atomizer is the same and
equal to the velocity vn at which the fluid outflows
from the nozzle:

v = vn = const. (11)

To integrate the right-hand part of Eq. (6), it is
necessary to determine the type of the dependence
of M on the final radius R of the drops. For this pur-
pose, let us determine the relationship between the
quantities R and Rj in formula (10).

It is known [5] that the wavelength � of the most
probable oscillations of a jet is determined by the ra-
dius Rj of this jet by the formula

� = SRj, (12)

where S is a coefficient whose value depends on the
viscosities of the fluid and gas, and also on the surface
tension of the fluid.

For particular conditions of disintegration of a fluid
jet, S is a constant:

S = const. (13)

With account of the fact that the wavelength � is
that part of a jet of radius Rj, from which a drop
is formed, the following equality is valid:

�R j� = � �R3,2 4
3 (14)

Comparison of (12) and (14) yields the sought-for
relation

(15)� = � � S .
R j

R 4
3��
�
���

3

In accordance with (15), let us write down expres-
sions (9) and (10) in the explicit form:

	 = � S2/3
� ,4

3


�

�


1/3 R

v (16)

	 = � � vR2.4
3
�


2/3


� (17)

The expressions obtained make it possible to find
in the explicit form the function M:

M = �R 2 (�R1/2 + �)A. (18)

The quantities �, �, and � are calculated using
the following formulas:

� = 1.33 �� ,S1/3

v1/2 (19)

� = 1.08 �D �� ,�
��

v2/3
S4/9���

(20)

� = 4 ��D�� .
��S2/9

�

v1/3 (21)

In integrating Eq. (6) with account of (18), we use
the Rosin�Rammler distribution [5], which is the most
frequently used when describing the dispersion com-
position of drops of the fluid being atomized. This
distribution is described by the formula

�(R ) = � � e
_(R /a)n

,a
R


�
�

a

n
(22)

where a and n are the distribution constants.

Then the sought-for expression for the flux of
the substance being desorbed takes the form

G = � �a0.5� 1 + � ,�
4�a
3� � 
 1

2n
�

� �
�
�

(23)

where � is the gamma function.

The constant a of the Rosin�Rammler distribution
is uniquely determined in terms of the volume-surface
drop diameter (Sauter diameter) by the formula [5]:

a = 1.3542d32 , (24)

where d32 is the Sauter diameter.

The constant n of this distribution may be equal
or close to 3 [6].

Therefore, the gamma function can be taken to be
unity with high precision.

Taking into account the aforesaid and using for-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 4 2004

A THEORETICAL STUDY OF DESORPTION IN DISINTEGRATION OF A FLUID JET 591

mulas (19)�(21), we transform expression (23) into
the form convenient for analysis:

� = 1.95S5/9 �� + 2.39S2/3 �� .
AQ
�G 


vd32

D
�

�





�

�

vd32

D 1/21/2
(25)

Relation (25), obtained in the dimensionless form,
shows that the relative flux of the substance being
desorbed in disintegration of a fluid jet into drops
depends mainly on the value of v and on the disper-
sion composition of the fluid being atomized, which
is characterized by the Sauter diameter d32. The cal-
culated values of the function represented by expres-
sion (25) are shown in Fig. 2.

It is important to emphasize that G/AQ may exceed
unity only in the case of chemisorption, when the sub-
stance being desorbed is present in drops in both free
and chemically bound states.

It follows from the plots in Fig. 2 that the amount
of relative desorption in disintegration of a fluid jet
outflowing from a single-flare atomizer may be rather
large. This conclusion has been confirmed exper-
imentally, e.g., in [1]. In this study, with the nozzle of
the atomizer mounted at a distance of 2 cm from the
bottom of a spraying apparatus, the intensity of de-
sorption was so high that the extent to which the equi-
librium between the gas and fluid phases was attained
exceeded 85%.

CONCLUSIONS

(1) A model of gas desorption in the region of
disintegration into drops of a sprayed fluid was
constructed with account of its polydisperse compo-
sition characterized by the Rosin�Rammler distribu-
tion.

(2) The model constructed can be used to evaluate
theoretically the efficiency of desorption in spraying
apparatus.
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Abstract�Oxidation of 2,4-dinitrotoluene to 2,4-dinitrobenzoic acid with an ozone�oxygen mixture in
glacial acetic acid was studied.

2,4-Dinitrobenzoic acid (DNBA) is an intermediate
in production of roentgenocontrast agents [1] and is
used as a component of light-sensitive materials in
electrophotography [2].

2,4-Dinitrobenzoic acid is prepared by oxidation of
2,4-dinitrotoluene (DNT) with sodium dichromate or
chromium trioxide in concentrated sulfuric acid at
40�60�C [3, 4]. The disadvantages of this method are
the formation of large amounts of toxic and difficult-
ly utilizable wastes and the low yield of the target
product (50�70%). In this context, the study of DNT
oxidation with ozone is of practical interest.

In this study, we examined the oxidation of DNT
with an ozone�oxygen mixture in glacial acetic acid
with the aim to develop a low-waste process for
DNBA production.

Fig. 1. Content c of (1) DNT, (2) peroxides, (3) DNBA,
and (4) DNBAld in the course of DNT oxidation
with an ozone�oxygen mixture vs. time �. vO2

= 8.3 �

10�3 l s�1; [ArCH3]0 = 0.125, [O3]0 = 9.5 � 10�4 M;
50�C.

As can be seen from Fig. 1, ozone reacts with the
aromatic ring and methyl group of DNT to form per-
oxides and 2,4-dinitrobenzaldehyde (DNBAld), re-
spectively. These reactions are parallel. As for aro-
matic products, DNBAld is accumulated in the first
oxidation steps and DNBA, in the final steps.

At 30�C, the reaction of ozone with DNT is slow:
in 3 h the conversion reaches �20%, after which
the oxidation stops (Fig. 2). The DNBA yield based
on the reacted DNT is as low as 34%. The selectivity
of oxidation of the methyl group increases on heating.
At 100�C, the DNBA yield based on the reacted sub-
strate reaches 48% (Fig. 2). On heating, the oxida-
tion is accelerates and the DNT conversion increases,
reaching 100% at 100�C.

It is known [5] that the ratio of alternative reaction
pathways in this system is shifted to DNBA formation

Fig. 2. Kinetic curves of (1�4) DNT consumption and
(1��4�) DNBA accumulation in DNT oxidation with
an ozone�oxygen mixture in acetic acid at (1, 1�) 30,
(2, 2�) 50, (3, 3�) 70, and (4, 4�) 100�C. vO2

= 8.3 �

10�3 l s�1; [ArCH3]0 = 0.125, [O3]0 = 9.5 � 10�4 M.
(c) Concentration and (�) time; the same for Fig. 3.
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in the presence of catalysts based on salts of metal
with variable oxidation state. In this study, we exam-
ined the catalytic oxidation of DNT in the presence of
cobalt(II) acetate (Fig. 3). Previously, we found that
oxidation of DNT with molecular oxygen at 100�C in
the presence of cobalt(II) acetate is very slow: only
traces of DNBA were detected after 15-h oxidation.
Catalytic oxidation with an ozone�oxygen mixture is
fast and yields mainly DNBA (Fig. 3). Oxidation at
100�C in the presence of 0.14 M cobalt(II) acetate is
complete in 3.5 h; the DNBA yield is 87%.

Selective oxidation of the methyl group with ozone
in the presence of cobalt(II) acetate is a two-step
process. Under the experimental conditions, ozone
oxidizes mainly Co2+ (k of Co2+ + O3 reaction is
930 [6], and k of the ArCH3 + O3 reaction is
0.013 l mol�1 s�1 at 30�C) to reactive Co3+ species
which, in turn, rapidly and selectively oxidize the
methyl group of DNT:

Co2+ + O3 + H+
� Co3+ + HO� + O2, (1)

ArCH3 + Co3+
� ArC

�

H2 + Co2+ + O2 + H+. (2)

Since v1 >> v2 [v1 and v2 are the rates of reac-
tions (1) and (2), respectively], cobalt is in the oxi-
dized form throughout the process (Fig. 3). For reac-
tion (1) to occur, ozone should be continuously fed
to the system. If the ozone supply is interrupted, the
reaction will decelerate and then stop. For the forma-
tion of 1 mol of DNBA is spent 95% of the theoretical
amount of ozone. This indicates that DNT is mainly
oxidized with ozone under the experimental condi-
tions. The role of molecular oxygen is limited to
the reaction with benzyl radical

ArC
�

H2 + O2 � ArCH2O2
� . (3)

The amount of oxygen liberated in ozone reduction
by reaction (1) is sufficient for reaction (3) to occur.
The fact that the rate and selectivity of oxidation of
the methyl group are independent of the oxygen con-
centration in the ozone�oxygen mixture confirms the
suggested scheme involving reactions (1)�(3).

Introduction of potassium bromide into the reac-
tion mixture substantially accelerates the DNT oxida-
tion with an ozone�oxygen mixture but has no effect
on the selectivity of oxidation of the methyl group
(Fig. 3). We suggest that potassium bromide reacts
with cobalt(II) acetate to form Co2+Br

.

(4)Co3+ + Br� � Co3+ Br� �� Co2+ Br..

Fig. 3. Kinetic curves of (1�1�) DNT consumption,
(2�2�) DNBA accumulation, and (3) Co3+ accumula-
tion in oxidation of DNT with an ozone�oxygen mix-
ture at 100�C. vO2

= 8.3 � 10�3 l s�1; [ArCH3]0 = 0.5,
[O3]0 = 9.5 � 10�4, [Co(AcO)2 �4H2O]0 = 0.14 M.
(1�, 2�) [KBr] = 0.1 M.

This complex is more reactive than Co3+ and oxi-
dizes DNT by the reaction

ArCH3 + Co2+ Br
��
� ArC

�

H2 + Co3+ Br� + H+. (5)

EXPERIMENTAL

Dinitrotoluene was oxidized in a glass column with
a fine-pore barrier for dispersion of the gas mixture.
The reactor was charged with 15 ml of glacial acetic
acid and a weighed portion of DNT of chemically
pure grade. Then it was heated to the required tem-
perature, and an ozone�oxygen mixture was fed at
a rate of 8.3 � 10�3 l s�1. The concentrations of un-
changed DNT and of intermediate oxidation products
were determined by gas�liquid chromatography on
an LKhM-80 chromatograph with a flame-ionization
detector, using a 2 m � 3 mm column packed with
Chromaton N-AW with PNFS-6 stationary phase.
The DNBA concentration was determined by titration
with 0.01 N NaOH on an EV-74 ionometer.

CONCLUSIONS

(1) The reaction of 2,4-dinitrotoluene with ozone
in acetic acid at 30�C occurs mainly via oxidation of
the aromatic ring. The yield of the products of oxida-
tion of the methyl groups does not exceed 34%. At
100�C, the selectivity of oxidation of the methyl
group reaches 48%.

(2) The yield of 2,4-dinitrobenzoic acid in cat-
alytic ozonation of 2,4-dinitrotoluene in the pres-
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ence of cobalt(II) acetate is 87%. Introduction of po-
tassium bromide into the oxidation system enhances
the catalytic activity of cobalt(II) acetate. As a re-
sult, the oxidation of the methyl group is acceler-
ated, but the selectivity of this reaction remains the
same.
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Abstract�The surface activity of sodium, potassium and, ammonium salts of fatty acids [stearic, oleic,
synthetic fatty acids (C13�C15 fractions), higher fatty acids contained in bottoms after separation of volatile
fatty acids from cotton oil] in aqueous solutions was studied and analyzed.

Surfactants are widely used in various branches of
economy, mostly for improvement of materials and
development of their new kinds.

In production of anionic surfactants, narrow frac-
tions of synthetic fatty acids (SFA) (C13�C15 and
C10�C16) and also individual stearic and oleic acids
are used as raw materials. This raw material is ex-
pensive and its production is complicated. Therefore,
attempts have been made to find alternative sources of
fatty acids and their mixtures. For example, anionic
surfactant prepared from products recovered from tall
oil (one of products of cellulose processing) has been
used in emulsion polymerization [1, 2]. It is known
also [3, 4] that sodium or potassium salts of higher
fatty acids recovered from cotton oil efficiently sta-
bilize bituminous emulsions [3, 4].

In this study, we prepared anionic surfactants from
bottoms formed after separation of volatile fatty acids
from cotton oil (FACB). These bottoms contain a fair-
ly large amount of fatty acids and are an inexpensive
natural raw materials for preparing surfactants. The
surface activities of the new and commercial anionic
surfactants are compared.

EXPERIMENTAL

The surface activity of fatty acid salts was studied
by common technique [GOST (State Standard 20216�
74] [5�9]. The physicochemical features and chem-
ical composition of FACB were determined by the
standard method [GOST 5474�5478] [10]. FACB is
a dark brown oily liquid with a specific odor, which
contains 30 wt % monomeric (stearic, oleic, palmitic,
linoleic) and 70 wt% oligomeric fatty acids. The mois-

ture content is 10.2 wt %, ash content 0.6 wt %, the
number-average molecular weight 1130, acid number
156.7 mg KOH g�1, saponification number 192.0 mg
KOH g�1, and iodine number 76.1 g I2/100 g.

The fatty acids were converted into their salts
by saponification with 30% aqueous sodium, potas-
sium and ammonium hydroxides at 90�100 �C for
2 h. Aqueous solutions of these surfactants have
pH 10.0�11.4.

It is known that surfactant molecules have a large
excess free energy at the interface between the aqueous
solution and air. The specific interfacial excess free
energy (�) (surface tension) of a surfactant is a func-
tion of its molecular weight, molecular configuration,
and intermolecular interaction features. In order to
characterize the surface activity of surfactants based
on FACB, we studied their surface tension isotherms
( Figs. 1a�1b). The surface tension in these systems
was measured by the Du Nouy technique.

The surface tension of aqueous anionic surfactants
is dependent on both the molecular structure of the sur-
factants and the cation type. It is known that branched
anionic surfactants exhibit a higher surface tension.
As can be seen from the table, the lowest surface ten-
sion is exhibited by paraffinates (fraction C13�C15)
used as emulsifiers in production of commercial buta-
diene-vinylidene-chloride latexes. The highest surface
tension is exhibited by sodium stearate. We found that
the surface activity of salts prepared from FACB con-
taining a mixture of fatty acids is intermediate be-
tween the surface activities of particular fatty acid
salts, i.e., the multicomponent FACB salt does not
show synergism in the surface activity.
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Fig. 1. Surface tension isotherms of aqueous solutions of (a) SFA (C13�15 fraction), (b) stearic acid, (c) oleic acid, and
(d) FACB salts. (�) Surface tension and (c) surfactant concentration. (1) K+, (2) Na+, and (3) NH4

+.

Along with the surface tension, the surface activity
of surfactant can be characterized by the parameter
pc20 (negative logarithm of the surfactant concentration
at which the surface tension decreases by 20 mN m�1).
The table shows that this parameter is sensitive to
the molecular structure of the hydrocarbon moiety in
the surfactant molecule. The sodium SFA salt and
sodium oleate have comparable pc20 values. In going

to sodium stearate and then to FACB salts, this pa-
rameter appreciably increases. These data show that,
although the multicomponent surfactants based on
FACB do not exhibit synergism in surface tension,
they are synergistic with respect to the pc20 value.

Both dispersing and stabilizing effects of surfac-
tants are due to their interfacial sorption. Therefore,

Characteristics of aqueous surfactants
������������������������������������������������������������������������������������

Surfactant � Cation � �, mN m�1 � pc20, g dm�3 � �
�
�106, g m�2 � n � CMC, g dm�3

������������������������������������������������������������������������������������
SFA C13�C15 � K+ � 32.8 � 0.25 � 5.6 � 0.59 � 0.6

� Na+ � 35.3 � 0.03 � 4.8 � 1.52 � 0.1
� NH4

+ � 29.7 � 0.78 � 6.9 � 1.36 � 5.0
Stearic acid � K+ � 43.2 � 3.98 � 3.3 � 2.18 � 6.3

� Na+ � 47.2 � 0.32 � 3.8 � 1.38 � 0.8
� NH4

+ � 38.7 � 0.32 � 2.5 � 1.76 � 6.3
Oleic acid � K+ � 31.1 � � � 0.5 � 4.28 � 2.6

� Na+ � 30.9 � 0.04 � 6.0 � 1.75 � 0.6
� NH4

+ � 32.7 � � � 7.1 � 1.76 � 0.4
FACB � K+ � 39.8 � 0.40 � 3.0 � 0.57 � 0.4, 4.2

� Na+ � 41.0 � 3.16 � 2.5 � 1.19 � 7.9
� NH4

+ � 36.9 � 0.25 � 2.8 � 2.54 � 1.8
������������������������������������������������������������������������������������
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the limiting interfacial surfactant sorption (surface
concentration of the surfactant, at which its mono-
molecular surface layer is formed) can be used for
characterization of its surface activity. The limiting
sorption �

�
of surfactants under consideration was

determined from their sorption isotherms (see table).
The highest sorption is exhibited by ammonium oleate,
and the lowest sorption, by ammonium stearate. The
surfactants based on FACB salts have �

�
value close

to that of stearates and are virtually insensitive to cat-
ion nature. The water solubility of surfactants is de-
pendent on cation nature. The most soluble are potas-
sium salts.The table shows that, irrespective of the
cation kind, the stearates and FACB salts are less
soluble than the SFA salts and oleates.

The surface activity of surfactants can be charac-
terized also by the slope n of the plot of the surface
tension against the interfacial sorption. The surfactants
belonging to a certain type (water-soluble, nonionic,
ionic), have approximately equal colligative parameter
n irrespective of their molecular structure. Depending
on the type of a surfactant, the n values vary as fol-
lows: water-soluble 1.5, nonionic 1, and ionic 2. The
n value of ionic surfactants in electrolyte solutions is
in the range 1�2. Most part of the surfactants tested by
us, apart from their potassium derivatives, belong to
the ionic type. Due to weak dissociation of SFA and
FACB potassium salts, their n parameters are less than
unity. At the same time, for completely dissociated
potassium stearate and oleate, the n value exceeds 2.

The critical micelle concentration (CMC) is one of
the most important characteristics of a surfactant.
This parameter is sensitive to both the features of sur-
factant molecular structure and such factors as tem-
perature, electrolyte content, presence of polar organic
impurities, etc. The CMC decreases with lengthening
of the hydrocarbon radical,1 and depends on the num-
ber, kind, and position of ionic groups and presence of
unsaturated functional groups. The surfactants with
branched and, especially, cyclic hydrocarbon chains
have lower CMC.

Our results (see table) do not show any relation-
ship between the nature of a surfactant and its surface
activity. However, these data show some features of
FACB salts.

(1) There are two inflection points in the surface
tension isotherm corresponding to two different CMC
����������
1 Decrease in CMC of SFA (C13�C15 fractions) potassium salts

by an order of magnitude in comparison with that of potas-
sium stearate (table) is due to the low water solubility of po-
tassium stearate.

values. We suggest that the appearance of these two
CMC values can be caused either by the multicom-
ponent composition of FACB, hindering formation of
uniform micelles, or by transformation of the initial
spherical micelles into those of another kind. The sec-
ond CMC can also be due the fact that FACB contains
a large amount of oligomeric fatty acids. Their salts
are associated at concentrations higher than the first
CMC, and this is manifested in the sorption isotherm
as the point of critical concentration of association.

(2) The FACB sodium salt has considerably higher
CMC than FACB salts with other cations.

(3) The CMC of the FACB ammonium salt is inter-
mediate between those of ammonium stearate (paraf-
finate) and ammonium oleate.

Thus, our experiments showed that the surface ac-
tivity of FACB potassium, sodium and ammonium
salts is intermediate between the surface activities
of unsaturated and saturated acid salts contained in
FACB salt. There is a synergistic effect in the slope of
the concentration dependence of the surface tension,
but the synergism is lacking with respect to other
characteristics of surface activity.

CONCLUSION

Anionic surfactants prepared from higher fatty acids
contained in bottoms formed after separation of vol-
atile fatty acids from cotton oil are not inferior to
commercial industrial surfactants. These surfactants
can be applied as emulsifiers in emulsion polymeriza-
tion, as plasticizers in production of concretes, and
as dispersing agents in preparation of suspensions of
solids.
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Abstract�Previously unknown 2-methacryloyl-5-hydroxy-3,3,5-trimethylisoxazolidine was prepared by
the reaction of 5-hydroxy-3,3,5-trimethylisoxazolidine with methacryloyl chloride. Homopolymers of this
compound and its copolymers with N-vinylformamide and N-vinylpyrrolidone were obtained by radical
polymerization.

The targeted transport of a physiologically active
substance to a definite organ or tissue of a living body
is an important problem of modern pharmacology.
Water-soluble copolymers derived from N-vinyl-
amides and vinyl saccharides, which exhibit increased
affinity for glycoproteins owing to the presence of
similar amide and saccharide groups, may be efficient
means for such a transport.

Previously, we have prepared polymers derived from
N-vinylamides (N-vinylpyrrolidone; N-vinylacetamide
and its N-alkyl derivatives) and vinylsaccharides
(2-N-methacryloylglucosamine [1], 3-O-methacryloyl-
1,2;5,6-di-O-isopropylidene-O-glucofuranose [2], and
6-O-methacryloylglucopyranose [3]).

The main problem arising in preparation of vinyl-
saccharides, which are the starting comonomers in
synthesis of copolymers of vinylsaccharides with
N-vinylamides, is associated with preliminary protec-
tion of hydroxy groups of the glucopyranose ring in
regioselective acylation with unsaturated carboxylic
acid anhydrides or chlorides [2, 3]. These synthetic
limitations can be lifted by using, instead of pyranose
and furanose units, oxygen-containing saturated rings
(e.g., five-membered isoxazolidine structures) as alter-
native models of saccharide fragemnts. The presence
of the cyclic hemiacetal fragment �O�C�OH suggests
an enhanced affinity of these molecules for monosac-
charides and thus opens up certain prospects for syn-
thesis of isoxazolidine-containing polymers suitable
as structural analogs of polymeric compounds based
on vinylsaccharides. It is also known that isoxazoli-
dine derivatives, the so-called �pseudonucleoitides,�

are used in medicine, e.g., as potential means for treat-
ing HIV infections [4�6].

In this context, our goal was to prepare 2-meth-
acryloyl-5-hydroxy-3,3,5-trimethylisoxazolidine II by
the reaction of readily accessible [7] 5-hydroxy-3,3,5-
trimethylisoxazolidine I with methacryloyl chloride,
and also to study copolymerization of II with hydro-
philic comonomers, N-vinylformamide (VFA) and
N-vinylpyrrolidone (VP).

It is known that acylation of I occurs by several
pathways to yield a mixture of cyclic and linear prod-
ucts, 2-acyl-5-hydroxy-3,3,5-trimethylisoxazolidine and
4-(O-acylhydroxylamino)-4,4-dimethyl-2-butanone, re-
spectively [8]. However, the reaction of 5-hydroxy-
3,3,5-trimethylisoxazolidine I with methacryloyl
chloride yields the cyclic product only (MAIS, II)
(see Experimental).
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The criteria used to prove structure II were similar
to those applied previously [9�12] to functionally
substituted isoxazolidines and were based on NMR
spectroscopy. In particular, the 1H NMR spectrum of
II in CDCl3 contains a set of signals characteristic of
a five-membered isoxazolidine ring. Diastereotopic
methylene protons give a typical AB pattern with a
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Fig. 1. 1H NMR spectrum of II in CDCl3. (�) Chemical
shift; the same for Fig. 2.

coupling constant of 12 Hz. Also, the spectrum con-
tains a set of signals of the methacryloyl moiety,
namely, those of the methyl group at 1.91 ppm and
two vinyl protons at 5.17 and 5.36 ppm (Fig. 1). The
13C NMR spectrum of II in CDCl3 contains a set of
signals at 55.7, 63.1, and 102.4 ppm, corresponding
to the C4, C3, and C5 atoms of the isoxazolidine ring,
respectively (see Experimental). An additional fact
confirming the formation of the N-acyl group is the
violet coloration appearing upon treatment of II with
an FeCl3 solution, which is typical of cyclic hydrox-
amic acid derivatives.

Homopolymerization of II and its copolymerization
with VFA and VP was performed in DMF at 60�C
using azobis(isobutyronitrile) as initiator (1 wt %
relative to the comonomers). We obtained soluble

MAIS�VFA (IV) and MAIS�VP (V) copolymers, and
also MAIS homopolymer, poly-2-methacryloyl-5-hy-
droxy-3,3,5-trimethylisoxazolidine (PMAIS, III):
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The conditions under which III�V were prepared
and the intrinsic viscosities [�] of these polymers are
given in Table 1.

Homopolymer III is water-insoluble, which may
be due to intrachain hydrophobic interactions of three
methyl groups of the isoxazolidine ring. The 1H NMR
spectrum of III in DMSO-d6 contains a typical set of
signals at about 1.50 ppm, characteristic of the 3- and
5-CH3 groups of the isoxazolidine ring, and also the
signal of the C4H2 group at 1.80 ppm (Table 2). As

Table 1. Conditions of synthesis and properties of polymers III�V
������������������������������������������������������������������������������������

Com- �Composition of comonomer mixture, mol %� Yield, � Composition of final copolymer, mol % � [�], dl g�1,
�������������������������������� ������������������������������� � � � in 0.1 Mpound � MAIS � VFA or VP � % � MAIS � VFA or VP �AcONa solution

������������������������������������������������������������������������������������
III � 100 � � � 50 � 100 � � � 0.09*

IV � 15 � 85 � 75 � 10 � 90 � 0.20
� 20 � 80 � 70 � 22 � 78 � 0.16

V � 30 � 70 � 85 � 30 � 70 � 0.33
������������������������������������������������������������������������������������
* Determined in DMF.

Table 2. 1H NMR spectra of III�V in D2O
������������������������������������������������������������������������������������

� �, ppm
����������������������������������������������������������������������������

Compound� MAIS � VFA or VP
����������������������������������������������������������������������������
� CH3 � 3-CH3 � 5-CH3 � 4-H � H�C=O or 3-H � 4-H � 5-H

������������������������������������������������������������������������������������
III* � 0.88 � 1.38; 1.49 � 1.66 � 1.88 � � � � � �
IV � 1.15 � 1.46; 1.53 � 1.76 � 2.29 � 7.98 � � � �
V � 1.19 � 1.53 (6H) � 1.93 � 2.36 � 2.28 � 2.03 � 3.26

������������������������������������������������������������������������������������
* Recorded in DMSO-d6.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 4 2004

SYNTHESIS OF 2-METHACRYLOYL-5-HYDROXY-3,3,5-TRIMETHYLISOXAZOLIDINE 601

compared to the spectrum of II, these signals are
appreciably shifted upfield, which is due to transfor-
mation of the methacryloyl fragment into the saturated
isobutyryl unit of the polymer. The 1H NMR spectra
of MAIS�VFA (IV) and MAIS�VP (V) copolymers
in D2O contain a typical set of signals in the range
1.50�1.80 ppm, which are characteristic of the 3- and
5-CH3 groups in the isoxazolidine ring. The 1H NMR
spectrum of IV also contains a formyl proton signal
at 7.98 ppm (Fig. 2), and the spectrum of V, signals
of lactam ring protons (4-H, 3-H, 5-H) at 2.03, 2.28,
and 3.26 ppm, respectively.

Thus, acylation of 5-hydroxy-3,3,5-trimethylisoxa-
zolidine with unsaturated carboxylic acid anhydrides
or chlorides may be a convenient route to new isoxa-
zolidine monomers; their polymers show promise as
carriers of biologically active substances.

EXPERIMENTAL

The 1H and 13C NMR spectra were measured on
a Bruker AC 200 spectrometer at 200 and 50 MHz, re-
spectively. The compositions of copolymers IV and
V were determined from the relative intensities of
the characteristic 1H NMR signals. The reaction prog-
ress was monitored, and the product purity checked,
by TLC on Silufol UV 254 plates (eluent benzene :
acetone, 2 : 1). The intrinsic viscosity [�] was meas-
ured with an Ubbelohde viscometer in 0.1 M sodium
acetate solution at 25�C. Compound I was prepared as
described in [7].

2-Methacryloyl-5-hydroxy-3,3,5-trimethylisoxa-
zolidine II. To a solution of 13.1 g (0.1 mol) of I and
15.2 g (0.15 mol) of triethylamine in 250 ml of ether,
cooled to 5�C, we added dropwise with stirring 15.7 g
(0.15 mol) of methacryloyl chloride. The resulting
precipitate was separated, and the ether solution was
washed with a saturated NaHCO3 solution. The sol-
vent was removed in a vacuum, and the residue was
recrystallized from benzene�hexane, 2 : 1. Yield of II
12.9 g (65%), mp 109�111�C.

Found, %: C 60.31, H 8.57, N 6.96.

C10H17NO3.

Calculated, %: C 60.28, H 8.60, N 7.03.

1H NMR spectrum (CDCl3), �, ppm: 1.49 s, 1.55 s
(2CH3C

3), 1.66 s (CH3C
5), 1.91 s (CH3C=), 2.13

and 2.32 (4-H, AB system, JAB 12 Hz), 4.83 br.s
(OH), 5.17 s (CH=), 5.36 s (CH=). 13C NMR spec-
trum (CDCl3), �C, ppm: 19.3 (

�
C
�
H3C=), 23.7, 25.4

Fig. 2. 1H NMR spectrum of IV in D2O.

(3-
�
C
�
H3), 27.0 (5-

�
C
�
H3), 55.7 (C4), 63.1 (C3), 102.4

(C5), 119.7 (CH2=), 139.4 (CH=), 172.5 (C=O).

CONCLUSIONS

(1) Reaction of 5-hydroxy-3,3,5-trimethylisoxazo-
lidine with methacryloyl chloride yields a new mono-
mer, 2-methacryloyl-5-hydroxy-3,3,5-trimethylisoxa-
zolidine.

(2) Homopolymers of 2-methacryloyl-5-hydroxy-
3,3,5-trimethylisoxazolidine and its copolymers with
N-vinylformamide and N-vinylpyrrolidone, containing
10�30 mol % isoxazolidine units, were prepared.
The structures and compositions of the copolymers
were confirmed by 1H NMR spectroscopy.
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Abstract�The kinetics of radical copolymerization of N-vinylsuccinimide with n-butyl methacrylate in
pyridine was studied, and the previously unknown copolymerization constants of the monomers were de-
termined. The calculations were performed using appropriate software and a new procedure for approxima-
tion of the experimental data, which allow determination of the kinetic parameters at high conversions with
the minimum error. The copolymerization kinetics were compared for the reaction systems constituted by
N-vinylsuccinimide and n-butyl methacrylate and by N-vinylsuccinimide and n-butyl acrylate.

Copolymers of N-vinylsuccinimide (VSI) with
n-butyl acrylate (BA) were suggested as materials for
preparing films for medicobiological purposes [1�3].
The acrylic comonomer acting as internal plasticizer
makes it possible to prepare elastic films recom-
mended for protection and treatment of skin wounds.
However, copolymers containing more than 80�90%
BA are sticky liquids incapable of film formation.
This drawback can be eliminated by introducing one
more comonomer, i.e., by partially replacing BA with
n-butyl methacrylate (BMA). Papers on preparation of
VSI polymers and copolymers, published in the last
50 years [4], contain no data on binary copolymeriza-
tion of VSI with BMA. In this study, we examined
the copolymerization of VSI with BMA in pyridine.

The monomers and initiator, azobis(isobutyroni-
trile) (AIBN), were purified as described in [5]. Ana-
lytically pure pyridine was double-distilled. The co-
polymerization of the monomers was performed in
glass ampules under Ar at 60�C. The total concentra-
tion of the monomers in pyridine was 0.7, and that of
AIBN, 0.0165 M. The reaction kinetics was studied
gravimetrically, as in [5]. After the copolymerization
was complete, the ampule contents were poured into
distilled water. The precipitated copolymer was filtered
off and dried to constant weight at 20�C (660 Pa).
The copolymer compositions (Table 1) were deter-
mined by IR spectroscopy from the ratio of the optical
density at 1700 cm�1, DVSI, to that at 1725 cm�1,
DBMA, using a calibration plot constructed according
to [6]. The IR spectra of copolymers were recorded on

a Perkin�Elmer spectrophotometer. Samples were pre-
pared as films cast on KBr plates or as free films.

Copolymerization of VSI with both BMA and BA
[5] in pyridine is relatively fast, which does not al-
ways allow isolation of the copolymers at low conver-
sions. With increasing conversion, the viscosity of
the reaction mixture grows, thus complicating a quan-
titative isolation of the product. Copolymerization
occurs under homogeneous conditions and yields co-
polymers soluble in organic solvents, which allows
preparation of films by casting.

Comparison of the kinetics of VSI�BMA copoly-
merization with that of VSI�BA copolymerization and
with the results given in [5] shows that the initial rate
of VSI�BMA copolymerization is higher as compared
to the VSI�BA system (Table 1). This is due to the
higher activity of BMA, compared to BA. However,
the rate of copolymerization of VIS with BMA de-
creases with increasing conversion (Table 1). This
may be due to changes in the solution viscosity and
in conformations of macromolecules in the course of
polymerization, and also to steric factors.

The high viscosity of the reaction system may be
responsible for the fact that the gravimetric method
used to monitor the copolymerization kinetics gives
a certain scatter of experimental points. As a result,
the error in calculation of the copolymerization con-
stants increases. Therefore, in studying the kinetics
of copolymerization of VSI with BMA, we used the
approximation procedure [7] allowing correction of
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Table 1. Compositions of copolymers of VSI (M1) with
BMA or BA (M2), prepared in pyridine at 60�C*

����������������������������������������
VSI mole � Co- � � � Mole frac-
fraction in � mono- � �, �

K, %
� tion of VSI

the starting � mer � min � � units in
mixture � M2 � � � copolymer

����������������������������������������
0.25 � BMA � 60 � 33 � 0.15

� � 180 � 62 � 0.17
� � 240 � 65 � 0.18

0.50 � BMA � 60 � 37 � 0.30
� � 180 � 70 � 0.37
� � 240 � 73 � 0.38

0.75 � BMA � 60 � 42 � 0.47
� � 180 � 80 � 0.65
� � 240 � 82 � 0.66

0.25 � BA � 60 � 29 � 0.15
� � 120 � 52 � 0.17
� � 300 � 84 � 0.19

0.50 � BA � 60 � 35 � 0.32
� � 120 � 61 � 0.39
� � 300 � 89 � 0.45

0.75 � BA � 60 � 38 � 0.52
� � 120 � 70 � 0.72
� � 300 � 98 � 0.74

����������������������������������������
* (�) Copolymerization time and (K ) conversion.

Table 2. Constants of copolymerization of VSI (M1) with
BMA or BA (M2) in pyridine (AIBN initiator, 60�C), cal-
culated by the EBR and KT methods
����������������������������������������

Constant
� Comonomer M2
��������������������������������
� BMA � BA

����������������������������������������
r1 (EBR) � 0.03 � 0.04 � 0.11 � 0.07
r1 (KT) � 0.03 � 0.03 � 0.11 � 0.07
r2 (EBR) � 1.79 � 0.04 � 1.70 � 0.10
r2 (KT) � 1.79 � 0.02 � 1.70 � 0.09
1/r1 � 14.2 � 9.09
1/r2 � 0.559 � 0.588
r2/r1 � 25.6 � 15.5
r1r2 � 0.125 � 0.187
����������������������������������������

data on the monomer conversion and copolymer com-
position by the least-squares method; the error in
calculation of the copolymerization constants is thus
decreased.

Detailed analysis of the applicability of this pro-
cedure to treatment of experimental data obtained at
various conversions of the monomers, using computer
programs for calculation of the polymerization con-

stants by the Ezrielev�Brokhina�Roskin (EBR) [8]
and Kelen�T�ud�os (KT) [9] methods, shows that
reliable results can be obtained even at conversions
exceeding 50%. Using this procedure, we also refined
the constants of copolymerization of VSI with BA [5];
the results are listed in Table 2.

In calculation of the VSI�BMA copolymerization
constants in pyridine by the EBR and KT methods,
the minimum error factor was 0.001. In the system
VSI�BA, the copolymerization constants in pyridine
could be calculated with an even lower error factor
of 0.0001. Calculation of r1 and r2 by both methods
gives virtually coinciding results (Table 2).

The constants of copolymerization of VSI with BA
in pyridine, calculated in [5] (r1 = 0.26 � 0.05, r2 =
1.86 � 0.11), were determined at a 3�8% conversion
of the monomers. However, measurements at low
(�10%) conversions do not always ensure a low error
of the copolymerization constants. For example, the
error factor was 0.5 in [5].

The use of experimental data for low conversions
is quite justified if the methods used for calculating
the copolymerization constants are based on solution
of differential equations for the copolymer composi-
tion. With more up-to-date calculation methods and
computer facilities, there is no need to restrict artifi-
cially the experimental data. Therefore, we refined
in this paper the constants of copolymerization of
VSI with BA in pyridine using the approximation
treatment of experimental data for <50% conversion
(Table 2). The error factor was 0.0001.

The constants of copolymerization of VSI with
BMA in pyridine (Table 2) were determined similarly
with an error factor of 0.001. Hence, the procedure
of approximation of the experimental data on the
monomer conversion and copolymer composition
allows determination of the copolymerization con-
stants r1 and r2 with a minimum error even at conver-
sions exceeding 50% (Table 1). This confirms the
conclusion made in [10] that the Kelen�T�ud�os method
is quite suitable for calculating the copolymerization
constants at high conversions. In turn, the copolymer-
ization constants calculated from the approximated
experimental data with a very low error factor furnish
more reliable information on the reaction kinetics and
microstructure of the copolymers.

Using the copolymerization constants for the sys-
tems VSI�BMA and VSI�BA (Table 2), we calculated
the probability f of diad formation and the statistical-
mean block lengths L in the chains of VSI�BMA and
VSI�BA copolymers by the formulas from [11, 12]
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Table 3. Probability f of diad formation and statistical-mean block length L in chains of VSI�BMA and VSI�BA
copolymers (copolymerization in pyridine, AIBN initiator, 60�C)
������������������������������������������������������������������������������������

VSI�BMA copolymers � VSI�BA copolymers
�����������������������������������������	������������������������������������������
VSI mole� � � � � � VSI mole � � � � �
fraction � f11 � f22 � f12 = f21� L1 � L2 � fraction � f11 � f22 � f12 = f21� L1 � L2

�����������������������������������������	������������������������������������������
0.1 � 0.0002 � 0.889 � 0.055 � 1.003 � 17.1 � 0.1 � 0.0007 � 0.884 � 0.058 � 1.01 � 16.3
0.2 � 0.0008 � 0.781 � 0.109 � 1.008 � 8.16 � 0.2 � 0.003 � 0.770 � 0.113 � 1.03 � 7.80
0.3 � 0.002 � 0.675 � 0.162 � 1.013 � 5.18 � 0.3 � 0.008 � 0.660 � 0.166 � 1.05 � 4.97
0.4 � 0.004 � 0.571 � 0.213 � 1.02 � 3.69 � 0.4 � 0.016 � 0.552 � 0.216 � 1.07 � 3.55
0.5 � 0.008 � 0.469 � 0.262 � 1.03 � 2.79 � 0.5 � 0.029 � 0.446 � 0.262 � 1.11 � 2.70
0.6 � 0.014 � 0.369 � 0.309 � 1.05 � 2.19 � 0.6 � 0.050 � 0.344 � 0.303 � 1.17 � 2.13
0.7 � 0.025 � 0.270 � 0.352 � 1.07 � 1.77 � 0.7 � 0.086 � 0.244 � 0.335 � 1.26 � 1.73
0.8 � 0.047 � 0.174 � 0.389 � 1.12 � 1.45 � 0.8 � 0.154 � 0.148 � 0.349 � 1.44 � 1.43
0.9 � 0.109 � 0.081 � 0.405 � 1.27 � 1.20 � 0.9 � 0.311 � 0.059 � 0.315 � 1.99 � 1.19

�����������������������������������������
������������������������������������������

Table 4. Variation of the VSI (M1) content in the monomer mixture in the course of copolymerization with BMA or
BA (M2) in pyridine
������������������������������������������������������������������������������������

Comonomer M2

� VSI mole fraction at indicated conversion, %
������������������������������������������������������������������
� 0 � 10 � 20 � 40 � 50 � 70

������������������������������������������������������������������������������������
BMA � 0.25 � 0.28 � 0.30 � 0.33 � 0.35 � 0.40

� 0.50 � 0.54 � 0.59 � 0.63 � 0.66 � 0.69
� 0.75 � 0.78 � 0.81 � 0.83 � 0.86 � 0.89

BA � 0.25 � 0.27 � 0.29 � 0.32 � 0.34 � 0.38
� 0.50 � 0.52 � 0.55 � 0.59 � 0.62 � 0.65
� 0.75 � 0.77 � 0.79 � 0.83 � 0.85 � 0.87

������������������������������������������������������������������������������������

Table 5. Probability f of diad formation and statistical-mean block length L in the chains of copolymers of VSI (M1)
with BMA or BA (M2), calculated taking into account the monomer conversion (copolymerization in pyridine)
������������������������������������������������������������������������������������

Comonomer � Mole fraction � � � � � �� � K, % � f11 � f22 � f12 = f21 � L1 � L2M2 � of M1 � � � � � �
������������������������������������������������������������������������������������

BMA � 0.25 � 0 � 0.001 � 0.728 � 0.136 � 1.010 � 6.37
� � 10 � 0.002 � 0.696 � 0.151 � 1.012 � 5.60
� � 20 � 0.002 � 0.675 � 0.162 � 1.013 � 5.18
� � 40 � 0.003 � 0.643 � 0.177 � 1.015 � 4.63
� � 50 � 0.003 � 0.622 � 0.187 � 1.016 � 4.32
� � 70 � 0.004 � 0.571 � 0.213 � 1.020 � 3.69

BA � 0.50 � 0 � 0.029 � 0.446 � 0.262 � 1.11 � 2.70
� � 10 � 0.032 � 0.425 � 0.271 � 1.12 � 2.57
� � 20 � 0.038 � 0.395 � 0.284 � 1.13 � 2.39
� � 40 � 0.047 � 0.354 � 0.299 � 1.16 � 2.18
� � 50 � 0.056 � 0.323 � 0.310 � 1.18 � 2.04
� � 70 � 0.065 � 0.293 � 0.321 � 1.20 � 1.92

BA � 0.75 � 0 � 0.114 � 0.196 � 0.345 � 1.33 � 1.57
� � 10 � 0.128 � 0.177 � 0.348 � 1.37 � 1.51
� � 20 � 0.144 � 0.158 � 0.349 � 1.41 � 1.45
� � 40 � 0.186 � 0.121 � 0.347 � 1.54 � 1.35
� � 50 � 0.213 � 0.103 � 0.342 � 1.62 � 1.30
� � 70 � 0.246 � 0.085 � 0.334 � 1.74 � 1.25

������������������������������������������������������������������������������������
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Fig. 1. Concentrations c of (1) VSI and (2) BMA or BA in the reaction mixture and (3) the mole fraction of VSI units in
the copolymer m1 vs. the conversion K. Solvent pyridine; total monomer concentration 0.7 M; AIBN concentration 0.0165 M;
60�C. VSI mole fraction in the monomer mixture: (a, d) 0.25, (b, e) 0.50, and (c, f ) 0.75. Copolymerization: (a�c) VSI + BMA
and (d�f ) VSI + BA.

using the appropriate software [13]. The results ob-
tained (Table 3) show that the tendency toward forma-
tion of alternating copolymers in copolymerization of
VSI with BMA in pyridine appears at the VSI mole
fraction in the monomer mixture equal to 0.80�0.90,
and in the system with BA in the same solvent it ap-
pears at the VSI mole fraction of 0.70�0.80.

Taking into account changes that occur in the VSI
content in the monomer mixture as the conversion
grows from 0 to 70% (Table 4), we determined, ac-
cording to [14], the probability of diad formation and
the statistical-mean block length in the chains of VSI�
BMA and VSI�BA copolymers prepared in pyridine
at various conversions (Table 5), using the diagrams
shown in Fig. 1.

Table 4 shows that the high reactivity of BMA and
BA, which determines higher rate of their consump-
tion in the reaction mixture, results in an enrichment
of the monomer mixture with the less active mono-
mer, VSI. Therefore, with increasing conversion, the
probability of formation of M1M2 and M2M2 diads
( f12 = f21) grows, and that of formation of diads con-
sisting of BMA or BA units ( f22) decreases. Also,
with increasing conversion, the statistical-mean block
lengths L1 and L2 approach each other (Table 5).

Tables 3�5 show that the highest probability of
unit alternation, f12 = 0.349, in VSI�BA copolymers
prepared in pyridine is observed at the VSI mole frac-
tion in the monomer mixture equal to 0.7�0.8. The
maximum probability of cross addition of units, f12 =
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0.349, is attained at the VSI mole fraction of 0.79
and a 20�40% conversion.

The microstructure of VSI�BMA copolymers pre-
pared in pyridine was analyzed similarly. The highest
probability of unit alternation, f12 = 0.406, is ob-
served at the VSI mole fraction in the monomer mix-
ture equal to 0.7�0.9. The maximum probability of
cross addition of units, f12 = 0.406, is attained at the
VSI mole fraction of 0.87 and a 50�70% conversion.

The BSI�BMA copolymers prepared in pyridine
are characterized by better alternation of units than the
VSI�BA copolymers prepared in the same solvent.
The maximum probability of unit alternation, f12 = f21,
is 0.406 for VSI�BMA copolymers and 0.349 for
VSI�BA copolymers. The minimum difference be-
tween the mean block lengths L1 and L2 (�L) for the
VSI�BMA copolymers is 0 at VSI mole fraction of
0.88�0.89 and K � 70% (Table 5). For the VSI�BA
copolymers, the minimum �L is 0.01 at the VSI mole
fraction of 0.79�0.80 and K � 20% (Table 5). This
fact confirms the conclusion made in [5] that pyridine
as a solvent ensures a better compositional uniformity
of copolymers, compared to other solvents, e.g., di-
methyl sulfoxide.

Our experimental results can be used in planning
and simulation of ternary copolymerization of VSI
with BA and BMA with the aim to obtain elastic
films for medical and biological purposes.

CONCLUSIONS

(1) The kinetics of copolymerization of N-vinyl-
succinimide with n-butyl methacrylate was studied
for the first time, and the constants of copolymeriza-
tion in pyridine were determined: r1 = 0.03 � 0.04 and
r2 = 1.79 � 0.04.

(2) Application of the approximation procedure to
data on monomer conversion and copolymer compos-
ition made it possible to determine the constants of

copolymerization of N-vinylsuccinimide with n-butyl
methacrylate and n-butyl acrylate in pyridine with
an error factor of 0.0001�0.001.
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Abstract�A series of mesomorphic and amorphous photochromic copolymers containing azobenzene groups
were prepared. The emergence of induced birefringence in films of these copolymers under the action of
plane-polarized laser light was studied.

Comb-shaped photochromic mesomorphic poly-
mers (MPs) show promise as media for information
recording and storage, as well as for application in
various optical elements, including filters, polarizers,
switches, etc. [1�3]. Photosensitive MPs are usual-
ly obtained from compounds comprising two basic
structural elements, photochromic and mesogenic.
The primary role in photoorientation of photochromic
MPs under linearly polarized laser light belongs,
undoubtedly, to photochromic moieties. Mesogenic
groups in the mesomorphic copolymers (MCs) not
only participate in photoorientation but also perform
the following important functions. First, they are re-
sponsible for mesomorphic ordering, which in many
cases allows significant improvement of the photoin-
duced order (birefringence enhancement effect [4, 5]).
Second, the mesomorphic order substantially enhances
the thermal stability of the photoinduced birefringence
[6]. This allows preparation of photochromic MCs
suitable as advanced information carriers.

Much progress has been achieved in physical chem-
istry of MPs comprising azobenzene photochromic
moieties, but the influence of the chemical structure of
photochromic and mesogenic groups on the photo-
optical properties of copolymers still remains to be
elucidated. There are scarce published data on homol-
ogous series of comb-shaped MPs with varied length
of the aliphatic spacer and invariant structure of
the mesogenic units [7, 8]. At the same time, spe-
cifically studies of homologous series can provide
quantitative information on how the chemical struc-
ture of comb-shaped MPs affects the magnitude and
kinetic features of photoinduced birefringence.

The aim of this study was to elucidate how the mo-
lecular structure of comb-shaped photochromic MPs

affects the kinetic features and magnitude of photo-
induced birefringence. To this end, we synthesized
comb-shaped mesomorphic and amorphous copoly-
mers (ACS) P-1�P-6 with varied photochromic unit
polarity and distance separating the azobenzene frag-
ment and the polymer chain:
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with no X, R = H , n = 0 (P-1); X = O, R = H, n = 4
(P-2); X = O, R = H, n = 10 (P-3); no X, R = CN,
n = 0 (P-4); X = O, R = CN, n = 4 (P-5); and
X = O, R = CN, n = 10 (P-6); and y = 21 � 1 mol%.

EXPERIMENTAL

The copolymers were prepared by radical copoly-
merization from appropriate monomers in absolute
tetrahydrofuran with azobis(isobutyronitrile) (AIBN)
as initiator. The resulting copolymers were refluxed in
ethanol for a long time to exhaustively remove olig-
omers and low-molecular-weight products. Microcalo-
rimetric studies were carried out on a Mettler differen-
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tial scanning calorimeter (heating rate 10 deg min�1),
and microscopic examinations, on a POLAM-P-211
polarization microscope equipped with a Mettler
FP-82 heating system. The molecular weight charac-
teristics of the P-1�P-6 copolymers were determined
by gel-permeation chromatography on a GPC-2 Wa-
ters instrument equipped with an LC-100 column and
a Data Modul-370 data processing system. The meas-
urements were made with a UV detector (solvent
THF, 1 ml min�1, 25�C; 100, 500, and 103 � col-
umns; calibration against polystyrene).

The kinetic features of the photoinduced birefrin-
gence were studied on the photooptical installation
described in [9]. The vertically polarized �recording�
beam from an argon laser (�rec = 488 nm, intensity
I0 = 0.035 W cm�2) was directed toward the selected
segment of the polymer film. To record the photoin-
duced alterations in the polymer film, the same seg-
ment of the sample was simultaneously illuminated
with the probing laser beam from an He�Ne laser
(�sens = 633 nm). The intensity of the probing beam
that passed through the sample and analyzer was
measured with a photodiode and a special recording
system. The photoinduced birefringence �nind was es-
timated from the phase shift �(	) between the probing
beam components polarized in parallel and perpendic-
ularly to the polarization direction of the recording
beam. The absorption of the probing beam passing
through the polymer was measured using the monitor
channel.

The samples for photooptical measurements were
prepared in a glass sandwich cell; the polymer layer
thickness was adjusted with Teflon spacers (30 
). We
used amorphous or amorphized samples prepared by
rapid cooling of the isotropic melt to the glassy state.

Phase characteristics of P-1�P-6 copolymers.
Figure 1 shows the differential-scanning calorimetric
(DSC) curves of the copolymers. The P-1 and P-4 co-
polymers are amorphous, as suggested by the absence
of melting peaks of the mesomorphic phase in the DCS
curves, as well as by the lack of optical anisotropy of
the samples. Copolymer P-5 forms a nematic meso-
morphic phase, and P-2, P-3, and P-6 copolymers,
a smectic mesophase. The DCS curves of the MCs,
recorded in the heating mode, exhibit an endothermic
peak with the enthalpy of melting of 1.1�2.1 J g�1.
The glass transition points for P-1�P-6 copolymers
lie within 61�74�C and are weakly dependent on
the nature of the substituent in the azobenzene moi-
ety. Table 1 summarizes the molecular-weight char-
acteristics and phase characteristics of the copoly-
mers.

Fig. 1. (1�6) DCS curves of P-1�P-6 copolymers, recorded
in the heating mode. (T ) temperature.

Photooptical characteristics of the copolymers.
To study the photooptical characteristics of the photo-
chromic copolymers P-1�P-6, we recorded the curves
of build-up of the photoinduced birefringence in the
course of laser irradiation. Specifically, we recorded
the time dependence of the phase shift �/� between
the probing beam components polarized parallel and
perpendicular to the electric vector of the recording
beam. Figure 2 shows a typical dependence of the
phase shift on the irradiation time for the P-6 copoly-
mer. For all the copolymers studied, the �/� phase
shift growth curves are typical of photochromic co-
polymers [1, 9, 10]. Laser irradiation is responsible
for the emergence and build-up of the phase shift.
Upon termination of irradiation, the birefringence
decreases by 15�20% within 1000�3000 s, whereupon
it remains unchanged for a long time.

Two segments are distinguishable in the birefring-
ence build-up curves, namely, those corresponding to
fast and a slow rise in birefringence (Fig. 2, curves 1

Table 1. Molecular-weight characteristics, phase transition
temperatures, heats of melting, and ���*-transition wave-
lengths for P-1�P-6 copolymers
����������������������������������������

Sam-
� � �Phase transition, �C� 	max,

ple
�Mw 
103 � Mw/Mn � (heat of melting, �
� � � J g�1) � nm

����������������������������������������
P-1 � 11.7 � 1.7 � G69I � 326
P-2 � 15.5 � 1.6 � G74S103(1.2)I � 346
P-3 � 12.4 � 1.7 � G59S88 (1.2)I � 346
P-4 � 11.9 � 1.8 � G72I � 333
P-5 � 10.8 � 1.5 � G67N97(1.1)I � 365
P-6 � 16.5 � 1.8 � G61S101(1.6)I � 365
����������������������������������������
* Mw is the weight-average molecular weight; Mn, number-

average molecular weight; G, glassy state; S, smectic phase;
and I, isotropic melt.
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Table 2. Characteristics and major kinetic parameters of P-1�P-6 copolymers used in photooptical experiments
(laser light intensity 0.04 W cm�2, 25�C)
������������������������������������������������������������������������������������

Sample
� Fast build-up segment � Slow build-up segment
�����������������������������������������������������������������������������
� C, J cm�2 � � � �n 
 104 � � � B, s�� � �n 
 103

������������������������������������������������������������������������������������
P-1 � 0.21 
 0.02 � 1 
 0.01 � 8.8 
 0.2 � 0.97 
 0.05 � 0.0005 
 0.0001 � 9.0 
 0.3
P-2 � 0.13 
 0.01 � 1 
 0.01 � 4.7 
 0.1 � 0.50 
 0.03 � 0.0037 
 0.0003 � 3.8 
 0.2
P-3 � 0.22 
 0.02 � 1 
 0.01 � 11.6 
 0.2 � 0.50 
 0.03 � 0.01 
 0.003 � 12.3 
 0.4
P-4 � 0.18 
 0.02 � 1 
 0.01 � 5.3 
 0.2 � 0.73 
 0.04 � 0.0025 
 0.001 � 4.0 
 0.2
P-5 � 0.09 
 0.01 � 1 
 0.01 � 16.0 
 0.3 � 0.66 
 0.03 � 0.019 
 0.001 � 30.7 
 0.8
P-6 � 0.08 
 0.01 � 1 
 0.01 � 5.9 
 0.2 � 0.52 
 0.03 � 0.018 
 0.0005 � 10.0 
 0.4

������������������������������������������������������������������������������������
Note. The birefringence �n is given for the irradiation time of 2400 s.

and 2). The first segment (Fig. 2, curve 1) can be
closely approximated by the exponential curve [9]

�(�) = �� �� �ln K � � exp�_ � ���,
	sens

2� �nmax
�� 1

K

z� �
� ��

�
�
�
��� dz

z
�
�

�
�

� = �/t0, C = tg I,
�

(1)

where �sens = 633 nm is the probing beam wavelength;
tg, characteristic time of birefringence growth on the
sample surface; �, absorption coefficient of the poly-
mer film for the probing beam (ln K = �d ); d, sample
thickness; and 
, constant in the Kohlrausch�Wil-
liams�Watts function

�n= �nmax{1 � exp[�(�/t)� ]}. (2)

We described the second segment of the birefring-
ence build-up curve, corresponding to slow, linear,
build-up of �/� (Fig. 2, curve 2), by the same func-
tion (1) for 	̂ << 1:

�/� = B��, (3)

where B is a constant.

Fig. 2. Variation of the phase shift � /� for P-6 copolymer
in the course of laser irradiation (0.025 J cm�2 power).
(�) Time. Approximation of the segments corresponding
to (1) slow and (2) fast birefringence build-up.

Table 2 summarizes the kinetic parameters of P-1�
P-6 copolymers, calculated by Eqs.(1)�(3).

Data in Table 2 allow certain conclusions about
the kinetic features of the photooptical behavior of
the copolymers studied.

It is seen that, for copolymers whose molecules
contain the cyano group (R = CN) of the azobenzene
moiety (P-4�P-6), the rates in the fast and slow
build-up segments of the birefringence curves exceed
those of the copolymers with the substituent R = H
(P-1�P-3). For example, the constant C [Eq. (1)] for
P-3, which is inversely proportional to the birefring-
ence build-up rate, was estimated at 0.22 J cm�2. At
the same time, for P-6 containing a polar substituent
the constant C is much lower (0.08 J cm�2). Similar
trends were observed for the rates B in the slow
build-up segments of the kinetic curves of the birefr-
ingence. The constants B of copolymers P-4�P-6 ex-
ceed those of P-1�P-3, for example, fivefold in the
case of P-4 vs. P-1.

Broadening of the spectrum of the relaxation time

 in the slow build-up stage suggests gradual com-
plication of the photoorientation process with length-
ening of the methylene spacer n. At the same time,

 in the fast build-up stage is independent of n, which
suggests only one birefringence build-up process in
the initial stage of irradiation (up to 100 s). Most prob-
ably, this is photoorientation of the dye molecules in
defective domains of the sample.

Let us discuss how the polarity of the terminal
group R, as well as the length of the aliphatic spacer
between the polymer chain and azobenzene moiety,
affect the birefringence �n. Notably, for both fast and
slow build-up processes, the photoinduced birefring-
ence of P-4�P-6 copolymers passes through a max-
imum. The largest birefringence is characteristic of
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P-5. This unambiguously suggests a strong influence
of the steric factor on the photoorientation process.

To explain the relationships revealed in this study,
we will refer to papers by Ho et al. [11] and Meng
et al. [12]. These authors noted that the polarity of
the photochromic and mesogenic moieties of macro-
molecules strongly affect the parameters of the photo-
orientation process. This influence is the strongest
when both the mesogenic and photochromic moieties
in the copolymer contain polar cyano groups. Strong
Coulomb interaction of the polar fragments increases
the efficiency of transfer of the orienting action from
the azonbenzene to mesogenic moiety, which suggests
cooperativity of the motions of the photoactive groups
of the dye and inert mesogenic moieties. At the same
time, the birefringence of comb-shaped photochromic
copolymers containing both polar and nonpolar side
moieties was not enhanced. This allowed Natansohn
et al. [11, 12] to conclude that, in the copolymer
series studied, the deciding influence on the photo-
induced birefringence is exerted by specifically dipole
interactions between the side groups of the copolymer.
The contribution from the cooperativity of the mo-
tions of these moieties is less significant.

As mentioned above, our results agree with the
conclusions made in [11, 12] and also suggest the im-
portance of dipole interactions between polar photo-
chromic and mesogenic groups. Indeed, the strength
of interaction of dipoles is inversely proportional to
the cubed distance. Thus, with increasing distance
between the photochromic and mesogenic moieties,
the strength of their interaction and, hence, the ef-
ficiency of transfer of the orienting action from the
photochrome to the mesogene will sharply decrease.
Therefore, for P-5 copolymer comprising spacers with
n = 4, the cooperative interaction between the photo-
chromic azobenzene and mesogenic cyanobiphenyl
moieties is the strongest, and P-5 is characterized by
the largest birefringence. A decrease in the efficiency
of interactions because of the less favorable steric
arrangement of the interacting polar groups is respon-
sible for much smaller birefringences in the case of
P-4 and P-6 copolymers.

For another series of copolymers, P-1�P-3, contain-
ing a nonpolar azobenzene moiety we obtained un-
expected results. In these copolymers, photoorienta-
tion is also strongly affected by the spacer length.
However, in contrast to the above-mentioned relation-
ships, the birefringence for P-2 (n = 4) copolymer is
the smallest for both fast and slow build-up processes.
This once again suggests the importance of dipole

Fig. 3. Image of a standard array recorded on the copoly-
mer P-3 film.

interactions and the predominance of the dipole factor
over the steric factor. Moreover, we found that the
maximum birefringence can be achieved for P-5 copo-
lymer in which both factors are favorably combined.

Let us discuss whether the mixtures studied by us
are suitable, in principle, as media for optical record-
ing and storage of information. Figure 3 shows as
an example the image of a standard test-array obtained
upon irradiation of the P-3 copolymer film with un-
filtered light from a mercury lamp through a template.
The image exhibits reasonable contrast and stability
at room temperature.

CONCLUSIONS

(1) A series of comb-shaped photochromic copoly-
mers were synthesized, which contain cyanobiphenyl
mesogenic and azobenzene groups differing in the po-
larity and length of the aliphatic spacer (n = 0, 4, 10)
between the azobenzene moiety and the polymer back-
bone.

(2) Kinetic parameters of the birefringence build-up
depend on the mutual arrangement of the azobenzene
and mesogenic groups, which is manifested in a no-
ticeable influence of the spacer length n on the in-
duced birefringence. For copolymers containing 4-cy-
anoazobenzene photochromic moieties, the greatest
birefringence is achieved for a copolymer in which the
mesogenic and photochromic groups are equidistant
from the polymer backbone.
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Abstract�The reversible aggregation model was applied to analyze the electron-microscopic data for
statistical ensembles of Rolivsan microdomains in the course of thermal curing. The experimentally estab-
lished correlation between the average size of the microdomains in the ensembles and the dynamic Young
modulus of the Rolivsan samples cured at different temperatures was interpreted in terms of the kinetic
strength concept.

Rolivsans are polyfunctional monomeric�oligomer-
ic systems whose molecules contain styrene-like and/or
methacrylate terminal groups [1, 2]. In the course of
curing, they form thermally stable cross-linked poly-
mers of a new type, which find various engineering
applications [3, 4].

As known [5�7], the polymer network yielded by
three-dimensional copolymerization of the monomeric
and oligomeric components of Rolivsan at 100�170�C
is converted upon further heating (�180�C) to a net-
work with a much greater thermal stability. It funda-
mentally differs from the original (essentially, trivial)
network both chemically and topologically; also, their
supramolecular structure is different. The main struc-
tural unit of the new network of exhaustively cured
Rolivsans can be represented as follows:
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Naturally, rearrangement of such specific densely
cross-linked methacrylates under the action of 4,4�-di-
vinyldiphenyl oxide (analogue of n-divinylbenzene)
into cross-linked polyether-ketones of the Tetralone
type affects the properties of new thermosetting bind-

ers. In particular, cured Rolivsans surpass the known
binders in thermal (softening point 270�330�C and
over) and thermooxidative stability.

EXPERIMENTAL

Samples for studies were prepared by open pouring
of MV-1 commercial Rolivsan [1�5] into 50 � 50 �

10 mm metallic or Teflon molds, followed by heating
at a rate of 5 deg min�1 to the end curing temperatures
T0 (150, 160, 180, 200, and 250�C) in the following
modes, �C/h: 150/5, 160/5, 170/5, 180/4, 200/4, and
250/9.

Prior to microstructural studies, the Rolivsan sam-
ples were cleaved at liquid nitrogen temperature to
minimize the plastic deformation at failure. Then,
the surfaces of low-temperature chips were etched in
a high-frequency oxygen discharge plasma for 15�
40 min, depending on T0. Next, two-stage replicas
were prepared by alternately depositing at an angle
of 45� to the chip surface (oblique shadow-casting)
[8] platinum (Pt) and carbon (C) layers. The Pt/C
replicas were detached from the sample surface with
an aqueous solution of polyacrylic acid, which was
subsequently removed by placing the replicas in dis-
tilled water. Next, the Pt/C replicas in the form of
thin (30�40 nm) films were deposited onto a copper
grid, dried, and examined in a Tesla (Czech Repub-
lic) BS-500 transmission electron microscope at the
�20000 magnification.

The dynamic Young modulus of the cured Roliv-
san samples in the form of 34 � 20 � 8-mm parallel-
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Fig. 1. Electron micrographs of the platinum-carbon rep-
licas from the surface of the Rolivsan samples heated to
(a) 150, (b) 190, and (c) 250�C.

epipeds was determined on a facility described in
[9] at 20�C at the exciting vibration frequency of
72 Hz.

Figure 1 shows the electron micrographs of the Pt/C
replicas from the etched surface of the low-tempera-
ture chips of the Rolivsan sample cured at T0 = 150,
190, and 250�C. It is seen that, like for other cross-
linked polymers [5, 6, 10], the surface microstruc-
ture of the samples is formed by a set of densely
cross-linked microdomains (polymer grains, globules,
microdomains) and intergranular layers characterized
by a looser polymer network [11�13]. The domains
have a close-to-spherical shape, and their linear size
(diameter) varies with T0.

Fig. 2. Statistical distribution h( y ) of microdomains over
the diameter y, on the surface of Rolivsan samples heated
to (a) 150, (b) 190, and (c) 250�C.

Figure 2 shows the histograms derived from a sta-
tistical analysis of the microdomain diameters. From
500 to 4500 microdomains were analyzed in each
micrograph. It is seen that, for each T0, the statistical
size distribution patterns for microdomains form com-
mon statistical ensembles. For analytical description
of these ensembles, we used the reversible aggregation
model.

Based on the general principles of chemical kinet-
ics and equilibrium thermodynamics of irreversible
processes, we obtained in terms of the reversible ag-
gregation model an expression describing the statis-
tical size distribution h( y) of the structural forma-
tions, aggregates [14, 15]:
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Fig. 3. (a) Reduced aggregation energy �U0 /kT and (b) average <y> and (c) nucleation y0 diameters of microdomains in
the Rolivsan samples vs. the heating temperature T0.

h ( y y0)� = A( y y0) mexp ��
�
�
�����( y�y0)�U���

kT � .�
�
�

(1)

Here, A is the normalizing coefficient; ( y � y0)�U0,
J, aggregation energy which is a product of the re-
duced size of an aggregate in the ensemble ( y � y0)
by the standard aggregation energy �U0, J m�1; y0,
size of the smallest aggregate; k, Boltzmann constant;
T, absolute temperature; and m, dimensionality of
the space in which the aggregate grows (for the sur-
face, m = 2).

The key role in expression (1) is played by the �U0
parameter determining the equilibrium size distribu-
tion of the aggregates.

The lines in Fig. 2 represent the experimental sta-
tistical data obtained using Eq. (1). Our results sug-
gest the applicability of the reversible aggregation
model to the objects of study. Notably, this model has
been successfully applied earlier to derive statistical
size distributions for microdomains yielded by solid-
phase intramolecular chemical transformations of
polyamido acids of various chemical structures to
polyimides [16�19]. Our results suggest that this
model is suitable for describing the kinetics of various
solid-state chemical reactions.

A practically important characteristic of the statis-
tical distribution is the average size of an aggregate
in the ensemble, which is defined as the normalized
expectancy:

< y > � y0 = �������������� = ������� = ��� .
�
�

0
( y � y0) h( y � y0)dy

�
�

0
h( y � y0)dy

(m + 1)kT

�U0

3kT

�U0

(2)

Figure 3 shows how the reduced standard aggrega-
tion energy �U0/kT, as well as the average (< y>) and
nucleation (y0) diameters of the microdomains, vary
with T0. It is seen that, upon high-temperature heat-
ing, the supramolecular structure of cured Rolivsan

gets more uniform: �U0 /kT increases approximately
fivefold with temperature raized from 150 to 250�C,
which means that the statistical distribution of the di-
ameters of the microdomains narrows, and < y> and
y0 decrease ten- and fivefold, respectively.

The fact that the size of the polymer grains dimin-
ishes in the course of high-temperature curing of
Rolivsans is evidently due to chemical and topological
rearrangements in the polymer networks constituting
these grains. These rearrangements involve scission
of polymer chains and cross-links, accompanied by
(poly)cyclization, cross-linking, and degradation reac-
tions [5�7]. These processes are responsible for de-
creased size and denser packing of the polymer grains
and forthe resulting optimization of the supramolec-
ular structure.

The optimization of the structure of Rolivsan in the
course of thermal curing is confirmed by the results of
dynamic mechanical measurements, shown in Fig. 4.
It is seen that, with rising T0, the dynamic Young
modulus E � of the Rolivsan samples tends to increase,
most steeply at temperatures corresponding to forma-
tion of the primary network (T0 = 150�170�C). To
establish the practically important correlation between
the microstructure and the macroscopic characteristics,
we examined the < y>(T0) and E �(T0) dependences.

Fig. 4. Dynamic Young modulus E � of the Rolivsan
samples vs. the heating temperature T0.
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Fig. 5. Dynamic Young modulus E � of Rolivsan samples
vs. the inverse average diameter 1/< y> of microdomains in
the course of curing.

In terms of the kinetic failure concept, the strength
of a solid, �, is determined by the characteristics of
the interatomic bonds (elasticity E, equilibrium length
r0, and ultimate strain �

* ), free path length of phonons
�, failure activation energy �U0, and the time before
failure 	 [20�22]:

	 = ���� 1 � �� ln �� ,
Er0
*

�
�



kT �

U0 �0

�
�

(3)

where 	0 
 10�13 s. It can be suggested that, in amor-
phous substances, including polymers, phonons are
scattered at the boundaries of structural (supramolec-
ular) formations, i.e., that the parameter � is deter-
mined by the average diameter of the microdomains
< y>:

� � < y>. (4)

Vettegren’ et al. [23, 24] found that the failure and
the relaxation of stresses have a common thermal-fluc-
tuation nature, which is manifested in identical ki-
netic equations describing the temperature and time
dependences of the strength and the Young modulus.
The common nature of the processes of interest is re-
flected by the known empirical equation, which relates
the dynamic Young modulus E � and the strength [25]:

E � = A	 + C, (5)

where A � 0.1 and C are empirical parameters. Taking
into account Eqs. (3) and (4), we write Eq.(5) as

E � = ������ 1 � �� ln �� + C = ��� + C,
0.1Er0
*

< y >
�



kT �

U0 �0

�
� < y >

B
(6)

where

B = 0.1Er0
* 1 � �� ln �� .�



kT �

U0 �0

�
�

Equation (6) was tested in the E ��1/< y> coordi-
nates, as illustrated by Fig. 5. It is seen that the ex-
perimental data can be fitted with a linear dependence
represented by Eq. (6). The fact that the first two
points (corresponding to T0 150 and 160�C) fall out
of this dependence is evidently due to the lower duc-
tility (Er0 parameter) of the polymer chain in the pri-
mary network of a weakly cured Rolivsan, compared
to that in the final stage of high-temperature curing
(densely cross-linked network).

CONCLUSIONS

(1) In the course of thermal curing, microdoamins
in Rolivsan form statistical ensembles which can
be described in terms of the reversible aggregation
model.

(2) With increasing curing temperature, the statis-
tical size distribution parameters of the domains in
Rolivsan exhibit the following trends: The aggrega-
tion energy tends to grow, and the average and nuclea-
tion sizes of the microdomains, to decrease.

(3) A weak inverse proportionality was revealed
between the average size of the microdomains and
the dynamic Young modulus of thermally cured Ro-
livsan samples; it was explained in terms of the ki-
netic strength concept.
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Abstract�Modification of polypropylene with isocyanate��-caprolactam mixtures was studied. The effect
of these mixtures as influenced by the sequence of introduction of their components was examined.

Physical and chemical modification of polypropyl-
ene (PP) is performed to obtain PPs with required
performance and process properties, to improve their
chemical and supramolecular structure formed under
uncontrollable production conditions, and to restore
or change the properties of spent articles for their
repeated use [1].

In some cases, polypropylenes are modified with
mixtures of reactive compounds, as modification with
individual additives does not ensure the required re-
sult. Previously [2], we have shown that isocyanate
(IC)-epoxide (EP) binary mixtures used as modifiers
for polyolefins (PO) synergistically affect both the
heat resistance and the strength of the samples. This
is due to grafting of homo- or copolymers of IC and
EP to the terminal unsaturated bonds of PO [3�5].

Thus, a search for other binary systems capable
of copolymerization under conditions of PP reproces-
sing is a topical problem. Among these systems are
mixtures of aromatic and aliphatic diisocyanates with
�-caprolactam (�-CL). Our previous studies have
shown that these substances can copolymerize by the
anionic mechanism in the presence of sodium organic
compounds. The strength and thermal properties of
the resulting copolymer can be varied in a wide
range [6].

The aim of this study was to examine modification
of PP with mixtures of IC [tolulene-2,4-diisocyanate
(TDI), diphenylmethane-4,4�-diisocyanate (MDI), and
product of reaction of polyoxymethyleneglycol with
TDI (SKU-PFL)] with �-CL, to determine the optimal
concentrations, and to develop an efficient procedure
for introduction of these modifiers.

EXPERIMENTAL

The IR spectra of PP modified with �-CL-TDI
mixture contain a new band at 3400�300 cm�1, as-
signed to the N�H bonds of amide and urethane
groups formed in opening of the lactam ring; and also
the band at 1680�1620 cm�1 [�C(O)�N< in the ter-
nary imide group, formed by the rupture of the N=C
bond in isocyanate] (Fig. 1). In addition, the band
of terminal unsaturated bonds of PP at 888 cm�1 is
weakened owing to the reaction with isocyanate
(Table 1).

The reaction of PP with the binary mixtures prob-
ably involves two steps. The first is copolymerization
of IC with �-CL by the anionic mechanism to form

Fig. 1. IR spectra of (1) initial PP and (2) PP modified
with 3 wt % of �-CL�TDI mixture (1 : 1 weight ratio).
( T ) Transmission and ( �� ) wave number.
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amides, and the second is grafting of the resulting
copolymers via unreacted isocyanate groups to un-
saturated bonds of PP.

We studied three sequences of modifier introduc-
tion: (1) IC is added to a PP melt, a sample is rolled
for 5 min, and �-CL is added; (2) �-CL is introduced
and then IC is introduced in 5 min; and (3) IC and
�-CL are added simultaneously. Anionic copolymeri-
zation of IC and �-CL was catalyzed by sodium capro-
lactam.

Since the activities of the modifiers with respect to
PO differ, different polymeric structures grafted to
PP should be formed at different introduction se-
quences of the modifier components.

In the first case, IC homopolymerizes to form rel-
atively high-molecular-weight fragments consisting
of tertiary polyamides units that can be added via
unreacted functional groups to multiple bonds of PP.
Introduction of �-CL enlarges the grafted fragments
by reaction with free iocyanate groups to form amide
structures.

Since �-CL ring is not opened in the presence of
Na-CA [8], chemical reactions occurring in PP in the
case of the second and third introduction sequences
are relatively complex. Intense homopolymerization
of �-CL is activated by diisocyanates or N-acetylcap-
rolactam [9]. Hence, �-CL does not change in the
course of the second sequence until diisocyanate is
added. In the presence of diisocyanate, �-CL copoly-
merizes with lactam to form copolyamides capable of
addition via free isocyanate groups to unsaturated
bonds of PP.

Thus, the polymer grafted to PP with the first se-
quence of modifier introduction has mainly the block
structure (it consists of tertiary polyimide units bound
with the macromolecule via amide groups), whereas
the structure of the polymer grafted with the second
and the third sequence consists of alternating amide
and tertiary imide units.

As can be seen from Table 2, samples with the best
performance and process properties were obtained by
simultaneous addition of the modifiers.

The ultimate stress �u of the samples modified by
simultaneous addition of the modifiers is higher than
that of the samples prepared by the separate addition
of the components. Modification with MDI does not
change �u and that with �-CL even decreases �u from
34 to 31 Mpa, whereas introduction of a mixture of
these compounds increases �u to 38 MPa. When MDI

Table 1. Change in the content of terminal vinylidene
bonds in PP after modification with IC��-CL* system
����������������������������������������

Modifier � log I888 : log I1380
����������������������������������������

� � 0.900
3wt % �-CL � 0.900
2 wt % SKU-PFL + � 0.660
1 wt % �-CL, 1 �
2 wt % 2,4-2,6-TDI + � 0.685
1 wt % �-CL �
����������������������������������������
* I888 and I1380 are the intensities of the absorption bands at

888 (out-of-plane bending vibrations of the terminal vinyl-
idene group) and 1380 cm�1 (symmetrical bending vibrations
of the methyl groups), respectively [7].

Table 2. Ultimate stress �u of PP modified with MDI and
�-CL introduced in different modes*

����������������������������������������
Composition content, wt % � �u, MPa

����������������������������������������
PP � MDI � �-CL � A � B � C

����������������������������������������
100 � � � � � 34.0 � 33.4 � 34.0
98 � � � 2 � 33.4 � 33.4 � 33.4
98 � 2 � � � 33.7 � 33.7 � 33.7
99 � � � 1 � 34.0 � 34.0 � 34.0
99 � 1 � � � 33.3 � 33.3 � 33.3
97 � 2 � 1 � 32.0 � 36.8 � 32.5
97 � 1 � 2 � 32.4 � 36.5 � 35.8
98 � 1 � 1 � 34.2 � 34.5 � 38.5

����������������������������������������
* (A) IC added first, (B) �-CL added first, and (C) IC and �-CL

added simultaneously.

is replaced with TDI in the mixture, �4 increases
to 42.5 MPa (Fig. 2). Introduction of a modifier mix-
ture increases the melt flow index of a polymer (MFI).
However, the viscosity of the melt also decreases

Fig. 2. Composition-ultimate stress diagram for PP + TDI +
�-CL (simultaneous addition of TDI and �-CL). The weight
content of the components is in parentheses TDI, PP, �-CL.
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Table 3. Melt flow index of molten PP modified with
CI and �-CL
����������������������������������������

Composition, wt %
� MFI, g � 10�1 min,
� with indicated IC

����������������������������������������
PP � IC � �-CL � MDI � TDI � SLU-PFL

����������������������������������������
100 � � � � � 2.8 � 2.8 � 2.8
98 � � � 2 � 3.7 � 3.7 � 3.7
98 � 2 � � � 3.0 � 3.7 � 4.4
99 � � � 1 � 3.2 � 3.2 � 3.2
99 � 1 � � � 2.9 � 3.0 � 3.8
97 � 2 � 1 � 4.3 � 8.1 � 3.6
97 � 1 � 2 � 3.2 � 8.0 � 4.0
98 � 1 � 1 � 3.4 � 8.5 � 6.0

����������������������������������������

Table 4. Induction period �ind and rate vox of autooxida-
tion of PP modified with MDI and �-CL
����������������������������������������

Composition, wt % �
�ind, min

�
vox���������������������� �

PP � MDI � �-CL � �
����������������������������������������

100 � � � � � 23 � 1.7
99 � � � 1 � 23 � 1.5
99 � 1 � � � 33 � 2.0
98 � 1 � 1 � 54 � 0.8

����������������������������������������

Table 5. Activation barrier of failure, U0, and ultimate
tensile stress �u of PP modified with TDI and �-CL
����������������������������������������

Composition, wt % �
U0,

�
�u,��������������������� �

PP � TDI � �-CL �
kJ mol�1

�
MPa

����������������������������������������
100 � � � � � 11.2 � 34.2
100 � 0 � 3 � 11.0 � 34.8
97 � 0.2 � 2.8 � 11.6 � 36.3
97 � 0.3 � 2.7 � 12.1 � 37.3
97 � 0.6 � 2.4 � 12.5 � 37.2
97 � 2.7 � 0.3 � 12.9 � 36.6
97 � 2.8 � 0.2 � 12.4 � 35.9
97 � 3 � 0 � 11.6 � 36.1

����������������������������������������

after introduction of IC in amount from 1 to 2 wt %
(Table 3).

Modification with the binary mixtures improves
also the following thermal properties of PP: induction
period �ind and rate vox of autooxidation, temperature
of 5 and 50% weight loss T5 and T50, oxidation on-
set temperature Tonset, and equilibrium oxidation tem-

perature Tox (Tables 4, 5). Introduction of a mix-
ture of 1 wt % MDI and 1 wt % �-CL increases �ind
by 21 min, whereas introduction of 1 wt % MDI in-
creases �ind by only 10 min. Addition of 1 wt % �-CL
has no effect on this parameter.

The most prominent result of modification with
the binary mixtures is a decrease in vox. The oxidation
rate is determined from the slope of the oxidation
curve. Oxidation of PP modified with almost all the
mixtures examined is slower than that of initial PP
and PP modified with IC and �-CL taken separately
(Table 4).

Previously, we have shown that the structure and
properties of IC��-CL copolymer prepared in the pres-
ence of anionic initiators substantially depend on the
monomer ratio [7, 10]. In this study, we modified PP
with IC��-CL binary mixtures with different weight
ratios of the components.

As can be seen from Table 5, the flexibility of the
macromolecules (estimated from the change in the ac-
tivation barrier of failure U0) decreases, and hence
the ultimate stress increases.

This is due to the fact that the content of tertiary
imide units (which are more rigid than the amide
units) in the grafted copolymer increases with increas-
ing IC concentration in the modifying system. In ad-
dition, since IC is a bifunctional compound, a more
branched copolymer is formed with increasing IC
concentration. As a result, the mobility of the grafted
macromolecule decreases owing to steric hindrance.

A slight decrease in the ultimate stress after mod-
ification with the mixtures with a high IC content
(Table 5) is due to a strong acceleration of copolymer-
ization of IC with �-CL upon PP reprocessing. Clear-
ly, in this case, the number of steps of addition of
the isocyanate groups to the double bonds of PO de-
creases, which deteriorates the modification efficiency.

CONCLUSIONS

Polypropylene was modified with isocyanate��-
caprolactam mixtures. A synergistic increase in the
strength, viscosity, and thermal stability of the modi-
fied polymer was observed. We suggest that this is
due to the reaction of isocyanate��-caprolactam co-
polymers with unsaturated bonds of polypropylene.
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Abstract�Precipitation of a model kaolin suspension and dehydration of the excess active sludge were stud-
ied as influenced by copolymers of 2-(N, N-dimethyl-N-benzylammonio)ethyl methacrylate chloride and its
copolymers with acrylamide and 2-(N, N, N-trimethylammonio)ethyl methacrylate methyl sulfate.

Hydrophilic cationic polyelectrolytes based on
aminoalkyl (meth)acrylates and their ammonium salts
are promising reagents for water treatment [1�3];
among them, poly-2-(N, N, N-trimethylammonio)ethyl
methacrylate methyl sulfate, poly-2-(N, N, N-trimethyl-
ammonio)ethyl methacrylate chloride and their co-
polymers with acrylamide are the most widely used
compounds. The flocculation power of copolymers
simultaneously containing ionic groups and bulky
hydrophobic fragments is also of particular impor-
tance. It is expected that the flocculation power will
increase with enhancement of the polymer-polymer
hydrophobic interactions.

In this study, we examined the flocculation power
of poly-2-(N,N-dimethyl-N-benzylammonio)ethyl meth-
acrylate chloride (poly-DMAEMA � BC) and copoly-
mers of DMAEMA with nonionic acrylamide (AA)
and cationic 2-(N, N, N-trimethylammonio)ethyl meth-
acrylate methyl sulfate (DMAEMA � DMS) using
model and real dispersed systems.

EXPERIMENTAL

Poly-DMAEMA � BC and poly-DMAEMA � DMS
were synthesized by the ampule procedure (2 M mono-
mer concentration) in aqueous solution at 25 � 0.5�C.
The monomers were prepared by alkylation of di-
methylaminoelthyl methacrylate with benzyl chloride
and dimethyl sulfate at 0�3�C in acetone with sub-
sequent recrystallization from acetone-acetonitrile
mixture; acrylamide was additionally purified by re-
crystallization from acetone. Copolymerization of

DMAEMA � BC with DMAEMA � DMS and AA was
performed in aqueous solution at 25 � 0.5�C at vari-
ous initial monomer ratios. Polymerization was car-
ried out to 96�98% conversion. tert-Butylperoxy-2-
propanol initiator was prepared by the procedure de-
scribed in [4], with subsequent vacuum sublimation.
According to the data of potentiometric titration for
chloride ions, the copolymer composition corresponded
to that of the monomeric mixture. The viscosity of di-
lute solutions was measured using an Ubbelohde vis-
cometer at 30�C in the presence of sodium chloride
(0.1�0.6 M). The intrinsic viscosity was determined
by extrapolation of �sp/c to c � 0.

As model dispersion, we used an aqueous kaolin
suspension (KSD brand, 7 � 10�6 m particle size) with
the concentration of the dispersed phase of 0.8 wt %,
which eliminates the effect of hindered sedimentation
[5]. The flocculant concentrations were varied in the
0�40 mg g�1 range. The flocculation was carried out
in 250-ml glass cylinders. The suspensions after poly-
electrolyte addition were mixed in sealed vessels
with disc stirrers for 2 min (0.3 s�1 frequency). After
storage for 60 min, the optical density D of the super-
natant was measured on a KFK-3 device at � = 490 nm
(distilled water reference). The supernatant turbidity
� was calculated from the following expression:

� � 2.3Dl �1, (1)

where l is the cell length (cm).

Using the results of measurements, we calculated
the optimal polyelectrolyte concentrations copt, provid-
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Table 1. Properties of homopolymers
������������������������������������������������������������������������������������

Sample � Polymer unit � [�], dl g�1 (in 0.1 M NaCl)
������������������������������������������������������������������������������������

�

C�C�O�CH2�CH2�N
+

CH3 Cl�
�CH2�C�
��
��
CH3

��
��
CH3

CH2��
�

�

�
PE-2 � � 4.2

� �
� �
� �

PE-7 � � 7.0
� �
� �
� �

PE-6.5 �
C�C�O�CH2�CH2�N

+�CH3OSO3CH3

�CH2�C�
��
��
CH3

��
��
CH3

CH3

�

� 6.5
� �
� �
� �

������������������������������������������������������������������������������������

ing the greatest decrease in the supernatant turbid-
ity, and evaluated the clarification effect D

�
from

Eq. (2)

D
�

= �0 /� � 1, (2)

where �0 and � are the supernatant turbidities in the
absence of additives and after polyelectrolyte addition,
respectively.

The flocculant activity was determined from the
following expression:

� = D
�
/cp
�1, (3)

where cp is the polymer concentration.

To study the precipitate dehydration, we used the
active sludge from installations for biological treat-
ment of household wastes (Volgogradvodokanal Mu-
nicipal Unitary Enterprise). The flocculant solution
(0.1% concentration) was added to the active sludge
(100 ml), and the mixture was stirred by tenfold over-
flow. After settling for 30 s, the precipitate was fil-
tered off and additionally squeezed for 1 min under
a 5-kg load. The water content in the cake was deter-
mined by gravimetry [6]. The efficiency of the active
sludge dehydration, Dw, was determined as follows:

Dw = W0 /W � 1, (4)

where W0 and W are the contents of water in the ini-
tial sludge and in the squeezed precipitate upon addi-
tion of a certain portion of the polyelectrolyte, respec-
tively.

The approximate intensity of the intermolecular
hydrophobic interactions can be evaluated from the
behavior of the polyelectrolyte in aqueous salt solu-
tions. The viscometric data (Fig. 1) showed that, with
increasing salt concentration in the 0.1�0.6 M range,
the thermodynamic quality of the solvent becomes
worse, which is confirmed by a nonlinear decrease in
the intrinsic viscosity of poly-DMAEMA � BC. Ac-
cording to the modern concepts, this is accompanied
by a decrease in the effective charge of macroions and
in the number of the polymer�solvent contacts and by
an increase in the number of intramolecular contacts,
which results in compaction of macromolecular glob-
ules. As for poly-DMAEMA � DMS, its intrinsic vis-
cosity also decreases in the above concentration range,
but the [�]�CNaCl dependence is characterized by the
minimum viscosity of 3.25 dl g�1, corresponding to
the conformation of the uncharged globules. In con-

Fig. 1. Intrinsic viscosity of polyelectrolyte � as influenced
by the inorganic salt concentration cNaCl in solution.
(1) PE-7 and (2) PE-6.5.
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Table 2. Properties of DMAEMA � BC copolymer samples
������������������������������������������������������������������������������������

� c, mol % �
[�],

� � c, mol % �
[�],

������������������������������	 � ������������������������������	Sample
�DMAEMA �BC�DMAEMA �DMS� AA �

dl g�1
�

Sample
�DMAEMA �BC�DMAEMA �DMS� AA �

dl g�1

�����������������������������������������
������������������������������������������
25-AA � 75 � 0 � 25 � 4.4 �25-DMS� 75 � 25 � 0 � 4.6
50-AA � 50 � 0 � 50 � 5.3 �50-DMS� 50 � 50 � 0 � 6.1
75-AA � 25 � 0 � 75 � 7.5 �75-DMS� 25 � 72 � 0 � 6.9
������������������������������������������������������������������������������������

trast to hydrophilic poly-DMAEMA � DMS and poly-
1,2-dimethyl-5-vinylpyridinium methyl sulfate (poly-
1,2-DM-5-VPMS ) [7] soluble even in concentrated
aqueous salt solutions (2 M), the solubility of poly-
DMAEMA � BC decreases at NaCl concentration of
0.8 M. The phase separation in the system is probably
due to intense hydrophobic interactions between the
chain units, which become predominant at shielding
of the macroion charges. Since no phase separation
is observed with poly-DMAEMA � DMS, we as-
sumed that specifically the benzyl substituents in
the DMAEMA � BC chain promote the chain associa-
tion. The hydrophobic interactions can also affect

the adsorption of macroions on the particles and
formation of interparticle bridges during floccula-
tion.

The flocculation of the kaolin suspension was stud-
ied in the presence of DMAEMA � BC homo- and
copolymer samples, whose characteristics are listed
in Tables 1 and 2.

The experimental dependences of the supernatant
turbidity on the flocculant concentration in the system
are shown in Figs. 2a�2c. As can be seen, the floccula-
tion of the kaolin suspension with cationic polyelectro-
lytes based on DMAEMA � BC and DMAEMA � DMS

Fig. 2. Supernatant turbidity � as influenced by the concentration c of (1) flocculants and copolymers of DMAEMA � BC with
(b) AA and (c) DMAEMA � DMS. (a): (1) PE-4, (2) PE-6, and (3) PE-6.5. (b): (1) 25-AA, (2) 50-AA, and (3) 75-AA.
(c) (1) 25-DMS, (2) 50-DMS, (3) 75-DMS, and (4) PE-4
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Table 3. Flocculation of the kaolin suspensions in the presence of homopolymers
������������������������������������������������������������������������������������

Sample �
cPe , � �min , � Dmax

� �, � Sample � cPe , � �min , � Dmax
� �,

� mg g�1 � cm�1 � � g mg�1 � � mg g�1 � cm�1 � � g mg�1

��������������������������������������
���������������������������������������������
PE-4 � 0.04 � 0.012 � 180 � 566 � � � � �

� 0.08 � 0.011 � 197 � 308 � � � � �
� 0.10 � 0.009 � 236 � 295 � � � � �

PE-6.5 � 0.04 � 0.023 � 95 � 299 � � � � �
� 0.08 � 0.015 � 142 � 223 � � � � �
� 0.10 � 0.015 � 142 � 178 � � � � �

� � � � � PE-7 � 0.04 � 0.014 � 152 � 475
� � � � � � 0.08 � 0.009 � 241 � 351
� � � � � � 0.10 � 0.01 � 224 � 281
� � � � � poly-1,2-DM-5- � 0.05 � 0.017 � 123 � 309
� � � � � VPMS* � � � �

������������������������������������������������������������������������������������
* [�] = 2.3 dl g�1, 0.05 M KBr, 25�C [6].

Table 4. Optimal flocculation parameters of a 0.8% kaolin suspension with DMAEMA � BC copolymers
������������������������������������������������������������������������������������

Sample � �, dl g�1 � cPE , mg g�1 � �min , cm�1 � Dmax � �, g mg�1

������������������������������������������������������������������������������������
25-AA � 4.4 � 0.04 � 0.035 � 61 � 192

� � 0.08 � 0.016 � 134 � 210
� � 0.10 � 0.023 � 92 � 115

50-AA � 5.3 � 0.04 � 0.042 � 50 � 159
� � 0.06 � 0.032 � 65 � 142
� � 0.10 � 0.018 � 120 � 151

75-AA � 7.5 � 0.08 � 0.024 � 88 � 138
� � 0.10 � 0.017 � 130 � 163
� � 0.40 � 0.014 � 155 � 48

25-DMS � 4.6 � 0.08 � 0.058 � 37 � 57
� � 0.10 � 0.054 � 39 � 48
� � 0.40 � 0.033 � 64 � 20

50-DMS � 6.1 � 0.08 � 0.039 � 55 � 86
� � 0.10 � 0.029 � 73 � 91
� � 0.40 � 0.014 � 157 � 49

75-DMS � 6.9 � 0.08 � 0.032 � 66 � 104
� � 0.10 � 0.019 � 111 � 139
� � 0.40 � 0.016 � 134 � 42

poly-1,2-DM-5-VPMS�AA (26 mol % AA)*� 1.8 � 0.08 � 0.019 � 111 � 186
poly-1,2-DM-5-VPMS�AA (53 mol % AA)*� 1.6 � 0.15 � 0.023 � 92 � 76
������������������������������������������������������������������������������������
* Data taken from [6].

proceeds in accordance with classical dependences in
the liquid�solid�polyelectrolyte systems. The depen-
dence of the supernatant turbidity on the flocculant con-
centration is nonmonotonic and consists of three por-
tions. At low flocculant concentrations (>0.08 mgg�1),
the supernatant turbidity gradually decreases, which
corresponds to destabilization of the dispersed system.
In the 0.08�1.00 mg g�1 concentration range, the de-
gree of the suspension clarification is the highest. At
higher polymer concentrations, the supernatant tur-
bidity sharply increases due to the protective effect of
the flocculant. Stabilization is determined by sorption
conditions of the excess macromolecules on the solid
phase surface; this phenomenon is observed upon
recharging of the disperse particle surface as a result
of electrostatic repulsion or steric hindrance.

As can be seen from Fig. 1 and Table 3 describing
the optimal conditions of kaolin flocculation, the floc-
culation effects of homopolymers based on DMAEMA �
BC (PE-4, PE-7) are similar in the given concentra-
tion range, and greater by a factor of 1.1�1.7 than that
of PE-6.5. It was found that DMAEMA �BC surpasses
poly-1,2-DM-5-VPMS [6] in both the flocculation ef-
fect (by a factor of 1.2�1.5) and flocculation activity.

The copolymers of DMAEMA � BC with AA and
DMAEMA � DMS also exhibits a fairly high floccula-
tion power (Figs. 2b, 2c). The best results of coagula-
tion of kaolin suspensions with the copolymers are
listed in Table 4.

According to the experimental data, the floccula-
tion effect of the kaolin suspension with DMAEMA �
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Fig. 3. Flocculation effect D of a 0.8% kaolin suspension as
influenced by the reduced density of the total charge of mac-
roions n. (1) PE-4, (2) 25-AA, (3) 50-AA, and (4) 75-AA.

Fig. 4. Residual water content in the cake W as in-
fluenced by the flocculant charge c. (1) PE-7, (2) PE-6.5,
(3) 75-DMS, and (4) 75-AA.

BC � AA copolymers is 50�155 and does not exceed
the optimal values for homopolymers. At the same
time, the range of the optimal flocculation conditions
becomes narrower and shifts toward higher flocculant
concentrations (0.1�1.0 mg g�1). This is probably due
to the smaller number of cation-exchange centers in
the copolymer (as compared to the homopolymer)
involved in sorption of macromolecules on the surface
of dispersed particles, whereas the optimal floccula-
tion conditions correspond to the certain and con-
stant ratio of the surface particle charge and total
charge of macroions.

Actually, the dependence of the flocculation effect
on the total charge of macroions in homo- and copoly-
mers per unit weight of the dispersed phase (Fig. 3)
shows that the highest flocculation effect for homo-
polymers and copolymers of DMAEMA � BC with
AA for all the compositions studied corresponds to
a rather narrow range of charge densities n from 0.176
to 0.350 mg-equiv g�1. A decrease in the flocculation
effect of copolymers suggests that the process ef-
ficiency is determined by conditions of sorption and
fixation of macromolecules on the surface of dispersed
particles, which changes as the number of macromole-

cule chain units containing a bulky hydrophobic frag-
ment and a salt group decreases. The insignificant in-
crease in the flocculation power of 75-AA (Fig. 3) is
probably due to the relatively high molecular weight
of the sample, which is indirectly confirmed by its in-
trinsic viscosity.

In the case of DMAEMA � BC�DMAEMA � DMS
copolymers (as also for homopolymers), destabiliza-
tion of the kaolin suspension is observed in the 0.01�
1.00 mg g�1 concentration range, and the flocculation
effect amounts to 55�150, which is comparable with
the effect of PE-6.5 and DMAEMA � BC � AA co-
polymers, but smaller by a factor of 1.8�2.3 than that
for poly-DMAEMA � BC.

As can be seen from a comparison of the floccula-
tion parameters of DMAEMA � BC � AA copolymers
with a highly active flocculant based on 1,2-DM-5-
VPMS (Table 4, [6]), the flocculation effect of acryl-
amide copolymers based on DMAEMA � BC only
slightly exceeds that of the corresponding pyridinium
flocculants (by a factor of 1.2�1.3), but, if account is
taken of the concentration range studied, their activity
is higher than that of the pyridinium analogues by
a factor of 1.6�1.9.

The efficient water purification in treatment of
household wastes is impossible without use of bio-
logical methods employing active sludge. To maintain
the operation status of the aeration tanks, the excess
sludge biomass should be regularly removed, with
subsequent flocculation and filtration. Since the hy-
drophilic sludge particles strongly retain water in their
hydration shells, dehydration of the sludge suspension
on the filter is an important problem.

Taking into account the promising data on the
flocculation of the model kaolin suspension, the
DMAEMA � BC (co)polymers were tested in dehydra-
tion of the excess active sludge formed at the sewage
treatment plants. The residual water content in the cake
was used as a criterion of the flocculant efficiency.

Analysis of the flocculant effect on the water con-
tent in the sludge on the filter (Fig. 4) shows that the
minimum water content in the cake reaches 83�88%,
and it is attained at the polyelectrolyte concentration
in the suspension of 2�3 mg g�1. Subsequent increase
in the polyelectrolyte charge does not noticeably af-
fect the cake moisture content, and in the presence of
PE-7 it even slightly increases. The optimal concen-
tration range of the polymer in flocculation of the ac-
tive sludge is 2�4 mg g�1, and further increase in
the polyelectrolyte concentration is not appropriate.
As can be seen from Fig. 4, the minimum water con-
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tent of 83.5�85.0% in the cake is attained on adding
to the sludge suspension PE-6.5 and PE-7 homopo-
lymers containing hydrophobic benzyl and methyl
groups. Addition of hydrophilic AA units to the
macromolecular chains, apparently, decreases the num-
ber of hydrophobic polymer-sludge contacts, which
hinders the sorption of macromolecules on the sludge
particles. As a result, the hydrophobicity of the sur-
face layer decreases, which increases the residual
water content in the cake to 90% in the sample con-
taining 75 mol % AA.

Since the initial water content in the industrial
sludge samples varies in a wide range, the effect of
DMAEMA � BC (co)polymers was evaluated with
a dimensionless parameter (dehydration power). The
data on the sludge dehydration listed in Table 5 show
that all the polymers based on DMAEMA � BC are
highly active, and the greatest effect on the active
sludge dehydration was observed for PE-7 sample
(which is greater by a factor of 1.4 than that that for
poly1,2-DM-5-VPMS) and for the copolymer of 1,2-
DM-5-VPMS and vinylpyrrolidone (1-VP) containing
10% nonionic comonomer. The effect of PE-7 on the
active sludge dehydration is also greater by a factor of
1.1 as compared to 1-VP(AA) terpolymer containing
1 mol % AA and 9 mol% vinylpyrrolidone [6].

Our experimental data showed the higher activity
of poly-DMAEMA � BC in the dehydration of the ac-
tive sludge and in flocculation of kaolin suspensions
as compared to hydrophilic AA copolymers. This is
probably due to different conformation states of homo-
and copolymer macromolecules at the phase boundary
and conditions of bridging interactions at flocculation.
We believe that the hydrophobicity of amphiphilic
poly-DMAEMA � BC macromolecules strongly in-
creases due to charge shielding in the course of sorp-
tion. In flocculation, new polymer�polymer interac-
tions arise along with the polymer�particle contacts.
These interactions can provide additional contacts be-
tween the particles with sorbed macromolecules and
thus promote flocculation. A similar phenomenon was
observed for 1,2-DM-5-VPMS copolymers containing
nonionic vinylpyrrolidone units [8]. The efficiency of
the active sludge dehydration in the presence of hy-
drophobic aggregates is greater as compared with
that for hydrophilic copolymers.

The sorption of copolymers containing nonionic
AA units is probably accompanied by the formation
of polymeric bridges in which the content of hy-
drophobic units is relatively small. As a result, they

Table 5. Activity of cationic flocculants in dehydration of
excess active sludge
����������������������������������������

Flocculant � c, mg g�1 � W, % �Dw � 103

����������������������������������������
Poly-1,2-DM-5-VPMS* � 1.5 � 87.4 � 137
1-VP* � 2.5 � 87.5 � 139
1-VP(AA)* � 3.4 � 84.9 � 174
PE-7 � 2.0 � 83.5 � 190
PE-3.56 � 1.0 � 85.0 � 169
PE-6.5 � 3.0 � 84.9 � 171
25-DMS � 2.0 � 86.6 � 148
25-AA � 2.0 � 88.9 � 117
����������������������������������������
* Data take from [6].

strongly retain the solvent molecules by Van der Waals
interactions. The aggregates that are not stabilized by
the polymer-polymer interactions and contain solvent
molecule in the interparticle space, are readily broken.
As a result, the flocculation with copolymers is less
efficient as compared to that with homopolymers.

CONCLUSIONS

(1) The data on the flocculation of model kaolin
suspension and dehydration of excess active sludge
in the presence of cationic flocculants show that the
flocculation performance of poly-2-(N,N-dimethyl-N-
benzylammonio)ethyl methacrylate chloride is better
than that of copolymers of 2-(N,N-dimethyl-N-ben-
zylammonio)ethyl methacrylate chloride with non-
ionic acrylamide and cationic 2-(N,N,N-trimethylam-
monio)ethyl methacrylate methyl sulfate.

(2) The greater flocculation power of homopo-
lymer of 2-(N,N-dimethyl-N-benzylammonio)ethyl
methacrylate chloride is probably due to the formation
of additional bridges and more complete involvement
of the particles in the flocculation, owing to the hy-
drophobic polymer�polymer contacts.
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Abstract�The influence exerted by temperature and time of curing on the strength and deformation properties
of plasticized polyether�urethane�urea was examined. Addition of a plasticizer ensures the optimal rheological
properties, and the resulting material cured at a low temperature exhibits high mechanical characteristics.

Polyurethane�ureas (PUUs) derived from polyeth-
ers exhibit high strength and deformation properties
and resistance to oil, benzine, and many aggressive
media. Therefore, articles made of these materials
find wide application. The rheological properties and
mechanical characteristics of PUUs can be controlled
by adding various plasticizers [1�3]. In preparation of
PUUs, plasticizers can also act as solvents for pow-
dered diamines whose vapors and dusts are toxic [4].

The elastomers under consideration belong to mi-
croheterogeneous polymer systems with incomplete
phase segregation of flexible polyether and rigid ure-
thane�urea segments. The structure and properties of
PUUs may appreciably depend on the history of their
preparation. As a rule, these materials are prepared at
temperatures of 80 to 140�C [3�6]. It is believed
that the strength of PUUs can appreciably grow when
the temperature at which the reaction mixture is cured
increases [4]. However, it is impossible to find from
the available data any regular trends in the influence
of the curing temperature and time on the mechanical
properties of plasticized polyurethane�ureas.

In this study, we examined the influence of the cur-
ing temperature on the mechanical properties of plas-
ticized PUU and compared the results obtained with
those for the nonplasticized samples. Our goal was
to find the temperature conditions under which the
resulting material exhibits high strength and deforma-
tion characteristics. We took into account the fact that,
as the curing temperature is increased, the thermal
shrinkage of the polymeric material after its cooling
to the service temperature grows. This is especially

undesirable for big items used for cleaning of oil and
gas pipelines.

EXPERIMENTAL

Experiments were performed with PUU derived
from SKU-PFL-100 prepolymer (M � 1400) plasti-
cized with readily available di(2-ethylhexyl) phthalate
(DEHP). The prepolymer was prepared by the reac-
tion of oligo(tetramethylene oxide)diol (M � 1000)
with toluene 2,4-diisocyanate taken in a twofold ex-
cess. The prepolymer was preliminarily subjected to
a vacuum treatment for 20 min in a mixer at 50 � 1�C.
Then a weighed portion of aromatic diamine, 3,3�-di-
chloro-4,4�-diaminodiphenylmethane (Diamet Kh), dis-
solved in the plasticizer (or as a melt, in preparing
a nonplasticized material) was added. The components
were stirred for 3 min at 50 � 1�C. The resulting mix-
ture was poured into molds, which were subsequently
kept at different temperatures. After keeping for the
required period, the cured samples were unloaded, and
their mechanical properties were determined under
equal conditions.

All the experiments were performed at the ratio of
the NCO (prepolymer) and NH2 (diamine) groups less
than unity (0.95), taking into account the published
data that the dense chemical network negatively af-
fects the mechanical properties of segmented polyure-
thane materials [4]. This allowed us to decrease the
probability of formation of biuret cross-links.

The rheological properties of the reaction mixture
were studied with a Rheotest-2 viscometer (cone�plate
working unit) at a shear rate of 180 s�1. The mechan-
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Fig. 1. (a) Strength �t and (b) relative critical strain �cr of (1, 2) nonplasticized and (3�6) plasticized PUUs vs. the curing
time �. Curing temperature, �C: (1, 3) 35, (4) 50, (2, 5) 80, and (6) 100.

ical characteristics of PUU {tensile strength �t (ulti-
mate stress for the initial cross section of a sample),
relative critical strain �cr, and breaking stress

fb = �t[(�cr + 100) / 100],

(calculated for the actual cross section of the sample)}
were determined at 23 � 2�C, at the extension rate
of 0.28 s�1.

The effective density of the chemical network of
PUU, Nc, was calculated with samples subjected to
equilibrium swelling in tributyl phosphate, using the
procedure described in [7].

The spectroscopic study of association of urea and
urethane groups in the PUUs prepared at different
temperatures was performed with a Bruker IFS 66/S
Fourier spectrometer. The samples were prepared as
films without solvents. The amide I band (C=O vi-
brations, � 1620�1750 cm�1) was used as analytical
band.

The assignment of the components of the amide I
band was made in accordance with [8, 9]. For conve-
nience of comparison, the spectral curves were norma-
lized with respect to the band at � 1575 cm�1. The
spectra were compared at complete conversion of the
isocyanate groups, as judged from the disappearance
of absorption at � 2275 cm�1.

Figure 1 shows the dependences of the strength and
deformation characteristics of PUU samples plasti-
cized with 10% DEHP on the time of their curing at
different temperatures (from 35 to 100�C). The corre-
sponding curves for the nonplasticized samples are
also shown (curves 1, 2). These results indicate that,
as the temperature of curing of the plasticized samples
is lowered from 80�100 (curves 5, 6) to 35�50�C

(curves 3, 4), the strength and deformation character-
istics of PUU are enhanced to a greater extent than in
the absence of the plasticizer. Although constant val-
ues of �t and �cr are attained in essentially different
times, the final mechanical properties of the nonplasti-
cized samples cured at 35 and 80�C differ insignifi-
cantly (Fig. 1, curves 1, 2).

Comparison of the IR spectra (region of amide I
band) of the samples cured at 80�C for different times
shows that, as the curing time is increased from 1
to 9 h, the band at � 1640 cm�1 grows in intensity
(Fig. 2a). This indicates that the strongest structural
formations, self-associates of the urea groups localized
in domains of rigid urethane�urea segments [9], grow
in amount; accordingly, the elastomer strength in-
creases.

Longer curing at this temperature does not appreci-
ably affect the association of rigid segments and the
mechanical properties of the material, as can be clear-
ly seen from comparison of the IR spectra and mech-
anical characteristics of nonplasticized PUU samples
cured for 9 and 168 h at 80�C (Figs. 1, 2a). The re-
sults are consistent with the generally accepted views
that microphase segregation is the decisive factor af-
fecting the properties of segmented polyurethane
materials [10, 11]. In curing of nonplasticized PUUs
at 35�C, high mechanical properties are achieved at
weakly pronounced microphase segregation. The IR
spectra of these samples (Fig. 2b) exhibit in the range
1665�1670 cm�1 a well-defined shoulder originat-
ing from formation of a large amount of disordered
H-bonds between the urea groups of rigid segments
mixed with flexible polyether segments, with the in-
tensity of the band at 1640 cm�1 being low. The above
shoulder is preserved upon prolonged curing.
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Fig. 2. IR spectra of nonplasticized PUU samples cured at different temperatures. (A) Absorption and (�) wave number.
Temperature, �C: (a) 80; (b) 35; (c) (1) 80, (3) 50, and (2, 4, 5) 35. Curing time, h: (a) (1) 1, (2) 2, (3) 9, and (4) 168; (b) (1) 48,
(2) 120, and (3) 240; (c) (1, 3, 4) 168, (2) 336, and (5) 48.

The strength of plasticized PUU samples cured for
the same time at different temperatures does not grow
with the curing temperature but, by contrast, decreases,
despite an increase in the amount of associated rigid
segments in the material (Fig. 1a, curves 3�5; Fig. 2c,
curves 1, 3, 4).

In curing of plasticized PUU samples at the same
temperature, e.g., 35�C, the high strength and defor-
mation properties of the material are achieved when
the extent of segregation of rigid blocks is far from
the maximum. This is clearly seen from comparison
of curves 2 and 4 in Fig. 2a with each other and with
curve 1 at � = 1640 cm�1.

Thus, there is generally no unambiguous correla-
tion between the mechanical propreties of segmented
PUU samples prepared under different conditions and
the microphase segregation of the flexible and rigid
blocks. This may be due to increased defectiveness of
the material prepared at elevated curing temperatures

when microphase segregation is fast. This effect
should be stronger in the presence of a plasticizer
enhancing the mobility of flexible and rigid blocks of
the polymer.

The enhancement of the interchain interaction in
the flexible polymeric matrix due to mixing of flexi-
ble polyether segments and rigid urethane�urea blocks
acting as proton acceptors positively affects the mate-
rial strength. Therefore, microphase segregation in a
segmented polyurethane material is not undoubtedly
the major factor affecting its properties as stated in
monographs [10, 11] and many other papers. Our con-
clusion directly follows from the experimental results
shown in Figs. 1 and 2a�2c.

It is known that, under conditions of storage at
room temperature, the structure of segmented poly-
urethanes becomes �frozen,	 i.e., it can remain in the
virtually unchanged state for a long time [12]. The
properties of the material should not appreciably

Properties of nonplasticized and plasticized (10% DEHP) PUU samples cured for 7 days, measured immediately after
curing and after storage for 120 days at room temperature
������������������������������������������������������������������������������������

Curing � Plasticizer � �t, � �t
* � �cr � �c

*
r � fb � fb

* � Nc � Nc
*

� ����������������������������������������������������������������temperature, � content, � � �
�C � % � MPa � % � MPa � kmol m�3

������������������������������������������������������������������������������������
80 � 0 � 48.0 � 48.9 � 602 � 583 � 337 � 334 � 0.04 � 0.04

� 10 � 34.3 � 35.1 � 712 � 723 � 279 � 289 � 0.02 � 0.02
50 � 10 � 43.2 � 42.0 � 730 � 710 � 346 � 340 � 0.02 � 0.02
35 � 0 � 52.2 � 51.7 � 625 � 609 � 378 � 367 � 0.03 � 0.03

� 10 � 48 � 47.9 � 802 � 745 � 433 � 405 � 0.02 � 0.02
������������������������������������������������������������������������������������
* The asterisk refers to samples after storage.
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Fig. 3. Dynamic viscosity � of the reaction mixture in cur-
ing of (1, 2) nonplasticized and (3, 4) plasticized PUUs
vs. time �. Temperature, �C: (1, 4) 35 and (2, 3) 50.

change in this case. The table shows that, indeed, the
mechanical characteristics of PUU samples change in-
significantly after storage for 120 days at 20 � 3�C.

The density of the chemical network, Nc, was low
in all the samples (which was preset by the deficiency
of the NCO groups in the reaction mixture) and did
not noticeably change in storage of the material. The
table shows that the trend toward an increase in the
strength of the plasticized material with decreasing
curing temperature is preserved in prolonged storage
of the samples. The strength and deformation charac-
teristics ( fb, �cr) of plasticized PUU prepared at 35�C
exceed those of the nonplasticized material cured at
both 35 and 80�C.

The high strength characteristics of the plasticized
material obtained under these conditions are combined
with the considerably better rheological characteristics
of the plasticized reaction mass, compared to the non-
plasticized mass (Fig. 3). As a result of plasticization,
the shear viscosity of the compound becomes several
times lower and the working life of the compound
grows, which favors production of block items of
higher quality.

CONCLUSIONS

(1) Lower curing temperatures ensure better
strength and deformation characteristics of the plasti-
cized material.

(2) Plasticized polyurethane�urea prepared at rela-
tively low temperatures compares well with the non-

plasticized material in strength and surpasses it in the
deformation and processing characteristics.

(3) There is no unambiguous correlation between
the strength of the segmented polymer and microphase
segregation in it. The high strength can be achieved at
a low extent of microphase segregation of the flexible
and rigid blocks.
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Abstract�A process was developed for preparing adhesives from a low-molecular-weight carboxyl-contain-
ing rubber and an epoxy resin with different oligomer ratios. The process involves the chemical reaction of
the components under conditions of activating mixing.

To develop a process for preparing and modifying
compounds under conditions of activating mixing, we
chose as objects to be studied epoxy oligomers (EOs)
and low-viscosity carboxyl-containing rubbers. This
choice was governed by the following facts.

(1) Mixing of epoxy oligomers and low-viscosity
carboxyl-containing rubber can initiate their chemical
reaction.

(2) These materials have low viscosity, and, in this
case, it is especially difficult to provide the strain
energy density required to initiate a chemical reaction.

(3) Blends of epoxy polymers with rubbers are of
large practical interest as adhesives.

Epoxy oligomers exhibiting high adhesive power
are still important for practice, despite the development
of new types of adhesives. However, the properties of
the existing epoxy adhesives, in particular, their shock
resistance and elasticity, do not fully meet the re-
quirements of modern engineering. These characteris-
tics are improved by modifying EOs with liquid rub-
bers [1�4]. The modification process is based on the
high reactivity of carboxy group toward epoxy groups.

Modification of EOs with liquid rubbers is per-
formed by the following procedures: (1) addition of
a curing agent to a blend of EO with a rubber, pre-
pared by mechanical mixing; (2) copolymerization of
epoxy and rubber oligomers, which occurs simulta-
neously with curing of the epoxy resin at 120 or 150�C
(hot curing); (3) preliminary reaction (esterification)
between epoxy groups of the resin and carboxy groups

of the rubber, followed by curing of the resulting
copolymer at room temperature [5].

In preparation of compounds by the first procedure,
there is no chemical reaction of the rubber with the
epoxy matrix, which does not allow high mechanical
characteristics of the compound to be attained. How-
ever, prolonged heating enhances the cracking resis-
tance owing to changes in the phase interaction of the
components.

In preparation of compounds by the second proce-
dure, important factors are the selectivity and activity
of the functional groups of the rubber, which are nec-
essary for formation of chemical bonds between the
components.

Of particular interest is the third procedure for EO
modifcation. On mixing of epoxy and rubber oligo-
mers, followed by heating for 2 h at 150�C, a non-
catalytic reaction of the carboxy and epoxy groups
occurs to yield a hydroxy ester.

The other procedures ensuring the required proper-
ties of the materials are more difficult to perform in
practice because of the sophisticated equipment re-
quired and prolonged process.

Analysis of these methods from the process view-
point reveals the following contradiction: Mechanical
mixing is the simplest and the most convenient proce-
dure, but it does not ensure the required properties of
the compound because of the absence of a chemical re-
action between the components. Irrespective of a par-
ticular procedure of compound preparation, mixing is
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Table 1. Compositions of compounds studied*

����������������������������������������
� Content, weight parts
�������������������������������������
�SKN-10KTR� SKD-KTRA�ED-20� XD �UP-583

����������������������������������������
1 � 10 � 100 � 16 � �

2 � 20 � 100 � � � 18
3 � 20 � 100 � 16 � �

4 � 40 � 100 � 16 � �

5 � 40 � 100 � � � 18
6 � 60 � 100 � 16 � �

7 � 60 � 100 � � � 18
8 � 80 � 100 � 16 � �

9 � 80 � 100 � � � 18
10 � 100 � 100 � 16 � �

11 � 100 � 100 � � � 18
12 � 10 � � � 100 � 15.8 � 17.8
13 � � � 10 � 100 � 15.0 � 16.2
14 � 20 � � � 100 � 15.2 � 17.3
15 � � � 20 � 100 � 14.8 � 16.0
16 � 40 � � � 100 � 15.0 � 17.1
17 � 60 � � � 100 � 13.1 � 15.0
18 � � � 60 � 100 � 11.5 � 12.3
19 � 80 � � � 100 � 9.2 � 11.3
20 � � � 80 � 100 � 8.4 � 10.7
21 � 100 � � � 100 � 6.3 � 9.9
22 � � � 10 � 100 � 5.0 � 7.2
����������������������������������������
* Compound nos. 1�11 are based on oligomer mixtures (con-

tent of SKN-10KTR or SKD-KTRA rubber is indicated);
compound nos. 12�22 were prepared with preliminary ester-
ification.

an inherent step of the process. In this case, we speak
just of activating mixing, since the chemical reaction
of the components under consideration requires initia-
tion. We examined the possibility of initiating the
chemical reaction of EO with rubber in mechanical-
type apparatus.

Fig. 1. Scheme of an installation for preparing epoxy�rub-
ber compounds: (1) RPA, (2) static mixer, (3) thermostat,
(4) tank, (5) power meter, (6) rotameters, (7) gear-type
pump, (8) universal rate control unit, (9) motor, (10) sensor,
(11) frequency meter, (12) disc, and (13) hydraulic pump.

EXPERIMENTAL

As objects of study served compounds based on
EO (oligoether�epoxide) and liquid rubbers with ter-
minal carboxy groups (butadiene�acrylonitrile and
butadiene rubbers); also, we studied compounds of
EO and liquid butadiene�acrylonitrile rubber with ter-
minal carboxy groups, diluted with furfuryl glycidyl
ether (FGE).

The compounds were cured with hardeners tradi-
tional for epoxy resins. We studied the materials ob-
tained from blends of EO and liquid rubbers with
terminal carboxy groups and those prepared with pre-
liminary esterification of EO with carboxy groups of
the rubbers.

Component characteristics: SKN-10KTR oligo-
butadiene�acrylonitrile rubber with terminal carboxy
groups, 10% acrylonitrile units, 2.9% carboxy groups,
molecular weight MW 2900 [TU (Technical Specifi-
cations) 000-31-24�60]; SKD-KTRA oligobutadiene
rubber with terminal carboxy groups, 2.9% carboxy
groups, MW 2800 (TU 38-103-327�46); ED-20 oli-
goether�epoxide, MW 410 [GOST (State Standard)
10597�76); FGE (furfuryl 2,3-epoxypropyl ether),
27% epoxy groups, MW 154.16 (TU 6-09-5208�85);
xylylenediamine (XD), MW 150 (pilot product), har-
dener for ED-20; diethylenetriaminomethylphenol
(UP-583), MW 210, hardener for ED-20 (TU 6-05-
241-331�82). The compositions of the compounds
studied are listed in Table 1.

The compounds were prepared both on traditional
equipment (rollers, blade mixer) and on a specially
contructed installation with a rotary pulsation appara-
tus (RPA). Previously, [6] we have formulated com-
mon requirements to preparation and modification
of compounds under conditions of mechanochemical
transformations controlled by mixing: concentration
of a definite quantity of energy and its proper utiliza-
tion in the working volume of the apparatus (creating
high shear rates and stresses and controlling them
within wide limits; uniformity of the strain action pa-
rameters in each elementary volume of the material
being processed). We noted that effective small-vol-
ume mixers, RPAs, meet these requirements.

The experimental installation is shown schemat-
ically in Fig. 1. The installation includes an RPA, a
hydraulic drive, a system for flow and pressure head
control, and measuring devices. The rotary pulsation
apparatus with a vertical shaft was a one-step device
with the possibility provided for enhancement of re-
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placeable rotors and stators (Fig. 2). This allowed
the working clearance to be varied from 0.5 to 6 mm;
the number of slits, from 0 to 32; the slit width, from
2 to 12 mm; and the cylinder thickness, from 3 to
12 mm.

The rotor and startor are mounted in a casing. The
rotor is fixed on the vertical shaft, and the stator is
mounted on a stationary vertical axle with an outlying
support with two precision bearings. The outlying sup-
port is fixed on the frame of the installation, and on
the upper end of the axle there is a horizontal canti-
lever with the attached system of a rope and a pulley.

Removable weights were fastened at the rope end.
The apparatus was driven by an electric motor. We
also used another version of the RPA working unit,
based on the design from [7] and allowing finer dis-
persion of the components (Fig. 3).

In the installation scheme, we also used the RPA
design from [8], in which the inlet tubes were re-
placed by a static mixer with screw parts. The installa-
tion was equipped with systems for flow and pressure
head control for fluids of different viscosities. With
low-viscosity fluids, the installation included a tank,
a centrifugal pump, two pneumatic rotameters RP-1.6
and RP-10, cut-off and control valves, and a system of
pipelines. With more viscous media, the system for
flow and pressure head control consisted of the same
tank and a gear-type pump with the drive equipped
with a universal rate control unit.

The installation worked as follows. The working
medium from the tank was withdrawn with a centri-
fugal (for low-viscosity media) or gear-type (for high-
viscosity media) pump. When working with low-
viscosity media, the material was fed with the pump
through one of rotameters used to set and monitor the
required flow rate. After passing through the rotam-
eter, the fluid arrived at the internal volume of RPA
and then, after passing through the rotor and stator
slits, to the external volume of the apparatus and then
moved through the discharge tube to the tank from
which, if necessary, it was fed into the RPA again.
Thus, the fluid continuously circulated in a closed
loop. When working with highly viscous media, the
fluid from the apparatus was fed with a gear-type
pump preliminarily calibrated with respect to the flow
rate. The fluid supply was finely controlled with a uni-
versal rate control unit in the pump drive.

Prior to being fed into the RPA, two (or more) po-
lymeric materials were mixed in a static mixer with
screw parts. In the experiments, we varied the system
of component supply to the static mixer, the number

Fig. 2. Scheme of RPA: (1) rotor, (2) stator, (3) teeth, and
(4) blades.

Fig. 3. Rotary pulsation apparatus for fine dispersion
of components: (1) casing, (2, 3) inlet tubes, (4) stator,
(5) outlet tube, and (6) rotor.

of screw parts, the angle of their twisting, etc. This
allowed us to analyze how mixing in RPA is affected
by the initial interface area.

The power-measuring installation consisted of a
stator and a rotor with a rope. The rotor rotation fre-
quency was measured with a frequency meter, which
was connected to a magnetic sensor mounted near the
disk with slits, with a narrow clearance. The disk was
fastened on the rotor shaft. When the disk moved near
the sensor, the magnetic flux in it changed in propor-
tion to the number of slits on the disk and frequen-
cy of rotor rotation. The induction voltage changed,
and this change was transmitted to the frequency
meter through the coil in the sensor.

To provide the constancy of the fluid temperature,
the tank was equipped with a jacket through which, if
necessary, brine (�15�C) or cold water was passed to
maintain the required temperature (20 � 0.5�C).

The rheological properties of the components and
their mixtures were determined with a Rheotest rotary
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Fig. 4. IR spectra of (1) SKN-10KTR rubber, (2) blend
of SKN-10KTR with EO, and (3) product of preliminary
esterification. (A) Absorption and (�) wave number.

viscometer. The structure of the uncured compounds
was studied with an optical microscope, and that
of cured compounds, with an electron microscope
(REM-100, V8-500). The chemical and physical trans-
formations of the components were monitored as fol-
lows: formation of chemical bonds between the func-
tional groups of rubber and EO, by IR spectroscopy;
consumption of EO functional groups, by acid�base
back-titration; and the curing kinetics, by the proce-
dure involving evaluation of the temperature effect of
curing. The quality of mixing was estimated by optical
and dielectric methods.

To elucidate the mechanisms of processes occur-
ring at different compounding procedures, we studied
the structure and chemical reactions of the component
polymers.

The preliminary esterification product is initially
a homogeneous material, but after curing it becomes

a two-phase system similar to that obtained from the
mechanical mixture.

The following reaction occurs between the carboxy
groups of rubbers and epoxy resin [5]:

�C�OH

O

+ H C�CH�
�
O
�

� C�O�CH �CH��2 2
���� ����

O

�C�OH

O

+ H C�CH�
�
O
�

� C�O�CH �CH��2 2
���� ����

O

The reaction proceeds until all the carboxy groups are
consumed. In the process, intermolecular hydrogen
bonds undergo redistribution. Comparison of the IR
spectra of SKN-10KTR rubber (Fig. 4, spectrum 1),
its mechanical mixture with EO (spectrum 2), and
product of preliminary esterification shows the follow-
ing. In the spectrum of SKN-10KTR, the absorption at
1710 cm�1 is more pronounced (C=O bonds in hy-
drogen-bonded carboxy groups). On mixing with EO,
the band at 1740 cm�1 (free C=O groups) becomes
more intense owing to redistribution of hydrogen
bonds upon interaction of the hydroxy groups of rub-
ber with proton-acceptor groups of ED-20. The ab-
sorption at 1710 cm�1 becomes less intense. The IR
spectrum of the product of preliminary esterification
exhibits a single strong band at 1740 cm�1, suggesting
the existence of free carbonyl groups, as all the car-
boxy groups of the rubber have reacted with the epoxy
groups, so that the hydrogen bonds between the rub-
ber molecules have been broken. A strong band at
3300�3600 cm�1 in the spectrum of the product of
preliminary esterification indicates that all the OH
groups are involved in hydrogen bonding.

Thus, in contrast to mechanical mixtures, there is
chemical bonding between the phases in the com-
pound prepared by preliminary esterification.

The IR data show that, after the cleavage of the hy-
drogen bonds with C=O groups, all the OH groups of
SKN-10KTR molecules form hydrogen bonds with
acceptor groups of ED-20, i.e., a redistribution of in-
termolecular hydrogen bonds occurs.

The reaction of oligobutadiene�acrylonitrile rubber
(SKM-10KTR, x = 5, y = 1, z = 10) with ED-20 resin
can be represented as:

����������

H C�CHCH (OC H C(CH ) C H OCH CHCH O)+ 2 2 6 4 3 2 6 4 2 2
�

OH
n�C H C(CH ) C H OH CCH�CH6 4 3 2 6 4 2 2��

O

�CHCH O(O)C[(CH CH=CHCH )2 2 2
�

OH
x(CH CH)y ]z�C(O)OCH CH�

�
OH

22�

HOOC[(CH CH=CHCH )2 2 x(CH CH) ] COOHzy
�

2

CN

H C�CHCH (OC H C(CH ) C H OCH CHCH O)+ 2 2 6 4 3 2 6 4 2 2
�

OH
n�C H C(CH ) C H OH CCH�CH6 4 3 2 6 4 2 2��

O

�CHCH O(O)C[(CH CH=CHCH )2 2 2
�

OH
x(CH CH)y ]z�C(O)OCH CH�

�
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�
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CN
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As will be shown below, the occurrence of the
chemical interaction determines the difference be-
tween the compounds prepared by preliminary ester-
ification and by other procedures in the strength, elas-
tic, and adhesion properties.

Numerous studies have shown that the properties
of polymeric systems can be appreciably changed by
varying the dispersity of one of the components in
the medium of another component in preparation of
compounds from polymer blends. One of such prop-
erties is the stability of the system (resistance to phase
separation). In the first step of this study, we exam-
ined the possibility of preparing stable epoxy�rubber
systems in an RPA in which it is possible to attain
high shear stress by varying the shear rate, and thus
to attain fine dispersion of one of the components in
the medium of the other component.

Depending on the viscosity and component ratio,
it is possible to obtain stable systems in RPA by
varying the rotation rate of the working parts or the
clearance between the rotor and stator (variation of the
shear rate), and also by varying the number of pass-
ages through the working zone of the apparatus and
the flow rate (variation of the residence time in the
treatment zone). In this study, as expected, we ob-
tained the most stable systems at equal amounts of
the components. With an RPA of the standard design
(without static mixer), a threefold treatment of the
SKI-10KTR : ED-20 = 1 : 1 blend yielded a system
that did not undergo phase separation in 14 days.

In the second step of our study, we examined the
possibility of performing a chemical reaction between
the functional groups of the oligomers being mixed.
In the first step, we prepared a homogeneous system
stable in time and hence provided the most favorable
conditions for the reaction between the functional
groups; whereas in the second step, we promoted the
chemical reaction between the oligomers by making
the stirring conditions more �severe.� Upon sixfold
passage of the components through the working zone
of the apparatus (without static mixer), we obtained
a system whose analysis suggested the occurrence of
the chemical reaction between the components.

As already noted, the spectrum of the blend ob-
tained mechanically without RPA contains two bands
at 1710 and 1740 cm�1. In the spectrum of the product
of preliminary esterification, the first band is absent.
The spectrum of the product obtained in RPA also has
an absorption band at 1740 cm�1, but it is less intense
than in the previous case. After repeated passages
of the blend through the working zone of the mixer,
the spectra of the products of preliminary esterifica-

Table 2. Physicomechanical and service properties of
compounds prepared by different procedures
����������������������������������������

� Product � Product of �Mech-
Parameter � of RPA � preliminary � anical

� treatment�esterification� blend
����������������������������������������
Tensile strength, MPa � 14.0 � 13.2 � 4.3
Relative elongation, % � 58.0 � 66.0 � 10.0
Adhesion strength, MPa� 12.2 � 11.5 � 4.0
����������������������������������������

Table 3. Optimal parameterts �� for compounds with
varied rubber content c
����������������������������������������

� ��, kJ mol�1

�����������������������������������c, % �
� ED-20 + SKN-10KTR � ED-20 + SKD-KTRA

����������������������������������������
10 � 590�620 � 600�630
20 � 650�750 � 700�800
30 � 850�950 � 850�950
40 � 900�1000 � 900�1050
50 � 950�1050 � 1000�1100

����������������������������������������

tion and RPA treatment became virtually identical.
The formation of a chemical compound was also con-
firmed by other methods and by the results of phys-
icomechanical and service tests of the compounds
(Table 2).

In practice, to obtain a chemical compound, there
is no need in repeated passage of the raw materials
through the working zone of RPA. On setting the
energy of the bond ruptured in chemical modification,
it is necessary to estimate the criteria �� and �y	, re-
quired for mechanochemical cracking, and to calculate
appropriate process modes.

Analysis of the reaction between a carboxyl-con-
taining rubber and an epoxy resin to give a chemical
compound, shows that, first, it is necessary to break
the C�O bond (according to different sources, its
energy varies from 314 to 322.6 kJ mol�1). Thus, ��
should exceed this value. It is also necessary to take
into account the energy consumption for dispersion of
one of the components in the other one, their homo-
genization, etc., which, in turn, depends on the ratio
of the component viscosities and concentrations in the
two-phase system.

The optimal values of �� for compounds with var-
ied rubber content are given in Table 3.
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Using the procedure for RPA calculation [6] and
knowing the required ��, we can calculate the ap-
propriate process modes. At the same time, in some
cases, a single passage of the material through the
RPA working zone is insufficient to perform the pro-
cess. In this case, the most acceptable way is to im-
prove the apparatus design (e.g., to combine RPA
with a static mixer [8]).

CONCLUSIONS

(1) Treatment of blends of low-molecular-weight
carboxyl-containing rubbers and epoxy resins in a ro-
tary pulsation apparatus at a definite value of the ex-
ternal energy effect ensures a chemical reaction be-
tween the components and preparation of high-quality
adhesives.

(2) It is appropriate to use as a criterion of the ex-
ternal energy effect the strain energy density and strain
intensity; this allows calculation of process modes for

efficient treatment of blends in a rotary pulsation
apparatus, depending on the component ratio.
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Abstract�Thermal carbonization of nitrogen-containing cellulose derivatives (chitin, chitosan, cyanoethyl
chitosan, cyanoethyl cellulose, copolymers of allyl carboxymethyl cellulose with polyacrylonitrile) as models
of probable products of thermal reaction of cellulose with polyacrylonitrile was studied. The quantitative
characteristics of carbonization of the model compounds are influenced by the nitrile group.

Polycarylonitrile (PAN) and a number of cellulose
derivatives are the most widely used precursors of
carbonized products [1]. Numerous materials based
on their carbonizates are commercially produced for
chemical industry, power engineering, and medicine.
It has been shown previously [2�5] that joint carbon-
ization of PAN with other nitrogen-containing poly-
mers, mainly with polyheterocycles, involves thermal
reactions between the starting macromolecules. In
various steps of these reactions, new compounds are
formed, whose carbonization yields products of a po-
lycarbon structure with a number of specific proper-
ties. An analysis of these thermal reactions revealed
a particular role of nitrogen atoms in formation of
the carbonizate structure in the initial step of the re-
actions of PAN with the polymers examined; nitrogen
atoms present in the starting polymers affect the prop-
erties of the final carbonization product [6�8]. Since
these effects were mainly observed in reactions of
PAN with various nitrogen-containing polyhetero-
arylenes, we examined in this study thermochemical
reactions of PAN with nitrogen-containing polysac-
charides and their derivatives.

To record changes in the kinetics of thermal reac-
tions of the starting compounds depending on their
structure and ratio and on the heat treatment condi-
tions, we used various methods of thermal analysis in
the dynamic and isothermal modes in the temperature
range 20�1000�C. The reaction products were studied
by elemental analysis, pyrolytic gas chromatography
(PGC), and spectroscopy.

As nitrogen-containing polysaccharides, we used
chitin (CT) and chitosan (CTS), substances with vir-
tually unlimited resources of raw materials, showing
much promise as precursors of carbonized products.
It should be noted that there are no papers focused on
the carbonization of CT and CTS, and also of their
blends with other compounds. Certain aspects of
thermal degradation of CT, CTS, and their blends with
other compounds were considered in [9�16]; accord-
ing to these papers, their degradation, as that of PAN,
involves formation of reactive intermediates which
can react by intra- and intermolecular pathways.

The goal of this study was to determine the condi-
tions and mechanism of carbonization of chitin and
chitosan and of their blends with PAN. CT and CTS
were prepared and pretreated according to [17, 18];
PAN was synthesized using radical (r-PAN) and ani-
onic (c-PAN) catalysts [19].

The kinetics of thermal degradation in a vacuum
was studied by thermovolumetric analysis (TVA); the
thermal oxidative degradation was monitored by TGA
and DTA. The results (Figs. 1, 2) show that the ther-
mal reactions are the most intense in the range 150�
350�C.

Thermal degradation in a vacuum (Fig. 1, curve 1)
follows the mechanism of transformation of r-PAN
into the cyclic analog of PAN, considered in [19].
At 200�C, vigorous release of volatiles is observed,
with a maximum at 215�C and weight loss of 21.5%.
These products mainly consist of nitrogen-containing
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Fig. 1. TVA curves of (1) r-PAN, (2) c-PAN, (3) chitosan,
and (4) chitin. (�P) Pressure change and (T ) temperature.

Fig. 2. (a) TG and (b) DTA curves of (1) r-PAN,
(2) c-PAN, (3) chitosan, and (4) chitin: (�m) weight loss,
(�T ) temperature difference, and (T ) temperature; the same
for Fig. 4.

compounds, such as HCN, NH3, acrylonitrile, and
acetonitrile.

On further heating, at 500�600�C, the rate of the
release of volatiles and their amount appreciably de-
crease, with hydrogen and ammonia becoming preva-
lent. Under these conditions, degradation prevails over
carbonization, and the weight loss of r-PAN reaches
80% at 900�C.

In the case of partially cyclized polyacrylonitrile
(c-PAN), the kinetics of gas release under the same
heating conditions is appreciably different throughout
the temperature range studied (Fig. 1, curve 2). The
gas release occurs with several peaks, but separate
steps cannot be distinguished, in contrast to the case
of r-PAN.

Unexpectedly, the pattern of thermal degradation of
CT and CTS samples, despite the quite different struc-
ture of the starting polymers, is qualitatively similar to
that of r-PAN as regards the release of low-molecular-
weight degradation products. The major amount of
volatiles is released in the ranges 150�315�C from CT
and 200�260�C from CTS. These effects are related
to the breakdown of acetamide- and amine-containing
glucopyranose rings, accompanied by the formation of
a wide variety of low-molecular-weight oxygen- and
nitrogen-containing compounds. The main of these are
water, methanol, pyridine, acetamide, levoglucosan,
and a number of picoline derivatives. On heating to
320�350�C, CT and CTS lose about 70% of their
weight, and at 900�C the amount of the carbonized
residue does not exceed 8�10%. According to PGC,
whose qualitative aspects will be considered later, the
gas release peaks in isothermal heating of CT and
CTS samples are shifted to 300�450�C. Thus, the fair-
ly close coincidence of the temperature ranges in which
the release of volatile thermal degradation products
from PAN, CT, and CTS reaches a maximum sug-
gests that the reactive compounds released from PAN
and the polysaccharides may react with each other
when these compounds are thermolyzed in a blend.

When these polymers are subjected to thermal
oxidative degradation in a self-generated atmosphere,
the temperature of intense thermal reactions occurring
on heating is still narrower (Figs. 2a, 2b). According
to DTA data (Fig. 2b), the peaks of the exothermic
reactions of all the four samples are observed at 260 �
5�C. Hence, this temperature seems to be the best for
performing thermal reactions of the intermediate de-
gradation products. Also, curves in Fig. 2 can be con-
sidered as reference characteristics of the polymers
from which it is possible to evaluate the thermal char-
acteristics of the cocarbonization products. In particu-
lar, from the viewpoint of relative heat resistance,
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r-PAN is the most stable, showing no weight loss up
to almost 300�C; at 800�900�C, its coke residue
varies within 40�50%. Contrastingly, c-PAN starts
to release low-molecular-weight gaseous products of
thermal oxidative degradation even at 150�C; how-
ever, its coke residue at 800�900�C is almost equal to
that of r-PAN. In addition to these characteristics,
recording of thermal effects by DTA reveals differ-
ences in intensities of thermal reactions and, in some
cases, allows characterization of the reactivity of the
intermediates formed in the course of the heat treat-
ment. The DTA curve of r-PAB exhibits a strong exo-
thermic effect at approximately 300�C, accompanied
by a 30% weight loss in 5�7 min, whereas the thermal
effect observed with c-PAN in the same temperature
range is considerably weaker. The endothermic effects
observed in the DTA curves for both PAN samples in
the range 450�600�C deserve particular consideration
with spectroscopic examination of the transformation
products. These effects (peaks at 455 and 545�C for
r-PAN and at 530 and 550�C for c-PAN) can be as-
signed to certain partially ordered domains formed at
temperatures of PAN precarbonization.

As for the kinetics of thermal degradation of CT
and CTS (Fig. 2, curves 3, 4), the highest rate of the
release of volatiles is observed in the same tempera-
ture range as with PAN and is comparable with the
rate of thermal oxidative degradation of c-PAN. The
values of the total thermal effects of degradation of
CT, CTS, and c-PAN are also comparable. It should
be noted, however, that the weight loss in degradation
of CT and CTS in this temperature range is 45�55%,
and on further heating the weight loss in carbonization
is almost equal to the rate of carbonization of PAN;
at 850�900�C the samples almost fully burn out.

Thus, the results of a thermal analysis of all the
samples in hand suggest that, first, all the intermediate
degradation products of these polymers can enter ther-
mal reactions with each other and, second, PAN can
initiate carbonization of CT and CTS; the specific syn-
ergism in cocarbonization with polysaccharides can
be manifested through formation of precarbonizates,
with a simultaneous increase in the coke residue.

To confirm this conclusion, we prepared a series of
polysaccharides whose structure can simulate, to a
certain extent, the intermediates formed in reactions
of cellulose derivatives, CT, and CTS with PAN and
its degradation products. Of particular interest among
these compounds are cellulose derivatives contain-
ing a nitrile group, in particular, cyanoethyl cellulose
(CEC) and cyanoethyl chitosan (CECTS) as products
of the initial step of the reaction between the above

Fig. 3. (a) TG, (b) DTA, and (c) TG + DSC curves of
polymers: (�m) weight loss, (�T ) temperature difference,
(�H ) heat of reaction, and (T ) temperature. (a, b) (1) CEC,
(2) chitosan, and (3) CECTS samples with � = 154�191
(cross-hatched area in Fig. 3a). (c) (1) Chitosan; (2) CECTS,
� = 166; and (3) CECTS, � = 191.

polymers. For thermochemical studies, we chose sev-
eral samples of CECTS with the degree of substitution
�, from 51 to 191 and, for comparison, a CEC sample
with � = 280 [18].

Figure 3 shows as examples the TG and DTA
curves of CEC and CECTS samples, recorded in a self-
generated atmosphere. A comparative kinetic study
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Fig. 4. (a) TG and (b) DTA curves of polymers: (1) CMC;
(2) ACMC, � = 6; and (3) ACMC, � = 25.

of the thermal oxidative degradation of these com-
pounds demonstrated that the coke residue of CECTS
is within 10�18% and grows with increasing degree of
substitution. The coke residue is similar to that ob-
tained with unsubstituted CTS; appreciable differences
are observed only in the initial step of degradation,
corresponding to the release of sorbed water. As for
CEC, although it fully burns out at 800�C, it consider-
ably surpasses CECTS in the heat resistance, being
comparable with PAN at temperatures below 300�C.
This fact shows that the nitrile groups noticeably
enhance the heat resistance of cellulose derivatives
and affect the carbonization mechanism.

The effect of cyanoethylation of hydroxy groups
in the glucopyranose unit of chitosan is still more
pronounced when the thermal effects accompanying
thermal oxidative degradation of CTS and CEC are
considered (Fig. 3b). The degree of substitution in
CECTS exerts a certain effect on the shape of the DTA

curves (Fig. 3b, curve 3). These curves noticeably dif-
fer from those obtained with CTS and CEC (Fig. 3b,
curves 1, 2). It should be noted that, with substituted
CTS samples, we revealed for the first time noticeable
differences in the thermal effects of carbonization
above 500�C. A similar pattern is observed in thermal
degradation of the same CEC and CECTS samples in
a vacuum. Such differences were observed, according
to DSC, even in carbonization of small samples in a
nitrogen atmosphere (Fig. 3c). It is clearly seen that
the CECTS samples with � = 191 show endothermic
effects at 571 and 703�C. The rate of the weight loss
in this step of carbonization remains the same for all
the samples.

The other compounds simulating the possible prod-
ucts of thermal reactions of PAN with polysaccharides
are graft copolymers of PAN with cellulose deriva-
tives. These include copolymers of allyl carboxymeth-
yl cellulose (ACMC) with PAN, prepared using radi-
cal catalysts, with the degree of substitution with allyl
groups, �A = 6, and degrees of grafting, C, from 130 to
670. To reveal the role of allyl groups in ACMC and
the influence of their content, we studied the samples
with �A = 20 and 25, and also a CMC sample. Ac-
cording to the TG and DTA curves recorded in the
self-generated atmosphere, the course of degradation
of these compounds is qualitatively similar to that of
cellulose under similar conditions [20], but quantita-
tive differences in the heat resistance are noticeable.
The CMC sample is more stable than ACMC with
�A = 25 but less stable than ACMC with �A = 6.

Similar trends were observed in a comparative
study of cellulose allyl and sulfoethyl ethers [21]. The
allyl groups exert a dual effect. On the one hand, allyl
groups form primary cross-links on heating the sam-
ples to 120�200�C. On the other hand, these groups
are readily oxidized, which results in an accelerated
weight loss on heating. Figure 4a shows that, at a
higher degree of substitution of ACMC (� = 25),
cross-linking prevails, enhancing the heat resistance
of the sample as compared to that with � = 6. As for
CMC (Fig. 4a, curve 1), this ether degrades to a lesser
extent in the initial steps of heat treatment, approach-
ing in the heat resistance unsubstituted cellulose. This
is confirmed by comparison of thermal effects ob-
served in thermal oxidative degradation of the samples
(Fig. 4b).

As for thermal degradation of ACMC�PAN co-
polymers (Figs. 5, 6), grafting of PAN to the allyl
groups of ACMC appreciably affects the course of
the reactions occurring in the samples on heating.
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The curves of thermal degradation in a vacuum (Fig. 5)
show that the pattern observed with the graft copoly-
mer is a superposition of the patterns characteristic of
ACMC and r-PAN. As the degree of PAN grafting to
ACMC is increased from 130 to 670, the relative in-
tensities of the corresponding peaks are redistributed.
For example, the characteristic peak of thermal trans-
formation of PAN into the cyclic state (peak at
215�C) has almost the same intensity in the case of
the PAN�ACMC copolymer with C = 670 and is ill-
defined at C = 130. At the same time, the sample
with C = 130 (curve 2) exhibits a well-defined peak of
thermal degradation of ACMC (maximum at 182�C).
On further heating of the copolymer, certain character-
istic features of PAN degradation in the range of low-
temperature carbonization are seen (broadened peaks
at 450�500�C), but the peaks at 340 and 535�C char-
acteristic of ACMC are fully absent. In the range
750�870�C, the copolymer exhibits gas-release peaks
characteristic of high-temperature degradation of the
carbonized ACMC residue, but these peaks are some-
what shifted to higher temperatures. A similar pattern
is observed with the other copolymer samples with C
in the range from 130 to 670.

The TG curves in Fig. 6, recorded under conditions
of limited thermal oxidation (self-generated atmos-
phere), show how the coke residue depends on the
degree of PAN grafting to ACMC. As the degree of
grafting grows, the coke residue noticeably increases:
from 13 for ACMC without grafted PAN to 52 for
the copolymer with C = 670. The grafting of PAN to
ACMC also enhances the heat resistance of the co-
polymer in the low-temperature range (75�250�C). It
is particularly interesting that, at high degrees of PAN
grafting (from 470 to 670) (Fig. 6, curves 5�7), the
coke residue of the copolymers is 10�14% higher,
compared to PAN homopolymer. These observations
suggest that the carbonization of the graft copolymers
above 400�C occurs by the mechanism differing from
that observed with PAN and ACMC. This is indicated
by the pattern of thermal effects accompanying the
carbonization of the homopolymer and copolymers
with a high PAN content (Fig. 7). These results sug-
gest the occurrence of a directional carbonization of
ACMC, with blocking of the reactive groups of cel-
lulose; this process may occur simultaneously or suc-
cessively with intramolecular cyclization of PAN side
chains in the graft copolymer. Our results show that
the bonding of cellulose macromolecules with acrylo-
nitrile (CEC) or polyacrylonitrile (PAN�ACMC) ap-
preciably increases the carbonizate yield under opti-
mal cocarbonization conditions.

Fig. 5. TVA curves of (1) ACMC, � = 25; (2) PAN�ACMC,
C = 130; (3) PAN�ACMC, C = 670; and (4) r-PAN.

Fig. 6. TG curves of (1) ACMC and (2�6) ACMC�PAN
with C (2) 130, (3) 220, (4) 370, (5) 470, and (6) 620.
(�m) Weight loss and (T ) temperature.

Fig. 7. DTA curves of carbonization of (1) ACMC,
(2) r-PAN, and (3�5) r-PAN�ACMC copolymers with
C (3) 470, (5) 620, and (6) 670. (�T ) Temperature dif-
ference and (T ) temperature.
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CONCLUSIONS

(1) In cocarbonization, the carbonized structures
of cellulose ethers and polyacrylonitrile affect each
other, so that the coke residue becomes higher than
that obtained with polyacrylonitrile under the same
conditions.

(2) Pathways of thermal reactions of chitin and
chitosan with polyacrylonitrile were determined in
experiments with the model compounds (cyanoethyl
cellulose, cyanoethyl chitosan, and graft copolymers
of cellulose ethers and polyacrylonitrile).
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Abstract�The influence of the composition of lignocarbohydrate vegetable raw materials, process duration
(15�120 min), amount of hydrogen peroxide (0.1�0.9 g per gram of raw materials), and amount of ammonia
(0.25�1.5 g per gram of raw materials) on the yield of the target product and on the nitrogen content and
the content of functional groups in it in mechanochemical treatment of vegetable wastes with hydrogen per-
oxide in aqueous ammonia (oxidative ammonolysis) was studied. Sorption and agrochemical testing of the re-
sulting samples as nitrogen-containing ion exchangers and fertilizers was performed.

In treatment of wood and other vegetable raw ma-
terials, significant amounts of wastes (bark, sawdust,
straw, etc.) are formed. At present, these wastes are
not utilized. The promising way of utilization of these
wastes is their use as raw materials for production of
fertilizers and sorbents [1, 2].

For production of nitrogen-containing fertilizers
from wood bark, a procedure involving treatment of
raw materials with oxygen in aqueous ammonia (ox-
idative ammonolysis) has been suggested [1, 3]. The
main drawbacks of this procedure are elevated tem-
perature (75�200�C), oxygen pressure of up to 8 MPa,
and rather low content of nitrogen in the resulting
fertilizer (1�3.5%).

A mechanochemical procedure for production of
nitrogen-containing fertilizers and sorbents based on
wood by oxidation with ammonia solution of am-
monium persulfate at 20�C and atmospheric pressure
has been developed previously [4]. However, practical
implementation of the procedure is limited by the high

cost of ammonium persulfate and its relatively high
expenditure. Publications on oxidation of vegetable
raw materials with hydrogen peroxide in aqueous am-
monia are virtually lacking.

In this study, we examined the influence of the
conditions of oxidation with hydrogen peroxide in
aqueous ammonia on the yield and characteristics of
nitrogen-containing derivatives of lignocarbohydrate
materials produced by mechanochemical oxidative
ammonolysis.

EXPERIMENTAL

As the raw materials we used air-dry sawdust
(0.5-mm fraction) of the following lignocarbohydrate
materials (LCHM): birch wood, aspen wood, pine
wood, flax shive, and sunflower and buckwheat husk.
The raw materials were analyzed by the procedure de-
scribed in [5]. The data obtained are listed in Table 1.
The target product of oxidative ammonolysis is the sol-

Table 1. Characteristics of nitrogen-containing lignocarbohydrate materials (LCHMs) (milling duration 60 min; 0.3 g
of H2O2 and 0.25 g of NH3 per gram of raw materials)
������������������������������������������������������������������������������������

Initial LCHM sample
� Content in the initial samples, % �

Yield,
� Content in modified LCHM, %

������������������������������������� ������������������������
�cellulose� lignin � N � COOH � OCH3 �

%
� N � COOH � OCH3

������������������������������������������������������������������������������������
Wood: � � � � � � � � �

birch � 45.8 � 19.6 � 0.5 � 2.2 � 5.5 � 96.5 � 1.8 � 3.5 � 5.1
aspen � 49.6 � 21.2 � 0.6 � 2.1 � 5.7 � 94.7 � 2.5 � 4.2 � 4.8
pine � 53.8 � 26.1 � 0.5 � 2.4 � 4.8 � 93.8 � 3.1 � 4.9 � 2.6

Sunflower husk � 31.9 � 29.3 � 0.7 � 2.8 � 3.9 � 91.5 � 3.6 � 6.3 � 3.1
Flax shive � 36.3 � 31.7 � 0.7 � 2.9 � 3.4 � 89.4 � 4.3 � 7.4 � 2.7
Buckwheat husk � 35.9 � 34.6 � 0.9 � 3.1 � 3.2 � 88.3 � 4.6 � 7.9 � 2.4
������������������������������������������������������������������������������������
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Table 2. Influence of duration of mechanochemical syn-
thesis on the characteristics of the products of pine wood
oxidation with a mixture of hydrogen peroxide and am-
monia (0.3 g of H2O2 and 0.25 g of NH3 per gram of raw
materials)
����������������������������������������

Time,
�

Yield,
� Content, %

� ������������������������
min

�
%

� N � COOH � OCH3
����������������������������������������

� � � � 0.5 � 2.4 � 4.8
15 � 94.6 � 1.2 � 2.9 � 4.1
30 � 95.2 � 1.9 � 3.5 � 3.5
45 � 94.3 � 2.4 � 4.2 � 2.9
60 � 93.8 � 3.1 � 4.9 � 2.6
75 � 92.5 � 3.3 � 5.8 � 2.3
90 � 92.1 � 3.7 � 6.7 � 2.2

120 � 90.6 � 3.9 � 7.2 � 2.1
����������������������������������������

id residue insoluble in the reaction mixture and con-
taining nitrogen atom and carboxy groups. The pro-
cess was carried out as follows. A 3.0-g weighed por-
tion of the 0.5-mm fraction of sawdust of vegetable
raw materials was placed in a cylindrical reactor of
a 300 cm3 vibrational mill (IV-98B vibrator, frequen-
cy 2800 min�1) with 15 steel rods (10 � 100 mm).

Into a temperature-controlled reactor, a 30% solu-
tion of hydrogen peroxide (0.1�0.9 g H2O2 per gram
of the raw materials) and a 25% solution of ammonia
(0.25�1.5 g of NH3 per gram of the raw materials)
were introduced, and the mixture was subjected to in-
tensive mechanical grinding at 25�C for 15�120 min.
Then, the reaction mixture was discharged from the
mill and separated from the milling bodies. The prod-
ucts were washed with distilled water to pH 6�7 and
dried in a desiccator to constant weight, and the yield
was determined (percent relative to the weight of the
raw materials).

The content of bound nitrogen in the product was
determined by the Kjeldahl procedure [6]; the content
of carboxyl groups, by conductometric back-titration
[7]; and the amount of methoxyl groups, by the Zeisel
method using gas�liquid chromatography [7]. The
agrochemical testing of the resulting products as ni-
trogen-containing fertilizers for peas was carried out
by the method of vegetation experiments, in which
the plant height, the weight of the dry substance, and
the chlorophyll content in the plant were determined
as the growth index [8]. The sorption capacity of ni-
trogen-containing derivatives of pine wood for cations
of some d elements was determined under equilibrium
conditions, using the p�rocedure described in [2].

As can be seen from Table 1, the ammonolysis
products are obtained from various types of wood in
a somewhat higher yield than from other lignocarbohy-
drate materials (nonwood vegetable raw materials),
which may be due to oxidative degradation of lignin
and polysaccharides contained in these raw materials
during mechanochemical oxidation in aqueous ammonia.

It was found that lignocarbohydrate materials con-
taining greater amount of lignin undergo ammonolysis
more efficiently. The products of ammonolysis of
nonwood vegetable raw materials contain a lower
amount of methoxy groups than the products based on
various types of wood, excluding pine wood. This
may be due to the structural features of lignins of
annuals and pine, high content of nonmethoxylated
p-hydroxyphenylpropane and guaiacyl structures [5],
an also their high reactivity in ammonolysis (Table 1).
Variation of the functional composition of vegetable
raw materials was considered for pine wood as an ex-
ample. The influence of the duration of mechano-
chemical treatment on the composition of the products
of oxidative ammonolysis of pine wood is illustrated
by Table 2.

Table 2 shows that, with increasing duration of
mechanical milling of wood in the presence of hydro-
gen peroxide in the ammonia medium, the content of
bound nitrogen and carboxy groups steadily increases,
i.e., the oxidative binding of nitrogen takes place.
Oxidation of wood in the ammonia medium results
in demethylation with the loss of approximately 25�
55% of methoxy groups of their initial content. With-
in 90 min from the beginning of the reaction, up to
3.7% N is incorporated into the wood composition.
With increasing process duration, the yield of the re-
sulting products decreases, apparently, due to growing
extent of mechanochemical degradation of wood in
the ammonia medium (Table 2).

The influence of the amount of oxidizing agent
(hydrogen peroxide) on the functional composition
of nitrogen-containing derivatives of pine wood was
studied. The results obtained (Table 3) show that,
with increasing amount of hydrogen peroxide per
gram of raw materials, the product yield decreases.
This is apparently caused by oxidative mechanochem-
ical degradation of wood. With the content of oxidiz-
ing agent increasing from 0.1 to 0.6 g per gram of raw
materials, the content of carboxy groups increases
from 2.9 to 7.1%, i.e., oxidation of wood is enhanced
with parallel binding of nitrogen.

Further increase in the amount of hydrogen perox-
ide to 0.9 g per gram of raw materials does not result
in a significant oxidation of wood. In this case, an in-
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crease in content of the hydrogen peroxide results in
oxidative demethylation of wood with the loss of 10�
65% of methoxy groups relative to their initial amount
(Table 3).

The influence of the amount of ammonia on the
characteristics of nitrogen-containing derivatives of
pine wood is shown in Table 4. With increasing
amount of ammonia per gram of raw materials, the
yield of nitrogen-containing derivatives of wood
somewhat decreases due to degradation.

Raising the ammonia content results in a steady
increase in the content of bound nitrogen and carboxy
groups in the products of oxidative ammonolysis of
pine wood (Table 4). The demethylation of the re-
sulting products is caused by a rise in the degree of
ammonolysis with increasing content of ammonia.

To establish the nature of bound nitrogen, the re-
sulting products were hydrolyzed by boiling with
1 M sodium hydroxide [7]. It was found that approx-
imately 15�35% of bound nitrogen (ammonium and
amide) is eliminated in hydrolysis, and the remaining
amount of nitrogen (65�85%) is firmly bound in
organic structures (amine and heterocyclic), in good
agreement with published data on oxidative am-
monolysis of lignin [7].

The product containing 3.7% bound nitrogen was
tested as a nitrogen-containing fertilizer for peas of
the �Sakharnyi� variety. It was shown that nitrogen-
containing derivatives of pine wood stimulate the pea
plant growth by 25�30%, increasing the total biomass
by 45�60% and the chlorophyll content in the plants
by 58�113%.

Hence, nitrogen-containing derivatives of pine
wood stimulate pea growth and can be used as ni-
trogen-containing organic fertilizers for crops.

Data on sorption capacity of nitrogen-containing de-
rivatives of pine wood with respect to Zn2+, Cd2+,
and Cu2+ cations are given in Table 5.

As the experimental results show, the sorption
capacity of the products of oxidative ammonolysis of
wood with respect to the series of the cations studied
depends on the content of nitrogen and COOH groups
in these products.

The static exchange capacity (SEC) of nitrogen-
containing derivatives of wood is fairly high for all
the cations studied, which is caused by the high con-
tent of carboxy groups (Table 5).

The high sorption capacity of the products of oxi-
dative ammonolysis of wood with a high content of

Table 3. Influence of the amount of hydrogen peroxide
on the characteristics of nitrogen-containing derivatives
of pine wood (milling duration 60 min, 0.25 g of NH3
per gram of raw materials)
����������������������������������������

Amount of
�

Yield,
� Content, %

� ���������������������
H2O2, g g�1

� % � N � COOH � OCH3
����������������������������������������

0.1 � 97.4 � 1.8 � 2.9 � 4.3
0.2 � 96.8 � 2.5 � 4.1 � 3.4
0.3 � 93.8 � 3.1 � 4.9 � 2.6
0.4 � 92.1 � 3.4 � 5.7 � 2.3
0.5 � 90.3 � 3.8 � 6.5 � 2.1
0.6 � 89.5 � 4.2 � 7.1 � 1.9
0.9 � 87.2 � 4.7 � 7.8 � 1.5

����������������������������������������

Table 4. Influence of the ammonia amount on the char-
acteristics of nitrogen-containing derivatives of pine wood
(milling duration 60 min, 0.3 g of H2O2 per gram of raw
materials)
����������������������������������������

Amount of
�

Yield,
� Content, %

� ���������������������
NH3, g g�1

� % � N � COOH � OCH3
����������������������������������������

0.25 � 93.8 � 3.1 � 4.9 � 2.6
0.5 � 92.4 � 3.7 � 5.4 � 2.4
0.75 � 91.2 � 4.8 � 5.9 � 2.3
1.0 � 90.5 � 5.3 � 6.5 � 2.1
1.25 � 89.7 � 5.8 � 6.9 � 2.0
1.5 � 88.5 � 6.2 � 7.4 � 2.0

����������������������������������������

Table 5. Sorption power of nitrogen-containing derivatives
of pine wood with respect to transition metal ions (con-
centration of MSO4 solution 0.05 g-equiv l�1)
����������������������������������������

Sample
� Content, % � SEC, mg-equiv g�1

��������������������������������
� N � COOH � Zn2+ � Cd2+ � Cu2+

����������������������������������������
Initial � 0.5 � 2.4 � 0.7 � 0.8 � 1.0

1 � 1.9 � 3.5 � 2.5 � 3.2 � 3.8
2 � 3.7 � 6.7 � 3.6 � 4.4 � 4.7

����������������������������������������

COOH groups, which contain up to 3.7% nitrogen,
for multicharged cations is due to their chelating
properties.

Thus, the products of oxidative ammonolysis of
pine wood can be used as effective sorbents transi-
tion metal cations in their recovery from dilute solu-
tions.
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CONCLUSIONS

(1) In oxidative ammonolysis of various vegetable
raw materials with an ammonia solution of hydrogen
peroxide, samples of lignocarbohydrate materials con-
taining a larger amount of lignin are oxidized to
a greater extent.

(2) Depending on the oxidation conditions, the
products of oxidative ammonolysis of pine wood con-
tain up to 6.2% organic bound nitrogen and up to
7.8% carboxy groups. Nitrogen-containing derivatives
of wood contain 15�35% weakly bound (ammonium
and amide) and 65�85% firmly bound (amine and
heterocyclic) nitrogen relative to its total amount.

(3) Oxidative ammonolysis of pine wood with hy-
drogen peroxide in ammonia medium is accompanied
by demethylation with loss of up to 65% of OCH3
groups of their total amount.

(4) The resulting nitrogen-containing products have
a high sorption capacity for Zn2+, Cd2+, and Cu2+

cations (SEC 2.5�4.7 mg-equiv g�1) and can also
be used as organic fertilizers.
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Abstract�The influence of conditions of alkaline activation on xanthation of pine wood with mechanochem-
ical preactivation was studied. It was shown that the duration of alkaline preactivation and the amount of
sodium hydroxide exert a decisive effect on the degree of conversion of wood. The resulting macromolecular
compounds are soluble in aqueous alkaline solutions and form viscous solutions.

Xanthation of cellulose, aimed at production of
viscose fibers and films, is based on preparation of
cellulose esters by the reaction of alkaline cellulose
with carbon disulfide and is widely used in production
of chemical fibers [1]. There are published data on
the reaction of individual carbohydrate components
of wood (cellulose, oligosaccharides, and hemicellu-
loses) with carbon disulfide in the presence of sodium
hydroxide [2]. However, published data on direct
xanthation of lignin, wood, and other lignocarbohy-
drate materials are virtually lacking.

A mechanochemical procedure for xanthation of
wood and other lignocarbohydrate materials for pro-
duction of water-soluble surfactants and fertilizers has
been developed previously [3]. Here we describe how
the conditions of alkaline pretreatment of pine wood
affect the characteristics of water-soluble sulfur-con-
taining polymers produced by its xanthation.

EXPERIMENTAL

A 0.5-mm fraction of air-dry sawdust of pine wood
was used as the raw material. Composition of the
raw materials (%): lignin determined by the Komarov
method, 26.1; cellulose determined by the K�urschner
method, 53.8; hemicellulose determined by the Wise
method, 17.6. The content of hydroxy groups deter-
mined by the Werley acetylation method in the pres-
ence of pyridine [4] was 23.5%.

The sulfur content in the resulting products was de-
termined by the Schoeniger method using the proce-
dure described in [5] (error 0.1%). The degree of con-

version of hydroxy groups in xanthation, �, was eval-
uated as the ratio of the content of bound sulfur, de-
termined analytically, to the theoretical content (20.5%)
evaluated from the content of hydroxy groups.

The xanthation procedure has been described pre-
viously [3]. Xanthation of wood involves mechano-
chemical activation in the presence of sodium hy-
droxide with and without addition of water, followed
by xanthation proper. The reaction products were
washed to remove thio salts with 5% solution of ace-
tic acid in ethanol (50�100 ml) to pH 3�4 an then
with ethanol to negative reaction for S2� ion with
lead(II) nitrate. The presence of thio salts in the fil-
trates was tested spectrophotometrically on an SF-46
spectrophotometer at � = 335 nm (absorption of so-
dium trithiocarbonate).

The influence of the following factors on the char-
acteristics of products of pine wood xanthation was
studied: duration of alkaline pretreatment, amount of
reactants, and duration of xanthation. In particular,
we determined the solubility of these products in 5%
solution of sodium hydroxide and the specific viscos-
ity of the resulting solutions on an Ubbelohde vis-
cometer (d = 0.65 mm) at 20�C according to the pro-
cedure described in [6].

The influence of duration of pine wood xanthation
on the sulfur content in the resulting products, their
solubility in aqueous alkali solution, and specific vis-
cosity of solutions �sp is illustrated in Table 1.

With increasing duration of pine wood xanthation
from 10 to 30 min, the sulfur content in the result-
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Table 1. Influence of duration of pine wood xanthation on
the characteristics of the resulting products (molar ratio
OH : NaOH : CS2 = 1 : 1 : 1, duration of alkaline activa-
tion 10 min)
����������������������������������������
Xanthation� Sulfur �Degree of � Solubility �
duration, � content, � conversion� in 5% � �sp

min � % � � � NaOH, % �
����������������������������������������

10 � 1.1 � 0.05 � 32 � 1.02
20 � 2.1 � 0.11 � 34 � 1.04
30 � 3.5 � 0.18 � 40 � 1.09
40 � 3.5 � 0.18 � 40 � 1.09
50 � 3.0 � 0.15 � 39 � 1.05

����������������������������������������

Table 2. Influence of duration of alkaline activation on
the characteristics of products of pine wood xanthation
(molar ratio OH : NaOH : CS2 = 1 : 1 : 1, xanthation dura-
tion 30 min)
����������������������������������������

Duration of � Sulfur � Degree of � Solubility
alkaline � content, � conversion � in 5%

activation, min � % � � � NaOH, %
����������������������������������������

� � 2.4 � 0.12 � 34
5 � 2.8 � 0.14 � 38

10 � 3.5 � 0.18 � 40
20 � 3.5 � 0.18 � 41
30 � 3.7 � 0.18 � 39
40 � 3.7 � 0.18 � 34

����������������������������������������

Table 3. Influence of NaOH : OH ratio on the character-
istics of xanthation products of pine wood Molar ratio
OH : CS2 = 1 : 1, duration of alkaline activation 10 min,
xanthation duration 30 min
����������������������������������������

Molar � Sulfur � Degree of � Solubility
ratio � content, � conversion � in 5%

OH : NaOH � % � � � NaOH, %
����������������������������������������

� � 2.3 � 0.11 � 30
1 : 0.5 � 2.7 � 0.14 � 33
1 : 1 � 3.7 � 0.18 � 39
1 : 1.5 � 3.5 � 0.17 � 40
1 : 2 � 3.5 � 0.17 � 41
1 : 2.5 � 2.7 � 0.14 � 40
1 : 3 � 1.9 � 0.09 � 39

����������������������������������������

ing products and the degree of conversion of wood
increase. The maximum solubility was observed for
the product containing 3.5% S (Table 1).

Further increase in xanthation duration to 40�50 min
results in a certain decrease in the content of bound
sulfur and in the solubility. This trend is accounted
for by side process of formation of thio salts and

mechanochemical degradation, disturbing the xantha-
tion equilibrium.

Data on the influence of duration of mechanochem-
ical alkaline pretreatment on the sulfur content, solubil-
ity of the resulting products, and degree of conversion
of pine wood in xanthation are presented in Table 2.

With the duration of alkaline preactivation increas-
ing from 5 to 30 min, the content of bound sulfur in
the xanthation products increases. The degree of con-
version of wood varies insignificantly and is 18% af-
ter alkaline treatment for 30�40 min. These data show
that, with increasing duration of alkaline preactivation,
the solubility of the products decreases, which is ap-
parently caused by alkaline degradation occurring
upon prolonged mechanochemical action. Therefore,
we selected for further studies the optimum duration
of alkaline treatment of pine wood equal to 10 min.

Data on the influence of the amount of sodium
hydroxide added in the stage of alkaline preactivation
on the degree of conversion, solubility, and sulfur
content in the xanthation products are presented in
Table 3.

It was found that the increase in the molar ratio
from 0.5 to 1.5 results in a higher content of bound
sulfur in the xanthation products and a higher degree
of conversion of wood. Further increase in the amount
of sodium hydroxide to 2�3 mol per mole of OH
groups of wood is accompanied by a certain decrease
in the sulfur content.

An increase in the sodium hydroxide concentra-
tion decelerates xanthation of wood, which can be
accounted for by binding of free NaOH to form thio
salts by the reaction

6NaOH + 2CS2

� Na2S + Na2CO3 + Na2CS3 + 3H2O. (1)

The optimal molar ratio OH : NaOH is 1 : 1. The
influence of the content of water in the reaction mix-
ture, added in the stage of alkaline preactivation, on
the xanthation of wood is illustrated by Table 4.

An increase in the amount of water from 1 to 4 mol
results in that the content of bound sulfur and the
solubility grow, apparently, due to enhancement of
hydration. Further increase in the water content in
the reaction mixture to above 4 mol is accompanied
by a certain decrease in the sulfur content and also in
the solubility of the products, apparently due to par-
tial saponification of the resulting wood xanthates
and formation of thio salts. The maximum amount of
reacted hydroxy groups is 34%.
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Table 4. Influence of water content on the characteristics
of products of pine wood xanthation (molar ratio OH :
NaOH : CS2 = 1 : 1 : 1, duration of alkaline activation
10 min, xanthation duration 30 min)
����������������������������������������

Molar � Sulfur � Degree of � Solubility
ratio � content, � conversion � in 5%

OH : H2O � % � � � NaOH, %
����������������������������������������

� � 3.7 � 0.18 � 39
1 : 1 � 4.1 � 0.21 � 41
1 : 2 � 4.5 � 0.22 � 49
1 : 3 � 5.9 � 0.30 � 56
1 : 4 � 6.9 � 0.34 � 60
1 : 5 � 6.0 � 0.30 � 57
1 : 6 � 6.0 � 0.30 � 55

����������������������������������������

Data on the influence exerted by the amount of
carbon disulfide added on the sulfur content and the
solubility of the products of wood xanthation in aque-
ous alkaline solution are listed in Table 5.

With the amount of carbon disulfide increasing
from 1 to 2.5 mol, the content of bound sulfur in the
products of wood xanthation grows. Further increase
in the amount of this reactant to 3�4 mol per mole
does not result in variation of the sulfur content,
which is apparently caused by side reactions, namely,
by saponification of xanthates and their mechano-
chemical degradation, and also by formation of thio
salts. The degree of conversion of wood in xanthation,
evaluated from the sulfur content, suggests that, under
the conditions studied, 5�44% of the hydroxy groups
of wood had reacted (Tables 1�5).

The influence of various process conditions can
be estimated from variation of the specific viscosity
of the products of wood xanthation. In prolonged al-
kaline activation and at high ratios of the reactants,
the specific viscosity decreases (figure), which is
caused by the prevalence of alkaline and mechano-
chemical degradation of the main components of
wood under these conditions.

As can be seen from the figure, the dependences
of the specific viscosity of alkaline solutions of wood
xanthate on the main parameters of alkaline activation
pass through a maximum. This is apparently caused
by the competition of two parallel processes occurring
in wood xanthation: formation of xanthates and their
degradation with partial dissolution of the main com-
ponents of wood in the reaction medium with varia-
tion of the process conditions.

Thus, the products of wood xanthation have 30�
75% solubility in aqueous alkaline solutions and form

Table 5. Influence of the amount of carbon disulfide on
the characteristics of the products of pine wood xanthation
(molar ratio OH : NaOH : H2O = 1 : 1 : 4, duration of
alkaline activation 10 min, xanthation duration 30 min)
����������������������������������������

Molar � Sulfur � Degree of � Solubility
ratio � content, � conversion � in 5%

OH : CS2 � % � � � NaOH, %
����������������������������������������

1 : 1 � 6.9 � 0.34 � 60
1 : 1.5 � 7.0 � 0.35 � 65
1 : 2 � 7.8 � 0.39 � 69
1 : 2.5 � 8.7 � 0.44 � 74
1 : 3 � 8.7 � 0.44 � 75
1 : 3.5 � 8.8 � 0.44 � 70
1 : 4 � 8.8 � 0.44 � 68

����������������������������������������

highly viscous solutions. Alkaline activation of wood
significantly affects the characteristics of the xantha-
tion products. The resulting products can be used as
polymeric surfactants.

CONCLUSIONS

(1) Macromolecular products containing up to
8.8% bound sulfur and having solubility in aqueous-
alkaline solutions of up to 75% were obtained by xan-

Specific viscosity of the products of pine wood xan-
thation �sp vs. (a) duration of alkaline pretreatment t
and (b) molar ratio OH : NaOH.
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thation of pine wood with mechanochemical preac-
tivation.

(2) The stage of alkaline preactivation of raw
materials exerts the decisive influence on wood xan-
thation and characteristics of the resulting products.
Within 30 min of xanthation, up to 44% of hydroxy
groups of wood react with carbon disulfide.
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Abstract�A procedure based on X-ray fluorescence and inductively coupled plasma with mass spectrometric
recording was developed for express determination of the content of sulfur and halogen-containing compounds
in benzine and kerosene oil fractions. Oxygen-containing compounds in gasolines and reforming products
were identified by chromatography-mass spectrometry.

The requirements to the quality of motor fuels (in
particular, to gasoline) become increasingly strin-
gent [1]. Heteroatomic compounds (S-, O-, N-, and
chlorine-containing products) strongly affect the gas-
oline quality. The major part of these compounds is
removed by hydrofining, but their certain fraction is
retained in the final product.

In this study we developed reliable procedures for
quantitative determination of heteroorganic compounds
in raw materials and benzine components, and also in
reforming products from the Ryazan Oil Refining
Plant, Joint-Stock Company (RORP).

EXPERIMENTAL

The samples of the initial raw materials, cata-
lyzates, and stable and unstable hydrogenizates were
taken from installations for primary (AT-6) and sec-
ondary oil refining [hydrofining of benzine, kerosene,
diesel oil, and other reforming products, namely,
L-35/8-300 (benzene), L-35/5-300 (xylene), L-35/11-
300 (12/1, benzine)] and for hydrofining of kerosene
(24/600) at the Ryazan Oil Refining Plant. The con-
tents of sulfur and organic chlorine were determined
by X-ray fluorescence analysis (RF) [2] using a Spec-
troscan spectrometer and by the method of inductively
coupled plasma with mass spectrometric recording
(ICP-MS). The comparative study of products from
the entire cycle of production of high-octane gasolines
was performed by IR Fourier spectrometry (IR-FS) [3]
on an FSM 1201 unit.

The oxygen- and nitrogen-containing compounds
in the samples were identified by gas chromatogra-
phy-mass spectrometry (GC-MS) according to the
procedure given in [4], using the MassLab and Amdis
software and databases.

The highest content of sulfur was determined in the
feed of the 24/600 installation. The 105-140 (feed of
L-35/5-300) and 115�180�C fraction contain 0.0353
and 0.0487 wt % sulfur, respectively. The feed of the
installation for benzene reforming, (62�85�C, L-35/8-
300) and 85�105�C fraction (feed of L-35/6-300) con-
tain 0.0128 and 0.0184 wt % sulfur, respectively.

The content of sulfur in the wide benzine fraction,
85�180�C, supplied to benzine reforming and in ben-
zine from the K-8 fractionating column (AT-6 instal-
lation) varies from 0.054 to 0.062 wt %.

Due to hydrofining, the content of sulfur in stable
hydrogenates and catalyzates obtained from the above
installations decreases to 0.0005 wt%, whereas in im-
ported gasoline, its content is as high as 0.0098 wt %.

The IR spectrum of the straight-run naphtha from
the K-8 column (AT-6) exhibits a broad strong ab-
sorption band of the methylene groups of alkanes and
naphthenes at 2850�2980 cm�1. The presence of meth-
ylene groups in alkanes and in paraffins and cyclic
compounds (C5�C6) is confirmed by a doublet at 1365�
1395 and a singlet at 750 cm�1, respectively. The con-
tent of arenes in naphtha is low, which is confirmed by
a weak band at 1580 cm�1. The carboxy and hydroxy
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Table 1. Content of chlorine, bromine, and iodine in feed, hydrogenizates, and catalyzates from various installations
at the RORP Join-Stock Company
������������������������������������������������������������������������������������

Installation, product
� Cl � Br � I
�����������������������������������������������������
� c � 10�4, wt %

������������������������������������������������������������������������������������
AT-6, desalinated oil � 16.0 � 3.9 � 6.4
24/600, feed � 13.0 � 1.8 � 5.5
24/600, hydrofined kerosene � 1.8 � 0.7 � 2.4
Å™-6, naphtha from K-8 � 11.0 � 2.5 � 5.6
L-35/5-300, feed � 10.0 � 2.1 � 5.8
L-35/5-300, catalyzate � 2.1 � 0.75 � 3.2
L-35/5-300, unstable hydrogenizate � 1.5 � 0.6 � 3.0
L-35/5-300, stable hydrogenizate � 1.2 � 0.5 � 2.9
L-35/11-300, feed � 9.0 � 1.8 � 4.6
L-35/11-300, stable catalyzate � 3.0 � 1.0 � 3.2
L-35/11-300, unstable hydrogenizate � 1.7 � 1.0 � 0.9
L-35/11-300, stable hydrogenizate � 1.3 � 0.75 � 0.84
L-35/8-300, feed � 8.0 � 2.5 � 5.1
L-35/8-300, catalyzate � 1.7 � 1.0 � 0.9
L-35/8-300, unstable hydrogenizate � 1.3 � 0.65 � 2.2
L-35/11-300, stable hydrogenizate � 1.0 � 0.6 � 2.1
12/1, 62�70�C fraction � 1.1 � 0.8 � 0.9
12/1, 70�115�C fraction � 5.0 � 1.8 � 1.3
L-35/11-1000, feed � 8.0 � 1.3 � 1.4
12/1, 115�180�C fraction � 7.0 � 2.0 � 1.6
������������������������������������������������������������������������������������

groups in naphtha are almost absent; the absorption
bands corresponding to these groups are very weak.

As can be seen from the IR spectrum of the cata-
lyzate (L-35/11-300 installation), it is enriched in
arenes (1580 cm�1), whereas the content of alkanes is
smaller than that in the initial naphtha (180�C dry
point).

According to the IR spectra, there are no arenes
in light benzine from the E-201 tank (L-35/11-300 in-
stallation). The intensity ratio of the absorption bands
in the IR spectra of unstable catalyzate sampled from
the S-1 separator (L-35/11-300 installation) and hy-
drogenizate differ from that in the feed. The IR spec-
trum of the stable catalyzate from this installation ex-
hibits strong absorption bands of arenes at 700�740,
1580, and 3080 cm�1.

The IR data indicate that the 62�70 and 70�115�C
fractions contain almost no arenes; these fractions
predominantly consist of alkanes, isoalkanes, and
naphthenes (strong absorption band at 750 cm�1).

Organic halogens were determined by combustion
of the oil product sample, with subsequent absorption
of the combustion products with soda and analysis
by ICP-MS.

As can be seen from Table 1, the content of or-
ganic halides in the feed supplied for secondary oil
processing is higher than that in the final products
from installations for hydrofining and reforming. The
content of chlorine in unstable hydrogenizate is higher
than that in the stable product. The chlorine content
increases with increasing dry point of the fraction.

It should be noted that, in some cases, the iodine
content is much greater than that of bromine. Organic
compounds of iodine, bromine, and chlorine strongly
accelerate corrosion of installations and pipelines,
especially in the presence of water.

The data on the content of organic chlorine in oil
and some petroleum products from installations for
benzene and benzine reforming at the KINEF Limited
Liability Company processing West-Siberian crude oil
well agree with the results of an analysis of the feed
and products from the RORP installations using the
same crude oil.

A typical chromatogram of the 85�180�C frac-
tion, used as the feed at the L-35/11-300 reform-
ing installation, consists of 42 peaks; most of them
belong to the compounds listed in Table 2. Nearly
40 and 10 oxygen-containing compounds were iden-
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Table 2. Oxygen-containing compounds identified in benzine and its components prepared at the RORP Joint-Stock
Company
������������������������������������������������������������������������������������

� Feed, L-35/11-300 � K-8 column Naphtha (AT-6) �Hydrogenizate, L-35/11-300
����������������������������������������������������������Compound �
� wt %

������������������������������������������������������������������������������������
1-Butanol � 0.05 � 0.14 � 0.07
2-Pentanone � 0.02 � 0.38 �
2-Pentanol � 0.01 � 0.18 �
2-Methyl-2-pentanol � 0.08 � 0.27 �
4-Methyl-2-pentanone � 0.12 � 1.01 �
3-Methyl-2-pentanone � 0.20 � 0.44 �
4-Methyl-2-pentanol � 0.04 � 0.06 �
4,4-Dimethyl-2-pentanone � 0.10 � 0.20 �
3-Hexanone, � 0.32 � 0.60 � 0.07 (0.08)
2-Hexanone � 0.59 � 0.70 � 0.09 (0.10)
2-Hexanol � 0.22 � 0.13 � 0.02 (0.05)
Aliphatic alcohol C6 � 0.33 � 0.07 � 0.01 (0.02)
2-Hexanol � 0.32 � 0.18 � 0.03 (0.04)
3-Methyl-2-hexanone � 0.23 � 0.27 �
Aliphatic alcohol C7 � 0.16 � 0.12 �
5-Methyl-3-hexanone � 0.16 � 0.18 � 0.01
2-Methyl-3-hexanone � 0.21 � 0.22 �
2,3-Dimethyl-3-pentanol � 0.21 � 0.16 �
3-Ethyl-2-pentanone � 0.27 � 0.24 �
4-Methyl-2-hexanone � 1.11 � 1.21 � 0.01
5-Methyl-2-hexanone � 0.15 � 0.14 �
4-Heptanol � 0.22 � 0.23 � 0.02
Aliphatic ketone C7 � 0.23 � 0.30 � 0.02
Cyclohexanol � 0.05 � 0.03 �
3-Heptanone � 0.69 � 0.61 �
2-Heptanone � 0.72 � 0.52 �
Aliphatic ketone C8 � 0.05 � 0.06 �
Aliphatic ketone C8 � 0.07 � 0.03 �
Aliphatic ketone C8 � 0.25 � 0.14 �
4-Methyl-2-heptanone � 0.48 � 0.49 �
3,4-Dimethyl-2-hexanone � 0.21 � 0.17 �
Trimethylcyclohexanone � 0.06 � 0.01 �
6-Methyl-3-heptanone � 0.09 � 0.02 �
6-Methyl-2-heptanone � 0.14 � 0.04 �
Aliphatic ketone C8 � 0.06 � 0.02 �
Methyl cyclohexyl ketone � 0.06 � 0.01 �
4-Octanone � 0.18 � 0.09 �
3-Octanone � 0.20 � 0.03 �
Dimethylheptanone � 0.43 � 0.13 �
Aliphatic ketone C8 � 0.14 � 0.07 �
Cyclopentylpropanone � 0.21 � 0.02 �
Cyclohexylpropanone � 0.10 � �
2,2,4-Trimethyl-1,2-dihydroquinoline � 0.05 � �
������������������������������������������������������������������������������������
Total c � 10�4, wt % � 9.54 � 9.92 � 0.35 (0.37)
������������������������������������������������������������������������������������

tified in the straight-run naphtha sampled from K-8
column (AT-6 installation) and in hydrogenizate
of benzine reforming (L-35/11-300), respectively
(Table 2).

The data on the content of oxygen-containing
compounds in three samples taken from L-35/11-300
and AT-6 installations are also listed in Table 2.
According to GC-MS data, the feed supplied to
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the L-35/11-300 installation (85�180�C) contains 42
compounds [41 oxygen-containing compounds and in-
significant amounts of 2,2,4-trimethyl-1,2-dihydro-
quinoline (0.05 wt %)]. Aliphatic alcohols and ketones
(C4�C9) were mainly identified, and the content of
ketones is greater than that of alcohols by a factor
of 3. The content of alicyclic alcohols is smaller by
a factor of 32.4�48.0 than that of acyclic compounds.
Similar trend is observed for ketones: the acyclic to
alicyclic ketone ratio in the samples studied varies
from 140 to 205.

As can be seen, aliphatic ketones with methyl sub-
stituents at different distance from the carbonyl group
are predominant in the samples studied. The fraction
of linear ketones C6�C8 is smaller. Among alcohols,
the major fraction belongs to linear (primary and sec-
ondary) aliphatic alcohols.

CONCLUSIONS

(1) The content of sulfur and halogen-containing
compounds in benzine and kerosene oil fractions from
the RORP Joint-Stock Company was determined us-
ing the methods of X-ray fluorescence and inductively
coupled plasma with mass spectrometric recording;
oxygen-containing compounds were also identified. It

was found that the content of ketones is greater than
that of alcohols by a factor of 3.

(2) X-ray fluorescence procedure is the best meth-
od for express determination of sulfur in benzines and
their components and in kerosene. For control of hy-
drofining and reforming (aromatization) of the benzine
and kerosene fractions, the IR Fourier spectrometry is
preferable. The method of inductively coupled plasma
with mass spectrometric recording is the best for ex-
press analysis of halogens in organic compounds con-
tained in oil and petroleum products.

(3) The higher the dry points of the fraction, the
greater the content of bromine and iodine in it; in
some cases the iodine content is much higher than
that of bromine.
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Abstract�A comparative study is made of the thermodynamic stability of asphalts produced from various
crude oils differing in their density, in the content of sulfur, resin, and asphaltene, and in the yield of top
paraffins (fraction <350�C). The relationship between the group composition of tars and asphalts produced
from these oils and their performance characteristics is analyzed.

It is known that the presence of a fairly large
amount of the naphtheno-aromatic rings in the oil
fraction of asphalts imparts a colloidal stability and
desirable physicochemical characteristics (penetration
P25 and ductility D25) to bitumens. In the case of
an insufficient content of the oil fraction, or when this
fraction is of essentially naphtheno-paraffinic nature,
the colloidal stability of bitumen decreases, as also do

its ductility and mechanical characteristics. Therefore,
we examined in this study the effect of the group
composition of petroleum tars and asphalts on their
performance characteristics.

We examined four petroleum tars (nos. 1�4 in
Table 1) and asphalts obtained by their oxidation
(nos. 5�9 in Table 1). Tar sample no. 1 was produced
at the Kirishi refinery (hereinafter, manufacturer I)

Table 1. Characteristics of tars and asphalts*

������������������������������������������������������������������������������������
Run no.� P25, 0.1 mm units � RV80, s � AN, mg KOH/g � Manufacturer
������������������������������������������������������������������������������������

Tars

1 � 305 � 89 � 7.8 � I
2 � 390 � 92 � 5.0 � I
3 � 320 � 96 � 9.6 � IV
4 � 345 � 93 � 7.7 � III

������������������������������������������������������������������������������������

Run no.
� Ts, �C � P25, 0.1 mm units � D25, cm �

Asphalt grade
�

Manufacturer������������������������������������������������������� �
� initial � after heating � initial � after heating � initial � after heating � �

������������������������������������������������������������������������������������
Asphalts

5 � 46 � 47 � 84 � 60.3 � 140 � 108 � BDUS 70/100 � I
6 � 49 � 49.9 � 79 � 39.7 � 149 � 96 � BND 60/90 � I
7 � 49 � 49.6 � 85 � 72 � >100 � >100 � BDU 70/100 � IV
8 � 49 � 49.8 � 67 � 61 � >100 � >100 � BND 60/90 � III
9 � 48 � 49.3 � 86 � 62 � 128 � 102 � BND 60/90 � II

������������������������������������������������������������������������������������
* (RV80) Relative viscosity at 80�C, (AN) acid number, and (Ts) ring-and-ball softening point.
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Table 2. Content of asphaltenes, malthenes, and polar and nonpolar fractions in tars and asphalts*

������������������������������������������������������������������������������������

Product
� Yield, wt %
�������������������������������
�malthenes�asphaltenes� PF � NPF

������������������������������������������������������������������������������������
Tar (no. 1, P25 305 0.1 mm units, RV80 89 s) � 89.5 � 10.5 � 16.6 � 83.4
Tar (no. 2, P25 390 0.1 mm units, RV80 92 s) � 88.6 � 11.4 � 15.0 � 85.0
BDUS 70/100 (no. 5, P25 84 0.1 mm units, Ts 46�C, D25 140 cm) � 80.7 � 19.3 � 21.0 � 79.0
BND 60.90 (no. 6, P25 78 0.1 mm units, Ts 49�C, D25 > 150 cm) � 79.0 � 21.0 � 21.4 � 78.6
BDU 70/100 (no. 7, Ukhta refinery, Ts 46�C) � 78.0 � 22.0 � 25.7 � 74.3
BND 60/90 (no. 8, Norsi refinery, Ts 49�C) � 80.5 � 19.5 � 19.0 � 81.0
BND 60/90 (no. 9, Yaroslavl refinery, Ts 48�C) � 81.3 � 18.7 � 20.2 � 80.0
������������������������������������������������������������������������������������
* Numbering of samples is the same as in Table 1; the same for text below.

from West-Siberian crude oil; sample no. 2, at the
Yaroslavl refinery (II) from West-Siberian crude oil;
sample no. 3, at the Norsi Joint-Stock Company (III)
from crude oil extracted by the Tatneft’ Joint-Stock
Company; and sample no. 4, at the Ukhta refinery
(IV) from Yarega crude oil.

Tar nos. 1�4 and asphalt nos. 5�9 were deasphalted
in a Soxhlet apparatus.

The polar fraction (PF) was extracted from mal-
thenes of the tars and asphalts with DMF. Group sep-
aration of polar and nonpolar fractions (NPF) was
performed on a silica gel [1, 2].

EXPERIMENTAL

The yields of asphaltenes, malthenes, and polar and
nonpolar components, and also the group composition
of tars and asphalts under study are listed in Table 2.
The yields of malthenes from the tar samples are very
close (88.6�89.6%) (Table 2). The yields of polar
and nonpolar fractions are about the same (to within
1.5 wt %).

After oxidation of tars into BDUS 70/100 and
BDUS 60/90 asphalts, the yield of malthenes from
the oxidized samples decreased to 79�80.7%, and
that of asphaltenes increased [3].

In the initial tar samples, the asphaltene content is
10.5�11.4 wt %, whereas in the corresponding as-
phalts (from West-Siberian oil) it ranges from 19.3 to
21 wt %. The yield of the polar fraction from asphalts
is higher by 4.3�6.3 wt %, compared to the corre-
sponding tars. Note that tar sample no. 2 [P25 390
(here and hereinafter, 0.1 mm units), RV80 92 s] was
oxidized deeper (asphalt sample no. 6, Ts 49�C) than
tar no. 1 (P25 305, RV80 89 s). The content of polar
components in asphalt no. 6 with a higher softening
point increased by 1.8 wt % [3].

Asphalt from Yarega oil differs noticeably in
the asphaltene content (22.1 wt %) produced from as-
phalts from other crude oils. It is also characterized by
a high content of the polar component (25.7 wt %).
Tar nos. 8 and 9 from the Yaroslavl and Nizhni Nov-
gorod refineries differ from tar nos. 5 and 6 from
the Kirishi refinery to a considerably lesser extent.

Tables 3 and 5 shows that the content of oils and
resins is essentially different in both the polar and
nonpolar fractions of the tars studied and of the cor-
responding asphalts. In particular, the oils/resins
ratio in the nonpolar fraction (NPF) of tar no. 1
(P25 305) is 2.06, whereas that in BDUS 70/100 as-
phalt (no. 6) is considerably lower (1.73). The resin
content in the polar fraction of tar no. 1 and the cor-
responding asphalt (no. 5) increases, and this ratio is
1.37 and 1.25, respectively.

Tar no. 2 with an increased penetration (P25 390)
is distinguished by higher oil content in both polar
and nonpolar components.

The oils/resins ratio in the nonpolar fraction of this
tar is 2.46, whereas that in tar with P25 = 305 is 2.06,
and in the polar fraction of the tars under comparison,
1.60 and 1.37, respectively.

It should be pointed out that tar nos. 1 and 2 from
West-Siberian oil differ each from other not only
in the penetration, but also in the relative viscosity.
From tar with P25 = 305, BDUS 70/100 quality as-
phalt was obtained, having the desired Ts, P25, D25
and thermal stability (P25 and D25 after heating). At
the same time, from tar no. 2 with higher relative vis-
cosity (92 s), P25, and oils/resins ratio, we were able
to obtain only harder BND 60/90 asphalt (no. 6), hav-
ing not only an increased softening point, but also
a lower thermal stability.
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Table 3. Group composition of tar no. 1 and the corresponding BDUS 70/100 asphalt no. 5
������������������������������������������������������������������������������������

Fraction
� NPF � PF 	 NPF � PF
����������������������������
���������������������������
� wt % against NPF (or PF)/tar 	 wt % against NPF (or PF)/asphalt

��������������������������������������������������������
���������������������������
� Tar no. 1 	 Asphalt no. 5

NPCs � 22/16.4 � 10.6/1.6 	 14.2/9.0 � 7.4/1.3
MCACs � 18.7/14.0 � 23.0/3.4 	 30.0/19.2 � 30.0/5.1
BCACs (PCACs) � 26.6/19.9 � 23.8/3.5 	 19.0/12.2 � 18.7/3.2
TRs � 13.2/9.8 � 18.8/2.8 	 18.4/11.7 � 18.0/3.1
ATRs � 19.5/14.5 � 24.0/3.5 	 18.2/11.6 � 27.0/4.5
Oils � 67.3/50.2 � 58.3/8.5 	 63.4/40.3 � 56.0/9.5
Resins � 32.7/24.4 � 42.7/6.3 	 36.6/23.3 � 45.0/7.6
Oil/Resin � 2.06 � 1.37 	 1.73 � 1.25
Resin/�[MCACs + BCACs (PCACs)] � 0.72 � 0.90 	 0.74 � 0.92
TRs/ATRs � 0.67 � 0.80 	 1.0 � 0.70
MCACs/BCACs (PCACs) � 0.70 � 0.97 	 1.6 � 1.60
������������������������������������������������������������������������������������
* (NPCs) naphtheno-paraffinic compounds, (MCACs, BCACs, PCACs) mono-, bi-, and polycycloaromatic compounds, and

(TRs, ATRs) toluene and alcohol-toluene resins.

Table 4. Group composition of tar no. 2 and the corresponding BND 60/90 asphalt no. 6
������������������������������������������������������������������������������������

Fraction
� NPF � PF 	 NPF � PF
����������������������������
���������������������������
� wt % against NPF (or PF)/tar 	 wt % against NPF (or PF)/asphalt

��������������������������������������������������������
���������������������������
� Tar no. 2 	 Asphalt no. 6

NPCs � 20.1/15.1 � 10.0/1.34 	 15.8/9.8 � 7.2/1.2
MCACs � 22.4/16.8 � 17.0/2.3 	 22.8/14.2 � 17.4/2.9
BCACs (PCACs) � 28.6/21.5 � 34.4/4.6 	 27.8/17.3 � 32.7/5.5
TRs � 11.2/8.4 � 14.5/1.9 	 14.0/8.7 � 15.4/2.6
ATRs � 17.7/13.3 � 24.0/3.2 	 19.5/12.1 � 27.3/4.6
Oils � 71.0/53.5 � 61.5/8.2 	 66.4/41.2 � 57.3/9.7
Resins � 29.0/21.7 � 38.5/5.1 	 33.6/20.9 � 42.7/7.2
Oil/Resin � 2.46 � 1.60 	 2.0 � 1.34
Resin/�[MCACs + BCACs (PCACs)] � 0.57 � 0.75 	 0.66 � 0.85
TRs/ATRs � 0.63 � 0.60 	 0.70 � 0.56
MCACs/BCACs (PCACs) � 0.78 � 0.60 	 0.82 � 0.53
������������������������������������������������������������������������������������

It is worth noting that BND 60/90 asphalt (no. 6)
obtained from tar with P25 = 390 0.1 mm units and
then oxidized into asphalt with higher Ts is charac-
terized by a higher oils/resins ratio in both the non-
polar and polar fraction as compared to BDUS 70/100
quality asphalt no. 5.

It is known that the thermal stability of asphalts
strongly depends on the degree of aromaticity of
the starting tars and resulting asphalts. In this case,
the thermal stability (defined as the permissible tem-
perature range of variation of the softening point,

penetration, ductility, and brittle point) is influenced
not only by the deepness of oxidation, but also by
the content of oils, resins, asphaltenes, and aromatic
compounds.

Not only the total content of these compounds,
their ratio, composition (molecular weights and con-
tent of polar components depending on the concentra-
tion of heteroatoms and paramagnetic centers in the
system), and degree of association of the indicated
components and their aromaticity are of importance,
but also the concentration and nature of trace com-
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pounds (metal complexes). It was noted in the litera-
ture that, if polycycloarenes dominate among aromatic
hydrocarbons of the oil fraction, the packing density
of the micellar structures of tars and asphalts is higher,
and, correspondingly, such asphalts are characterized
by increased thermal stability [3].

According to our results, not so much the content
of BCACs and PCACs is important as the degree of
aromaticity of these compounds. To obtain thermally
stable asphalt, it is also important to meet a desired
oils/resins ratio. Because of the increased content of
resins in tar no. 2 with P25 = 390, the resulting asphalt
no. 6 also contains undesired excess of resins, com-
pared to asphalt no. 5, so that its degree of structuriza-
tion (third-type structure of colloidal aggregates by
Kolbanovskaya) is lower. With increasing solvency
of malthenes and decreasing asphaltenes/resins ratio,
the strength of the asphalt structure decreases.

The presence of NPCs in the polar fraction and also
of heteroatomic compounds (Tables 3, 4) suggests that
the extraction of group components of tar and asphalt
proceeds not at the molecular level, but at a level of
associates. Evidently, both asphaltenes and malthenes
are associated in black oil, the latter forming smaller
associates. Dimethylformamide extracts NPCs as-
sociated with other more polar molecules. Compounds
of hybrid structure (containing both naphthenic and
aromatic rings) with long linear alkyl chains can also
be extracted, which then behave as NPCs.

Asphalt is a typical dispersion. Its dispersed phase
(associates) is distributed throughout the oil frac-
tion, which is the dispersion medium. Because of the
strongly different polarities of components, lyophobic
dispersions are characterized by weak phase interac-
tion, being thermodynamically unstable. By contrast,
lyophilic dispersions are characterized by strong in-
teraction and considerable mutual solubility of com-
ponents only slightly different in their nature. Such
systems are spontaneously formed as abnormally fine-
ly dispersed systems (colloid solutions), to which
primarily belong emulsions.

The observed deviations in the behavior of tar or
asphalt from ideality can be attributed to molecular
interactions occurring between numerous compounds
contained in structural units. The nature of intermo-
lecular interactions depends on the properties of hy-
drocarbons (primarily those of hybrid structure) and
heteroatomic compounds and on their reactivity.

It is difficult to characterize the chemical organiza-
tion and to predict properties of such a complex sys-
tem as tar or asphalt. However, attempts have been
made to predict the structure�property trends in a
series of polycyclic compounds [4].

The compounds constituting tars and asphalts can
be arranged in order of decreasing dipole moment as
follows: nitrogen-containing aromatic components of
asphaltenes and resins > oxygen-containing compo-
nents > sulfur-containing components > hybrid-struc-
ture condensed PCACs > BCACs > MCACs. The most
common and universal forces causing intermolecular
interactions are the dispersion forces controlled by the
ionization energy and polarizability of molecules.

At an intermolecular distance considerably exceed-
ing the molecular diameter (r >> d ), the relative di-
pole�dipole, induction, and dispersion contributions
to the intermolecular interaction energy � can be de-
termined from comparison of r 6�dip�dip, r 6�ind, and
r 6�disp.

For weakly polar molecules, the first two values
are lower by several orders of magnitude than r 6�disp.
For molecules with higher dipole moment (�1.5 D),
r 6�dip�dip starts to dominate over the dispersion term.

At an intermolecular distance comparable with
the size of molecules, the energy of interaction is no
longer an additive value, but, by virtue of electrostatic
repulsion, it is lower than it would be if the law � �
1/r 6 were valid down to these distances.

Brief consideration of certain reactivity issues for
representatives of various classes of organic com-
pounds composing tars and asphalts reveals an ambi-
guity of their predicted contributions to the overall
state of aggregation of the system. However, there is
no doubt that it is affected by Coulombic interactions
between molecules of group components of black oil,
association through hydrogen bonding, and ��� inter-
action between aromatic rings in asphaltenes, resins,
PCACs, BCACs, and MCACs.

Furthermore, tars and asphalts contain 3d elements
capable of forming chelates with heteroatomic (sulfur-,
oxygen-, and nitrogen-containing) ligands. Formation
of mixed-ligand complexes is also possible, as well
as that of donor�acceptor complexes with heteroatoms
of resins and asphaltenes, and � complexes with poly-
cycloaromatic compounds.

For a binary mixture consisting of, e.g., resins (r)
and asphaltenes (a), we can write

�ra = �
��
�r�a ,

where �r and �a are the attractive interactions between
unitypical molecules of resins and asphaltenes, respec-
tively; and �ra is the attractive interaction between
resin and asphaltene molecules.
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At �ra > �r and �a, mixing of resins with asphaltenes
liberates potential energy, which results in an increase
in the temperature and a decrease in the volume and
vapor pressure of the mixture. In this case, molecules
interact each with other more strongly, and their sep-
aration requires higher temperature.

The above considerations are valid for multicom-
ponent systems also. However, in tars and asphalts,
asphaltenes occur as associates. Components of oils
(arenes) and resins are most likely associated too,
but their intermolecular interactions are weaker than
those of asphaltenes. Associates of oils and resins are
very sensitive to external factors and, in particular, to
temperature.

Additionally, to obtain an energetically favorable
structure, it is necessary to have the optimal type of
interaction between components of the system. As-
sociation of complex hybrid structures of BCACs,
PCACs, resins, and asphaltenes at ambient tempera-
ture results in a slow establishment of the thermody-
namic equilibrium in asphalts. To a first approxima-
tion (by Hildebrand), the bonding strength between
molecules of different types is controlled by the force
field of the molecules [� = f (�Hvap /V ), where V is
the molar volume]. This parameter is known as the
cohesion energy density. The closer the force fields
of molecules, the higher the mutual solubility of
the compounds. The � value increases in the order
NPCs < MCACs < BCACs < PCACs < TRs < ATRs <
asphaltenes, weakly associated polar compounds.

Data on the group composition of BDUS 70/100
thermostable quality asphalt (no. 5) and BND 60/90
substandard asphalt (no. 6) show that they differ in
that the resins/total aromatics ratio is higher in the
quality asphalt.

Let us compare the group compositions of tars
studied and the corresponding asphalts obtained from
them. In quality tar no. 1 (P25 = 305), the content
of NPCs in NPF and PF is 22 and 10.6 wt %, respec-
tively. At the same time, for tar no 2 (P25 = 390)
the corresponding values are 20.1 and 10 wt %, i.e.,
both samples are only slightly different in this pa-
rameter.

In the corresponding BDUS 70/100 quality asphalts
(no. 5) and less thermostable BND 60/90 (no. 6),
these values are 14.2 and 7.2 wt %, and 15.8 and
7.2 wt %, respectively. Therefore, although the total
content of NPCs in asphalts decreases relative to that
in tars, the ratio between the contents of NPCs in NPF
and PF remains nearly the same.

There is a tendency toward an increase in the con-
tents of arenes and resins in the polar fraction of both

Table 5. Group composition of asphalt no. 9 from
West-Siberian oil (Yaroslavl refinery)
����������������������������������������

Fraction
� NPF � PF
����������������������
� wt %

����������������������������������������
NPCs � 16.2 � 8.2
MCACs � 20.5 � 18
BCACs (PCACs) � 22.0 � 24.8
TRs � 19.0 � 19.8
ATRs � 22.3 � 29.2
Oils � 58.7 � 51.0
Resins � 41.3 � 49.0
Oil/Resin � 1.40 � 1.04
Resin/�[MCACs + � 0.97 � 1.14
BCACs (PCACs)] � �
TRs/ATRs � 0.85 � 0.68
MCACs/BCACs (PCACs)� 0.93 � 0.73
����������������������������������������

the initial tars and resulting asphalts. The total of
MCACs + BCACs in the nonpolar and polar fractions
of tar no. 1 and BDUS 70/100 quality asphalt (no. 5)
is 45.3�46.9 and 48.7�49.2 wt %, respectively, i.e.,
the content of aromatic structures increases after ox-
idation. In less thermostable BND 60/90 (no. 6), the
total of MCACs + BCACs is nearly the same as in
the initial tar. It ranges from 50.4 to 51.6 wt % in both
polar and nonpolar fractions of the tar and asphalt.
Note that the MCACs/BCACs ratio in thermostable
BDUS 70/100 asphalt (no. 5) is higher than that in
less thermostable BND 60/90.

Finally, the most noticeable differences in the group
composition of thermostable (quality) and less ther-
mostable asphalts and the corresponding initial tars
are reflected in the resins/total arenes ratio in the oil
fraction. This ratio is higher in BDUS 70/100 quality
asphalt and the corresponding tar in both polar and
nonpolar fractions, compared to less thermostable
BND 60/90 asphalt.

The polar fractions of tars and the corresponding
asphalts are characterized by higher resins/total arenes
ratio, compared to the nonpolar fractions. Further-
more, the TRs/ATRs ratio and, as indicated above,
the MCACs/BCACs (PCACs) ratio in the nonpolar
and polar fractions are higher in quality asphalt.

Thus, the thermal stability of asphalts depends on
the group component ratio in the initial tar and result-
ing asphalt and also on their structure (structural types
1�3 by Kolbanovskaya). As noted above, the asphalts
studied are classified with the third-type structures.
Evidently, the presence of a fairly large amount of
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Table 6. Group composition of asphalt no. 8 from oil
extracted by the Tatneft’ Joint-Stock Company
����������������������������������������

Fraction
� NPF � PF
����������������������
� wt %

����������������������������������������
NPCs � 14.5 � 8.1
MCACs � 11.8 � 9.0
BCACs (PCACs) � 24.8 � 25.5
TRs � 23.4 � 28
ATRs � 25.5 � 29.4
Oils � 51.0 � 42.6
Resins � 49.0 � 57.4
Oil/Resin � 1.04 � 0.74
Resin/�[MCACs + � 1.39 � 1.66
BCACs (PCACs)] � �
TRs/ATRs � 0.92 � 0.95
MCACs/BCACs (PCACs)� 0.48 � 0.35
����������������������������������������

Table 7. Group composition of asphalt no. 7 and tar no. 3
from Yarega oil
����������������������������������������

Fraction
� NPF � PF
��������������������
� wt %

����������������������������������������
Asphalt no. 7

NPCs � 11.3 � 5.2
MCACs � 14.8 � 13.2
BCACs (PCACs) � 22.8 � 25.8
TRs � 24.1 � 26.8
ATRs � 27.0 � 29.0
Oils � 49.0 � 44.2
Resins � 51.0 � 55.8
Oil/Resin � 0.96 � 0.80
Resin/�[MCACs + � 1.36 � 1.43
BCACs (PCACs)] � �
TRs/TRs � 0.89 � 0.92
MCACs/BCACs (PCACs) � 0.65 � 0.50

Tar no. 3

NPCs � 18.5*

MCACs + BCACs + PCACs � 35.0*

TRs � 27.0*

ATRs � 10.3*

Asphaltenes � 9.3*

����������������������������������������
* Fraction content in tar, wt %.

the oil fraction characterized by a high carbon con-
tent in cyclic structures and a high aromaticity imparts
the colloidal stability to asphalts. The distribution of
atoms plays an important role also [3].

The optimal capacity of asphaltenes and resins for
structurization should be combined with the optimal
MCACs/BCACs (PCACs) ratio, to obtain the most
aggregatively stable and, therefore, less temperature-
sensitive structure, in which changes in the penetra-
tion and ductility, initiated by the effect of heating
(aging) or addition of a mineral ballast, will be at
a minimum.

For comparison, Tables 5, 6 show the group com-
position of asphalts obtained at the Yaroslavl, Norsi,
and Ukhta refineries from West-Siberian oil, oil ex-
tracted by the Tatneft’ Joint-Stock Company, and
Yarega oil, respectively (sample nos. 9, 8, and 7). In
the group composition, asphalt from the Yaroslavl
refinery is close to BDUS 70/100 quality asphalt from
the Kirishi refinery, as demonstrated by the oils/re-
sins and resins/�[MCACs + BCACs (PCACs)] ratios
in the nonpolar and polar fractions, respectively.
The most noticeable differences between the asphalt
samples are found in the MCACs/BCACs (PCACs)
ratio. The increased content of MCACs in BDUS
70/100 asphalt from the Kirishi refinery, i.e., the low-
er aromaticity, makes this asphalt less thermostable,
compared to the asphalt from the Yaroslavl refinery.

In asphalt no. 8 from the Norsi Joint-Stock Com-
pany (Table 6), we found increased content of TRs,
ATRs, and heavy aromatics (BCACs, PCACs), but
lower content of NPCs and MCACs, compared to
the quality asphalt from the Kirishi refinery. There-
fore, the thermal stability of asphalt from Norsi will
be higher.

The most pronounced differences were found
between BDUS 70/100 asphalt from Kirishi and
BDU 70/100 asphalt from Ukhta (Table 7). The con-
tent of MCACs in the nonpolar and polar fractions
of asphalt from Yarega oil, manufactured at the Ukhta
refinery, is lower by a factor of 2.03 and 2.27, re-
spectively. At the same time, asphalt from Ukhta con-
tains more BCACs (PCACs), TRs, ATRs, and as-
phaltenes (Table 7). Furthermore, BDU 70/100 from
Ukhta contains less naphtheno-paraffinic compounds
in NPF and PF. The aromaticity of asphaltenes of as-
phalts under comparison is 0.395 and 0.5, respective-
ly. Asphalt from Ukhta is characterized by increased
concentration of heteroatomic compounds (O-, S-, N-)
in both HPF and PF compared to BDUS 70/100 qual-
ity asphalt from Kirishi. Asphalts under comparison
(nos. 5�7) are obtained from different oils (paraffin-
base and asphalt-base oils), which is reflected in the
remarkably different group composition of the initial
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tars (Table 2). Tar no. 3 from Yarega oil contains
more asphaltenes and resins as compared to tars from
West-Siberian oils (nos. 1, 2). These tars also dif-
fer in the content of the oil fraction. Our results sug-
gest that the performance characteristics of asphalts
studied increase in the order West-Siberian paraffin-
base oils < oils extracted by the Tatneft’ Joint-Stock
Company < Yarega oils.

It is obvious that the major factors controlling
the aggregative stability of the 3D coagulation struc-
ture of asphalts are the concentration of asphaltenes in
the dispersed phase and its chemical affinity for oils
and resins composing the dispersion medium. The for-
mation of a kinetically stable fluctuation state of the
asphalt structure is completed in the first several days
after it was mechanically or thermally distorted.

It follows from a numerical analysis of small-angle
X-ray diffraction patterns that the structure of the as-
phalt dispersion is characterized by the occurrence of
first- and second-order microinhomogeneities. Accord-
ing to [5], the size of these microinhomogeneities
does not depend on the group composition of asphalts,
which is rather questionable in our opinion. In the
cited work, first-order microinhomogeneities are in-
terpreted as primary structural units containing nuclei
of the asphaltene phase 2�6 nm in size, and second-
order microinhomogeneities, as asphaltene aggregates
about 10 nm in size, formed in the course of con-
densation structurization in the bulk of a complex
structural unit.

The aggregative stability of the 3D coagulation
structure not only depends on the concentration of
asphaltenes forming the dispersed phase, but also is
caused by the absorption factor, specifically, by the
chemical affinity of asphaltenes for oil and resinous
components composing the dispersion medium. As a
parameter characterizing this affinity, the lyophobicity
index L is suggested, which is defined as the dif-
ference between the aromaticity (fraction of aromatic
carbon) of asphaltenes and oils, since it is the pres-
ence of condensed aromatic structures in black oil that
is the necessary condition for their association into
lamellar structures. Posadov et al. [6] have demon-
strated that L is independent of the degree of oxida-
tion of asphalts, but is controlled by the chemical
composition of the initial petroleum tars, being 0.18,
0.28, and 0.31 for asphalts obtained by oxidation of
tars from West-Siberian, Romashkino, and Arlan oils,
respectively. Therefore, the 3D coagulation structure
of asphalts from Romashkino and Arlan oils should
be more stable, and these asphalts, naturally, will be

Table 8. Group composition of tars from the AVT-60
plant of the Kirishi refinery
����������������������������������������

Sam-
� Paraffins � Arenes �

Resins
� Asphalt-

ple
� (NPCs) �(BCACs+MCACs)� � enes
������������������������������������

no.
� wt %

����������������������������������������
5 � 10.3 � 54.2 � 24.4 � 11.1
6 � 9.8 � 54.6 � 22.7 � 12.9
7 � 11.4 � 50.9 � 26.2 � 11.5
8 � 11.9 � 54.9 � 20.5 � 12.7
9 � 11.9 � 52.4 � 24.2 � 11.5

10 � 7.6 � 61.7 � 20.1 � 10.6
11 � 10.5 � 54.8 � 23.0 � 11.7

����������������������������������������

more thermostable, compared to those obtained from
West-Siberian oils.

The correlation between the lyophobicity index and
rate constant of condensation structurization K can be
approximated by the linear relationship

K = K0 (L � 0.13),

where K0 = 8.5 	 10�3 yr, suggesting that petroleum
disperse systems are thermodynamically stable at
L > 0.13.

For comparison, we present in Tables 8 and 9
the group composition for an extended sample of tars
and asphalts from the Kirishi refinery. The tars were
taken from the AVT-6 plant, and the asphalts, from
the Bitumnaya-2 plant in May 2000. These data show
that the group composition of tars and asphalts only
slightly varies samples. In asphalts, the arene content
(MCACs + BCACs) decreases and the content of re-
sins and asphaltenes increases as compared to the ini-
tial tars.

A higher thermostability, which can be judged
from the increase in the softening point (Table 9) and
a less pronounced decrease in the penetration and duc-
tility after heating, is observed at the optimal resins/
�(MCACs + BCACs) ratio from 0.65 to 0.67. As-
phalts with D25 < 100 have a substandard quality after
heating for 5 h at 160�C.

In the penetration after heating, all the asphalts
from Kirishi (Tables 1 and 9), except sample nos. 5
(Table 1) and 13 (Table 9), meet the requirements
only for BND 40/60 hard asphalt, falling outside the
range acceptable for the initial BDUS 70/100 and
BND 60/90 grades.
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Table 9. Characteristics of asphalt nos. 10�16 (Kirishi refinery) obtained by oxidation of tar nos. 5�11 (see Table 8)
������������������������������������������������������������������������������������

Parameter
� Sample no.
���������������������������������������������������������������������
� no. 10 � no. 11 � no. 12 � no. 13 � no. 14 � no. 15 � no. 16

������������������������������������������������������������������������������������
Ts, �C � 45 � 45 � 48 � 43.5 � 48.5 � 48 � 48.5
Ash content � 1.0188 � 1.023 � 1.0235 � 1.0196 � 1.0218 � 1.019 � 1.021
P25, 0.1 mm units � 79 � 76 � 67 � 123 � 84 � 78 � 85
D25, cm � 150 � 146 � 126 � 118 � 31 � 138 � 128
P25 after heating, � 66 � 67 � 71 � 57 � 71 � 60 � 70
0.1 mm units � � � � � � �
Ts after heating, �C � 49 � 49.5 � 50 � 49 � 52 � 54 � 54.3
D25 after heating, cm � 132 � 118 � 54 � 94 � 56 � 81 � 102
Content, wt %: � � � � � � �

NPCs � 10.3 � 10.0 � 11.1 � 10.4 � 9.4 � 7.8 � 9.8
MCACs + BCACs � 44.6 � 43.4 � 39.1 � 46.8 � 46.2 � 46.44 � 46.4
resins � 29.8 � 28.3 � 30.6 � 28.5 � 27.1 � 23.80 � 23.3
asphaltenes � 15.2 � 18.3 � 19.2 � 14.3 � 16.9 � 21.95 � 20.5

������������������������������������������������������������������������������������

Table 9 shows that asphalt nos. 10�16 manufac-
tured from hot charge of West-Siberian crude at
the Kirishi refinery (Table 9, tar nos. 5�11) do not
demonstrate high thermostability, since their penetra-
tion after heating decreases by 29�43%, the softening
point increases by 2�6�C, and the ductility decreases
considerably. According to requirements for asphalts,
the ductility after heating should be no less than
100 cm. Only sample nos. 10, 11 (Table 9), and 5
(Table 5) meet this requirement. Nevertheless, all
the asphalts from Table 9 fully meet the requirements
of GOST (State Standards) for paving asphalts of
BND grade. Asphalts from Yaroslavl, Ukhta, and
Nizhni Novgorod refineries correspond to the initial
grade after heating. To conclude, we thoroughly stud-
ied the group composition of the polar and nonpolar
fractions of malthenes of tars from West-Siberian
crude and asphalts (thermostable BDUS 70/100 and
less thermostable BND 60/90) obtained from them by
oxidation at the Kirishi refinery. These tars and as-
phalts contain virtually equal amounts of dispersed
asphaltenes (10.5 and 11.4%, and 19.3 and 21.0%, re-
spectively). The stability of the colloidal structure of
asphalts decreases with increasing solvency of mal-
thenes and decreasing asphaltenes/malthenes ratio.
Comparison of the compositions of asphalts from
West-Siberian oils (Kirishi and Yaroslavl refineries),
asphalt from oil extracted by the Tatneft’ Joint-Stock
Company (Norsi refinery), and asphalt from Yarega
oil (Ukhta refinery) shows that asphalt from the
Norsi Joint-Stock Company contains heavier aromat-
ic compounds, TRs, and ATRs, compared to asphalts
from West-Siberian oil. Asphalt from Yarega oil is

characterized by the highest aromaticity of asphaltenes,
and the polar and nonpolar fractions of this asphalt
contain the largest amount of heteroatomic com-
pounds.

BDUS 70/100 quality asphalt contains more aro-
matic structures as compared to BND 60/90. In BDUS
70/100 quality asphalt and the corresponding initial
tar, the resins/total aromatics ratio is higher in both
the polar and nonpolar fractions than that in less
thermostable BND 60/90.

The polar components of tars and the correspond-
ing asphalts are characterized by a higher resins/total
aromatics ratio as compared to nonpolar compo-
nents. The quality asphalt is characterized by higher
TRs/ATRs and MCACs/BCACs (PCACs) ratios in
both polar and nonpolar fractions.

The stability of colloidal structures is the highest if
the oil fraction contains a sufficient amount of aro-
matic carbon in monocycloaromatic compounds and
in the toluene fraction of resins, and also if the naph-
thenic structures have a sufficient carbon content.
Factors controlling the aggregative stability of the 3D
coagulation structure of asphalts are the concentration
of the dispersed phase (asphaltenes) and its chemical
affinity for oils and resins composing the dispersion
medium (lyophobicity index).

Our results revealed no distinct correlation between
the group composition of asphalts and their per-
formance characteristics, since the latter depends on
a great number of factors.
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CONCLUSIONS

(1) The performance characteristics of oxidized pe-
troleum asphalts increase in the order West-Siberian
oils < oils extracted by the Tatneft’ Joint-Stock Com-
pany < Yarega oils.

(2) Heat-resistant quality asphalt (BDUS 70/100
grade) from West-Siberian oil is characterized by a
higher content of aromatic structures as compared to
the less heat-resistant BND 60/90 asphalt produced
from the same raw material. In quality asphalt and
the corresponding tar, the resin to total aromatics ratio
is higher in both polar and nonpolar components as
compared to less heat-resistant BND 60/90 asphalt.

(3) Factors controlling the aggregative stability of
the 3D coagulation structure of asphalts are the con-
centration of the dispersed phase (asphaltenes) and its

chemical affinity for oils and resins composing the
dispersion medium (lyophobicity index).
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Abstract�The influence exerted by introduction of some oxides into the sodium�borosilicate enamel and
by calcination conditions on the rate and mechanism of corrosion and on the structure and properties of
enamel coatings was studied by thermogravimetric, X-ray phase, and microscopic analyses.

At present, sodium�borosilicate enamels are used
as protective coatings on steel pipes for pump-and-
compressor stations, oil pipelines, and water lines.
Protective enamel coatings are applied onto the inner
surface of a pipe by a wet or dry procedure and are cal-
cined at 800�820�C in tunnel-type furnaces for 20�
60 min [1]. The calcination is accompanied by iron
oxidation, dissolution of iron oxide in the enamel
melt, and formation of a transition layer. The corro-
sion of steel under the layer of an enamel coating was
analyzed in [2, 3].

In this study, we examined the corrosion of steel
under a layer of a model sodium�borosilicate enamel
with a constant component ratio Na2O : B2O3 : SiO2 =
1 : 0.5 : 0.48. The composition of this enamel was
made increasingly complex by adding Fe2O3, FeO,

MnO, CaO, MgO, Li2O, CaF2, Al2O3, CuO, and
ZnO. The compositions of the enamels studied are
listed in Table 1. The enamels were synthesized by
the method suggested in [4].

EXPERIMENTAL

Samples for study were prepared by the following
procedure. An enamel powder (14 mg) with a grain
size of 0.8 mm was placed on a 10 � 10 mm 08 KP
steel plate. The sample was mounted onto a balance-
beam in a derivatograph cell (MOM, Hungary) and
heated from 20 to 820�C in the course of 90 min at
a rate of 5 deg min�1. Also, a sample was inserted into
a furnace preheated to 820�C and kept there for 60 or
90 min. The DTG scale was 200 mg. The temperature

Table 1. Enamel formulations
������������������������������������������������������������������������������������

Enamel
� Composition, wt %
������������������������������������������������������������������������������
� SiO2 � B2O3 � Na2O � Fe2O3 � FeO �MnO� CaO � MgO � Li2O � CaF2 � Al2O3 � CuO � ZnO

������������������������������������������������������������������������������������
1 � 49.3 � 26.6 � 24.1 � � � � � � � � � �
2 � 47.2 � 25.4 � 23.1 � 2.15 � 2.15 � � � � � � � �
3 � 45.1 � 24.4 � 22.1 � 5.6 � 2.8 � � � � � � � �
4 � 42.0 � 22.7 � 20.5 � 5.6 � 2.8 � 6.4 � � � � � � �
5 � 39.6 � 21.3 � 19.3 � 5.6 � 2.8 � 6.4 � 5.0 � � � � � �
6 � 39.6 � 21.3 � 19.3 � 5.6 � 2.8 � 6.4 � � � 5.0 � � � � �
7 � 38.3 � 20.7 � 18.7 � 5.6 � 2.8 � 6.4 � � � 5.0 � 2.5 � � � �
8 � 36.6 � 19.7 � 17.9 � 5.6 � 2.8 � 6.4 � � � 5.0 � 2.5 � 3.5 � � �
9 � 35.9 � 19.4 � 17.6 � 5.6 � 2.8 � 6.4 � � � 5.0 � 2.5 � 3.5 � 1.3 � �

10 � 34.6 � 18.7 � 16.9 � 5.6 � 2.8 � 6.4 � � � 5.0 � 2.5 � 3.5 � 1.3 � 2.7 �
11 � 34.6 � 18.7 � 16.9 � 5.6 � 2.8 � 6.4 � � � 5.0 � 2.5 � 3.5 � 1.3 � 2.7 � 2.6

������������������������������������������������������������������������������������
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Table 2. Corrosion of a steel plate under an enamel coating
������������������������������������������������������������������������������������
Compo-� �1, � T1, � �1, � �m1/m0�100, � �2, � T2, � �2, � �m2/m0�100, � Tos , � �,
sition � min � �C �mg cm�2 min�1 � % � min � �C �mg cm�2 min�1 � % � �C � deg

������������������������������������������������������������������������������������
Plate � 29 � 780 � 0.167 � � � � � � � � � � � � � �

1 � 52 � 820 � 0.333 � 71.68 � 82 � 820 � 0.222 � 28.7 � 800 � 83
2 � 27 � 800 � 0.187 � 62.33 � 75 � 820 � 0.080 � 13.9 � 800 � 50
3 � 22 � 780 � 0.570 � 57.55 � 36 � 820 � 0.167 � 43.2 � 850 � 49
4 � 16 � 655 � 0.250 � 43.45 � 40 � 820 � 0.083 � 21.3 � 780 � 57
5 � 16 � 655 � 0.286 � 43.26 � 37 � 820 � 0.061 � 21.6 � 760 � 55
6 � 16 � 655 � 0.231 � 40.87 � 42 � 820 � 0.102 � 27.3 � 790 � 55
7 � 30 � 810 � 0.226 � 100 � � � � � � � � � 740 � 52
8 � 27 � 810 � 0.176 � 43.42 � 61 � 820 � 0.120 � 21.7 � 700 � 46
9 � 26 � 800 � 0.103 � 28.17 � 50 � 820 � 0.216 � 21.1 � 730 � 44

10 � 24 � 800 � 0.122 � 29.28 � 61 � 820 � 0.026 � 7.3 � 800 � 44
11 � 24 � 800 � 0.360 � 29.72 � 35 � 820 � 0.167 � 52.0 � 800 � 46

������������������������������������������������������������������������������������

of the enamel spreading and the wetting angle for the
melt on the steel surface were determined by the ly-
ing-drop method. An X-ray phase analysis (XPA) was
made on a DRON-2 instrument (CuK

�

-radiation), and
the composition of the corrosion products was identi-
fied using the ASTM file. The structure of the enam-
el coating was studied on an UEMV-100K electron
microscope with a resolution of 30 � (magnification
24000) on carbon replicas of the etched surface of
the samples.

The thermogravimetric technique was used to ob-
tain and to process curves describing the change of
mass as a function of the temperature and time of the
experiment. The characteristic parameters of steel cor-
rosion under a layer of the enamel melt: �, time; T,
temperature; �m, change in mass; and �, corrosion
rate, are listed in Table 2. The corrosion rate was cal-
culated by the formula:

� = �m/m0 �S, (1)

where m0 is the initial mass of the sample, and S is
the surface area of the metallic plate.

The data in Table 2 show that the corrosion of
a steel plate without a coating starts after 29 min of
heating at 780�C and proceeds in a single stage: with
a gain in mass of 98%. In this case, according to [1],
metal oxidation to give scale proceeds by the reactions

2Fe + O2 = 2FeO, (2)

3Fe + 2O2 = Fe2O3. (3)

Except in the case of formulation 7, the corrosion
of a steel plate under a layer of enamel melt occurs in

two stages. Reactions (2) and (3) proceed in the first
stage, before spreading of the enamel; in the second
stage, scale starts to dissolve in the enamel melt.
Since the diffusion of oxygen to the metal surface is
hindered upon spreading of the enamel, the corrosion
decelerates. This is indicated by the fact that the cor-
rosion rate in the first stage, �1, is higher than that in
the second stage, �2. The only exception is formula-
tion 9, for which �2 > �1 (Table 2).

The composition of the enamel coating affects
the corrosion properties of the metallic plate. Under
melts of formulations 4�6, metal corrosion starts
after 16 min of heating at 665�C (gain in mass, �m,
41�43%); under melts of formulations 2, 3, and 7�11,
it starts after 22�27 min of heating at T � 780�C
(�m = 36�75%), and under a melt of formulation 1,
after 52 min of heating at 820�C (�m = 71%). As was
shown in [3], water dissolved in the enamel melt af-
fects the oxidation of the metal. Apparently, the
amount of water in formulation 1 is sufficient for
the following reactions to proceed

2Fe + 2(OH�) = 2FeO + H2, (4)

2(=B�OH) + Fe = FeO + H2 + =B�O�B=. (5)

As can be seen, these groups of formulations differ
mainly in the time and temperature of the onset of
corrosion, whereas their remaining parameters (�m, �)
are close. However, the metal corrosion in the second
stage depends on the temperature and time of enamel
spreading (Table 2). It can be seen that the enamel
formulations strongly differ in the onset temperature
of spreading, Tos. Formulations 2, 3, 10, and 11 are
higher-melting (Tos = 800�850�C), and the remain-
ing, lower-melting (Tos = 700�790�C). On spreading,
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Table 3. Results of an X-ray phase analysis of enamel
coatings
����������������������������������������

� Crystals
����������������������������������

Enamel � � calcination at 820�C
� ������������������� thermogravimetry �
� � 60 min � 10 min

����������������������������������������
3 � � � �-Fe2O3 � �

5 � CaMn(SiO3)2, � Fe3O4 � �

� �-Ca3Si3O9, Fe3O4, � �
� �-Fe2O3, Fe2SiO3 � �

8 � Fe3O4, MgFe2O4, � Fe3O4 � �

� (MgFe)SiO3 � �
9 � Fe3O4, MgFe2O4, � � � �

� (MgFe)SiO3 � �
10 � � � MnLiBO3� Fe3O4
11 � � � Fe3O4 � Fe3O4

����������������������������������������

all the enamels exhibited good wetting of the metal
surface (� = 44�57�C). Only for formulations 1, 2,
10, and 11, the onset temperature of enamel spreading
was the same as the onset temperature of corrosion.

After the experiments, the samples of enamel coat-
ings were markedly different in outward appearance.
Solid, uniform, smooth, and shining enamel coatings
of green, brown, and black color, respectively, were

Fig. 1. Electron micrographs of the enamel coatings.
Enamel (see Table 1): (a) 1, (b) 2, (c) 3, (d) 7, (e) 9, and
(f) 10.

observed for formulations 1, 3, 10, and 11. For
the other formulations, the coatings were uniform, but
without shine, more resembling a glass ceramic than
a glass. The outward appearance of samples 2 and
5�9 after a thermogravimetric analysis suggests that
the corrosion products in these samples are crystal-
lized. Their phase composition, as indicated by XPA,
is listed in Table 3.

Crystals were revealed only in formulations 5, 8,
and 9. Apparently, their concentration in other
formulations is low. It is noteworthy that the phase
composition is complex: along with the corrosion
products, a number of silicates also crystallize.

To reveal the influence exerted by calcination con-
ditions on the composition of corrosion products, sam-
ples placed in a muffle furnace preheated to 820�C
and kept there for 60 min were subjected to XPA.

The outward appearance of the enamel samples was
as follows: coatings of formulations 1, 2, 5�7, and 9
were smooth, shining, light green to black; in coatings
of formulations 2 and 4, a great number of pinholes
was observed; coatings of formulations 10 and 11
were nonuniform, shining, and black, with small
brown inclusions. The results of XPA are presented
in Table 3. It can be seen that corrosion products
crystallize in coatings of formulations 3, 5, 8, and 11,
and, presumably, a binary manganese-lithium borate,
in formulation 10. The XPA data in Table 3 refer to
enamel coatings on steel plates after calcination at
820�C for 10 min.

The data obtained show that the calcination con-
ditions directly affect the type and amount of cor-
rosion products in enamel coatings. The presence of
a great number of crystalline phases in the coatings
of formulations 5, 8, and 9, revealed by thermo-
gravimetric analysis in a gradual heating in the course
of 90 min, points to a deeper interaction of metal-
corrosion products with the enamel melt. Moreover,
these phases become crystallization centers, on which
silicates crystallize from the melt. Only corrosion
products are present in enamel coatings heated for
60 min. Consequently, this time is the optimal for
a transition layer to be formed and strong adhesion
between a coating and metal ensured. The concentra-
tion of the corrosion products in the enamel coating
heated for 10 min is too small for a transition layer to
be formed in formulations other than 10 and 11.

Electron micrographs of the surface layer of enamel
coatings suggest that the microstructure of the coat-
ings is nonuniform (see Fig. 1). However, the degree
of nonuniformity is not the same, being at a maximum
for formulations 1�3, 9, and 10 and at a minimum for
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formulation 7. It may be assumed that the crystals
revealed by XPA in formulations 5 and 8�10 are con-
centrated near the zone of contact between an enamel
coating and the metal, rather than on the surface of
the coating.

CONCLUSIONS

(1) It was established that the corrosion of the me-
tal under a layer of an enamel melt occurs in two
stages, and its parameters are determined by the com-
position of the enamel, including the concentration of
dissolved water, and also by the temperature and time
of its spreading.

(2) The extent to which processes of metal corro-
sion under a layer of Na2O�B2O3�SiO2 enamels with
addition of various oxides are complete depends on
calcination conditions. The optimal time of calcina-
tion at 820�C is 60 min.

(3) An X-ray phase analysis demonstrated that, in
the course of interaction of the enamel melt with

the metal, iron oxides dissolve in the enamel coat-
ing, which leads, in some cases, to crystallization of
�-Fe2O3 and F3O4 in the coating.

(4) Not only the composition, but also the structure
of enamel coatings vary in the course of interaction
of an enamel coating with the metal. According to
the results of electron microscopic studies, the sur-
face of the coatings is nonuniform at the microscopic
level.
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Abstract�An equation for predicting the normal temperature depression in boiling of complex aqueous
solutions of nonvolatile substances is considered. The constants of the equation are tabulated. The equation
is compared with experimental data for a binary solution of caustic soda and sodium chloride.

In the theory and practice of calculations of evap-
oration installations, the difference in the boiling
temperatures of a solution of nonvolatile substances
and a pure solvent is commonly referred to as the tem-
perature depression in boiling of solutions. This is
because it is a measure of the extent to which the driv-
ing force of the heat transfer (i.e., the difference be-
tween the temperature of the heating vapor and the
boiling point) in boiling of a solution is lower than
that in boiling of a pure solvent, all other conditions
being the same. The temperature depression in boil-
ing of solutions at an arbitrary pressure is expressed
in terms of the normal temperature depression, i.e.,
the temperature depression at normal pressure [1, 2].

To predict the normal temperature depression for
simple aqueous solutions of separate nonvolatile sub-
stances, the following equation has been suggested [3]

�n = ��������������� ,
327.9

Az + Bz2 + Cz3
����������� � 1

11.693
(1)

where z = x/(1 � x) is the relative mass concentra-
tion of the solute: x, its mass concentration (kg kg�1);
and A, B, and C, tabulated coefficients dependent on
the nature of the solute.

However, the importance of Eq. (1) is diminished
by the fact that, commonly, complex solutions, i.e.,
solutions of two or more nonvolatile substances, are
used for evaporation in the engineering practice.

We suggest that the normal temperature depression
of complex solutions can be predicted using the equa-
tion

������������������� � 1
� Ai zi + � Bi zi + � Ci zi
i = 1

n

i = 1

n

i = 1

n
2

11.693
�n = ���������������������� ,

327.9 (2)

where

zi = ������� .
xi

1 � � xj

n

j = 1

(3)

Here i and j are the ordinal numbers of solutes,
n, the number of different types of solutes; and zi ,
the ratio of the concentration of a given solute to that
of water in the complex solution.

In a particular case of simple solutions, i.e., at
n = 1, Eq. (2) transforms into Eq. (1), whose adequacy
as applied to simple solutions was convincingly de-
monstrated in [3].

It is possible to verify the applicability of Eq. (2)
for the example of a solution of two substances, name-
ly, caustic soda and sodium chloride.

According to the data of [3], ANaOH = 0.7853,
BNaOH = 1.5828, and CNaOH = �1.0365 at x > 0.5,
i.e., zNaOH < 1; ANaOH = 1.6272, BNaOH = �0.29721,
and CNaOH = 0.009015 at x > 0.5, i.e., zNaOH > 1;
ANaCl = 0.47309, BNaCl = 1.02646, and CNaCl =
�0.7679 at zNaCl � 0.35.

Table 1 lists the values of the normal temperature
depressions in boiling of a binary solution of caustic
soda and sodium chloride, calculated using Eq. (2), and
compares them with the experimental values from [4].

It can be seen that the maximum deviation of
the calculated values from those obtained exper-
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Table 1. Experimental data for a binary solution of caustic soda and sodium chloride [4]
������������������������������������������������������������������������������������

xNaOH

�
xNaCl

�
zNaOH

�
zNaCl

� �exp � �calc � �

� � � ����������������������������������
� � � � �C

������������������������������������������������������������������������������������
0 � 0.289 � 0 � 0.4065 � 8 � 8.9 � 0.9
0.05 � 0.248 � 0.0712 � 0.3533 � 10 � 9.37 � �0.63
0.10 � 0.209 � 0.1447 � 0.3025 � 11.5 � 10.40 � �1.1
0.15 � 0.171 � 0.2209 � 0.2519 � 13.3 � 11.96 � �1.34
0.20 � 0.138 � 0.3021 � 0.2085 � 15.4 � 14.32 � �1.08
0.25 � 0.108 � 0.3894 � 0.1683 � 18.4 � 17.41 � �0.99
0.30 � 0.087 � 0.4894 � 0.1420 � 23.0 � 21.76 � �1.24
0.35 � 0.074 � 0.6077 � 0.1285 � 28.7 � 27.51 � �1.19
0.40 � 0.065 � 0.7477 � 0.1215 � 35 � 34.39 � �0.61
0.45 � 0.059 � 0.9165 � 0.1202 � 41.7 � 41.78 � 0.08
0.50 � 0.056 � 1.1261 � 0.1261 � 50 � 49.81 � �0.19
0.55 � 0.059 � 1.4066 � 0.1509 � 60.5 � 60.31 � �0.19

������������������������������������������������������������������������������������

Table 2. Coefficients of Eq. (2) for various solutes
������������������������������������������������������������������������������������

Substance � A � B � C � Applicability condition
������������������������������������������������������������������������������������
NH4NO3 � 0.35539 � �0.038867 � 0.0018811 � zNH4NO3

� 4� � � �
(NH4)2SO4 � 0.22639 � 0.023441 � 0.0084854 � z(NH4)2SO4

� 1� � � �
NH4Cl � 0.54399 � 0.27418 � �0.26985 � zNH4Cl � 0.89� � � �
FeSO4 � 0.080249 � 0.12026 � �0.13557 � zFeSO4

� 0.54� � � �
KNO3 � 0.25488 � �0.043002 � 0.0029882 � zKNO3

� 4� � � �
K2CO3 � 0.20896 � 0.40180 � �0.12136 � zK2CO3

� 4� � � �
KCl � 0.36282 � 0.43950 � �0.28904 � zKCl � 0.54� � � �
Ca(NO3)2 � 0.43354 � �0.21280 � 0.12825 � zCa(NO3)2

� 1� � � �
� 0.20783 � 0.17267 � �0.032318 � 1 � zCa(NO3)2

� 4� � � �
CaCl2 � 0.48884 � 1.0753 � �0.56598 � zCaCl2

� 1.22� � � �
� 1.1886 � �2.2240 � 0.02487 � 1.22 � zCaCl2

� 3.17� � � �
MgSO4 � 0.094574 � 0.64733 � �0.42599 � zMaSO4

� 0.75� � � �
MgCl2 � 0.61987 � 1.1474 � 0.69196 � zMgCl2

� 0.56� � � �
CuSO4 � 0.041081 � 0.18426 � �0.017624 � zCuSO4

� 0.82� � � �
NaNO3 � 0.38315 � �0.033788 � �0.0010743 � zNaNO3

� 2.33� � � �
Na2SO4 � 0.26781 � �0.29392 � 0.49946 � zNa2SO4

� 0.45� � � �
Na2CO3 � 0.35114 � �0.065123 � 0.099615 � zNa2NO3

� 0.54� � � �
NaCl � 0.47309 � 1.02646 � �0.76790 � zNaCl � 0.35� � � �
ZnSO4 � 0.12376 � 0.059773 � 0.033545 � zZnSO4

� 0.86� � � �
KOH � 0.61604 � 1.1781 � �0.38250 � zKOH � 1.85� � � �

� 1.9668 � �0.28020 � 0.013940 � 1.85 � zKOH � 4.4� � � �
NaOH � 0.78530 � 1.5828 � �1.0365 � zNaOH � 1� � � �

� 1.6272 � �0.29791 � 0.0090152 � 1 � zNaOH � 2.33
������������������������������������������������������������������������������������

imentally is �1.34�C, and the average deviation is
approximately �0.5�C. Such deviations seem to be
acceptable, the more so as they can be attributed to
insignificant systematic inaccuracies in determin-
ing the concentrations of a complex solution being
prepared.

In [3], the constants A, B, and C for solutions of
various substances were given together with the con-
ditions for their applicability in the case of Eq. (1).
To avoid confusion, the values of these constants in
Table 2 are given, with the conditions for their ap-
plicability in the case of Eq. (2) specified.
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In the case when the constants for a certain sub-
stance under consideration are unknown, they can be
found from the experimental normal depressions of
the corresponding simple solutions of various con-
centrations, using the formulas presented in [3].

CONCLUSIONS

(1) An equation for analytical prediction of the
normal temperature depression in boiling of complex
aqueous solutions is suggested.

(2) A table of constants is presented, with the con-
ditions for their applicability in the case of the equa-
tion suggested in this study specified.
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Abstract�The two-component systems n-tricozane�pentadecane and n-tricozane�hexadecane were studied
by low-temperature differential thermal analysis. The characteristics of the eutectic compositions were
determined.

To predict and study the phase diagrams, the authors
analyzed a number of two-component systems formed
by n-tricosane and n-alkanes and determined the spe-
cific enthalpies of fusion of the eutectic compositions.

The main method used in the study was low-tem-
perature differential thermal analysis (LDTA) [1�4].
The heating and cooling curves for the compositions
studied were measured on an LDTA installation with
a TZ 4620 double-line flat self-recorder. As a source
of the thermoelectromotive force served a Chromel�
Copel thermocouple, with one of its junctions im-
mersed into the mixture under study and the other
placed in a test tube filled with a reference indif-
ferent substance (calcined powdered aluminum oxide).
The cold junction of the thermocouple was in a Dewar
flask filled with a mixture of water and ice, which had
a temperature of 0�C. The thermoelectromotive force
of the differential thermocouple was amplified with
an F 116/1 photoamplifier. The sensitivity of the dif-
ferential recording was attenuated with an MSR-33
resistance box. The zero line of the differential cur-
ve was shifted with an IRN-64 source of variable
voltage. The temperature was determined to within
�0.2�C. The compounds studied were cooled and
heated in a TK-1 thermal chamber. The study was
performed in the temperature range 233�333 K.
The rate of cooling and heating of the compounds was
1�2 deg min�1. The starting components were
weighed on a VLR-2000 analytical balance with
an accuracy of 0.3 mg. The characteristics of the in-
dividual substances corresponded to the reference data
[5, 6].

n-Tricosane I containing 98 wt % pure substance,
n-pentadecane II, and commercial n-hexadecane III
of pure grade were used in the study. The purity of
the reagents was confirmed by liquid-phase chroma-
tography (Tsvet-100 chromatograph, 50-m � 0.25-mm
and 25-m � 0.25-mm capillary columns). The eva-
porator temperature was 623 K. As a solvent of solid
hydrocarbons served toluene.

To perform a preliminary theoretical analysis of
the I�II and I�III systems, we calculated the hypo-
thetical eutectic compositions by Schroeder’s equa-
tion, which is commonly used to describe ideal sys-
tems [7]:

ln X1 = ��������������� ,
RTmel, i Te

_�Hfus, i (Tmel, i � Te )
� (1)

where Xi is the mole fraction of ith substance in
a mixture; �Hfus, i the molar enthalpy of fusion of ith
component (J mol�1); Tmel, i , the melting point of ith
substance (K); Te , the eutectic temperature (K); and
R = 8.314 J mol�1 K�1, the universal gas constant.

To confirm the accuracy of determination of the ex-
perimentally found specific enthalpies of fusion of
the systems, they were calculated by formulas [1, 2]

�Hfus, e = x1�Hfus, 1 + x2�Hfus, 2, kJ kg�1, (2)

�Hfus, e����� = ������� + ������� , kJ kg�1,
Te

x1�Hfus, 1

Tmel, 1

x2�Hfus, 2

Tmel, 2
(3)

where x1 and x2 denote the composition of the eutectic
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Fig. 1. Phase diagrams of the systems (a) I�II and (b) I�III. (T ) Melting point of components of the system and (c) content
of n-alkane. �-I, region of crystallization of �-n-tricosane; �-I, region of crystallization of �-I; II + �-I, region of crystallization
of n-alkane and �-n-tricosane.

(wt %); �Hfus, 1 and �Hfus, 2 are the specific enthalpies
of fusion of compounds I and II [III] (kJ kg�1);
and Tmel, 1 and Tmel, 2, the melting points of com-
pounds I and II [III] (K).

Table 1. Calculated and experimental eutectic compositions
����������������������������������������

System
�

Tmel, K
� Eutectic composition, mol %

� ������������������������
� � C23H48 � n-alkane

����������������������������������������
I�II � 273.5 � 98.0 � 2.0

� � �� � ��
� � 97.9 � 2.1

I�III � 279.6 � 96.5 � 3.5
� � �� � ��
� � 96.7 � 3.3

����������������������������������������
* Numerator: experiment, denominator: calculation by Eq. (1).

Table 2. Calculated and experimental specific enthalpies
of fusion of eutectic systems
����������������������������������������

� Enthalpy of fusion, kJ kg�1/kJ mol�1

����������������������������������
System � calculation � experiment,

������������������������
� Eq. (2) � Eq. (3) � Eq. (4)

����������������������������������������
I�II � 163.18/35.05 � 82.97/21.57 � 30/24.76
I�III � 128.00/19.77 � 83.52/15.43 � 72/32.44
����������������������������������������

Table 3. Phase equilibria in the systems I�II and I�III
����������������������������������������

Point (line) � Equilibrium � Phase equilibrium
����������������������������������������
Eutectic AaA � Nonvariant � l �� II + �-I
Transition P1 � � � l + �-I �� �-I
e1 a � Monovariant � l �� II
aP1 � � � l �� �-I
P1 b � � � l �� �-I
Eutectic AcA � Nonvariant � l �� III + �-I
Transition P1 � � � l + �-I �� �-I
e1 c � Monovariant � l �� II
c P1 � � � l �� �-I
P1 d � � � l �� �-I
����������������������������������������

The experimental enthalpies of fusion of the sys-
tems under study were determined using the equa-
tion [1]:

�Hfus, e = ���������� ,
�Hfus, 1 Te Sm1

Tmel, 1S1m
(4)

where �Hfus is the enthalpy of fusion of the reference
substance (n-tetradecane), whose melting point is
close to that of the eutectic composition (kJ kg�1);
Tmel, the melting point of the reference substance (K);
S1 and S, the half areas under the peak in the cooling
curve of the pure reference substance and a mixture
of eutectic composition, respectively (mm2); m1
and m, the weighed portions of the pure reference
substance and the eutectic mixture, respectively (kg);
Te, the melting point of the eutectic composition in
the system (K).

The calculated and experimental data obtained are
listed in Tables 1 and 2 and shown in Figs. 1a, 1b.

The liquidus curves are represented by three crys-
tallization branches �-I, �-I, and II [III]. The min-
imum crystallization branch corresponds to the com-
pounds II [III]. The eutectic compositions found
experimentally and those calculated by Eq. (1) are
listed in Table 1.

The phase equilibria for points and lines of the
given diagrams are indicated in Table 3.

CONCLUSION

The phase diagrams of the two-component systems
constituted by n-tricosane and pentadecane and by
n-tricosane and hexadecane were studied. The char-
acteristics of their eutectic compositions were deter-
mined: mp 273.5 and 279.6 K, eutectic composition
3.0�97 and 5.0�95.0 wt %, and specific enthalpy of
fusion 30 and 72 kJ kg�1, respectively.
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Abstract�IR and electronic absorption spectroscopies were applied to a study of the mechanism of extraction
of vanadium(V) with di-2-ethylhexylphosphoric acid from sulfuric acid solutions.

Di-2-ethylhexylphosphoric acid (D2EHPA) is an ex-
tracting agent widely employed in radiochemistry,
analytical chemistry, and chemical engineering. It is
used to extract such elements as Nb(V), Ta(V), Ti(III),
and V(IV). In [1], it was demonstrated for the first
time that D2EHPA can also extract vanadium(V) from
weakly acidic solutions by the hydrate-solvate mech-
anism. Investigations in this area have been continued.
The present communication reports the results obtained
in studying the mechanism of V(V) extraction with
D2EHPA from concentrated sulfuric acid solutions.

EXPERIMENTAL

Extraction of vanadium(V) and spectroscopic mea-
surements were performed at 25 � 0.5�C. Di-2-ethyl-
hexylphosphoric acid was preliminarily purified to
remove mono-2-ethylhexylphosphoric acid. The ex-
traction was carried out with undiluted D2EHPA at
Vo : Va = 11 and multiple contact (�4 min) with a sul-
furic acid solution of V(V). The working solutions
were prepared using sodium metavanadate NaVO3 of
chemically pure grade. The concentration of V(V) in
aqueous solutions was determined titrimetrically [2].
The content of V(V) in the organic phase was calcu-
lated from the difference of concentrations in the
aqueous solution before and after extraction.

IR spectra were recorded with a Specord 75-IR
spectrometer in the range 400�4000 cm�1. The solu-
tions studied were placed between KRS-6 plates. Elec-
tronic absorption spectra of V(V) extracts were re-
corded with a Specord UV-VIS spectrophotometer in
the range 13000�30000 cm�1 in cuvettes with the
thickness of the absorbing layer l = 0.1 cm. Electronic
absorption spectra of V(V) solutions in H2SO4 were
recorded in cuvettes with l = 1.0 cm. In this case, the

concentration of V(V) was 4 � 10�4 M. 51V NMR
spectra were recorded with a Bruker MSL-400 spec-
trometer at a frequency of 105.24 MHz. The chemical
shift � was determined relative to VOCl3 as external
reference.

Of high importance in choosing the conditions of
V(V) extraction from sulfuric acid solutions is the stab-
ility of the extracting agent. It is known that D2EHPA
is stable in acid solutions [1]. It was shown in [2] that,
on bringing this extracting agent in contact with sul-
furic acid solutions, it is hydrolyzed only slightly. As
shown by the investigations performed, D2EHPA is
not decomposed, either, in the presence of V(V) up
to a concentration of 0.20 M in a 12 M solution of
H2SO4. The intensity of hydrolysis of D2EHPA
increases upon prolonged contact with a 11 M solu-
tion of HF, and especially with a mixture of HF and
H2SO4 [2]. The aforesaid indicates that, in select-
ing the optimal conditions of V(V) extraction with
D2EHPA from solutions with higer H2SO4 concentra-
tions. In doing so, however, account should be taken
of the fact that the ionic state of V(V) in H2SO4 so-
lutions is determined by the concentrations of V(V)
and H2SO4. At high V(V) concentrations (cV �

0.12 M), dimeric complexes of the oxovanadium(V)
cation, [V2O3(H2O)8 � 2x(SO4)x]

(4 � 2x)+, are formed
in concentrated H2SO4 solutions [3]. Therefore, it is
preferable to extract V(V) from solutions with H2SO4
concentrations at which V(V) exists in the form of
the above dimeric complexes and no decomposition
of D2EHPA occurs.

To establish the concentration range of the mono-
mer�dimer transition, the ionic state of V(V) was stud-
ied in H2SO4 solutions at the concentrations cH2SO4
of 1.0�16.8 M.
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Fig. 1. Electronic absorption spectra of V(V) solutions in
H2SO4 at l = 1.0 cm. cV = 4 � 10�4 M; the same for Fig. 2.
(A) Optical density and (�) wave number. cH2SO4

(M):
(1) 1.0, (2) 3.0, (3) 5.0, (4) 7.0, (5) 9.0, (6) 10.0, (7) 11.0,
(8) 13.0, (9) 15.0, and (10) 16.8. Dashed line: cH2SO4

=
12.0 M, cV = 1.2 � 10�4 M.

Figure 1 shows electronic absorption spectra of
V(V) solutions in H2SO4. At sulfuric acid concentra-
tions in the range 1.0�7.0 M, absorption bands at
48000, 44000, and 36000 cm�1 are observed in the
electronic spectra of V(V) solutions, which indicates
that V(V) exists under these conditions in the form
of complexes in which the dioxovanadium(V) cation
is the central group [4]. Raising the concentration of
H2SO4 further leads to a dramatic increase in the op-
tical density and to a change of the shape of the spec-
trum. Beginning with a H2SO4 concentration of 9.0 M,
a new absorption band at 29000 cm�1 appears in the
electronic spectra of V(V) solutions.

Such a variation of the shape of the spectrum with
the H2SO4 concentration is probably due to the ap-
pearance of another ionic form of V(V). Indeed, be-
ginning with a H2SO4 concentration of 7.0 M, the
molar absorption coefficients grow abruptly as the
concentration of H2SO4 or V(V) increases. This is
presumably due to the formation of polynuclear forms
of V(V).

To confirm these conclusions, 51V NMR spectra
of V(V) solutions in H2SO4 were recorded. With
the concentration of V(V) in the range from 1 � 10�3

to 5 � 10�1 M, a singlet signal with a chemical shift
� = �650 ppm was observed in 51V NMR spectra in
H2SO4 (cH2SO4

= 16.0 M), which indicates that di-
meric complexes of the oxovanadium(V) cation are
formed under these conditions [3] (see table).

At low H2SO4 concentrations, 51V NMR spectra
of V(V) solutions show a singlet signal with a chem-
ical shift � = �541 ppm, which indicates that V(V)
complexes with the dioxovanadium(V) cation as the

Fig. 2. Optical density A of V(V) solutions vs. the con-
centration c of H2SO4 at l = 1 cm. � (cm�1): (1) 26000
and (2) 23000.

central group exist under these conditions [5]. It can
be seen from Fig. 2 that the optical density of V(V)
solutions increases abruptly at cH2SO4

� 7.0 M.

At cH2SO4
of 11.0 M the optical density starts to

level off, which is presumably due to formation of
dimeric complexes of dioxovanadium(V) cations in
this range of H2SO4 concentrations. In the electronic
absorption spectrum of the dimeric complex of the
dioxovanadium(V) cation in a 12.0 M solution of
H2SO4 (Fig. 1), two absorption bands at � 46000
and 29000 cm�1 were observed. These bands can
be identified as charge-transfer bands. On the basis
of the data obtained in analyzing the ionic state of
V(V) in H2SO4 solutions, and with account of the
results of a previous study [6], the optimal condi-
tions of V(V) extraction with D2EHPA are cH2SO4

�

11.00 M.

The extraction of V(V) with D2EHPA from H2SO4
solutions was studied using IR and electronic absorp-
tion spectroscopies. In the IR spectrum of the extract

Chemical shifts for 51V in sulfuric acid solutions of
vanadium(V)
����������������������������������������

cV � cH2SO4
�

�, ppm����������������������������
M �

����������������������������������������
5 � 10�1 � 16.0 � �650
5 � 10�2 � 16.0 � �650
1 � 10�3 � 16.0 � �648
5 � 10�2 � 11.0 � �626
1 � 10�3 � 1.0 � �541

����������������������������������������
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Fig. 3. IR spectra of the system V(V)�H2SO4�D2EHPA.
( T ) Transmission and (�) wave number. (1) V(V) extract
with D2EHPA (c V

in = 0.1381 M), (2) V(V) extract with
D2EHPA after compensation of D2EHPA, (3) H2SO4 ex-
tract with D2EHPA, and (4) D2EHPA.

of V(V) with D2EHPA (Fig. 3), the component of
the �P�OH band at 1680 cm�1 is shifted to 1630 cm�1

as compared with a similar component in the IR spec-
trum of the H2SO4 extract with D2EHPA. The com-
ponents of the �P�OH band at 2260 and 2660 cm�1

disappear. This indicates that P�OH groups are in-
volved in the coordination of V(V) [7]. Presumably,
protons of the extracting agent are replaced with V(V)
cations, which exist in concentrated H2SO4 solutions.
The same behavior is observed in extraction of Sc(III)
from concentrated HCl solutions [8]. In this case,
the cation-exchange mechanism of extraction predom-
inates up to a HCl concentration of 10 M. In addi-
tion, the IR spectra of V(V) extracts with D2EHPA
contain absorption bands at 1170 and 1070 cm�1,
which are identified as �

a
P
s
OO and �

s
POO, respectively

[7]. The shift of the band associated with the POO
group, �a

P
s
OO in the spectrum of the V(V) extract with

D2EHPA, compared with the IR spectrum of the
H2SO4 extract with D2EHPA, indicates that POO
groups are also presumably involved in the coordina-
tion of vanadium(V).

An analysis of IR spectra of a V(V) solution in 11 M
H2SO4 and a V(V) extract with D2EHPA made it
possible to identify ions in whose form D2EHPA ex-
tracts V(V). As shown above, V(V) exists in 11 M
H2SO4 solutions in the form of dimeric complexes
of the dioxovanadium(V) cation. A band at 988 cm�1

and a shoulder at 750 cm�1 appear in the IR spectrum
of a V(V) solution in 11 M H2SO4, measured after

the compensation of the acid. The IR spectrum of
the V(V) extract with D2EHPA shows a doublet at
970�990 cm�1 on the background of the bands as-
sociated with D2EHPA and sulfate ions. A strong
band at 985 cm�1 appears in the IR spectrum of the
V(V) extract with D2EHPA after the compensation of
D2EHPA. By analogy with the data of [3], this band
can be attributed to �1-type vibrations of the dimeric
oxovanadium(V) cation. The band at 750 cm�1 could
not be observed because it is, presumably, overlapped
with a stronger band of D2EHPA.

The aforesaid shows that D2EHPA extracts V(V)
from concentrated H2SO4 solutions in the form of
a dimeric complex of the oxovanadium(V) cation. The
presence of absorption bands at 3450 and 570 cm�1

and a shoulder at 600 cm�1 in the IR spectrum of the
V(V) extract with D2EHPA indicates that the complex
being extracted also contains molecules of water and
sulfate ions [9]. To confirm the possible formation
of mixed-ligand complexes of V(V) in its extraction
with D2EHPA, electronic absorption spectra of V(V)
solutions in 12 M H2SO4 and V(V) extracts with
D2EHPA were recorded. The electronic absorption
spectrum of a V(V) solution in 12 M H2SO4 contains
an absorption band at 29000 cm�1. The electronic ab-
sorption spectrum of the V(V) extract with D2EHPA
shows a shift of the absorption band to the higher-
energy part of the spectrum.

The shift of the absorption peak from 29000 to
25000 cm�1 on passing from a sulfate dimeric com-
plex if the oxovanadium(V) cation to the V(V) com-
plex with D2EHPA, being extracted, is due to the ap-
pearance of upper occupied molecular orbitals, which
reflect the �-bond in the PO group. This conclusion
follows from an analysis of molecules of the type
Alk3PO (Alk stands for an alkyl radical). It has been
established for molecules of this kind that their elec-
tronic configuration in the ground state has the form
(1a1)

2(2a1)
2(1e)4(3a1)

2(2e)4, where the high-energy
occupied molecular orbital 2e is the orbital involved
in the �-bonding between oxygen and phosphorus
atoms [10].

CONCLUSION

A study of the ionic state of V(V) in H2SO4 solu-
tions in the concentration range 1.0�16.8 M resulted
in that the optimal conditions of V(V) extraction with
di-2-ethylhexylphosphoric acid were determined. It
was established that the extraction occurs by the cat-
ion-exchange mechanism to give mixed-ligand com-
plexes of the dimeric oxovanadium(V) cation with
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anions of sulfuric and di-2-ethylhexylphosphoric acids
in the organic phase.
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Abstract�Extraction of titanium(IV) with octanol and tributyl phosphate from fluoride solutions that contain
H2SiF6 or H2SO4 was studied.

Previously, a significant enhancement of the ex-
traction of Ta(V) and Nb(V) with tributyl phosphate
(TBP) from fluoride solutions with high content of
impurity ions, Ti(IV), Si(IV), Sn(IV), etc., which
form fluoroelement acids, has been observed [1, 2].
These acids can replace mineral acids (sulfuric and
others), which are commonly added to improve the ef-
ficiency of recovery of Ta(V) and Nb(V) fluorides [3].
The fluoroelement and sulfuric acids can be arranged
in order of increasing influence on the extraction of
Ta(V) as H2TiOF4 > H2SiF6 � H2SO4 and in order
of increasing effect on the extraction of Nb(V) as
H2SiF6 � H2SO4 � H2TiOF4. Of interest is a study of
the influence exerted by the acids under consideration,
present in the extraction system, on the distribution of
fluorides of elements other than Ta(V) and Nb(V).

This study is concerned with the influence exerted
by the acid H2SiF6 on the recovery of Ti(IV). Natural-
ly, Ti(IV) must also affect the distribution of Si(IV).
It has been established that Ti(IV) is extracted from
fluoride solutions considerably better than Si(IV) [3],
which creates prerequisites for a clearer manifestation
of the effect expected. In addition, the content of
Ti(IV) in fluoride solutions is more easily determined
by chemical analysis than Si(IV). A study of the ef-
fect of Si(IV) on the distribution of Ti(IV) is also of
practical interest for obtaining pure compounds of
Ta(V) and Nb(V) from raw materials with high con-
tent of these impurities.

As extracting agents were used octanol-1 (OCL;
content of main product �98%) and TBP of pure
grade. The physicochemical properties of OCL were
reported in [4], and methods for working with aggres-
sive fluoride solutions and for analytical monitoring,

in [1, 2]. The extraction was performed from a solu-
tion containing 1 M of Ti(IV) and a varying amount
of H2SiF6 or (for comparison purposes) H2SO4 at two
different concentrations of HFfree. The designation
HFfree is adopted for the conditional calculated con-
centration of HF, which exceeds that necessary for
the complexes H2TiOF4 and H2SiF6 to be formed,
since just these complexes are predominant in the sys-
tem under study [1, 3, 5]. The experimental data ob-
tained are presented in Figs. 1, 2 and in the table
(Vo : Va is the volume ratio of the organic and aqueous
phases before extraction).

It has been noted previously [4] that the extracting
capacity of OCL for fluoride systems with Ta(V) and
Nb(V) is approximately twice lower than that for
TBP. Accordingly, the extraction with OCL was per-
formed, in studying the influence exerted by H2SiF6
on the distribution of Ti(IV), at Vo : Va exceeding by
a factor of 2 that for TBP. As also in the case of Ta(V)
and Nb(V) fluorides, H2SiF6 exerts a considerably
stronger influence on the extraction of Ti(IV) than

Influence exerted by the concentration of HF on the ex-
traction of Ti(IV) with TBP (Vo : Va = 1 : 1) and OCL
(Vo : Va = 2 : 1) from a solution of 1 M of Ti(IV)
����������������������������������������

HFfree, M
� Acid, � Recovered Ti(IV), %
� ��������������������
� 3.5 M � with TBP � with OCL

����������������������������������������
0.5 � H2SiF6 � 55.5 � 50.6
3 � � � 30.1 � 50.6
0.5 � H2SO4 � 38.4 � 21.0
3 � � � 10.6 � 13.8

����������������������������������������
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Fig. 1. Effect of (1, 3) H2SiF6 or (2, 4) H2SO4 on the ex-
traction of Ti(IV) with (1, 2) TBP and (3, 4) OCL from
a solution that contains 0.5 M of HFfree and 1 M of Ti(IV).
(A) Recovery of Ti(IV) and (c) concentration of H2SiF6,
H2SO4. Vo : Va: (1, 2) 1 : 1 and (3, 4) 2 : 1.

H2SO4 does. The analogy with the data for Ta(V)
and Nb(V) is also manifested in that the above effect
of enhancement of Ti(IV) extraction from H2SiF6 so-
lutions (compared with H2SO4 solutions) for OCL
at high content of H2SiF6 is substantially stronger
than that in the case of TBP. For example, replacing
H2SO4 with H2SiF6 in extraction from a 4 M acid
solution leads to an increase in the recovery of Ti(IV)
with OCL by a factor of 2.6, and that with TBP, by
only a factor of 1.4. This indicates that the effect of
acids, which supply H+ ions, on the distribution of
H2TiOF4 depends not only on the type of an acid,
but also on the nature of an organic solvent. This
circumstance should be taken into account in studying
the influence exerted by fluoroelement acids on the
distribution of Ti(IV) and fluorides of other elements
present in the extraction system.

Raising the ratio Vo : Va makes it possible to achieve
a Ti(IV) recovery from H2SiF6 solutions in a single
stage of 80% and more with both OCL and TBP.
This value is sufficient for virtually complete extrac-
tion of Ti(IV) into the organic phase in the mode of
a continuous counterflow extraction. At the same time,
complete recovery of Ti(IV) with TBP (and the more
so with OCL) from H2SO4 solutions under the condi-
tions studied is hardly achievable. It should be noted
that the extracting capacity of OCL approaches that of
TBP in extraction of Ti(IV) from solutions with high
concentration of H2SiF6 and large values of Vo : Va,
as also in the case of extraction of Ta(V) and
Nb(V) [4].

Fig. 2. Effect of the Vo : Va ratio on the extraction of Ti(IV)
with (1, 2) TBP and (3, 4) OCL. Content (M): HFfree 0.5,
Ti(IV) 1; (1, 3) Si(IV) 4 and (2, 4) H2SO4. (A) Recovery
of Ti(IV).

Raising the concentration of HF leads to a decrease
in recovery of Ti(IV), presumably, because of the
competing extraction of HF (see table). Rather un-
expected was the absence of any effect of HF in the
concentration range studied on the distribution of
Ti(IV) in extraction with OCL from H2SiF6 solutions.

The data obtained lead to practically important
conclusions. If the objective of a researcher is to en-
sure complete recovery of Ti(IV) in order to obtain
its high-purity compounds [6], then presence of Si(IV)
in the extraction system is desirable because this
makes it possible to lower the ratio Vo : Va and, ac-
cordingly, to diminish the material flows in the ex-
traction technology. In obtaining high-purity com-
pounds of Ta(V) and Nb(V), the recovery of Ti(IV)
should be at a minimum and presence of Si(IV) in
solutions is undesirable. To work efficiently with flu-
oride extraction sys tems, it is necessary to know and
take into account the mutual influence of fluoroele-
ment acids of all elements that are present in solutions
and can form fluoride complexes that dissociate by
the acid type.

CONCLUSIONS

(1) H2SiF6 exerts substantially stronger influence
on the extraction of Ti(IV) with octanol and tributyl
phosphate than H2SO4 does.

(2) Conditions are found under which the recovery
of Ti(IV) from H2SiF6 solutions in a single stage ex-
ceeds 80%.
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Abstract�Synthesis of a mordenite-like zeolite from reaction mixtures of composition 2.5R � (2.2�7.3)Na2O �

Al2O3 � (12�40)SiO2 � (300�1200)H2O, where R is monoethanolamine, was studied. The crystallization con-
ditions under which mordenite with a SiO2/Al2O3 ratio of 13 to 22 can be synthesized were determined.

Raising the SiO2/Al2O3 ratio in a zeolite improves
its thermal stability and resistance to an acid medium
[1]. It has been suggested to obtain high-ratio morde-
nites (with SiO2/Al2O3 molar ratio > 13) by dealu-
mination of low-ratio mordenites (SiO2/Al2O3 = 8�
10) [1] or by high-temperature synthesis in the pres-
ence of organic additives (templates) [2]. Commonly,
quaternary alkyl ammonium bases are used for this
purpose. In [3], it was suggested to synthesize mor-
denite with a ratio of about 20 from reaction mix-
tures of composition (10�29)R � (2�20)Na2O �Al2O3 �

(30�100)SiO2 � (600�2500)H2O, using a more acces-
sible organic base monoethanolamine (MEA) as a
template [3]. As starting reagents served solutions of
Na2SiO3, Al2(SO4)3, and H2SO4.

In this study, we made an attempt to synthesize
high-ratio mordenite in the presence of MEA from
reaction mixtures of another composition, prepared
by mixing other types of Si- and Al-containing raw
materials, carbon white or wastes produced in manu-
facture of crystalline silicon (WMSC) [4], with solu-
tions of sodium silicate and aluminate. Not only
MEA, but also isobutyl alcohol (IBA), were used as
templates.

EXPERIMENTAL

The experiments were performed in an autoclave
with a stirrer and a sampling device. The degree of
crystallinity and the type of a forming zeolite were
determined by X-ray phase analysis. The procedures
used to synthesize and study the zeolites were de-
scribed in more detail in [4].

Reaction mixtures of composition 2.5R � (2.2�
7.3)Na2O �Al2O3 � (12�40)SiO2 � (300�1200)H2O were
used for synthesis.

Silica-alumina hydrogels of the above composi-
tions were obtained by mixing a carbon white or
WMSC with solutions of sodium silicate and alumi-
nate. To these gels was added MEA or IBA. The crys-
tallization was performed at 130�170�C under con-
tinuous agitation.

Preliminary experiments demonstrated that mor-
denite with a ratio exceeding 13 can be synthesized
under the conditions chosen. Further, we studied the
kinetics of crystallization of high-ratio mordenites.

The kinetic curves of crystallization of a mor-
denite-like zeolite at 150�C from the reaction mix-
tures containing MEA and IBA are plotted in Fig. 1.

Fig. 1. Crystallinity � of a mordenite-like zeolite vs. the
time of crystallization �cr of a reaction mixture of composi-
tion 2.5R � 7.3Na2O � Al2O3 � 40SiO2 � 1200H2O at 150�C.
Organic compound: (1) MEA and (2) IBA.
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Physicochemical properties of high-ratio mordenites
������������������������������������������������������������������������������������

R
�
�cr ,

�
� ,

� Static capacity of a zeolite for an indicated vapor, cm3 g�1 �Composition, wt %�
SiO2/Al2O3� � �������������������������������������������������������������

�
%

�
wt %

� H2O � C6H6 � C7H16 � SiO2 � Al2O3 �
������������������������������������������������������������������������������������
MEA� 72 � 100 � 0.11 � 0.07 � 0.08 � 88.6 � 7.1 � 21.4
IBA � 96 � 100 � 0.10 � 0.08 � 0.08 � 77.9 � 7.7 � 17.2
������������������������������������������������������������������������������������

The duration of the induction period of crystallization
is independent of the type of an organic compound,
and the period of exponential growth of crystals is
longer in the case of IBA. The higher crystalliza-
tion rate in the case of MEA can be accounted for
by its higher basicity as compared with IBA. It should
be noted that the crystallinity and adsorption ca-
pacity are high for all the zeolites synthesized (see
table).

The synthesis of mordenite-like zeolite in the pres-
ence of MEA was studied in more detail. The region
of crystallization of the zeolite at 150�C from reaction
mixtures of composition 2.5 MEA � (2.2�9.0)Na2O �

Al2O3 � (12�50)SiO2 � (300�1200)H2O is shown in
Fig. 2.

The region of crystallization of mordenite-like
zeolites, found in this study, corresponds to the fol-
lowing range of compositions of the reaction mix-
tures: 2.5MEA � (2.2�7.3)Na2O �Al2O3 � (12�40)SiO2 �

(300�1200)H2O.

Fig. 2. Regions of crystallization of zeolites from reaction
mixtures of composition 2.5MEA � (2.2�9.0)Na2O �Al2O3 �
(12�50)SiO2 � (300�1200)H2O. Zeolite: (M) mordenite-like
and (P) pentasyl-like.

With the SiO2/Al2O3 ratio raised to 45, two
zeolite phases, pentasyl and mordenite, crystallize
simultaneously. Crystallization of reaction mixtures
with SiO2/Al2O3 > 50 yields a pentasyl-like zeolite.

Thus, the results obtained made it possible to de-
velop a procedure for synthesis of mordenite-like zeo-
lites with a ratio of 13�22. This procedure is based on
hydrothermal crystallization of silica-alumina hy-
drogels obtained by mixing a carbon white or WMSC
with solutions of sodium silicate and aluminate in
the presence of an organic compound, MEA or IBA,
at 130�160�C in the course of 72�96 h. The zeolites
synthesized have an adsorption capacity of 0.10�0.11
for water vapor and 0.08�0.09 cm3 g�1 for n-heptane.

CONCLUSION

A procedure for synthesizing mordenite of high
phase purity with a ratio of 13�22 and nearly
100% crystallinity was developed. This procedure
is based on crystallization of a silica-alumina hydro-
gel of composition 2.5MEA � (2.2�7.3)Na2O � Al2O3 �

(27�7.30)SiO2 � (300�1200)H2O at 130�160�C.
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Abstract�The flocculating power of calcium-containing polyacrylate was studied. The optimal dose of this
flocculant and the velocity of clarification of a model process water were determined.

Due to growing hydrosphere pollution, the require-
ments to wastewater decontamination become increas-
ingly stringent. The commonly used methods for de-
contamination of wastewater are based on its treat-
ment with coagulating and flocculating agents.

The wastewater treatment with flocculants is more
efficient. Their specific consumption in decontamina-
tion of process water ranges from 0.5 to 40 g m�3. The
consumption of cationic flocculants is in the range
from 3 to 8 g kg�1 of clay. For anionic flocculants,
this parameter varies from 1.0 to 1.5 g kg�1. The clar-
ification efficiency of reused water with flocculants
reaches 96�100%.

There are various methods for preparation of poly-
meric flocculants based on sodium polyacrylate (PA)
and polymethacrylate, copolymers of acrylamide with
alkali metal acrylates [1, 2] and other cationic and
anionic polymers [3�10].

The aim of this study was to elucidate how partial
substitution of single-charged Na+ cations in sodium
polyacrylate with double-charged Ca2+ cations affects
its flocculation characteristics. This problem is im-
portant because Ca2+ is the main component of waste-
water from plants for lime and chalk production. We
failed to prepare water-soluble calcium-containing
polyacrylate by adding CaCl2 to aqueous sodium poly-
acrylate. Under these conditions, insoluble calcium
polyacrylate is formed. Water-soluble calcium-con-
taining polyacrylate can be prepared by treatment of
polyacrylic acid (PAA) (M = 150 � 103) with aqueous
CaCl2 (0.162�0.625 g Ca2+ l�1) at 25�35�C for 16�
24 h. At the same time, in treatment of PAA with

400 ml of concentrated CaCl2 (>0.625 g Ca2+ l�1) at
50�80�C, insoluble compound is formed.

It is known that several cationic flocculants bind
metal cations (Ca2+, Mg2+, Al3+, Sn2+, etc.) from
aqueous solution to form poorly soluble complexes.
Therefore, the calcium-containing polyacrylates pre-
pared by us were tested in this respect.

Taking into account that introduction of sodium
cation into calcium-containing polyacrylates strongly
affects their flocculating power, we also tested the
polymers with varied Na+ content. We found that, in
complete or half saturation of the carboxy groups of
polyacrilic acid with Na+ cations, stable water-soluble
flocculants are formed. However, after replacement of
even 0.5% of Na+ with Ca2+ in this flocculant, its
viscosity, refractive index, and density significantly
increase. The calcium-containing sodium polyacrylate
sorbs Ca2+, Mg2+, Al3+, Fe2+, Fe3+, and other cations
to form unidentified poorly soluble complexes.

The flocculation performance of water-soluble cal-
cium-containing polyacrylate was tested on a model
industrial wastewater contaminated with suspended
montmorillonite (Wyoming, USA) (1.0, 5.0, 8.0, 25.0,
60.0, and 100.0 g l�1).

The water clarification velocity W (mm s�1) was
determined as the ratio of the height of a clarified
water layer S (mm) to the sedimentation time � (s):

W + S / �. (1)

The approximate flocculant dose D in our exper-
iments was established in accordance with recom-
mendations published in [2]. This dose was then op-
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Table 1. Sedimentation velocity of clay suspension*

����������������������������������������
cc, g l�1 � Flocculant � S, mm � �, s � W, mm s�1

����������������������������������������
1.0 � Sanfloc � 200 � 3 � 67

� Magnafloc � 200 � 2.5 � 80
� CPA � 200 � 5 � 40
� NaPA50% � 200 � 4.5 � 44
� NaPA100% � 200 � 3.5 � 57

5.0 � Sanfloc � 250 � 5.0 � 50
� Magnafloc � 250 � 3.5 � 71
� CPA � 250 � 8 � 31
� NaPA50% � 250 � 7.5 � 33
� NaPA100% � 250 � 5.5 � 45

25.0 � Sanfloc � 200 � 8 � 25
� Magnafloc � 200 � 5.5 � 36
� CPA � 200 � 12 � 17
� NaPA50% � 200 � 10.5 � 19
� NaPA100% � 200 � 9 � 22

60.0 � Sanfloc � 250 � 11 � 23
� Magnafloc � 250 � 8.5 � 30
� CPA � 250 � 15 � 17
� NaPA50% � 250 � 14 � 18
� NaPA100% � 250 � 12.5 � 20

100.0 � Sanfloc � 200 � 12 � 17
� Magnafloc � 200 � 10.5 � 19
� CPA � 200 � 18 � 11
� NaPA50% � 200 � 16.5 � 12
� NaPA100% � 200 � 15 � 13

����������������������������������������
* (CPA) calcium-containing polyacrylate; (NaPA50%, NaPA100%)

sodium polyacrylates with 50 and 100% saturation of
carboxy groups with sodium cations; (cc) clay content in
aqueous suspension; (S) height of clarified water layer; (�) sed-
imentation time of clay suspension from surface layer to
a depth S; and (W) water clarification velocity.

timized by its variation in the series of sedimentation
tests. The amount of flocculant, required for clarifica-
tion of 1 m3 of wastewater, Rf, was determined by
the equation [2].

Rf = D / (cf � 10), (2)

where D is the optimal flocculant dose (mg l�1) and
cf is the concentration of the working flocculant solu-
tion (g l�1).

The weight Qf of commercial flocculant, required
for preparing Vf (m3) of aqueous flocculant, was cal-
culated by the equation

Qf = Vfcf � 102/cp, (3)

where Vf is the volume of the working flocculant so-
lution (m3), cf is the concentration of this solution
(g l�1), and cp is the percentage of the main reagent in
the commercial flocculant.

Table 2. Optimal flocculant dose D determined by test
sedimentation
����������������������������������������

cc, g l�1 � Flocculant � D, mg l�1 � Rf
*, mg

����������������������������������������
1.0 � Sanfloc � 2.0�4.0 � 2.0�4.0

� Magnafloc � 0.5�1.0 � 0.5�1.0
� CPA � 0.5�4.0 � 1.5
� NaPA50% � 0.5�3.5 � 2.8
� NaPA100% � 0.5�2.8 � 1.2

5.0 � Sanfloc � 1.5 � 1.5
� Magnafloc � 0.5 � 0.5
� CPA � 0.5�2.0 � 2.0
� NaPA50% � 0.5�2.1 � 1.8
� NaPA100% � 0.5�1.5 � 0.5

25.0 � Sanfloc � 30 � 1.2
� Magnafloc � 10 � 1.0
� CPA � 10�30 � 25
� NaPA50% � 20 � 1.5
� NaPA100% � 10 � 1.2

60.0 � Sanfloc � 30 � 0.3
� Magnafloc � 15 � 0.5
� CPA � 15�25 � 25
� NaPA50% � 5�15 � 15
� NaPA100% � 5�10 � 6.5

100.0 � Sanfloc � 30 � 0.3
� Magnafloc � 15 � 0.5
� CPA � 15-20 � 20
� NaPA50% � 15�20 � 20
� NaPA100% � 15�25 � 15

����������������������������������������
* (Rf) flocculant consumption (per 1 gram of clay suspension).

EXPERIMENTAL

The sedimentation velocity was measured in 1-l
volumetric cylinders with scale divisions on strips of
graph paper glued on their walls along a height of
250�300 mm below the water level.

Equal volumes of the model industrial water con-
taminated with clay suspension were poured into sev-
eral cylinders, the mixture was stirred and a prescribed
dose of the flocculant was added. To randomize the
mixture, the cylinders were turned upside down many
times. After settling, 100-ml samples of clarified
water were taken from a depth of 10 cm, and the am-
ount of suspended matter was determined. After that,
the heights of both the clarified water and the sedi-
mented clay layers were measured.

The effect of flocculation on the sedimentation
velocity was determined from the time required for
sedimentation of the main part of suspended clay,
measured with a stopwatch. The clarification velocity
was calculated by Eq. (1) (Table 1). The flocculant
consumption was calculated by Eq. (2) (Table 2).
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The calcium-containing polyacrylate was pre-
pared as follows. Potassium peroxodisulfate [15.5 g
(0.057 mol)] was dissolved in distilled water (150 ml)
at 30 or 45�C with stirring for 0.4 h. After that, acryl-
ic acid purified by distillation [130.860 g (1.816 mol,
124.5 ml] was added and stirred for 0.5 h. Then 400 ml
of aqueous CaCl2 � 2H2O (chemically pure grade)
(0.375 g ml�1) was added, and this mixture was stirred
for 3 h. The resulting solution was diluted with water
(1.5 l) and its pH was checked with indicator paper.
The pH of this solution was adjusted to 8�9 by adding
1.55 M aqueous NaOH.

The aqueous calcium-containing polyacrylates were
kept for 24 h and then dried in a vacuum at 95�C
at a residual pressure of 1300 Pa until a solid film
of constant weight was formed. The IR spectrum of
this film (KBr pellets) contains absorption bands as-
signed to vibrations of the following groups (cm�1):
C�C (800, 850, 900); C�O (1100, 1200, 1250); CH2,
=C

�
�O (1300, 1410,1470 ); CH (2920, 2950); and OH

(3400, 3500). In the 1H NMR spectra (working fre-
quency 68.797 MHz) of calcium-containing poly-
acrylate in D2O, the following signals were detected
(�, ppm): 1.54 (1H, �C�C

�
H�), 1.91 (2H, =CH�CH2�),

4.3 (1H, COOH), and 4.73 (1H, OH).

An elemental analysis of two parallel samples
showed the following chemical composition of the cal-
cium-containing polyacrylate films (%): C 21.15,
21.19; H 1.76, 1.80; S 9.40, 9.44; K 11.47, 11.51;
Ca 11.76, 11.80; and Na 6.73, 6.77. This elemental
composition is close to that of the compound with the
stoichiometry C6H6SO8KCaNa, %: C 21.17; H 1.78;
S 9.42; K 11.49; Ca 11.78; Na 6.75; and O 37.61.

The osmometrically determined molecular weight
of the calcium-containing polyacrylate was (100�

125) � 103.

CONCLUSIONS

(1) Calcium-containing polyacrylate can be used
as a flocculant for clarification of process water con-
taminated with suspended clay.

(2) Partial replacement of Na+ cations in sodium
polyacrylate with Ca2+ does not noticeably change
its flocculating power.
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Abstract�Rheological and adhesion properties of aqueous solutions of corn dextrin at widely varied con-
centrations, obtained at different mixing temperatures, were studied.

Aqueous solutions of natural polysaccharides
(ASPs), especially starch and its derivatives, such as,
e.g., dextrin, are widely used as adhesives [1]. Dextrin
adhesives find extensive application for gluing paper
and paper labels [1�3].

Despite the wide use of aqueous solutions of dex-
trin as adhesives, there are virtually no published data
on their rheological and adhesion properties, which
specifically determine the main process characteristics
of adhesives. Preparation of dextrin glues consists in
heating a dextrin�water mixture or in dissolving dex-
trin in hot water [4]. These operations resemble the
pasting stage in preparation of starch paste [5], How-
ever, there are no published data on how pasting af-
fects the rheological and adhesion characteristics of
dextrin adhesives.

The aim of this study was to examine the rheolog-
ical and adhesion properties of solutions of corn dex-
trin (CD) of different concentrations, prepared in hot
and, for comparison, in room-temperature water.

EXPERIMENTAL

We studied aqueous solutions of acidic corn dex-
trin, GOST (State Standard) 6034�74. The solutions
were prepared at room temperature or at 65 � 5�C
under continuous stirring for 30 min. The concentra-
tion of the solutions was varied from 15 to 70%.

The viscosity of the resulting solutions was mea-
sured on a Rheotest 2 rotary viscometer with a coax-
ial-cylinder working unit at 20 � 0.1�C.

The adhesive properties of ASPs in the glass�ad-
hesive�paper system were studied in an RMU-0.05.-1
tensile-testing machine with the stress measurement

range (0�10) � 0.02 kgf and the rates of motion of
the guide rod of the machine from 0 to 100 mm min�1

[6, 7].

To keep the glass surface at a constant temperature,
we placed it in a metallic flow-through cell whose
dimensions were adjusted to those of the glass shell,
a fragment of a bottle.

As substrate served samples of KYMULTRA
COPY writing paper, A4, 80 g m�2

�500, which were
cut into 150 � 10 mm strips. A 100-mm long adhe-
sive layer was manually applied to each strip. The
samples were glued to the surface of the bottle frag-
ment kept at 20 � 0.5�C. The free end of the strip
was fixed in the stationary clamp of the tensile mach-
ine.

Figure 1 presents the log-log flow curves for aque-
ous solutions of dextrin with different concentrations,
prepared by mixing at room temperature. Figure 1a
shows that all the aqueous solutions of CD, studied
by us, are non-Newtonian liquids. The pseudoplastici-
ty is the most pronounced in the case of 50�70% so-
lutions (Fig. 1a, curves 4�6).

Figure 1b shows the flow curves for the same
solutions prepared by mixing at 65 � 5�C. It is seen
that pseudoplasticity is characteristic of only 50�70%
CD solutions, and 15�30% solutions are virtually
Newtonian liquids (Fig. 1b, curves 4�6 and 1�3, re-
spectively).

Comparison of the results shows that, at low shear
rates (0.3333�9 s�1), the CD solutions obtained at
65 � 5�C are less viscous than those obtained at room
temperature, while at high shear rates (48.6�1312 s�1)
this difference is partly eliminated. Also, heating
yields less pseudoplastic solutions.
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Fig. 1. Log-log plots of the viscosity �, vs. shear rate Dr for aqueous solutions of CD, prepared by mixing at (a) 20 and
(b) 65 � 5�C. Concentration of the solution, %: (1) 15, (2) 20, (3) 30, (4) 50, (5) 60, and (6) 70.

Higher viscosities, as well as lower shear rates and
more pronounced pseudoplasticity, of aqueous solu-
tions of CD prepared at room temperature suggest an
increased, relative to solutions prepared at 65 � 5�C,
concentration of the points of contact in the fluctua-
tion network [8]. A similar decrease in the concentra-
tion of the points of contact in the fluctuation network
in aqueous solutions has also been observed for many
other water-soluble polymers (polyacrylamide, poly-
vinyl alcohol, etc.) [9].

As known, the concentration of the points of con-
tact in the fluctuation network in starch (whose hydro-
lysis yields dextrin) tends to increase with rising tem-
perature. This is usually attributed to degradation of
the shells of the natural polymer grains and to the cor-
responding increase in the effective concentration of
macromolecules in solution [6]. Evidently, the starch�
dextrin conversion involves grain shell degradation as
well. Therefore, with the mixing temperature of dextrin
and water rising from room temperature to 65 � 5�C
the viscosity and pseudoplasticity tend to decrease (as
in the case of water-soluble polar synthetic polymers),
rather than increase (as in the case of starch solutions).

Preliminary studies of the adhesion characteristics
of aqueous solutions of CD with concentrations of
up to 30 wt % in the glass�adhesive�paper system
showed that these solutions are virtually incapable of
providing a paper�glass joint. With a 50% aqueous
solution of dextrin, the paper can be glued to glass,
but this glue joint is so weak that even after 3 min
the paper exfoliates from the glass upon attempted
application of a load. Figure 2 illustrates the adhesion
properties of 60�70% CD solutions. For these solu-
tions, the glue joint strength � increases with increas-
ing keeping time and approaches in the limit the value
corresponding to the breaking strength of a dry paper
strip. As can be seen from Fig. 2, the setting time is

2�3 min, which is smaller than that for imported ad-
hesives for gluing labels (4�7 min). The temperature
mode of preparation of aqueous solutions of CD only
slightly affects their adhesion properties. Evidently,
the lack of a direct correlation between the rheological
and adhesion properties of aqueous solutions of CD
prepared at different temperatures is due to the spe-
cific mechanism of glue joint formation. Lower vis-
cosities of the aqueous solution of CD, prepared at
65 � 5�C, are responsible for the accelerated water
removal from the glue joint and, thereby, for an in-
crease in the viscosity of solution to that characteristic
of the dextrin solution prepared at room temperature.

Notably, aqueous (especially concentrated) solu-
tions of CD prepared at 65 � 5�C have better keeping
qualities. For example, a 50% solution prepared at
room temperature grew moldy even after 3 weeks of
keeping in a dry cool place, while the solution prepared
at 65 � 5�C did so only after 2 months of keeping.

Fig. 2. Variation of the shear strength of glue joint, �,
with the time of keeping � for aqueous solutions of CD
with different concentrations. Concentration of the solu-
tion, %: (1, 2) 60 and (3, 4) 70. Mixing temperature, �C:
(1, 3) 20 and (2, 4) 65 � 5�C.
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CONCLUSION

Aqueous (60�70%) solutions of corn dextrin are
suitable as adhesives for gluing labels. Moreover,
they surpass imported analogs in adhesion properties.
These properties of aqueous solutions of corn dextrin
are virtually unaffected by increase in the temperature
of preparation from room temperature to 65 � 5�C,
but solutions prepared at 65 � 5�C are preferable be-
cause of better keeping qualities.
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Abstract�Oxidation of tall pitch with atmospheric oxygen was studied as influenced by the oxidation ini-
tiator and temperature. Conditions for preparing tall pitch with required physicochemical properties were
determined.

Tall pitch (TP), meltable distillation residue of tall
oil, is a large-tonnage waste of sulfate cellulose prod-
uction. This substance contains fatty and resin acids,
their esters, and the so-called oxidized compounds and
unsaponifiables [1].

Tall pitch is a relatively low-cost renewable phyto-
genic raw material with valuable properties. However,
the major portion of accumulated TP is not used and
is burnt in a mixture with mazut. Practical use of TP
is prevented by its variable chemical composition and
low softening point (Ts = 19�25�C).

Oxidation of TP with atmospheric oxygen at 200�
280�C [2�4] improves its physicochemical properties
and processing characteristics. The oxidized product
with Ts 45�60�C is used in building [4]; that with
Ts 60�90�C in metallurgy and in tire and rubber in-
dustry [3, 5]; and that with Ts 90�105�C in paint and
varnish industry [6].

Clearly, Ts of oxidized TP determines the field of
its practical application and depends on the oxidation
conditions. In this study, we examine the influence of
conditions of TP oxidation on the physicochemical
properties of the resulting product.

Tall pitch was oxidized with atmospheric oxygen
at 220�280�C in the absence and in the presence of
the oxidation initiator. Under these conditions, a brit-
tle dark brown solid product with Ts = 98�102�C was
formed in 80�85% yield. Oil, water, and gaseous
products with odor of sulfur-containing compounds
were liberated, presumably owing to thermolysis of
TP components. In addition, the acid number of oxi-
dized TP (38�45 mg KOH g�1) was lower than that
of the initial TP (55 mg KOH g�1). Hence, one of the
possible pathways of thermolysis can be decarboxyla-

tion of resin and fatty acids to form the correspond-
ing hydrocarbons. If this is the case, carbon dioxide
should be liberated. Liberation of gaseous products
containing CO2 and sulfur compounds in the course
of TP thermolysis has also been observed by Shmidt
[2]. Decarboxylation of resin acids in their liquid-
phase oxidation was described in [7].

Since the Ts of TP depends on the extent of its
oxidation, oxidation of TP was monitored by its Ts.
The dependence of Ts of TP oxidized with atmospher-
ic oxygen at different temperatures on the oxidation
time is shown in Fig. 1.

As can be seen from Fig. 1, autooxidation of TP
by atmospheric oxygen is similar to liquid-phase ox-
idation of hydrocarbons and their derivatives [8]. As
the reaction temperature increases from 220 to 260�C,
the induction period shortens and fully disappears
at 280�C. The maximum oxidation rate increases.
The activation energy of TP oxidation, determined

Fig. 1. Softening point Ts of TP oxidized at (1) 280, (2) 260,
(3) 240, and (4) 220�C vs. the oxidation time �.
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Fig. 2. Softening point Ts of TP oxidized at (a) 280, (b) 260, (c) 240, and (d) 220�C in the presence of (1) 0, (2) 5, and
(3) 10 wt % of the initiator vs. the oxidation time �.

from the slope of the temperature dependence of the
initial reaction rate, plotted in the Arrhenius coordi-
nates, is 68.6 � 0.5 kJ mol�1.

Oxidation of TP is strongly affected by the initi-
ator concentration. As can be seen from Fig. 2, the
oxidation substantially accelerates and the induction
period of the reaction at 220�260�C shortens with
increasing initiator concentration. At the initiator con-
centration of 10 wt %, the induction period in this
temperature range is absent and the dependence of
Ts on the oxidation time � is linear, as that at 280�C
(Fig. 2, curve 3).

The activation energy of TP oxidation in the pres-
ence of 5 and 10 wt % initiator, calculated from
the slope of the temperature dependence of the initial
oxidation rate, plotted in the Arrhenius coordinates, is
62.0 � 0.5 and 48.6 � 0.4 kJ mol�1, respectively.

As noted above, the field of practical application
of oxidized TP depends on its Ts. The dependence
of Ts of oxidized TP on the oxidation conditions

(Table 1) can be used for preparing TP with required
properties.

Table 1. Oxidation conditions of tall pitch
����������������������������������������
Ts of oxi- � � Oxidation time at c*

in (wt %)
dized pitch,� � no less than indicated value (h)

� ��������������������������no less than� T, �
indicated � �C � 0 � �
value, �C � � (no initiator)� 5 � 10

����������������������������������������
45 � 280 � 4 � 3 � 2.5

� 260 � 10.5 � 3.5 � 3
� 240 � 14.5 � 7.5 � 5
� 220 � 20 � 13 � 10

60 � 280 � 6.5 � 5 � 4
� 260 � 15 � 6.5 � 5
� 240 � 19 � 11 � 9
� 220 � 28.5 � 19.5 � 17

90 � 280 � 11 � 9 � 7.5
� 260 � 23 � 11 � 10
� 240 � 29 � 18 � 16
� 220 � 41.5 � 31.5 � 31

����������������������������������������
* cin is the initiator concentration.
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Oxidation of TP was performed at Ural Wood
Chemical Plant Open Joint-Stock Company.

EXPERIMENTAL

We used TP [TU (Technical Specification) 13-
0281078�84, revision no. 1, Tall Pitch for Road-
Building] with Ts 24�C and acid number 55 mg KOH
per gram of the product.

Partially oxidized TP containing peroxides was
used as the oxidation initiator. It was prepared by
oxidation of TP with atmospheric oxygen at 220�C for
10�12 h with subsequent stopping of the air supply
and rapid cooling.

Oxidation of TP with atmospheric oxygen was per-
formed in a reactor with a heating jacket. The reactor
was equipped with a bubbler for air supply, a descend-
ing condenser, and a turbine-type stirrer. The reactor
was charged with a weighed portion of TP preheated
at �80�C in the absence or in the presence of the ox-
idation initiator. The reactor temperature was kept
constant (�2�C) by circulating high-temperature heat
carrier (organosilicon liquid) between a thermostat
and the jacket. When the reactor was heated to the
required temperature, the stirrer was switched on and
purified air was fed at a rate of 35�36 l h�1 per 1 g of
the pitch. The air flow rate was measured with a ro-
tameter. The liberated water and oil were removed
through a descending condenser into a receiver, and
gaseous reaction products were fed into a trap filled
with a 15% aqueous solution of NaOH. Samples of
the reaction mixture were taken at definite intervals.
Their AN and Ts were measured in accordance with
GOST (State Standard) 23863�79. The average of
three replicate measurements was calculated.

CONCLUSIONS

(1) Oxidation of TP is characterized by an induc-
tion period typical of liquid-phase oxidation of hy-
drocarbons and their derivatives. The induction period
shortenes on heating from 220 to 280�C.

(2) Oxidation in the presence of 10 wt % initiator
(partially oxidized TP) is substantially faster and is
characterized by the absence of the induction period
at 220�260�C. The dependence of Ts of oxidized TP
on the oxidation time is linear.

(3) The process for production of oxidized tall
pitch with different Ts was developed and applied
at the Ural Wood Chemical Plant Open Joint-Stock
Company.
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Abstract�The effect of polycaprolactam fiber on the coagulation of butaidene�styrene rubber from the latex
was studied.

Large amounts of wastes of fibers and fibrous
materials are formed at textile and clothing factories.
Utilization of these wastes is a topical problem [1�4].

In industry, fibrous fillers are introduced into poly-
mers on rollers in the course of preparation of rubber
stocks [5, 6]. The fillers impart the required rigidity
and enhance the strength of rubber items. However,
introduction of a fibrous filler on rollers does not en-
sure its uniform distribution in the bulk of the rubber
stock, which negatively affects the physicomechanical
parameters of the vulcanizates.

Hence, it is necessary to ensure, with minimum ex-
penditure, a uniform distribution of a fibrous filler in
the bulk of a polymeric compound. One of the ways
to achieve this goal is introduction of a fibrous filler
into a polymer in the latex step in production of
emulsion rubbers.

In this study, we analyzed how the polycaprolac-
tam fiber affects the coagulation of a latex of SKS-30
ARK butadiene�styrene rubber (BSR) and the proper-
ties of rubbers, rubber stocks, and vulcanizates.

First we considered several modes of pretreatment
of a fibrous filler, polycaprolactam, before its mixing
with BSR latex. The size and dosage of the filler were
kept constant: 2 mm and 0.5 wt % relative to the
rubber. The fibrous filler was introduced without
pretreatment (dry) and after wetting with various
agents: water, tallow soap solution, 24 wt % NaCl
solution (coagulant), and 2% H2SO4 solution (acidi-
fying agent).

Introduction of the fibrous filler without pretreat-
ment (in the dry form) or after wetting with water
does not ensure the desired effect. Better results are
obtained after pretreatment of the fiber with a tallow
soap solution. However, this involves additional mate-
rial and economic expenditures. Introduction of the
fibrous filler in combination with the coagulating
agent does not noticeably affect the coagulation.

Treatment of the fiber with sulfuric acid slightly
increases the coagulum yield. This may be due to
the fact that the amide groups of polycaprolactam
macromolecules react with sulfuric acid molecules.
Appearance of quaternary ammonium groups in the
macromolecules should stabilize the coagulation pro-
cess. The possibility of using quaternary ammonium
salts for coagulation of rubbers from latexes has been
shown previously [7, 8].

Therefore, apparently, the best choice will be intro-
duction of the fibrous filler with an acidifying agent
in the final step of coagulation.

Further experiments on the influence exerted on
the coagulation by the dosage and length of a poly-
caprolactam fiber were performed with simultaneous
addition of the fiber and the acidifying agent. The
fiber length was 2, 5, and 10 mm, and the dosage,
0.1, 0.3, 0.5, 0.7, and 1.0 wt % relative to the rubber.
The influence of the fiber length (at a dosage of
0.3 wt % relative to the rubber) and NaCl dosage on
the coagulum weight is illustrated by the figure. Sim-
ilar dependences of the coagulum weight on the NaCl
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Properties of rubbers, rubber stocks, and vulcanizates based on SKS-30 ARK
������������������������������������������������������������������������������������

Parameter
� Rubber content, wt % (fiber length, mm)
�������������������������������������������������
� 0 � 0.3 (2) � 0.7 (2) � 0.3 (5) � 0.7 (5) � 0.3 (10) � 0.7 (10)

������������������������������������������������������������������������������������
Mooney viscosity (1 + 4): � � � � � � �

rubber (100�C) � 54.5 � 59.0 � 56.0 � 55.0 � 57.0 � 56.5 � 57.5
rubber stock � 57.0 � 57.0 � 58.0 � 59.0 � 58.0 � 58.0 � 58.0

Karrer plasticity, arb. units � 0.34 � 0.33 � 0.34 � 0.33 � 0.36 � 0.34 � 0.34
Recovery, mm � 1.37 � 1.30 � 1.22 � 1.36 � 1.19 � 1.30 � 1.32
Vulcanization optimum (143�C), min � 80 � 60 � 60 � 60 � 60 � 60 � 60
Nominal stress at 300% elongation, MPa � 9.4 � 5.6 � 7.1 � 6.1 � 6.6 � 5.9 � 6.0
Nominal tensile strength, MPa � 26.3 � 28.6 � 22.5 � 23.1 � 23.0 � 23.0 � 20.5
Relative elongation at break, % �618 �680 �610 �670 �640 �670 �650
Relative residual strain, % � 12 � 16 � 14 � 14 � 14 � 14 � 14
Rebound elasticity, % � � � � � � �

20�C � 40 � 38 � 42 � 40 � 42 � 40 � 43
100�C � 53 � 50 � 52 � 52 � 50 � 50 � 50

Shore hardness A, arb. units � 57 � 57 � 57 � 54 � 55 � 56 � 57
Tear resistance, kN m�1 � 53.0 � 89.0 � 90.0 � 81.0 � 85.0 � 66.0 � 73.0
Resistance to multiple extension, thousands � 69.550 � 66.700 � 62.000 � 93.200 � 73.100 � 76.200 � 77.700
of cycles � � � � � � �
Aging coefficient (100�C, 72 h): � � � � � � �

for strength � 0.44 � 0.65 � 0.67 � 0.72 � 0.69 � 0.80 � 0.96
for relative elongation � 0.33 � 0.46 � 0.40 � 0.40 � 0.41 � 0.45 � 0.54

������������������������������������������������������������������������������������

dosage were obtained at other dosages of the poly-
caprolactam fiber.

The experimental data show that addition of the
fibrous filler in the course of rubber coagulation from
the latex increases the coagulum yield. This is prob-
ably due to reduction of losses associated with the
removal of a fine rubber crumb with serum and wash
waters [9] and to additional introduction of the fibrous
filler taken up by the coagulum.

The best results were obtained with the fiber
dosage within 0.3�0.7 wt % relative to the rubber and
fiber length of about 5 mm. The fiber length affects
the coagulum yield insignificantly.

In the second step of our study, we examined the
effect of polycaprolactam fibers on the properties of
rubber stocks and vulcanizates. The rubber samples
filled with polycaprolactam fibers were tested accord-
ing to GOST (State Standard) 15627�79 for BSR in
comparison with a commercial BSR sample.

The table shows that the physicomechanical char-
acteristics of vulcanizates get slightly worse with in-
creasing content and length of polycaprolactam fibers
in rubbers. For example, the nominal tensile strength
of the rubber containing 0.3 wt % 2-mm-long fibers is
28.6 MPa, and that of the sample containing 0.7 wt %

10-mm-long fibers is 20.0 MPa. By contrast, the re-
bound elasticity at 20�C slightly increases: from 38
to 43%, respectively. The resistance to thermal aging
of vulcanizates and the tear resistance of the filled
samples throughout the examined range of fiber dos-
ages are higher than those of the control sample.

Influence of the polycaprolactam fiber length (dosage
0.5 wt % relative to rubber) and NaCl dosage Q on the co-
agulum yield A: (1) no fiber added; fiber length, mm:
(2) 2, (3) 5, and (4) 10.
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CONCLUSIONS

(1) Addition of polycaprolactam fiber and an acid-
ifying agent (2% H2SO4) in the step of coagulation of
butadiene�styrene latex before the final step enhances
the tear resistance and resistance to thermal aging of
the vulcanizates. The optimal length of the polycapro-
lactam fibers is 5 mm at the dosage of 0.3�0.7 wt %
relative to the rubber.

(2) Introduction of polycaprolactam fibers in the
step of latex coagulation ensures its uniform distribu-
tion in the bulk of the rubber.
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Professor Yurii Konstantinovich Delimarskii
(To Centennial Anniversary of His Birthday)

Yu.K. Delimarskii, a known Ukrainian scientist
and pedagogue, full member of the Academy of Sci-
ences of the Ukrainian SSR, made a major contribu-
tion to the organization and development of research
in the field of physical chemistry and electrochemistry
of ionic melts in our country; during many years he
headed the Scientific Council of the Academy of Sci-
ences of the USSR for physical chemistry of ionic
melts and solid electrolytes.

Yurii Konstantinovich Delimarskii was born on
April 23, 1904, at Krasnopolka village of Kamenets-
Podol’sk Province (now Vinnitsa oblast) into the fam-
ily of a village teacher. He received his elementary
education at Bar nonclassical secondary school (1913�
1920) and then at the mechanical school (town of
Bar), which he finished in April 1922. Delimarskii
started his working activities as metalworker at a
machining workshop and then worked as a teacher
at a labor school. In 1924�1928, he was a student
of Kiev Institute of people’s education (physicochem-
ical department). Having graduated from the Institute,
Delimarskii became a postgraduate student at Kiev
Polytechnic Institute at the chair of the technology
of mineral substances, headed by professor D.A. Cher-
nobaev. During the period of time from 1928 till 1934,
Delimarskii carried out an extensive series of investi-
gations in the field of synthesis and analysis of phys-
icochemical properties of aluminosilicates of the zeo-
lite type. In 1936, he successfully defended his candi-
date (Chem. Sci.) dissertation devoted to this research
area. From 1932 till 1934, the young scientist worked
as a docent at Kiev Polytechnic Institute at the chair
of inorganic chemistry, headed by professor V.A. Iz-
bekov (1881�1963, corresponding member of the
Academy of Sciences of the Ukrainian SSR since
1939), a prominent scientist in the field of electro-
chemistry of nonaqueous solutions, including low-
melting salt systems.

Beginning in 1934, Delimarskii’s scientific activ-
ities had been associated with the Academy of Sci-
ences of the Ukrainian SSR and, in particular, with
the Institute of General and Inorganic Chemistry,
Academy of Sciences of the Ukrainian SSR (IONKh
AN USSR, Institute of Chemistry before 1945), where
the scientist worked till his dying day, with the ex-
ception of the time from September 1941 till March
1944. During this time interval, he headed the labora-

tory of mineral technology at the Chemical Institute,
Uzbek branch of the Academy of Sciences of the
USSR, in Tashkent. In 1944, Delimarskii was ap-
pointed deputy director of IONKh AN UkrSSR and
head of laboratory (department) of electrochemistry
of molten salts at the same Institute. In 1949, the sci-
entist completed a large series of investigations, com-
menced in 1936, of the electrode potentials of metals
in molten media and defended his doctoral (Chem.
Sci.) dissertation �Electrode Potentials and Electro-
chemical Series of Metals in Molten Salts.� In 1950,
he became a professor.

During the period of time from 1938 till 1941, De-
limarskii occupied a position of docent at the chair of
inorganic chemistry at Kiev State University (KGU).
In 1944, he resumed his teaching activities at the Uni-
versity; from 1951 till 1959, he headed the chair of
inorganic chemistry at KGU, and in 1960�1964, was
a professor of this chair [1].

In January 1957, Delimarskii was elected an aca-
demician of the Academy of Sciences of the Ukrainian
SSR and chairman of the Bureau of the Department
of chemical and geological sciences. He occupied the
latter position till March 1960. Since that time, and
till March 1973, Delimarskii was director of IONKh
AN UkrSSR and, simultaneously, headed (till No-
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vember 1987) the department of electrochemistry of
molten salts. Since the end of 1987 he was a councilor
of the board of directors of IONKh AN UkrSSR.

The Kiev school of electrochemistry, one of whose
brilliant representatives was Delimarskii, owes its
origin to a known physical chemist V.A. Plotnikov
(1873�1947, academician of the Academy of Sciences
of the Ukraine since 1920, corresponding member of
the Academy of Sciences of the USSR since 1932).
A graduate from Moscow University, he taught from
1899 till 1941 at Kiev Polytechnic Institute, as a pro-
fessor since 1910. Simultaneously, in 1931�1941, he
was director of the Institute of Chemistry, Academy
of Sciences of the Ukrainian SSR. The main Plotni-
kov’s investigations were devoted to nonaqueous solu-
tions and, in particular, to their electrochemistry.
Among Plotnikov’s pupils were such prominent sci-
entists as V.A.Izbekov, Ya.A. Fialkov (1895�1958,
corresponding member of the Academy of Sciences
of the Ukrainian SSR since 1945), M.I. Usanovich
(1894�1981, academician of the Academy of Sciences
of Kazakh SSR), and many others [1].

Delimarskii carried out his first studies in the field
of electrochemistry of molten salts as early as in
1934�1935 under the supervision of Izbekov. Having
graduated from Yur’ev (Tartu) University in 1909,
Izbekov commenced his teaching and scientific activ-
ities at Kiev Polytechnic Institute and, simultaneously,
taught inorganic, physical, and analytical chemistry at
other higher school institutions of Kiev. In particular,
he taught inorganic chemistry at Kiev University from
1933 till 1950. Already the first joint study by Iz-
bekov and Delimarskii (1936), in which the electrode
potentials of metals in molten aluminum bromide
were determined, confirmed the phenomenon, previ-
ously discovered by Izbekov, that the electrochemical
series of metals is specific to each particular solvent.
Further investigations by Delimarskii in this area
markedly extended the knowledge of the influence
exerted by the nature of a solvent on the position of
metals in the electrochemical series and revealed the
effect of temperature and some other factors. It was
established that the difference between electrochem-
ical series in molten electrolytes is primarily due to
complexation and to the influence exerted by the na-
ture of anions present in the melts (1955). In the sub-
sequent years, Delimarskii and co-workers paid con-
siderable attention to voltammetric measurements in
molten salts (polarography with solid electrodes).
Voltammetric measurements were used to study the
reduction of cations of the overwhelming majority of
metals and to refine their deposition potentials, dif-
fusion coefficients, activation energies of processes,
and their reversibility under stationary conditions.

Later, pulsed and ac investigation techniques were
suggested. A major contribution to the development
of stationary and nonstationary methods for studying
ionic melts was made by leading staff members of
IONKH AN UkrSSR A.V. Gorodyskii (1930�1992;
academician of the Academy of Sciences of the Ukrai-
nian SSR since 1978), V.I. Shapoval (1933�1999),
corresponding member of the National Academy of
Sciences of the Ukraine since 1995), E.V. Panov,
N.Kh. Tumanova, and V.F. Grishchenko.

In 1960, a monograph by Delimarskii and Goro-
dyskii Elektrodnye protsessy i metody issledovaniya
v polyarografii (Electrode Processes and Investigation
Methods in Polarography), largely based on studies of
its authors, was published. Delimarskii and B.F. Mar-
kov (1912�1992) carried out extensive studies in the
field of thermodynamics of molten salts, which were
reflected in the monograph Elektrokhimiya rasplavlen-
nykh solei (Electrochemistry of Molten Salts, 1960),
translated in the United States. Investigations in the
field of coordination chemistry in ionic melts were
summarized in the monograph Koordinatsionnaya
khimiya solevykh rasplavov (Coordination Chemistry
of Salt Melts) (in co-authorship with S.V. Volkov and
V.F. Grishchenko, 1977). The book had no analogues
in the domestic and foreign literature.

The research conducted by Delimarskii was of ap-
plied nature and promoted the solution of specific tech-
nological problems. In particular, considerable atten-
tion was given by the scientist to intermetallide elec-
trode processes of refining of heavy nonferrous met-
als. The main results of these studies were reflected
in an original monograph Elektroliticheskoe rafini-
rovanie tyazhelykh metallov v ionnykh rasplavakh
(Electrolytic Refining of Heavy Metals in Ionic Melts)
(in co-authorship with O.G. Zarubitskii, 1975). The
research in the field of utilization of lead-containing
secondary raw materials and separation of lead alloys,
conducted under Delimarskii’s supervision about 50
years ago, have remained topical and scientifically
important up to now. To solution of important techno-
logical problems were devoted Delimarskii’s mono-
graphs Electroliticheskoe luzhenie iz solevykh raspla-
vov (Electrolytic Tinplating from Salt Melts) (in co-
authorship with A.I. Vitkin, A.A. Kolotii, et al., 1967)
and Elektrokhimicheskaya ochistka otlivok v ionnykh
rasplavakh (Electrochemical Cleaning of Castings in
Ionic Melts (in co-authorship with I.R. Fishman and
Zarubitskii, 1976). Delimarskii supervised numerous
investigations of electrolytic recovery of beryllium,
titanium, zirconium, silicon, germanium, and carbon
from molten salts. The scientist paid prime attention
to extending the range of application of ionic liquids
in various branches of technology. These issues were
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the subject of a special monograph Ionnye rasplavy v
sovremennoi tekhnike (Ionic Melts in Modern Tech-
nology, 1981). The modern state of the theory and
practice of electrolysis was considered in a broader
sense in Delimarskii’s book Electroliz. Teoriya i prak-
tika (Electrolysis: Theory and Practice, 1982). There
is no escape from mentioning other, widely known
monographs by the scientist: Electrokhimiya ionnykh
rasplavov (Electrochemistry of Ionic Melts, 1976),
Khimiya ionnykh rasplavov (Chemistry of Ionic Melts,
1980), Teoreticheskie osnovy electroliza ionnykh ras-
plavov (Theoreticval Foundations of Electrolysis of
Ionic Melts, 1986), and Prikladnaya khimiya ionnykh
rasplavov (Applied Chemistry of Ionic Melts, 1988).

The scientific legacy of Delimarskii is immense.
The published list of his scientific works, in which
the last item is dated by the beginning of 1988 [2],
includes 761 titles. Among these, studies in at least
three priority areas can be distinguished: electrochem-
ical recovery, separation, and refining of heavy non-
ferrous metals (18.3% of all the publications); voltam-
metric (polarographic) studies (15.8%); and studies of
the potential series and reference electrodes in molten
media (11.2%). A large number of publications were
devoted to general problems of electrochemical ki-
netics in salt melts, methods for study of kinetic char-
acteristics, and techniques for electrodeposition of co-
atings from melts. A separate series of investigations
was devoted to an analysis of the structure of molten
salts by measuring their Raman spectra. It was de-
monstrated for the example of a number of nitrate
melts that the ion�ion interactions in these melts are
determined both by the crystal structure of the cor-
responding solid phases and by the nature of the first
coordination sphere of the anion.

As already noted, Delimarskii was engaged in ped-
agogical activities at the chair of inorganic chemistry
at KGU during many years. In this connection, he
wrote an original textbook Neorganicheskaya khimiya.
Izbrannye glavy (Inorganic Chemistry: Selected Chap-
ters, 1973), which pays a considerable attention to the
Periodic Law. To the centennial anniversary of this
law was devoted a monograph by Delimarskii (in co-
authorship with G.V. Shilina, in Ukrainian, 1969).

Rather prominent is Delimarskii’s contribution to
the organization of research in high-temperature in-
organic chemistry and physicochemical and electro-
chemical studies in our country. He initiated the or-
ganization in 1969 of the Scientific Council of the
Academy of Sciences of the USSR for physical chem-
istry of ionic melts and solid electrolytes and was its
permanent chairman for 20 years.

By the early 1980s, the Council coordinated inves-
tigations that involved about 130 research institutions,

and higher school institutions as well. All-Union and
regional symposia and seminars and scientific work-
shops were held regularly. At that time, the Soviet
Union occupied the leading position in world’s sci-
ence as regards the scale and level of the research in
this field.

Delimarskii was also engaged in a variety of other
kinds of public activities. He was chairman of the Sci-
entific Council of the Academy of Sciences of Ukrai-
nian SSR for kinetics and thermodynamics of elec-
trode processes from 1967 till 1978, Editor-in-chief
of Ukrainskii Khimicheskii Zhurnal (Ukrainian Chem-
ical Journal) from 1968 till 1988, and chairman of
the Ukrainian republican directorate of the Mendellev
All-Union Chemical Society from 1970 till 1983.
Delimarskii was a member of a number of internation-
al scientific organizations and represented our country
at numerous congresses and conferences abroad. Dur-
ing a number of years he headed the Section of high-
temperature chemistry of the International Electro-
chemical Society.

Scientific achievements of Delimarskii were hon-
ored with Pisarzhevskii Prize of the Academy of Sci-
ences of Ukraine (1972), Mendeleev gold medal
(1980), and a State Prize of the Ukrainian SSR in sci-
ence and technology (1988). In 1974, Delimarskii was
awarded an honorary title of Honored Science Worker
of the Ukrainian SSR; he was decorated with a num-
ber of State awards.

Yurii Konstantinovich Delimarskii died on June 2,
1990. His pupils and colleagues preserve thankful
memory of this remarkable scientist, who had done
so much for the development of domestic high-tem-
perature electrochemistry. To the life and activities
of Delimarskii were devoted an issue concerned with
the biobibliography of scientists of the Ukrainian SSR
[2], articles by Gorodyskii [3] and Zarubitskii [4], and
other numerous publications listed in [2].
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Abstract�The data on formation of solid, liquid, and dust�gas wastes in various stages of titanium sponge
production were generalized and systematized. To prevent environmental contamination by secondary produc-
tion wastes, the procedures and flowsheets providing solidification of the waste products using gypsum or
magnesia binding materials were offered.

The commercial process for production of metallic
titanium as titanium sponge consists of three basic
stages [1, 2]: (1) reductive ore smelting (ROS) of
ilmenite (FeTiO3) and(or) ilmenite�rutile (FeTiO3 �
TiO2) concentrates at 1600�2000�C, which yields
titanium slag (80�86% TiO2) and pig iron alloyed
with nonferrous, rare, and scattered metals; (2) chlori-
nation of titanium slags in melts of chlorides of alkali
and alkaline-earth metals, mainly in a melt of a spent
electrolyte from magnesium production. Thus techni-
cal-grade TiCl4 is obtained, which is further purified
to remove impurities, in particular, V(V) compounds,
to obtain purified TiCl4 and VOCl3 (and/or V2O5) as
commercial products; and (3) magnesium-thermal
reduction of TiCl4 yielding titanium sponge and
MgCl2 melt.

Waste products are formed in each of these stages,
with the dust from ROS and waste products from the
chlorination shop being the most toxic and difficult-
to-process. In the course of ROS, almost all micro-
and macrocomponents belonging to ilmenite and ilme-
nite�rutile concentrates are redistributed. Up to 90�
96% of Ti, more than 80% of V, Nb, and Ta, and also
a significant part of Mn, Cr, Al, Sc, Zr, Hf, Th, and U
pass into the slag, whereas Fe mainly passes into pig
iron, which is sold as a commercial product. A part of
the initial furnace charge and of the products of redox
reactions proceeding in the furnace is carried away
from the melt surface as a dust�gas mixture to form
waste products. The �yield� of the dust is up to 100 kg
per ton of commercial titanium sponge [1, 2]. There-
fore, production of, e.g., 10000 t/year of spongy tita-
nium involves formation of up to 1000 t/year of the
dust in the ROS process.

The composition of the dust in off-gases essentially
depends on the operating mode (open, half-closed, and
closed), temperature, and time from the beginning of
the furnace operation to the end of a cycle. Usually
the ROS dust contains (wt %) TiO2 20�40, Fe2O3
30�60, Al2O3 1�2, SiO2 6�7, Cr2O3 4�5, V2O5 0.2�
0.3, MnO2 1�2, sum of MgO and CaO 2�3, C 2�3,
and a small amount of oxides of rare, scattered, and
radioactive metals. The size of particles varies within
very wide limits from 0.01 to 50 �m. Coarsely dis-
persed (10�50 �m) dust is entrapped in cyclones and
goes then to the process �head� for the preparation of
the initial charge for ROS, and finely dispersed dust
(�behind-cyclone dust�) is caught in bag filters or is
ejected into the atmosphere.

It was shown in [3, 4] that the powder is essentially
enriched with volatile components Pb, Zn, As, etc.,
which are evaporated owing to high temperature of
the process (up to 2000�C) and are then condensed on
dust particles. The degree of their concentration in
comparison with the initial raw material ilmenite
reaches 25�100%, and their content in the dust is
0.3�0.9%, with the higher degree of concentration
of volatile metals being observed in the finely dis-
persed fraction. At the same time, we note that similar
phenomena were also observed [5] when studying
various high-temperature processes: gasification of
fossilized coal, gaseous fuel and pig iron production,
operation of thermal power stations, etc. In view of
these facts, we could expect that the secular radioac-
tive balance in the series of uranium and thorium,
which are present in the initial ilmenite concentrates,
would be disturbed.
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To study the distribution of natural radionuclides
among industrial products of ore smelting of ilmenite
concentrates, we selected appropriate samples of the
initial concentrate, coke, slag, pig iron, dust caught in
cyclones, and behind-cyclone dust. The determination
of the specific activity of 226Ra, 228Ra, and 228Th
has shown that the main �-emitting radionuclides do
not get to a noticeable extent into the smelted pig iron
and pass into the slag [3, 4]. The behavior of lead and
polonium radionuclides in the ROS process essentially
differs from that of their parent radionuclides: both Pb
and Po almost completely sublime and are concen-
trated in the fine fraction. The activity of Pb and Po
reached 3000�6000 Bq kg�1 in the dust caught in
cyclones and 8000�20000 Bq kg�1 in the behind-
cyclone dust, which is much higher than the levels
prescribed by NRB-99 and OSPORB-99 regulations
[6, 7]. The high �-activity of the radionuclides of the
behind-cyclone powder essentially complicates its
recovery from the dust�gas mixture and subsequent
utilization. The concentration of Po and Pb radionu-
clides in fine dust fractions reaches so high values
that, according to the established regulations, the
behind-cyclone dust should be classed with radioac-
tive substances, and handling it requires special safety
measures.

Thus, it follows from the aforesaid that even in
the first stage of the general flowsheet of the spongy
titanium production a significant amount of highly
toxic radioactive waste products such as ROS dust is
formed. Its recovery from a dust�gas mixture and sub-
sequent utilization are of importance for the titanium
production as a whole and are pressing problems to be
solved urgently. Preliminary study and comparative
tests of various ways and devices for the recovery of
behind-cyclone dust have shown that, among all the
known and commercially available types of dust-re-
moving facilities, the most efficient for the behind-
cyclone ROS powder are filters with powdery sintered
filter cartridges (PSFCs).1 The tests have shown
that the efficiency of ROS dust removal from gases
is more than 99.9%, and the residual concentration
of the dust in off-gases does not exceed 0.20�
0.34 mg dm�3 [8, 9].

In SIOT-type cyclones, only up to 40�50% of ROS
dust is trapped. It should be noted that, in this case,
the problem of radiation safety of dust recovery under
conditions of sealed apparatus does not arise basically.
However, this problem inevitably arises further when
unloading the dust from the apparatus and when trans-
������������
1 Developed and produced by EKAPOR Ural Research and

Production Association (Novouralsk).

porting it. According to the existing regulations [6, 7],
formation of radioactive aerosols on workplaces dur-
ing unloading, transportation, dosing, and packaging
should be excluded.

The utilization of the trapped dust, especially of the
behind-cyclone dust, involves still more problems.
Obviously, the direct use of ROS dust, e.g., in formu-
lations of paint-and-varnish materials, as suggested
earlier, does not stand up under scrutiny owing to the
fact that the powder contains �- and �-emitting radio-
nuclides of Po, Bi, and Pb, volatile daughter products
of 232Th and 238U decay. The return of the dust to the
process �head,� to the stage of charge preparation for
ROS, also does not solve all questions concerning the
emission of radionuclides into the atmosphere. In this
case, radionuclides and stable isotopes of Pb, will
inevitably accumulate in the system, and the trapped
dust will become richer in Po, Bi, and Pb radionu-
clides from one cycle to another, being also enriched
in stable Pb. We suggest two ways to solve the prob-
lem of utilization of the ROS dust [9].

The first way is �burdening up,� i.e., addition of
a small amount of the dust to the titanium slag to be
chlorinated. However, in this case it should be ex-
pected that the composition of technical TiCl4 would
change, and salt wastes (of spent melt and sublimates
from titanium chlorinators) would form. This requires
special measures and technical decisions to be under-
taken to ensure the necessary purity of TiCl4 and
neutralization of waste products.

The second way is mixing of ROS powder with
other toxic waste products of titanium production:
with the insoluble residue from hydraulic removal of a
melt in which Th and Ra are concentrated, or with an
oxyhydrate precipitate containing Fe, Cr, Mn, Ti, V,
Th, etc., formed upon local neutralization of solutions
and(or) pulps from the hydraulic washout of spent
melts and sublimates from titanium chlorinators. Then
the resulting composition should be solidified using
gypsum or predominantly magnesia binding materials
[10, 11], in particular, those based on serpentine raw
materials, waste products from asbestos production
[12]. The chlorination of slags from ROS of ilmenite
concentrates enriched in TiO2 (up to 80�86%) results
in the formation of large amounts of waste products in
salt chlorinators: spent melt, fusible and �dry� sub-
limates from titanium chlorinators, acid drains from
washing of process equipment, and spent solutions
from gas purification. As much as 0.25�0.30 t of the
spent melt and up to 0.05�0.10 t of sublimates from
titanium chlorinators are formed per ton of TiCl4
(Table 1).
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Table 1. Composition of raw materials and waste products in TiCl4 production*
������������������������������������������������������������������������������������

Component
� Content, wt %
���������������������������������������������������������������������������
� Ti � Fe � Cr � Mn � V � Al � Sc � Th � Zr

������������������������������������������������������������������������������������
Ilmenite �30.0�40.0�23.0�30.0� 0.5�1.0 � 0.7�0.9 � 0.15�0.25 � 1.0�2.0 � 0.005�0.015� 0.007�0.035� 0.2�0.4
concentrate � � � � � � � � �
Spent melt � 0.2�0.3 � 8.0�12.0 � 1.2�3.4 � 1.2�2.4 � 0.01�0.1 � 1.0�4.0 � 0.01�0.03 � 0.01�0.05 � 0.1�1.0
Sublimates � 1.0�5.0 � 8.0�12.0 � 0.5�1.5 � 0.1�0.3 � 0.1�1.0 � 4.0�10.0� 0.005�0.02 � 0.005�0.01 � 0.5�5.0
������������������������������������������������������������������������������������
* The content of the water-insoluble phase is 20�30% for melt and 5�10% for sublimates; the content of NaCl/KCl in the spent melt

is 38�45%.

Table 2. Composition of wastewater formed in chlorination of titanium slags in salt chlorinators
������������������������������������������������������������������������������������

Component

� Concentration, g dm�3

���������������������������������������������������������������������������
�hydraulic remov-� between spent melt dis- �hydraulic washout of forehearth�hydraulic washout of dry
� al of spent melt �charges (flow-through mode)�sublimates (flow-through mode)� sublimates in buckets

������������������������������������������������������������������������������������
Fe � 13.7 � 5.5 � 2.3 � 17.4
Al � 0.9 � 0.7 � 1.8 � 5.1
Ti � 0.7 � 0.3 � 0.4 � 9.0
Cr � 3.0 � 1.1 � 0.2 � 0.2
Mn � 2.9 � 1.1 � 0.07 � 0.1
K � 0.11 � 0.08 � 0.04 � 0.20
Na � 20.9 � 9.1 � 1.9 � 10.5
Ca � 1.9 � 0.9 � 0.1 � 0.08
Mg � 1.4 � 0.6 � 0.08 � 0.02
Zn � 0.012 � 0.010 � 0.005 � 0.02
Cu � 0.05 � 0.03 � 0.01 � 0.01
Th � 0.05 � 0.03 � 0.01 � <0.001
Sc � 0.04 � 0.02 � 0.001 � 0.001
Cl� � 64.4 � 27.9 � 12.2 � 93.9
Suspended � 17.2 � 7.9 � 2.2 � 13.5
substances � � � �
Mineraliza- � 115.3 � 53.1 � 17.3 � 117.2
tion � � � �
pH � 1.1 � 2.1 � 2.1 � 1.3
������������������������������������������������������������������������������������

In the accepted process, these waste products are
discharged into water, with the resulting acidic wastes
(pulps) forming three independent streams.

The first stream is an acid chloride solution formed
directly from hydraulic washout of spent melt: 8�
12 m3 of water per ton of melt. Every day the melt is
poured out 5�7 times (per chlorinator), each time in
the amount of 2�3 t. Thus, 10�20 t of the melt is
poured out from one chlorinator (correspondingly,
20�40 t when two chlorinators work), and 200�
450 m3 day�1 of wastewater is formed. The volume of
such dumping reaches 50 m3 h�1 at the total pouring
duration of 9 h.

The second stream from chlorinators is a weakly
mineralized solution from hydraulic removal baths.

When water is fed to a bath in the flow-through mode,
the dumping volume from two chlorinators is up to
150 m3 day�1 (up to 10 m3 h� 1 at 15 h of the flow).

The third stream is formed by discharges from
hydraulic removal baths for sublimates of smelting
chambers. Every day 1.5�3.0 t of the sublimate from
two chlorinators is discharged, and up to 480 m3 of
water (up to 20 m3 h�1) is consumed to remove it,
with water being fed continuously in the flow-through
mode.

The average composition of the above-mentioned
solutions, and also the composition of discharges from
hydraulic washout buckets with �dry� sublimates are
shown in Table 2. Calculations based on the averaged
results of the inspection of the wastewater formation
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system show that up to 230000 m3 of acidic chloride
wastewater is formed in the chlorination process
stage directly from chlorinators (80000, 60000, and
90000 m3 per year for the first, second, and third
streams, respectively) at the annual output of 10000 t
of spongy titanium.

The discharges from the chlorination stage amount
to less than 10% of the total amount of wastewater
from the AVISMA Titanium�Magnesium Combine,
Joint-Stock Company. At the same time, this waste-
water contains the greatest amount of rather toxic
metals: nonferrous, rare, scattered, and radioactive
(Tables 1, 2).

According to the existing technology, wastewater
from the hydraulic washout of spent melt and subli-
mates of TiCl4 production is discharged into the sewer
system, combined with the other wastewaters, and fed
to the wastewater treatment facilities (in total, up to
3 	 106 m3/year and more). The combined discharges
are treated with lime milk and Praestol flocculant,
settled, and discharged into the so-called �industrial
channel� (where practically the whole amount of
wastewater from industrial enterprises of the city is
discharged) and then into the Kama river.

The scheme accepted for processing wastewater
from titanium�magnesium industry has a number of
essential drawbacks, the main of which is unsatisfac-
tory removal of Mn(II) and Fe(II) ions and suspended
substances. This results in that significant amounts
of harmful substances are discharged from the waste-
water treatment plant into the industrial channel and
then into the Kama river, thus giving rise to secondary
environmental pollution. One of the principal causes
of the existing situation is that the accepted concept of
processing wastewater from the combine is inefficient
as a whole. Namely, a relatively small volume of
wastewater from chlorinators (up to 10% of the total
amount), containing chlorides of polyvalent metal
ions, is combined with other wastewaters, mainly
those from gas purification units, which are suspen-
sions of solid CaO, CaCO3, SiO2, etc. in liquid solu-
tions of CaCl2 and Ca(ClO3)2.

Combining acidic wastewaters from the chlorina-
tion stage and alkaline wastewaters from gas purifica-
tion units results in formation of difficultly settling
colloidal and semicolloidal oxyhydrates of metals
present in the wastewater from hydraulic washout
of spent melt and sublimates of titanium chlorinators.
As a result, conditions for the flocculation of all poly-
disperse suspensions present in the combined pulp get
worse, the clarification of solutions becomes unsatis-
factory, and hydrophilic precipitates saturated with

water (the sum of metal oxyhydrates, hydroxides,
oxides, and carbonates) are formed. Their dehydration
and utilization is an independent and difficult prob-
lem. The results of [13�15] show that these problems
can be largely solved by separate processing of waste-
waters from chlorinators and those from magnesium
production and gas purification as a whole, in par-
ticular, by local neutralization of solutions and pulps
formed from hydraulic washout of sublimates and
especially of spent melt from titanium chlorinators. In
this case, the load on wastewater treatment plants is
significantly reduced, and the problem of the isolation
of suspended substances will consist only in settling
of coarsely dispersed phases (CaCO3, �sand� fractions
of limy milk, etc.) and the part of solid CaO particles
that remained unchanged during removal of Cl2 and
HCl from off-gases owing to relatively large size
of the particles, their decreased hydrophilicity, and
low chemical activity.

It should be noted that the initial wastewaters from
the TiCl4 production are relatively dilute as compared
to the maximum possible concentration of the sum of
metal chlorides (Table 2). It was found experimentally
that 1.8�2.0 m3 of water per ton of the melt is neces-
sary to obtain solutions saturated with metal chlorides,
i.e., when 20�40 m3 day�1 of the melt is discharged,
it is possible to obtain 40�80 m3 day�1 (instead of
200�450) of the concentrated solutions. To obtain
concentrated solutions from the sublimate of melting
chambers, 4�5 m3 of water per ton of the sublimate is
necessary. In this case, 15 m3 of a solution (instead
of 480 m3 day�) is formed daily upon processing
1.5�3.0 t of fusible sublimates. As to water passing
through the baths for the hydraulic removal in the
flow-through mode, this water should be replaced
with recycled solutions to reduce the volume of the
forming wastewater. Taken together, these measures
will reduce the volume of concentrated chloride solu-
tions discharged from chlorinators from 800�1200 to
50�100 m3 day�1.

To implement this approach, a flowsheet [13] (see
figure) was developed and an installation was con-
structed, providing for the circulation of solutions ob-
tained from the hydraulic washout of spent melt in
a system. The installation consists of a bath for the
hydraulic removal: a 40 m3 water-cooled circulating
tank. The experience of the installation operation has
shown that, on the one hand, the developed technology
significantly reduces the volume of �fresh� water con-
sumed, and, on the other hand, after 4�6-fold circula-
tion it yields solutions concentrated with respect to
metal chlorides. These solutions are fairly convenient
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Salt wastes
from titanium production Vanadium-containing

wastewater from production
of NH4VO3/V2O5

Hydraulic removal

Circulation to concentrate solution

Local neutralization to pH 8�9.5;
precipitation of oxyhydrates

of Fe, Mn, Ti, Zn, Th, Sc, AlMacromolecular
flocculants:

polyacrylamide,
Praestol, etc. Pulp

Flocculation, settling, thickening
of the pulp; filtration

Insoluble residue
(SiO2, Al2O3, TiO2,

ZrO2, [ThO2 + SiO2],
C, etc.)

Serpentinite
and/or brucite

and/or magnesite
Precipitate of pulp

of metal oxyhydrates

Filtration, washing of precipitate
Solution and/or

suspension of MgCl2

Chloride solution
freed from multicharged

metals ROS powder
Precipitate

To sewer system
and water
treatment
facilities

Evaporation

Preparation
of carnallite

Mixing of the resulting
composite

Solidification of wastes,
molding of blocks

Storage

Flowsheet for processing of titanium production wastes.

for subsequent processing, in particular, for the local
neutralization [14, 15] and(or) for the complex proces-
sing with extraction of valuable components and pro-
duction of various commercial items [16, 17].

To gain insight into the processes occurring upon
neutralizing and rendering harmless acidic waste-
waters from chlorination of titanium slags, we studied
in detail how the composition of the initial solutions,
their concentration, pH, temperature, types of pre-
cipitating agents (alkaline reagents) and flocculants,
their concentration and amount, and certain specific
features of processing and preliminary preparation of a

pulp affect the degree of the precipitation of the sum
of metal oxyhydrates, the rate of pulp clarification,
the aggregative stability, the weight of the forming
precipitate, the efficiency of its dehydration, etc. As
initial solutions for the experiments and comparative
tests we took the initial solutions and pulps from
hydraulic washout of the melt and sublimates obtained
according to traditional technology, various mixtures
of these solutions, and concentrated solutions formed
upon their 4�6-fold circulation. These solutions were
neutralized with limy milk (100�150 g dm�3 of CaO),
NaOH solution (40�120 g dm�3), MgCO3, brucite
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Mg(OH)2, serpentinite, and(or) their aqueous suspen-
sions. These studies allowed us to develop, test, and
run several versions of a process for locally neutraliz-
ing and rendering harmless wastes from titanium
production, differing in the type of applied alkaline
reagents and, correspondingly, in the composition of
the resulting precipitates and solutions (filtrates) and
in the ways of their further utilization.

The results of the tests and the experience of run-
ning the process have convincingly shown that the use
of this technology for processing of the whole volume
of the forming wastes make it possible to exclude dis-
charge of polyvalent metals to wastewater treatment
plants of the combine and creates prerequisites for
utilization of wastes as commercial products: concen-
trates and individual compounds of nonferrous, rare,
and scattered metals, in particular, of iron oxide pig-
ments of various color and purpose, selective inorgan-
ic sorbents, and commercial scandium compounds
[17]. However, in the first stage of the work, it is ap-
propriate to restrict the consideration to local neutrali-
zation of acidic wastewater from titanium production
by the precipitation of the sum of metal oxyhydrates.

It is doubtful that these precipitates will be claimed
by potential consumers because of their relatively
poor consumer properties. At the same time, the pres-
ence of toxic metals in the precipitates does not allow
their open dumping. To utilize secondary waste prod-
ucts of titanium production, including wastes with the
increased content of natural radionuclides (Th, Ra, ...,
Po, Bi, and Pb), we developed procedures and flow-
sheets [18] in which the precipitates of metal oxyhy-
drates are combined with ROS dust and insoluble
residue from hydraulic washout of the melt from tita-
nium chlorinators, and the resulting mixture of waste
products is treated with gypsum [CaSO4 and(or)
CaSO4 �0.5H2O] or magnesia (MgO+MgCl2) binders,
solidifed, and molded in �blocks� (see scheme). It
allows highly toxic wastes to be incorporated into a
water-insoluble, nondust-forming matrix, stable to
atmospheric precipitates, soil and subsoil waters, fluc-
tuations of the ambient temperature, and wind and
water erosion. Storage of such wastes will prevent
emission of radioactive dust into the atmosphere and
pollution of the environment.

CONCLUSIONS

(1) The processes of formation of solid, liquid,
and dust�gas wastes in various stages of titanium
sponge production were considered. A significant
amount of finely dispersed dust in which toxic metals
and radionuclides of the thorium series are concen-

trated is formed in the course of ore smelting of the
ilmenite concentrates.

(2) According to the accepted technology, when
titanium slag is chlorinated, the concomitant metals
(Fe, Cr, Mn, Zr, Al, Th, Sc, etc.), which are accumu-
lated in the spent melt and sublimates from titanium
chlorinators, are discharged into water, and the result-
ing pulp is discharged to the sewer system and fed to
the wastewater treatment facilities. However, owing to
the formation of colloidal and semicolloidal metal
oxyhydrates upon the neutralization, the pulp does not
settle and is not clarified.

(3) To prevent environmental pollution, we sug-
gested and tested a process involving pulp circulation
when the spent melt and sublimates from titanium
chlorinators are removed. The process yields concen-
trated solutions and pulps, which are then locally
neutralized. The resulting oxyhydrate precipitate is
mixed with other toxic wastes from titanium produc-
tion and with gypsum or magnesia binder for solidifi-
cation and then molded in blocks in an environment-
ally safe form.
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Abstract�Main procedures used in integrated processing of baddeleyite, including sintering with calcium
carbonate or oxide, decomposition of the cake with hydrochloric acid, and recovery of zirconium in the form
of zirconium oxochloride, were studied.

The baddeleyite concentrate (BC) from the Kovdor
deposit, which contains no less than 97.5�98.5%
ZrO2 + HfO2, is used without chemical processing in
many fields of technology. Its use for production of
zirconium compounds is considered to be inexpedient
since the cost of ZrO2 in the concentrate is nearly
twice that in zircon. In view of the decreasing demand
for BC because of the saturation of the market with
zircon-based synthetic materials [1], a necessity arises
for deeper processing of the concentrate. The prof-
itability of such a processing can be substantially
improved by recovery of Sc(III), Ta(V), and Nb(V),
which are present in the BC in amounts whose cost,
at the world prices, is comparable with that of the
concentrate. Previously, the distribution of rare and
radioactive elements in various flowsheets of BC
processing has been studied, and it was shown that
simultaneous synthesis of pure zirconium compounds
and recovery of rare and radioactive elements into
separate concentrates is the most efficient in proces-
sing by sintering with CaO or CaCO3 and subsequent
transfer of chlorides or nitrates into solution. Here
we studied methods for recovery of rare elements
into concentrates by sintering of BC with CaCO3
and recovery of zirconium(IV) in the form of an oxy-
chloride.

EXPERIMENTAL

A baddeleyite concentrate conforming to TU
(Technical Specification) 48-0572�91 was used in the
study. Rare and impurity elements in precipitates were
analyzed by X-ray fluorescence and spectral methods,
and those in solution, by the emission and atomic-
absorption techniques. The specific radioactivity and

the content of U and Th were determined by radiom-
etry and �-ray spectrometry.

The baddeleyite concentrate was ground in a ball
mill to grain size of less than 0.054 mm, mixed with
CaCO3 and CaCl2 in weight ratio of 10 : 8.2 : 1.2, and
sintered at 1150�C for 4 h. The cake was dissolved in
hydrochloric acid, and the ZrOCl2 precipitate was
separated and washed with counterflow repulpations
to required purity. The acid consumed for washing
was used to decompose the cake. The degree of con-
centrate decomposition was 95�97%, which consider-
ably exceeds the value in sintering with CaO [2, 3].
The yield of the mother liquor after isolation of
ZrOCl2 was 150�250 ml per 100 g of BC (�150 g of
cake) at a composition (g l�1): 40�60 HCl, 120�
180 CaO, 2�5 Fe2O3, 4�8 ZrO2, 1.5�3.5 TiO2, 1.7�
3.0 Nb2O5, 0.25�0.4 Ta2O5, 0.08�0.18 Sc, 0.15�
0.6 SiO2, 0.06�0.12 U, and 0.05�0.1 Th. Iron finds
its way into the BC mainly during grinding and is
present in solution as Fe(III), with other elements also
oxidized to the highest oxidation state.

Rare elements were primarily recovered using
extraction techniques. It is known that Sc(III) is best
recovered with organophosphorus acids [4, 5]. The
possibility of its recovery with a 0.3 M solution of
di-2-ethylhexyl hydrogen phosphate (HDEHP) in do-
decane was studied. It was found that 99% of Sc(III)
is extracted at a phase ratio o : a = 1 : 10, and 92%,
at o : a = 1 : 50, in the case of agitation for 5 min and
settling for 1 h. The results of a large-scale experi-
ment are listed in Table 1.

The extract was twice washed with a 6 N solution
of HCl at o : a = 1 : 1. Zr(IV) and Sc(III) were not
noticeably washed out; U(VI), Ti(IV), and Fe(III)
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Table 1. Distribution of elements in extraction with a 0.3 M HDEHP solution
������������������������������������������������������������������������������������

Product
�

Volume,
� Concentration, g l�1

� ��������������������������������������������������������
� ml � Sc(III) � ZrO2 � TiO2 � Nb2O5 � Ta2O5 � Fe2O3 � U(VI) � Th(IV)

������������������������������������������������������������������������������������
Initial solution � 1000 � 0.14 � 4.1 � 2.3 � 1.9 � 0.27 � 3.3 � 0.08 � 0.07
Raffinate � 990 � 0.002 � 1.8 � 1.9 � 1.7 � 0.3 � 2.3 � 0.006 � 0.02
Washing solution (6 N HCl):� � � � � � � � �

1st � 110 � 0.01 � 0.4 � 1.4 � 0.1 � � � 6.8 � 0.16 � 0.2
2nd � 100 � 0.001 � 0.2 � 0.7 � � � � � 0.6 � 0.11 � 0.25

Extract � 95 � 1.3 � 16.9 � 0.4 � � � � � 0.7 � 0.2 � 0.002
������������������������������������������������������������������������������������

Table 2. Composition of precipitates formed in thermal hydrolysis
������������������������������������������������������������������������������������

Run no.
�

A, kBq kg�1
� Content of oxides, wt %

� ���������������������������������������������������������������
� � Nb(V) � Ta(V) � Ti(IV) � Zr(IV) � Fe(III) � Si(IV)

������������������������������������������������������������������������������������
1 � 52.9 � 19.7 � 3.9 � 26.6 � 25.6 � 0.3 � 6.8
2 � 570 � 14.6 � 2.7 � 20.8 � 31.2 � 1.1 � 4.7
3 � 490 � 15.6 � 2.9 � 24.3 � 32.9 � 0.01 � 1.8

������������������������������������������������������������������������������������

were washed out incompletely; all the other elements
passed into the aqueous phase. The concentration of
Sc(III) in the extract exceeded that in baddeleyite by
a factor of nearly 100, and that in solution, by a factor
of 10. Use of NaF for back extraction has been recom-
mended [6]. An advantage of such a technique is
that the most valuable element is recovered in the
first stage; to its disadvantages belong difficult back
extraction and distribution of radioactivity among
phases.

An experiment on extraction of elements with the
most readily available solvents, octanol and tributyl
phosphate (TBP), showed that iron(III) can be selec-
tively recovered from solution and the separation
factors for other impurities are low.

It would be expected that, at a high concentration
of the salting-out agent, CaCl2, the distribution coeffi-
cients of Sc(III) should be greater [4, 5]; however,
these coefficients were found to be lower and close to
those for the other components monitored. Raising the
acidity fails to improve the selectivity of the system.
Quite the opposite, the distribution coefficient of
Sc(III) becomes smaller because of the competing
influence of other ions.

We examined the possibility of separating the
components using the difference in the pH values of
hydroxide precipitation and the tendency for multi-
charged cations to undergo hydrolysis. In the case of

neutralization with ammonia, the pH of the onset of
Sc(III) precipitation is 4.8�4.9, whereas Ti(IV),
Zr(IV), Nb(V), and Ta(V) precipitate in the pH range
from 0.5 to 2.0 [4, 7]. It was established that, upon
neutralization to pH 0.5�2.5, virtually unfilterable
slurries are formed. At pH 3.5 the precipitate can be
filtered off, and not only Ti(IV), Zr(IV), Nb(V),
Ta(V), and Fe(III) completely precipitate, but also
U(VI), Th(IV), and Sc(III). The coprecipitation of
Sc(III) and the radionuclides is due to the sorption
properties of the hydrogels of multicharged cations
and iron(III).

When thermal hydrolysis is performed in an acid
medium, 5�15% of Sc(III) is precipitated, depending
on the conditions (acidity, time of thermal treatment,
nucleating and other additives). This mainly occurs
via capture of the mother liquor. In order of their
precipitation, the elements can be ranked as follows:
Ta(V) > Nb(V) > Ti(IV) > Zr(IV) > U(VI), Th(IV).
By changing the precipitation conditions, it is possible
to selectively leave in solution radioactive elements
and part of Zr(IV). However, taking into account the
separation of Sc(III) and difficulties in filtration, it is
advisable to isolate these elements into a collective
precipitate. The yield of dry residue is 15�25 g l�1 of
solution. The compositions of the precipitates obtained
by neutralization of the solution with 10 g l�1 of HCl,
introduction of H2SO4 to 1 mol mol�1 of ZrO2, and
keeping at 90�C for 2 h are listed in Table 2. In run
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no. 3, hydrolysis was performed in solution after
separation of Fe(III) by extraction, and in run nos. 1
and 2, before separation of Fe(III). The content of
Sc(III) in the washed precipitates was below the
detection limit of the X-ray fluorescence analysis
(<0.01 wt %). The precipitation was fairly complete:
the residual content of Ti(IV) and Nb(V) in solutions
formed in run nos. 2 and 3 was less than 0.01 g l�1 for
each of these components, and that of Zr(IV), less
than 0.3 g l�1. Thus, the separation of Sc(III) from
multicharged cations was achieved in the experiments,
with the only difficulty consisting in the poor filter-
ability of the precipitates formed by hydrolysis.

Further processing of the precipitates can be done
using the standard methods in an HF�H2SO4 medium
in order to perform extractive recovery and separation
of Ta(V) and Nb(V) [8], with preliminary removal of
U(VI) on anion-exchange resins in a sulfuric acid
medium [9].

From a solution that contains CaCl2, 85% of Sc(III)
is extracted with TBP in a single stage in the absence
of competing ions at o : a = 1 : 1. In a counterflow
process, 98% recovery was achieved in three stages
at o : a = 1 : 2. After backwashing with water and
neutralization of the backwash with ammonia, the
hydroxides isolated were treated with oxalic acid. The
content of Sc2O3 in a precipitate calcined at 900�C
was 16.5 wt %, with the rest constituted by Ca(II),
Fe(III), Mg(II), and Zr(IV). The yield of the precipi-
tate was 0.8�1 g l�1 of solution at a direct recovery of
Sc(III) from BC in the range 65�78.5%.

CONCLUSION

The study demonstrated the possibility of proces-
sing of the baddeleyite concentrate to produce zirco-
nium compounds with recovery of scandium(III), nio-
bium(V), and tantalum(V) into separate concentrates.
The process includes sintering with calcium oxide or

carbonate in the presence of a modifying agent, break-
down of the cake with hydrochloric acid, recovery and
purification of zirconium oxychloride, thermal hy-
drolysis of the mother liquor, and transfer into a pre-
cipitate of basic salts of multicharged cations. Scandi-
um(III) is recovered from solution via extraction with
di-2-ethylhexyl hydrogen phosphate or is accumulated
in a raffinate in extraction of iron(III) with tributyl
phosphate.
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Abstract�Extraction of thorium(IV) with di-2-ethylhexyl hydrogen phosphate, octanol, and tributyl phos-
phate in sulfuric acid processing of perovskite was studied. The main stages of utilization of waste hydro-
chloric acid solutions were considered.

Russia suffers from permanent shortage of com-
pounds of titanium(IV), niobium(V), and tantalum(V),
which is due to the lack of readily available resources
of conventional raw materials (ilmenite, columbite�
tantalite, pyrochlore, and microlite ores). At the same
time, Russia possesses a considerable part of world’s
mineral resources of titanium-and-rare-metal raw
materials; more than half of the domestic resources
can be found in the Kola Peninsula. The largest
amounts of titanium-and-rare-metal raw materials are
contained in loparite ores of the Lovozero deposit
and perovskite ores of the Afrikanda and Vuoriyarvi
deposits. The loparite concentrate is produced in
limited amounts and actually serves as the only im-
portant exploited source of raw materials in Russia for
manufacture of niobium, tantalum, and rare-earth
products. Deposits of perovskite ores deserve closer
attention because of the shortage of materials based on
titanium and rare metals.

The total amount of ores only at the Afrikanda
deposit (the best prepared for industrial use) is
626.2 million tons (52.2 million tons of TiO2) [1�3].
A characteristic feature of perovskite is its complex
multicomponent composition. For example, the perov-
skite of the Afrikanda deposit contains (wt %) 0.64�
2.50 (Nb,Ta)2O5, 50.8�56.8 TiO2, 0.12�1.93 SiO2,
0.15�1.30 Al2O3, 0.43�2.00 Fe2O3, up to 1.44 FeO,
2.18�10.7 Ln2O3 (here and hereinafter, Ln2O3 is a
sum of oxides of rare-earth elements), 26.3�38.1 CaO,
0.10�2.35 Na2O, and 0.07�0.14 ThO2. The complex
composition of the raw materials necessitates their
integrated processing with recovery of all the valuable
components. Various techniques have been developed
for processing of perovskite [1]. These techniques
make it possible to obtain 0.41�0.47 t of TiO2 pig-

ment, up to 100 kg of a rare-earth concentrate, 7.7�
9.3 kg of Nb2O5, and 0.42�0.50 kg of Ta2O5 from 1 t
of the concentrate. Rather promising is breakdown of
perovskite with hydrochloric acid, with Ca(II), La(III),
and Th(IV) passing into solution, and Ti(IV), Nb(V),
and Ta(V), into the precipitate, which is further
processed into commercial products by the known
schemes [1�3].

This study is mainly concerned with recovery of
Th(IV) in the hydrochloric acid processing of perov-
skite. The perovskite concentrate contains as undesir-
able impurities such radionuclides as Th(IV), U(VI),
and Ra(II), with Th(IV) predominant among these.
A suggestion that Th(IV) compounds can be used in
the future in nuclear power engineering has been made
in the literature [4]. Naturally, recovery of Th(IV) is
also necessary from the standpoint of the environ-
mental safety. Hydrochloric acid solutions obtained by
breakdown of perovskite contained, after precipitation
of Ti(IV), Nb(V), and Ta(V) by hydrolysis, the fol-
lowing compounds (g l�1): 100�200 HCl, 100�
150 CaCl2, 0.1�0.2 ThO2, 6�10 Ln2O3, 6�10 Fe2O3
[Fe(II) + Fe(III) in terms of Fe2O3], and 1�10 TiO2.
In addition, Mn(II), V(V) (the perovskite concentrate
contains an impurity of titanomagnetite), and Zn(II)
[Zn(II) was used in the hydrolysis stage to obtain
pigment-grade titanium dioxide] were present in solu-
tions. The system has a complex multicomponent
composition, the properties of its constituent elements
are strongly different, and it has been poorly studied.
All these factors predetermine the complexity and
great number of different processes in the scheme to
be used for utilization of these solutions, the more so
as one of important tasks was to minimize the mass of
radioactive products to be disposed of. The solutions
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Table 1. Extraction of thorium with HDEHP at Vo : Va = 1 : 1
������������������������������������������������������������������������������������

Run
� Composition of the starting solution, g l�1 �

Extracting
� Degree of recovery, %

���������������������������������������� ���������������������������
no. � HCl � CaCl2 � ThO2 � Ln2O3 � Fe2O3 � TiO2 � agent �Th(IV)� Ln(III) � Fe(III) � Ti(IV)
������������������������������������������������������������������������������������

1* �pH 0.4 � 127 � 0.19 � 7.5 � 7.8 � 0.04 �40 vol % HDEHP� 98.9 � 81.0 � � � �

� � � � � � �in OCL � � � �
2* �pH 0.4 � 72 � 0.10 � 4.6 � 5.5 � 0.4 �40 vol % HDEHP� 95.3 � 26.9 � 84.7 � 99.6

� � � � � � �in RED-1 � � � �
3 � 73 � 418 � 0.60 � 24.7 � 28.3 � 0.08 � � � 93.0 � 1.7 � 60.3 � 99.0
4 � 179 � 129 � 0.19 � 8.0 � 7.5 � 9.7 � � � 90.5 � 1.5 � 59.9 � �99.9

������������������������������������������������������������������������������������
* Composition of solution after neutralization with NaOH.

Table 2. Extraction of thorium(IV) with OCL
������������������������������������������������������������������������������������

Composition of the initial solution, g l�1 �
Vo : Va

� Degree of recovery, %
������������������������������������������ ���������������������������������

HCl � CaCl2 � ThO2 � Ln2O3 � Fe2O3 � TiO2 � � HCl �Th(IV)� Ln(III)� Fe(III) � Ti(IV)
������������������������������������������������������������������������������������

180 � 127 � 0.16 � 8.0 � 8.6 � 5.2 � 1 : 1 � 31 � <1 � <0.1 � 91.6 � 12
152 � 334 � 0.48 � 19.8 � 20.6 � 0.1 � (4�6) : 1 � �85 � <1 � <0.1 � � � �

73�109�380�418�0.54�0.60� 22�25 � 26�28 � �0.1 � (1�1.8) : 1 � � � <1 � <0.1 �79.8�85.5� 42�52
106�178�254�317�0.38�0.48� 19�24 � 19�24 �1.4�1.7 �(2.6�5.3) : 1*�36�65**� �2 � �1 � � � �

98 � 376 � 0.54 � 22.2 � 17.8 � �0.1 � 0.3 : 1*** � � � � � � � 83.0 � �

98 � 376 � 0.54 � 22.2 � 17.8 � �0.1 � 0.7 : 1*** � � � � � � � 98.4 � �

������������������������������������������������������������������������������������
* Extraction with OCL containing 153 g l�1 of HCl.

** With account of HCl input with OCL.
*** Preliminarily, Fe(II) was oxidized to Fe(III) by addition of H2O2.

used in the experiments were either taken immediately
after the precipitation of Ti(IV), Nb(V), and Ta(V), or
(for the most part) after their evaporation to CaCl2
content of 300 g l�1 and more. The evaporation was
carried out in order to diminish the process flows, to
regenerate HCl [5], which is recycled into the perov-
skite breakdown stage, and to improve the extraction
of Th(IV) and some other components [6].

The distribution of Th(IV) and Ln(III) was moni-
tored by chemical analysis: the sum Th(IV) + Ln(III)
was isolated and Th(IV) was determined photometri-
cally; Fe(III) was determined by atomic absorption
spectroscopy, and Ca(II), by flame photometry; also,
emission spectral, X-ray fluorescence, and X-ray
phase analyses were employed. The error in determin-
ing the concentrations of the components did not
exceed 3�7%, depending on an analytical technique,
a chemical element to be determined, and (primarily)
the content of this element.

The main method used for recovery of Th(IV) is
extraction. As extracting agents we used di-2-ethyl-
hexyl hydrogen phosphate (HDEHP) manufactured by
Bayer (content of the main product >98%), octanol

(OCL, content of the main product ~98%), and tri-
butyl phosphate (TBP) of pure grade, the diluent was
RED-1 (paraffin hydrocarbons C12�C16). The extrac-
tion was performed at room temperature (18�2�C);
the solutions were kept before extraction (in the case
when reagents were introduced into the solutions in
order to vary their composition) for no less than 24 h.
The extraction time was 10 min. When the precipita-
tion technique was used, neutralization was performed
with lime milk containing 20 wt % CaO (CaO con-
taining no less than 97.5 wt % main component was
used) or with a solution of 300 g l�1 NaOH of pure
grade; the pH values were monitored with a standard
I-120.2 ion meter with an ESL-45-07 electrode.

Tables 1�3 list the main experimental results ob-
tained in studying the extraction of Th(IV) and con-
comitant components (Vo : Va is the ratio of the or-
ganic and aqueous phases before extraction). With
HDEHP, good results were obtained in recovery of all
the components under study; Th(IV), Fe(III), and
Ti(IV) could be extracted in a wide range of acidities
of the system. Nevertheless, the most complete trans-
fer of the components into the organic phase is ob-
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Table 3. Extraction of thorium(IV) with TBP. Solution composition, g l�1: 106 HCl, 317 CaCl2, 0.48 ThO2, 23.7 Ln2O3,
24.0 Fe2O3, and 1.7 TiO2
������������������������������������������������������������������������������������

Run
�

�*
� Content in solution fed to extraction, g l�1 �

Vo : Va

� Degree of recovery, %**
� ���������������������������������� ����������������������������

no. � � HCl � CaCl2 � � HCl*** � Th(IV)
������������������������������������������������������������������������������������

1 � 1.5 � 226 � 211 � 1 : 1 � 49 � 59.5
2 � 2.0 � 286 � 158 � 1 : 1 � 44 � 64.9
3 � 3.0 � 347 � 106 � 1 : 1 � 43 � 70.6
4 � 1 � 106 � 317 � 1.3 : 1**** � 49 � 70.4
5 � 1 � 106 � 317 � 1.9 : 1**** � 53 � 73.4
6 � 1.5 � 226 � 211 � 1.3 : 1**** � � � 73.2
7 � 1.5 � 226 � 211 � 1.9 : 1**** � 47 � 79.6
8 � 2.0 � 286 � 158 � 1.3 : 1**** � 38 � 76.8
9 � 2.0 � 286 � 158 � 1.9 : 1**** � 44 � 80.8

10 � 1 � 106 � 317 � 1 : 1 � 74 � 85.8
11 � 1 � 106 � 317 � 3 : 1 � 84 � 92.7

������������������������������������������������������������������������������������
* Degree of dilution of the starting solution by adding concentrated HCl (467 g l�1 of HCl).

** Extraction with TBP containing 147 g l�1 of HCl.
*** Taking into account income of HCl with TBP.

**** Degree of recovery of other elements: Ln(III) �10%, Fe(III) >90%, and Ti(IV) about 50%.

served at a low content of HCl, especially for Ln(III).
It should also be noted that replacing RED-1 with
OCL improves the recovery of Th(IV) and (strongly)
Ln(III). However, a disadvantage of HDEHP as an
extracting agent is the low selectivity and poor phase
separation in the system under study. Moreover, rare-
earth elements are easily backwashed from HDEHPA
with solutions of acids, whereas backwashing of
Th(IV) and Ti(IV) requires use of fluoride or alkaline
solutions, which leads to precipitation and gives rise
to additional technological problems. Therefore, main
attention was focused on neutral organic solvents,
OCL and TBP. In the case of extraction with these
solvents from the chloride system under study, the
distribution of elements is the most strongly affected
by changes in the concentrations of HCl and CaCl2
[6].

The use of OCL as an extracting agent for recovery
of Th(IV) was found to be inefficient (Table 2): in
a wide range of HCl and CaCl2 concentrations and
Vo : Va ratios (including the case when HCl-contain-
ing OCL was used), the transfer of Th(IV) into the
organic phase did not exceed 2%, presumably as a
result of the low basicity of OCL and competition
with HCl, which is well extractable with alcohols [7].
However, OCL selectively extracts Fe(III), which was
used for its extraction from process solutions in order
to simplify their utilization and to diminish the mass
of subsequently recovered radioactive precipitates to
be disposed of. Preliminary studies demonstrated the

possibility of virtually complete extraction of Fe(III)
with OCL under conditions of a continuous counter-
flow process at Vo : Va � 0.3 : 1. It should be noted
that up to 20 wt % of Fe is present in solutions as
Fe(II). Since Fe(II) is not extracted in the system
chosen [6], it is necessary to oxidize Fe(II) to Fe(III),
e.g., by adding a minor amount of H2O2. After wash-
ing [mostly performed to remove Ti(IV) and trace
amounts of Th(IV)] and back extraction with water
(Vo : Va of 10 : 1 and 3 : 1, respectively), a high-
quality concentrate of Fe(III) can be isolated. Further
processing of this concentrate by the technique de-
scribed in [8] yields high-purity compounds of Fe(III),
which are used, e.g., in battery industry and for ob-
taining various types of ferrites [8].

The extraction of Th(IV) with TBP was analyzed in
detail. Preliminary studies demonstrated that the trans-
fer of Th(IV) into the organic phase was in the range
40�62% in the case of extraction of Th(IV) from a
solution containing 182 g l�1 of HCl and 125 g l�1 of
CaCl2 (the content of other components is give above)
immediately after the precipitation of Ti(IV), Nb(V),
and Ta(V). This was done in a wide range of concen-
trations of HCl (182�372 g l�1; concentrated HCl was
added to the solution) and CaCl2 (42�125 g l�1; the
content of CaCl2 was varied on adding HCl) and
varied Vo : Va ratios [(1�2) : 2; including the case
when HCl-containing TBP was used]. The highest
degree of Th(IV) extraction was 62% at Vo : Va =
1 : 1 and a threefold dilution of the solution of con-
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centrated HCl to a concentration of 372 g l�1 of HCl.
These parameters are insufficient for complete re-
covery of Th(IV) under conditions of an industrial
counterflow extraction.

Good results were obtained in extraction of Th(IV)
from solutions evaporated to CaCl2 content exceeding
300 g l�1 (Table 3). Addition of concentrated HCl to
an evaporated solution (run nos. 1�3) made it possible
to raise the recovery of Th(IV) in a single stage to
70.6%, despite the decrease in the concentration of
CaCl2. Additional �saturation� of the system with
HCl because of the use of HCl-containing TBP leads
to a further rise in the degree of Th(IV) transfer into
the organic phase to 80.8% (run nos. 4�9).

However, the introduction of considerable amounts
of HCl into the system has an important disadvantage:
HCl itself is rather well extracted with TBP (Table 3)
[6], so that the acid binds the extracting agent and
successfully competes with Th(IV). This approach,
i.e., addition of HCl, can be considered to a certain
extent acceptable (or, rather, forced) for systems that
contain virtually only HCl, e.g., in processing of solu-
tions in the hydrochloric acid technology of loparite.
In the system under study, which contains CaCl2 in
high concentrations, it is more appropriate (and more
advantageous economically) to extract Th(IV) from
solutions with the highest possible (because of the pre-
liminary evaporation) content of CaCl2 (run nos. 10,
11). Even at Vo : Va = 1 : 1, the recovery of Th(IV) is
85.8%, which makes it possible to virtually quantita-
tively recover Th(IV) from process solutions under the
conditions of counterflow extraction. It would be
expected that further evaporation of the solutions to a
CaCl2 content of, e.g., 450 g l�1 will create conditions
for even more complete passing of Th(IV) into the
extract, with the Vo : Va ratio simultaneously de-
creased to less than 1 : 1.

The study also demonstrated that extraction of
Th(IV) under the conditions determined, with the sub-
sequent scrubbing and backwashing with water, can
be used to obtain a concentrate with the Th(IV) con-
tent of up to 10 wt %. Since U(VI) present in a minor
amount in perovskite is recovered with TBP from
hydrochloric acid solutions better than Th(IV) [6, 9,
10], it passes into the concentrate together with
Th(IV). Scrubbing of the Th(IV) extract is necessary
for separating such impurities as Ca(II), Ln(III),
Ti(IV), Mn(II), etc., because, without scrubbing, the
content of oxides of these impurities in the concen-
trate may be as high as >20, >25, 10�20, and 5�
10 wt %, respectively.

Additional purification of Th(IV) to remove im-
purities can be performed by partial neutralization of
its backwash. It is known that the pH of precipitation
of element hydroxides strongly depends on the com-
position of a particular solution and on the type of a
precipitating agent. It can be considered that, in the
system under study, Ti(IV), Fe(III), Th(IV), U(IV),
and U(VI) are completely or fairly completely precipi-
tated at pH 5�6; Ln(III) and Fe(II), at pH �9; and
Mn(II), at pH �10 [9�13]. Since Fe(III) is readily re-
moved by extraction with OCL before recovery of
Th(IV) with TBP, it would be expected that neutrali-
zation of the Th(IV) backwash to pH 5�6 will create
conditions for the maximum possible purification of
Th(IV) to remove Ln(III), Mn(II), and Ca(II), with the
content of Th(IV) in the concentrate markedly increas-
ing to values considerably higher than 10 wt %.

The results obtained in this study and published
data [1�14] suggest the following scheme for utiliza-
tion of solutions formed in breakdown of perovskite
with hydrochloric acid and precipitation of Ti(IV),
Nb(V), and Ta(V), with a Th(IV) concentrate pro-
duced: (1) evaporation of a solution (with distillation
of HCl) to a CaCl2 content exceeding 300 g l�1;
(2) extraction of Fe(III) with OCL, with preliminary
oxidation of Fe(II) to Fe(III); (3) extraction of Th(IV)
to give its concentrate containing 10 wt % ThO2 and
more [U(VI) is recovered together with Th(IV)];
(4) coprecipitation of Ra(II) on BaSO4; (5) neutraliza-
tion of the resulting solution to pH 5�6 with the for-
mation of a precipitate that contains mostly Ti(IV);
this precipitate is recycled into the stage of perovskite
breakdown with hydrochloric acid; (6) neutralization
of the solution to pH �9 to give a commercial prod-
uct, concentrate of rare-earth elements(III) (with
Ln2O3 content of up to 90 wt %), which is processed
further using the known procedures [1�3, 7].

It should be noted that it is preferable to recover
Th(IV) and U(VI) by extraction, rather than by pre-
cipitation, since neutralization of solutions may yield
soluble carbonate complexes [9, 10, 13] (because of
the absorption of atmospheric CO2), with the resulting
distribution of radionuclides over the flowsheet and
radioactive contamination of the concentrate of rare-
earth elements(III).

According to preliminary data, the recovery of
Th(IV) and Ln(III) into the corresponding concen-
trates exceeds 99%. The CaCl2 solution obtained by
neutralization is utilized by its evaporation to dry
CaCl2 or processed into gypsum (by addition of
H2SO4 with evaporation of HCl) [3]. Calcium chlor-
ide is widely used as, e.g., a de-icing salt for roads
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or a component of drilling muds in petroleum produc-
tion; gypsum can be potentially used for manufacture
of cement clinker and other building materials [1, 3].

The scheme described can be used with minor
modifications to recover Th(IV) and Ln(III) in the
hydrochloric acid technology of another rare-earth
titanoniobate, loparite [15], mainly in utilization of
solutions formed in nitric acid breakdown of perov-
skite and loparite, and also to process other kinds of
rare-earth raw materials containing radionuclides.

CONCLUSIONS

(1) The conditions were studied under which thori-
um(IV) and other valuable components are recovered
from hydrochloric acid solutions formed in breakdown
of perovskite, after hydrolytic precipitation of titani-
um(IV), niobium(V), and tantalum(V).

(2) A flowsheet for utilization of hydrochloric
acid solutions to give concentrates of thorium(IV),
iron(III), and rare-earth elements(III) was suggested.
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Abstract�New chalcogenide glasses of the system 0.5AgI�(0.5 � x)Sb2S3 � xMS containing cadmium, man-
ganese, and zinc sulfides were obtained. The high purity of these materials and their glassy state were proved
by X-ray analysis and X-ray fluorescence energy-dispersive spectroscopy. The impedance of the glasses
obtained was measured within a wide range of frequencies, and the dependences of the conductivity on
the composition of glasses were studied. New potentiometric sensors based the new glasses were developed,
and an electrochemical experiment was carried out.

Glassy materials have a number of important
advantages when used as chemical sensors [1, 2], in
particular, high chemical stability in a number of
liquid media and increased sensitivity and selectivity.
Furthermore, modification of the glass composition
allows their properties to be controlled within wide
limits. The development of potentiometric sensors
based on glassy systems and sensitive to inorganic
ions is an urgent problem. Incorporation of transition
metal chalcogenides in various glassy matrixes strong-
ly affects the transport properties, e.g., conductivity
parameters [3, 4], surface characteristics, and electro-
chemical behavior of new glasses [5, 6].

A wide region of glass formation is known to exist
in the pseudobinary system AgI�Sb2S3 [7], and this
chalcogenide system is mainly an ionic conductor
with respect to silver. Furthermore, such glasses have
a sufficiently �flexible� structure allowing their com-
position to be modified over a wide range, so that
glassy materials considerably differing in their proper-
ties from the initial glasses can be prepared.

The aim of this work was to study glass formation
in the system 0.5AgI�(0.5 � x)Sb2S3 � xMS (MS =
ZnS, CdS, and MnS), transport characteristics of these
glasses, and also their electrochemical sensory proper-
ties in aqueous solutions of inorganic salts.

EXPERIMENTAL

The initial substances for the synthesis of glasses
of the system 0.5AgI�(0.5 � x)Sb2S3�xMS were cad-
mium(II) sulfide (99.995%) and manganese(II) sulfide

(99.9%) (Aldrich), analytical grade elemental sulfur
and metal zinc (Merck), and also silver iodide and
antimony sulfide, which were synthesized by standard
techniques from chemically pure or ultrapure grade
chemicals.

The glasses were synthesized by vacuum melting
in quartz ampules evacuated to 0.01�0.1 Pa. The
weight of samples for the synthesis was 3 g. The
ampules were kept in a furnace at 900�C for a week
with daily stirring of the melt, quenched by cooling
from 900�C in water with ice, and then annealed for
24 h at 110�C. The amorphous structure of the glasses
obtained was checked visually in the case of the com-
positions containing low amounts of ZnS, CdS, and
MnS, and by X-ray phase analysis (XRPA) in the case
of the compositions with the mole fraction of these
sulfides exceeding 0.05.

To prepare samples for the X-ray phase analysis,
they were polished to obtain pellets with the diam-
eter not exceeding 10 mm and thickness, 2 mm. The
glasses were washed with double-distilled water and
spectroscopic-grade acetone. Samples were prepared
just before taking X-ray diffraction patterns in order to
prevent surface oxidation.

To control the glassy state, we used a Rigaku
GeigerFlex�D/max�RC diffractometric system
(Japan). A rotating cobalt anode (radiation wavelength
� = 1.789 �) with a secondary monochromator on
a diffracted beam served as an X-ray source. The
current in the tube was 50 mA, and the accelerating
voltage, 40 kV. The scanning rate was 1.5 deg min�1,
and the scanning step was 0.01�. The crystal phases
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were identified using the Powder Diffraction File,
Alphabet Index of Inorganic Phases.

To check the presence of impurities in Sb2S3 and
in 0.5AgI�0.5Sb2S3 glasses, we analyzed them using
X-ray fluorescence energy-dispersive spectroscopy.
Weighed samples of Sb2S3 and of 0.5AgI�0.5Sb2S3
glasses (2 g) were ground in an agate mortar and
pressed in pellets on a boric acid support in a Herzog
HTP-40 press. To take the spectra in air, we used
a Tracor X-ray Spectrace-5000 X-ray fluorescent
energy-dispersive spectrometer equipped with an
X-ray tube with an Rh anode. The voltage across the
tube was 30 kV, and the current in the tube, 0.10 mA.

Samples for the measurements were polished with
an abrasive powder to obtain plane-parallel (with the
accuracy of �0.01 mm) plates 0.08�1.5 mm thick.
We deposited contacts of the greatest possible diam-
eter made from Sigma Carbon Paste (up to 40% of
black lead in isopropanol + binding agent) on the
parallel sides. The deposited contacts were dried for
0.5 h. The error of measuring the surface areas of the
contacts did not exceed �10%. Then the sample was
clamped between two gold contacts and placed in
a thermostat�cryostat cooled with liquid nitrogen,
with a temperature control unit connected. The im-
pedance was measured on alternating current using an
Agilent Technologies 4285A LCR electrochemical
measuring system controlled with a computer, which
allowed us to obtain and accumulate all data in the
digital form. The impedance spectra were taken in
the temperature range 220�310 K and frequency range
from 20 Hz to 1 MHz.

The charge-transfer activation energy Ea (eV), pre-
exponential factor �0 (S cm�1 K), and also electrical
conductivity at 25�C �25 (S cm�1) were calculated
by the least-squares method from the dependence

�T = �0 exp [�Ea/(kT)]. (1)

The choice of the calculation formula was deter-
mined by the fact that the glasses under study are
mainly ionic conductors and the dependence of type
(1) adequately describes their characteristics. The error
in the determination of Ea was �0.005 eV on the
average, that of the preexponential factor, �0.1�0.2
log�0 units, and that of the conductivity at 25�C,
�0.06 log�25 units.

The electrode properties of membranes for sensors
with a solid contact were studied by measuring emf of
the voltaic cell with transfer

Cu�Ag�AgCl, KClsat�Solution under study�Glass mem-
brane �Ag�Solid contact�Cu.

For sensors with liquid contact, we used the cell

Cu�Ag�AgCl, KClsat�KNO3, 0.1 M�Solution under
study�Glass membrane�AgNO3, 0.01 M�Ag�Cu.

An EVL 1M3 saturated silver chloride electrode
served as a reference electrode. To measure pH of
solutions, we used an ESL-43-07 glass electrode
preliminarily calibrated with standard buffer solutions.

All measurements were carried out on a multi-
channel electronic digital voltmeter with a high input
resistance (1012 �), with computer control and data
collection. Standard solutions with the concentration
of ions to be determined of 10�3 M and more were
prepared by successive tenfold dilution of the initial
1 M solutions prepared gravimetrically. The dilution
was carried out using a 0.1 M KNO3 solution. Cali-
brating solutions were prepared directly before meas-
urements in a Teflon measuring cell by adding fixed
small volumes of standard solutions to 100 ml of a
0.1 M solution of a supporting electrolyte, potassium
nitrate.

For all the experiments reported here, we have
prepared and studied no less than three samples of
each composition.

Repeated synthesis of compositions containing
zinc, cadmium, and manganese sulfides has shown
that the compositions with the mole fractions of ZnS,
CdS, and MnS of 0.025, 0.05, and 0.1 had glassy ap-
pearance. At the mole fraction of the sulfides of 0.15,
the samples are inhomogeneous, and at the mole frac-
tion of zinc, cadmium, or manganese sulfide of 0.2,
they apparently contain crystalline inclusions.

The results of the X-ray phase analysis of the
glasses and the compositions of the crystallizing
phases are given in Table 1. According to the X-ray
data, the samples with the CdS mole fraction of 0.025,
0.05, and 0.1 and those with the MnS and ZnS mole
fractions of 0.025 and 0.05 are X-ray amorphous.

Comparison of the crystal phases detected in non-
X-ray-amrophous samples of all the systems under
study shows that the main crystallizing phases are
ZnS, CdS, and MnS, and also AgI. The crystallization
of AgI at a metal sulfide concentration of 15 mol %
and more is attributable to the fact that, when the
sulfide of the second metal is introduced in significant
amounts, the glass formation limit in the pseudobinary
system AgI�Sb2S3 is approached (the limiting com-
position in this system is 0.66AgI�0.34Sb2S3).

The analysis of Sb2S3 and 0.5AgI�0.5Sb2S3 sam-
ples revealed the presence of Fe, Cu, and Ni impuri-
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Table 1. Compositions of crystallizing phases as given by
X-ray phase analysis
����������������������������������������

Metal sulfide,
� Crystallizing phase
����������������������������

mole fraction � main � other
����������������������������������������

ZnS: � �
0.05 � None �None
0.1 � ZnS �ZnI2, SbSI, AgI
0.15 � ZnS �AgI
0.2 � ZnS �AgI

� �MnS: � �
0.05 � None �None
0.1 � None �None
0.15 � AgI �SbSI, MnS, AgSbS2
0.2 � AgI �SbSI, MnS, AgSbS2

� �CdS: � �
0.05 � None �None
0.1 � None �None
0.15 � AgI �None
0.2 � AgI �CdS, AgSbS2, SbSI, AgI(�),

� �Ag2CdI4, CdI2
����������������������������������������

ties. Their amount is insignificant (no more than sev-
eral ppm in total). Certain starting reagents, in par-
ticular antimony, seem to be the basic source of the
impurities. Thus, the physical and chemical properties
of the glasses described in this work are determined
not by the presence of foreign elements and casual
contaminants, but by specific features of structure and
properties of the materials.

The results of studying conductivity of the glasses
are given in Figs. 1�3 and Table 2. A typical im-
pedance hodograph for the samples under study is
shown in Fig. 1. The polarizing branch observed in
the hodograph (Warburg’s impedance) at low fre-

1.5 � 105

1.0 � 105

5.0 � 104

5.0 � 104 1.0 � 105 1.5 � 105

�Zi(�)

Fig. 1. Impedance hodograph for a sample of the composi-
tion 0.5AgI�0.475Sb2S3�0.025ZnS.

Table 2. Conductivity at room temperature log�25, con-
duction activation energy Ea, and preexponential factor
log�0 for the glasses under study
����������������������������������������

Metal sulfide, �
log�25

�
Ea, eV

�
log�0mole fraction � � �

����������������������������������������
ZnS: � � �
0.025 � �4.29(7) � 0.330(5) � 3.7(8)
0.05 � �4.30(5) � 0.337(8) � 3.8(1)
0.1 � �4.15(8) � 0.270(1) � 2.8(1)
0.15 � �3.97(6) � 0.208(7) � 1.9(1)
0.2 � �4.68(7) � 0.257(5) � 1.9(1)

CdS: � � �
0.025 � �4.39(3) � 0.343(5) � 3.8(9)
0.05 � �4.75(7) � 0.345(9) � 3.5(1)
0.1 � �4.58(4) � 0.357(3) � 3.9(6)
0.15 � �4.41(5) � 0.341(5) � 3.8(9)
0.2 � �4.63(3) � 0.298(5) � 2.7(8)

MnS: � � �
0.025 � �4.48(7) � 0.334(9) � 3.6(1)
0.05 � �4.29(7) � 0.315(9) � 3.4(1)
0.1 � �4.01(8) � 0.300(2) � 3.4(2)
0.15 � �3.90(1) � 0.200(2) � 1.9(2)
0.2 � �4.10(1) � 0.230(1) � 1.9(2)

����������������������������������������

quencies points to the presence of polarizing phe-
nomena on the glass|graphite boundary and hence
proves predominantly ionic character of conductivity
in the glasses.

The temperature dependences of the electrical
conductivity for several glasses with the mole fraction
of metal sulfides of 0.05 are given in Fig. 2. These de-
pendences are adequately described by the Arrhenius
equation of type (1) in the entire temperature range
of the conductivity measurements.

The conductivity parameters of the alloys obtained
are summarized in Table 2. The dependences of
log�25 on the content of the transition metal sulfide in
all the three systems are presented in Fig. 3. The
conductivity of glasses containing manganese, cad-
mium, or zinc sulfide is as high as approximately
10�4 S cm�1, exceeding by almost two orders of mag-
nitude that of the initial glass 0.5AgI�0.5Sb2S3 [7].
When the mole fraction of a sulfide is increased to
0.1, the conductivity of the glasses at room tempera-
ture tends to increase (Fig. 3). This trend is the most
pronounced in the case of the manganese-containing
samples.

The preexponential factors and activation energies
are virtually independent of the composition for the
glassy materials (at the mole fraction of the sulfide in
the systems with MnS and CdS of up to 0.1 and in the
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103/T, K�1

log (�T) [S�1 cm�1 K]

Fig. 2. Temperature dependence of the electrical conductiv-
ity �T for certain glasses of the system 0.5AgI�0.45Sb2S3�
0.05MS. (1) 0.5AgI�0.45Sb2S3�0.05ZnS, (2) 0.5AgI�
0.45Sb2S3�0.05MnS, and (3) 0.5AgI�0.45Sb2S3�0.05CdS.

system with ZnS, up to 0.05). At the same time, it
should be noted that, as compared to glassy materials,
a decrease is observed in the activation energies (by
up to 0.1 eV) and preexponential factors (by up to two
orders of magnitude) of alloys containing a crystalline
phase. This trend is especially pronounced in the case
of the alloys containing ZnS and MnS, and is some-
what less pronounced in the cadmium-containing
samples. A sharp reduction of Ea and log�0 in com-
parison with homogeneous glasses is typical for in-
homogeneous glasses and especially for glass�crystals
[8], which is attributable to the appearance of addi-
tional paths of the facilitated charge transport along
grain or phase boundaries.

We have carried out calibrating measurements with
solutions of ammonium iodide NH4I in the concentra-
tion range 10�6�10�2 using potentiometric sensors
manufactured from the glasses obtained. The results
of these experiments for sensors of typical composi-
tion 0.5AgI�0.4Sb2S3�0.1MnS are given below:

Membrane Slope, mV/pI E0, mV

I �51.5�1.4 �16.7�5.6
II �51.3�1.6 �37.5�2.4
III �52.8�1.1 �10.7�2.6

The calibration plots are given in Fig. 4.

We have found that the sensors containing man-
ganese sulfide have a good sensitivity to I� anions
with the anionic slope S = 50�57 mV/pI. The elec-

log �25 [S cm�1]

c, M

Fig. 3. Conductivity �25 as a function of concentration c
of a transition metal sulfide for glasses of various composi-
tions: (1) 0.5AgI�(0.5 � x)Sb2S3�xCdS, (2) 0.5AgI�(0.5 �

x)Sb2S3�xMnS, and (3) 0.5AgI�(0.5 � x)Sb2S3�xZnS.

trode functions for halide anions were observed pre-
viously only for crystalline sensors or glass�crystal
compositions [1, 2]. The iodide function of a homo-
geneous glassy sensory material was observed here for
the first time.

We also found that the sensitivity of chalcogenide
glass sensors (the slope of the electrode function),

E, mV

log c [mol %]

Fig. 4. Typical shape of the calibrating dependence of the
sensor potential E on the concentration c of iodide ion in
ammonium iodide solutions for potentiometric sensors of
the composition 0.5AgI�0.4Sb2S3�0.1MnS. Membrane:
(1) I (S = �51.5�2.1 mV), (2) II (S = �51.3�0.9 mV), and
(3) III (S = �52.8�0.9 mV).
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which was measured twice a day within a week,
gradually decreased to S = 40�50 mV/pI. The standard
potentials of the electrodes also changed to the side of
more negative values as compared to the initial values.

The detection limit for each 0.5AgI�0.4Sb2S3�
0.1MnS sensor was determined by a technique recom-
mended by IUPAC. In this case, measurements were
carried out in solutions with the concentrations from
10�8 to 10�4 M:

Membrane Detection limit, M

I 8 � 10�7

II 9 � 10�7

III 8 � 10�7

The results obtained show that the sensors contain-
ing manganese sulfide and manufactured from the
glasses under study have a relatively low detection
limit (on the average, 8.5 	 10�7 M).

We found in the course of the work that all the
glasses under study containing sulfide of a second
metal tend to cracking with time, practically irrespec-
tive of the glass composition. The cracking was ob-
served visually after polishing of the glass surface.
The glasses were stable during the synthesis and some
time after it. Probably, the cracking occurred faster
when the glasses were in contact with aqueous solu-
tions. These phenomena could be due to sharp quench-
ing of the glasses or insufficient annealing [9], which
is proved by the fact that the mechanical instability of
the glasses under study was manifested differently.
Rather slow quenching of the glasses during synthsis
and the subsequent annealing at temperatures close to
Tg enhance their stability, but the causes of the ob-
served cracking are not quite clear. The presence of
internal stresses in the glasses obtained, which relax
gradually, seems to be the most probable cause. Pre-
sumably, especially long and careful annealing is re-
quired for these compositions after the synthesis; how-
ever, we could not carry out it in this work because
of time limitation.

CONCLUSIONS

(1) The study of the glass formation region in the
systems 0.5AgI�(0.5 � x)Sb2S3�xMS (M = Zn, Cd
and Mn) has shown that amorphous materials are ob-
tained when the mole fraction of manganese, cadmi-
um, or zinc sulfide is from 0 to 0.1.

(2) The conductivity parameters for all the com-

positions of the alloys were obtained by the electro-
chemical impedance spectroscopy, and it was found
that introduction of the sulfide of the second transition
metal into the glasses increases the conductivity to
approximately 10�4 S cm�1, which exceeds by two
orders of magnitude the conductivity of the initial
pseudobinary glass of the composition 0.5AgI�
0.5Sb2S3.

(3) The study of sensory characteristics of the syn-
thesized materials in ammonium iodide solutions has
shown that the sensors with glassy membranes of the
composition 0.5AgI�0.4Sb2S3�0.1MnS have high
sensitivity to iodide ions in aqueous solutions (elec-
trode function slope 50�57 mV/pI) with the detection
limit of 8.5	10�7 M.
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Abstract�The effect of introduction of potassium polysilicates with different SiO2/K2O ratios (silicate
ratios M) on the rate of gelation of stabilized silica sols and on the quality parameters of the forming hydrogels
was studied.

The problem of gelation of stabilized silica sols is a
key issue as regards the formation of porous and other
structural characteristics of porous silicas synthesized
on their base. Such structural characteristics as the
matrix rigidity, pore volume, and pore size distribu-
tion are formed in the sol�gel transition.

Occasionally, and in particular when obtaining
microspherical silica gels, it is necessary to perform
fast gelation. In this case, the high gelation rate
is a decisive factor for preservation of the regular
shape of the forming microspherical particles of a
silica hydrogel. Fast gelation of water-soluble poly-
silicates (liquid glasses) is not unachievable. It occurs
in their neutralization with various acids. However, it
is difficult to achieve fast gelation of stabilized silica
sols by neutralization, since the gelation processes
that occur in this case may take a rather long time
(5�6 days).

Fast gelation of stabilized silica sols can be
achieved if the pH of the silica sol is preliminarily
raised before the gelation. However, only raising the
pH of the system fails to ensure fast formation of rigid
homogeneous gels. As a rule, silica sols with in-
creased pH yield in gelation inhomogeneous hydro-
gels or precipitates, i.e., more resemble hydrogels ob-
tained from soluble polysilicates. Raising the pH
value of a stabilized silica sol with, e.g., NaOH leads
to precipitation of the silica sol before its gelation and
fails to ensure the required concentration of the sili-
cate fraction of silica because of the partial dissolution
of colloid particles of silica sol. In fast gelation of
silica sols to produce homogeneous rigid gels, the
presence of such a silicate fraction becomes necessary,
as demonstrated below.

Among alkali metal silicates, potassium silicates

are the best compatible with stabilized silica sols: in
contrast to sodium silicates, they do not cause precipi-
tation of silica sols.

It is known [1, 2] that stable potassium polysili-
cates have a silicate ratio M 3�6 and 11�24. Potas-
sium polysilicates can be obtained by addition of
colloid silica to potassium silicate with a smaller sili-
cate ratio (M = 3�4) under agitation and heating.
As shown by electron microscopy, in synthesis of
potassium polysilicates with silicate ratios M = 4�20,
the particle size of the initial sol falls from 22 to 9�
14 nm, which corresponds to a 4�12-fold decrease
in the degree of polymerization. In addition, particles
1�7 nm in diameter were found in polysilicate solu-
tions. For solutions with silicate ratios M = 4�40,
the content of soluble silica is 20�50% of the total
silica.

The problem of fast gelation is also associated with
reinforcement of the structure of the forming gel,
because addition of potassium polysilicate not only
raises the pH of the system before its gelation, but
also ensures the presence in the system of a reinforc-
ing additive in the form of an active silica formed in
gelation of potassium silicate. In the absence of such
an additive of silicate origin, the gelation, as a rule,
lasts for a considerably longer time (10�15 min),
compared to the case when potassium silicate is pres-
ent in the system (no more than 3 min). This in-
dicates that active silica provides fast �setting� of col-
loid particles and leads to rapid structurization.

EXPERIMENTAL

As an object of study was used a stabilized silica
sol obtained using the procedure described in [4], with
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�, min

V, ml
Fig. 1. Duration � of gelation of stabilized silica sol vs.
volume V of potassium polysilicate introduced. M = 15,
Vtot = 100 ml. Content of SiO2 in potassium polysilicate
(wt %): (1) 30, (2) 15, and (3) 5.

�, min

V, ml
Fig. 2. Duration � of gelation vs. volume V of potassium
polysilicate introduced. M = 6.0, Vtot = 100 ml. Concentra-
tion of the gelling agent NH4NO3 (M): (1) 3.0 and (2) 1.5.

a particle size of 10 nm (as determined by the Sears
method).

Potassium polysilicates with silicate ratios M > 4
were obtained from a potassium polysilicate with M =
4 by addition of polysilicic acid (PSA) synthesized ac-
cording to [5]. The feeding rate of PSA was equal to
the rate of moisture removal from the system. Potas-
sium polysilicates with M < 4 (M = 3.2) were ob-
tained by adding a certain amount of KOH to potas-
sium polysilicate with M = 4.

Potassium polysilicate with the silicate ratio M = 4
was synthesized in a 1000-ml beaker. A 400-ml por-
tion of distilled water was introduced into the beaker,
and 42 g of KOH was dissolved in this water. Then,

100 g of silica gel was introduced in portions into
the KOH solution at its boiling point under continu-
ous agitation. The process was continued until silica
gel completely dissolved, after which the heating was
switched off, the system was allowed to cool under
agitation, and the volume of the system was brought
to 500 ml by adding distilled water.

As the gelling agent served NH4NO3 solution
(1.5 or 3 M).

In all the experiments, a silica sol with a volume of
100 ml and concentration of 20 wt % (in terms of
SiO2) was used.

Figure 1 shows how the duration of gelation of a
stabilized silica sol depends on the amount of potas-
sium polysilicate with the silicate ratio M = 3.2, intro-
duced into its composition. It can be seen that, as the
amount of the potassium polysilicate introduced is
increased, the gelation of the silica sol dramatically
accelerates. The gelation duration mainly depends on
the total amount of potassium polysilicate.

The table lists the basic parameters of the process
in which hydrogel samples are prepared and the gela-
tion duration �. It is seen that, to obtain a rigid gel,
the content of active silica (of silicate origin) in the
system should exceed 3 wt %. In this case, the gela-
tion duration does not exceed 1.5 min. The final
content of silica sol (in terms of SiO2) upon addition
of the gelling agent is 14.5�19.0 wt %, which cannot
affect the gelation processes. As a rule, low-strength
hydrogels are obtained in systems that contain less
than 2.5�3.0 wt % active silica, and the gelation takes
a relatively long time.

Figure 2 shows how the duration of silica sol gela-
tion depends on the amount of potassium polysilicate
added (with the silicate ratio M = 6.0). It can be seen
that, with more concentrated (3 M) NH4NO3 solutions
used as gelling agents, the gelation is faster than with
less concentrated (1.5 M) solutions. The gelation dura-
tion mainly depends on the total amount of the elec-
trolyte in the system at the instant of gelation.

The table also shows that, if potassium silicate with
M = 6.0 is used, high-strength gels start to form at its
content in the silica sol as low as 5.9 wt % in terms
of SiO2.

As the silicate ratio of polysilicates increases (up to
M = 15), the amount of colloidal silica, not involved
in reinforcement of the hydrogel structure, grows.
With increasing silicate ratio of potassium polysili-
cate, the minimum amount of polysilicate to be intro-
duced to ensure the rigidity of the resulting hydrogel
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Basic parameters of gelation of the system composed of silica sol and potassium polysilicate
������������������������������������������������������������������������������������
Volume of� Silica � Total � Fraction of silica �Volume of NH4NO3� Concen- �

�,
�

pH
�

Phase*
potassium� from � weight � from potassium � solution, ml � tration of �

s
� �

� � � ���������������� � ������������silicate,
�

potassium
�

of silica,
�

silicate in total
� 1.5 M � 3.0 M �

gelling
� � pHin �pHfin �ml �silicate, g � g � silica, wt % � � � agent, M � � � �

������������������������������������������������������������������������������������
Silicate ratio M = 3.2, 25 wt % in terms of SiO2

1.25 � 0.375 � 20.375 � 1.84 � � � 7.5 � 0.207 � 420 � 8.5 � 6.5 �LSG
2.50 � 0.750 � 20.750 � 3.61 � � � 10.0 � 0.267 � 65 � 9.5 � 6.5 �HHSG
3.75 � 1.125 � 21.125 � 5.32 � � � 12.5 � 0.323 � 30 � 10.0 � 7.0 �HHSG
5.0 � 1.5 � 21.5 � 6.98 � � � 15.0 � 0.375 � 5 � 10.0 � 7.5 �HHSG+ A

10.0 � 3.0 � 23.0 � 13.04 � � � 25.0 � 0.556 � 0 � 11.0 � 7.5 �HSG+ A
2.5 � 0.375 � 20.375 � 1.84 � � � 7.5 � 0.328 � 95 � 10.0 � 7.0 �HHSG+ A
5.0 � 0.75 � 20.75 � 3.61 � � � 10.0 � 0.261 � 90 � 10.0 � 7.0 �HHSG+ A
7.5 � 1.125 � 21.125 � 5.32 � � � 12.5 � 0.312 � 30 � 10.0 � 7.5 �HHSG

10.0 � 1.50 � 21.5 � 6.94 � � � 15.0 � 0.360 � 10 � 10.0 � 7.0 �HHSG
15.0 � 2.25 � 22.25 � 10.11 � � � 20.0 � 0.444 � 0 � 10.0 � 6.5 �HHSG
15.0 � 1.50 � 21.5 � 6.98 � � � 25.0 � 0.536 � 30 � � � 8.0 �HHSG+ A
15.0 � 1.50 � 21.5 � 6.98 � � � 30.0 � 0.621 � 25 � � � 8.0 �HSG+ A
7.5 � 0.30 � 20.3 � 1.48 � 12.5 � � � 0.156 � 480 � 10.0 � 7.0 �LSG

10.0 � 0.40 � 20.4 � 1.96 � 15.0 � � � � 240 � 10.0 � 7.0 �HHSG
15.0 � 0.60 � 20.6 � 2.91 � 17.5 � � � � 90 � 10.0 � 7.0 �HHSG+ A
25.0 � 1.0 � 21.0 � 4.76 � 20.0 � � � � 75 � 10.0 � 7.5 �HSG+ A

Silicate ratio M = 6.0, 30 wt % in terms of SiO2

2.5 � 0.625 � 20.625 � 3.03 � 20.0 � � � 0.245 � 360 � 9.0 � 7.0 �LSG
5.0 � 1.25 � 21.25 � 5.88 � 25.0 � � � 0.288 � 65 � 9.5 � 7.5 �LSG
7.5 � 1.875 � 21.875 � 8.57 � 27.5 � � � 0.321 � 25 � 10.0 � 7.5 �LSG

10.0 � 2.50 � 22.50 � 11.11 � 30.0 � � � 0.305 � 18 � 10.0 � 7.5 �A
15.0 � 3.75 � 23.75 � 15.79 � 32.5 � � � 0.33 � 8 � 11.0 � 7.5 �LSG
20.0 � 5.0 � 25.0 � 20.0 � 35.0 � � � 0.338 � 0 � 11.0 � 8.0 �LSG
2.5 � 0.625 � 20.625 � 3.03 � � � 12.5 � 0.326 � 80 � 9.0 � 7.5 �LSG
5.0 � 1.25 � 21.25 � 5.88 � � � 15.0 � 0.375 � 20 � 9.5 � 7.5 �HHSG
7.5 � 1.875 � 21.875 � 8.57 � � � 15.0 � 0.367 � 15 � 10.0 � 7.5 �HHSG

10.0 � 2.50 � 22.5 � 11.11 � � � 15.0 � 0.36 � 10 � 10.0 � 7.5 �HHSG
10.0 � 3.75 � 23.75 � 15.79 � � � 20.0 � 0.444 � 0 � 11.0 � 7.5 �HHSG
15.0 � 5.0 � 25.0 � 20.0 � 40.0 � � � � 5 � � � � �HHSG
20.0 � 5.0 � 25.0 � 20.0 � 40.0 � � � � 0 � � � � �HSG+ A
20.0 � 5.0 � 25.0 � 20.0 � � � 15.0 � � 0 � � � � �HSG+ A
20.0 � 5.0 � 25.0 � 20.0 � � � 30.0 � � 5 � � � � �Tendency

� � � � � � � � � �toward A
������������������������������������������������������������������������������������
* LSG, low-strength gel; HHSG, homogeneous high-strength gel; HSG, high-strength gel; and A, aggregation.

also grows. At M = 3.2, this amount does not exceed
3 wt %, whereas at M = 15 it exceeds 24 wt % in
terms of SiO2. This indicates that, to reinforce the gel
structure by addition of active silica into the composi-
tion of silica sol before its gelation, it is the most
appropriate to use as potassium polysilicates those
with silicate ratios M = 4�10. As the silicate ratio
increases, the amount of silica of nonsilicate nature
grows, i.e., when colloid silica is dissolved to obtain
potassium polysilicate with a higher silicate ratio, its

particles do not dissolve completely. In all probabil-
ity, silica of nonsilicate nature is not involved in rein-
forcement of the hydrogel structure. It may be as-
sumed that soluble silica of silicate nature is the
main agent for fast gelation and reinforcement of the
hydrogel structure.

In these terms, the mechanism of fast gelation can
be understood as follows: At high pH values, soluble
silicas are not deposited onto the surface of colloid
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particles of the sol; it is soluble silicas that primarily
respond to a decrease in pH in gelation. In such a sys-
tem, a gel network is rapidly formed between colloid
particles and the number of contact points between
separate particles of the colloid silica grows. This
yields a rigid and elastic hydrogel. In the process,
silica gels with more open structure are produced.

CONCLUSIONS

(1) Raising the silicate ratio of potassium polysili-
cates introduced into the composition of stabilized
silica sols prior to their gelation leads to an increase in
the amount of polysilicates necessary for strengthen-
ing of hydrogels in a comparatively short time.

(2) The gelation duration increases as the silicate
ratio of the potassium polysilicates used is made
higher.

(3) The primary role in the processes of strength-
ening and fast gelation is played by silica of silicate
nature. With increasing silicate ratio, the silicate
nature of potassium polysilicates becomes less pro-
nounced and the content of colloid particles grows.
These particles are not involved in fast gelation and
strengthening of the hydrogel structure.
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Abstract�The activity of components in the bulk and in the surface layer, considered as individual phase,
was calculated from the experimental surface tension values and in terms of the model of regular solutions.
The ternary mutual chloride�fluoride, chloride�carbonate, and fluoride�carbonate systems were examined.

Study of the surface tension in ternary mutual sys-
tems, which can be used in electroslag remelting as
flux and for welding of nonferrous metals, is of prac-
tical and theoretical significance. Determination of the
activity of melt components is very important for
thermodynamic calculations of salt systems [1]. The
model of regular solutions is the most commonly used
in study of metallurgical systems.

Calculation of the component activity in the bulk
of mutual melts from the experimental surface tension
values was described previously [2]. For the exchange
reaction MA + NB = NA + MB at �G0

T > 0, the stable
diagonal section is the melt MA�NB. The mole frac-
tions x and (1 � x) of MA and NB in the initial mix-
ture become in equilibrium (x � y) and (1 � x � y), i.e,
they decrease by the mole fraction y of the reaction
products. In terms of the model of regular solutions
[3, 4], one can write

A
ln �1 = ��� (1 � x � y)2, (1)

RT

A
ln �2 = ��� (x � y)2, (2)

RT

where �1 and �2 are the activity coefficients of com-
ponents along stable diagonals MA and NB and A, the
interaction parameter.

The interaction parameter A was determined from
experimental data on surface tension described by the
Burylev equation [5] for regular solutions:

� = �1x1 + �2x2 + Cx1x2, (3)

where x1 and x2 are the mole fractions of MA and NB
components, and �1 and �2 are their surface tensions.

The constant C includes the ion-exchange energy
[5] and is related to the interaction parameter A by

A = C�, (4)

where � is the molar surface area of the component:

� = V2/3
mix N1/3, (5)

N is the Avogadro number, and Vmix, the molar
volume of the mixture.

To a first approximation, Vmix was calculated from
the additivity equation Vmix = xVMA + (1 � x)VNB,
and in equilibrium it was calculated as

Vmix = xVMA + (1 � x � y)VNB + yVNA + yVMB.

The necessary data on the density of components in
the exchange reaction were taken from a reference
book [6].

Since the content of the components along unstable
diagonal did not exceed 6 mol %, their activities aNA
and aMB were accepted equal to mole fraction y.
The mole fraction was derived from the equation for
the equilibrium constant of the exchange reaction.

Ka = y2 (x � y)�1 {exp [A(1 � x � y)2(RT)�1]}�1

� (1 � x � y)�1 {exp [A(x � y)2(RT)�1]}�1. (6)

Comparison of the component activities in LiF�
NaCl and LiF�KCl systems, as calculated by Fellner
method [4] and by the method proposed in [2],
showed that the maximal difference between them is
0.008 at the mole fraction x = 0.5 and does not exceed
2%, i.e., the activities are the same. Consequently,
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the suggested method of calculating the component
activity from data on surface tension furnishes reliable
data for the ternary mutual systems.

The activities of components in the surface layer of
the solutions were calculated by assuming equilibrium
of the component in the surface layer of the solution
and in its bulk [7].

�i
� � �i = ��i, (7)

where �i
� are the chemical potentials of the compo-

nent in the surface layer of the solution and in its
bulk, and �i is the molar surface area of the ith com-
ponent.

For a binary solution at the equal molar surface
areas,

RT RT
� = �1 + ��� ln (a1

�/a1) = �2 + ��� ln (a2
�/a2). (8)

� �

From this relationship, we can derive the compo-
nent activities in the surface layer of mutual melts:

� � �1
ln a1

� = ������� + ln a1, (9)
RT

� � �2
ln a2

� = ������� + ln a2. (10)
RT

The component activities a1 and a2 of the systems
studied are given in [8, 9]. The surface layer, as the
melt bulk, was assumed to be a regular solution. For
regular solutions, the activity coefficients of compo-
nents along the stable diagonal in the surface layer
were determined from the equations

ln �1
� = A(a2

�)2[RT(�2
�)2]�1, (11)

�2
� = exp {A(a1

�)2[RT(�1
�)2]�1}. (12)

where A is the interaction parameter.

After expression for the activity coefficient of the
second component in the surface layer is substituted
in Eq. (11), we obtain

A(a2
�)2

ln �1
� = ����������������������. (13)

RT{exp [A(a1
�)2 (RT)�1 (�1

�)�2]}2

Consequently, the activity coefficients of compo-
nents along the stable diagonal in the surface layer can

be calculated by Eqs. (13) and (12), and the mole
fractions, by the equations

x1
� = a1

�/�1
�, x2

� = a2
�/�2

�. (14)

The chloride�fluoride systems Ba2+, Na+ // F�, Cl�,
and Ba2+, K+ // F�, Cl� were studied first. The stable
diagonal sections in these systems are the melts
BaF2 �BaCl2�Na2Cl2 and BaF2 �BaCl2�K2Cl2 [10].
Their characteristics (Gibbs energy of exchange reac-
tion, Burylev constant, molar surface area, and inter-
action parameter) are given below:

System
T, �G0

T, �C, �, �A,
K J mJ m�2 m2 mol�1 J mol�1

BaF2 �BaCl2� 1273 47 250 43.4 195 200 8472
Na2Cl2
BaF2 �BaCl2� 1273 95 240 91.6 219 340 20 092
K2Cl2

For these systems, as for simpler chloride�fluoride
melts [11], the change in the Gibbs energy is related
to the surface activity of chlorides by the interaction
parameter. The results of calculation of the component
activities in the surface layer of the melts are pre-
sented in Table 1.

As seen, the activity of the first component, equi-
molar compound of barium fluoride and chloride, is
considerably lower than its mole fraction in the sur-
face layer. The activity of sodium and potassium
chlorides was also less than the mole fraction at their
content x2 in the melt of up to 0.5 and equal to the
mole fraction in the surface layer at higher concentra-
tions: a2

� � x2
�.

The second group of mutual systems comprised
chloride� and fluoride�carbonate melts Na2CO3�
K2Cl2 and K2CO3�Na2F2 [12]. The Gibbs energy,
Burylev constant, molar surface area, and the interac-
tion parameter for the given systems are presented
below:

System
T, �G0

T, �C, �, �A,
K J mJ m�2 m2 mol�1 J mol�1

Na2CO3� 1123 31 300 131.6 153 265 20 170
K2Cl2
K2CO3� 1273 55 073 6.72 127 570 857
Na2F2

The second system in this group differs from
the above chloride�fluoride melts by the second
component, sodium fluoride, which is not surface-
active in this system. The interaction parameter A =
�857 J mol�1 was lower by an order of magnitude,
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Table 1. Activity of components in the surface layer in the systems BaF2 �BaCl2(1)�Na2Cl2(2) and BaF2 �BaCl2(1)�
K2Cl2(2) at 1273 K
������������������������������������������������������������������������������������

x � a1
� � a2

� � �1
� � �2

� � x1
� � x2

�

������������������������������������������������������������������������������������
BaF2 �BaCl2�Na2Cl2

0.1 � 0.0121 � 0.9300 � 0.4999 � 0.9995 � 0.0242 � 0.9304
0.2 � 0.0323 � 0.8639 � 0.5490 � 0.9972 � 0.0588 � 0.8663
0.3 � 0.0619 � 0.7890 � 0.6048 � 0.9916 � 0.1023 � 0.7956
0.4 � 0.1043 � 0.7079 � 0.6641 � 0.9804 � 0.1571 � 0.7220
0.5 � 0.1634 � 0.6145 � 0.7298 � 0.9606 � 0.2239 � 0.6397
0.6 � 0.2453 � 0.5118 � 0.7972 � 0.9270 � 0.3077 � 0.5521
0.7 � 0.3568 � 0.3961 � 0.8654 � 0.8727 � 0.4123 � 0.4539
0.8 � 0.5077 � 0.2684 � 0.9288 � 0.7872 � 0.5466 � 0.3410
0.9 � 0.7129 � 0.1309 � 0.9786 � 0.6538 � 0.7285 � 0.2002

BaF2�BaCl2�K2Cl2

0.1 � 0.0038 � 0.8858 � 0.2251 � 0.9995 � 0.0169 � 0.8863
0.2 � 0.0109 � 0.7736 � 0.3201 � 0.9978 � 0.0341 � 0.7753
0.3 � 0.0235 � 0.6662 � 0.4283 � 0.9943 � 0.0549 � 0.6700
0.4 � 0.0451 � 0.5616 � 0.5449 � 0.9871 � 0.0828 � 0.5690
0.5 � 0.0834 � 0.4736 � 0.6441 � 0.9687 � 0.1295 � 0.4889
0.6 � 0.1400 � 0.3627 � 0.7663 � 0.9386 � 0.1827 � 0.3864
0.7 � 0.2353 � 0.2678 � 0.8544 � 0.8658 � 0.2754 � 0.3093
0.8 � 0.3855 � 0.1748 � 0.9222 � 0.7176 � 0.4180 � 0.2436
0.9 � 0.6253 � 0.0858 � 0.9695 � 0.4538 � 0.6450 � 0.1891

������������������������������������������������������������������������������������

Table 2. Activity of components in the surface layer in the systems Na2CO3(1)�K2Cl2(2) and K2CO3(1)�Na2F2(2)
������������������������������������������������������������������������������������

x � a1
� � a2

� � �1
� � �2

� � x1
� � x2

�

������������������������������������������������������������������������������������
Na2CO3�K2Cl2, 1123 K

0.1 � 0.0021 � 0.8643 � 0.1989 � 0.9998 � 0.0106 � 0.8645
0.2 � 0.0072 � 0.7481 � 0.2979 � 0.9987 � 0.0242 � 0.7490
0.3 � 0.0168 � 0.6417 � 0.4093 � 0.9964 � 0.0410 � 0.6440
0.4 � 0.0344 � 0.5387 � 0.5310 � 0.9910 � 0.0648 � 0.5436
0.5 � 0.0651 � 0.4395 � 0.6527 � 0.9787 � 0.0997 � 0.4491
0.6 � 0.1171 � 0.3406 � 0.7682 � 0.9510 � 0.1524 � 0.3581
0.7 � 0.2040 � 0.2441 � 0.8647 � 0.8867 � 0.2359 � 0.2753
0.8 � 0.3481 � 0.1521 � 0.9346 � 0.7409 � 0.3725 � 0.2053
0.9 � 0.5905 � 0.0680 � 0.9783 � 0.4550 � 0.6036 � 0.1495

K2CO3�Na2F2, 1273 K

0.1 � 0.0702 � 0.8139 � 0.9476 � 0.9996 � 0.1103 � 0.8143
0.2 � 0.1045 � 0.6830 � 0.9627 � 0.9990 � 0.2263 � 0.6837
0.3 � 0.2179 � 0.5647 � 0.9742 � 0.9960 � 0.3367 � 0.5670
0.4 � 0.3280 � 0.4573 � 0.9829 � 0.9910 � 0.4416 � 0.4614
0.5 � 0.4340 � 0.3593 � 0.9890 � 0.9845 � 0.5410 � 0.3649
0.6 � 0.5350 � 0.2705 � 0.9935 � 0.9768 � 0.6359 � 0.2769
0.7 � 0.6318 � 0.1897 � 0.9965 � 0.9680 � 0.7264 � 0.1960
0.8 � 0.7239 � 0.1168 � 0.9984 � 0.9583 � 0.8130 � 0.1219
0.9 � 0.8117 � 0.0519 � 0.9993 � 0.9480 � 0.8970 � 0.0547

������������������������������������������������������������������������������������
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compared to the chloride�fluoride and chloride�car-
bonate melts.

The results of calculation of the component activi-
ties in the surface layer of the second-group melts are
presented in Table 2. As seen, in the Na2CO3�K2Cl2
system the activity of the first component, sodium
carbonate, in the surface layer is also considerably
lower than the mole fraction. As for the first-group
melts, the activity of potassium chloride in the surface
layer is virtually equal to the mole fraction at the
chloride content x2 more than 0.5.

Of interest are data on the activity, mole fraction,
and the activity coefficient of components in the sur-
face layer of the system K2CO3�Na2F2. The activity
of the first component, potassium carbonate, and of
the second component, sodium fluoride, is equal to
the mole fraction: a1

� � x1
�, a2

� � x2
�. The coefficients

of component activity are virtually equal to unity.
This agrees with the above value of the interaction
parameter.

Consequently, for surface-inactive components
(sodium carbonate or equimolar compound of barium
fluoride and chloride) in more complex chloride�
fluoride and chloride�carbonate melts studied, the cal-
culation equation (8) takes the form

RT
� = �1 + ��� ln (a1

�/a1). (15)
�

For surface-active components (chlorides), the cal-
culation equation is applicable in the narrower con-
centration range, x2 = 0.5�1:

RT
� = �2 + ��� ln (x2

�/a2). (16)
�

The surface tension of fluoride�carbonate mutual
melts K2CO3�Na2F2 is described by the equations

RT RT
� = �1 + ��� ln (x1

�/a1), � = �2 + ��� ln (x2
�/a2). (17)

� �

CONCLUSIONS

The equations for calculating the surface tension of
mutual chloride�fluoride, chloride�carbonate, and
fluoride�carbonate melts were derived, depending on
the content of chlorides, fluorides, and carbonates
in the surface layer.
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Abstract�The phase diagrams of ternary liquid systems tetradecane�n-octanol (or n-butanol)�neodymium(III)
nitrate solvates with tri-n-butyl phosphate [Nd(NO3)3(TBP)3] at T = 298.15 K were studied. These diagrams
contain the fields of homogeneous solutions and the field of separation into two liquid phases (I, II). The
distribution of components between these phases is analyzed.

In this work we studied the phase diagrams of
ternary liquid systems tetradecane-n-octanol (or
butanol)�neodymium(III) nitrate solvates with tri-
n-butyl phosphate in the field of phase separation.

In our experiments we used n-octanol (� =
0.8220 g cm�3) and n-butanol (� = 0.8075 g cm�3,
T = 298.15 K). The solvate Nd(NO3)3(TBP)3 was
prepared by triple contact of TBP with saturated
aqueous solutions of Ln(III) nitrates [1]. The solvate
concentration in the organic phase was 1.12 M (� =
1.2755�0.0012 g cm�3). The binodal curves were ob-
tained by the visual technique reported in [2].

The phase diagrams (Fig. 1) and the data listed in
the table show that the components of the binary sys-
tems Nd(NO3)3(TBP)3�n-C8H17OH (n-C4H9OH) and
n-C8H17OH�C14H30 have infinite mutual solubility.
The Nd(NO3)3(TBP)3�C14H30 mixtures separate into
two liquid phases (I, II). Phases I and II are enriched
in C14H30 and Nd(NO3)3(TBP)3, respectively.

The phase diagrams of the systems Nd(NO3)3 �
(TBP)3�n-C8H17OH (n-C4H9OH)�C14H30 (Fig. 1)
contain field B of homogeneous solutions and two-
phase field A. These fields are separated by the bino-
dal curves. Ternary mixtures related to field A sepa-
rate into two liquid phases (I, II) like the binary sys-
tem Nd(NO3)3(TBP)3�C14H30. Phases I and II are
enriched in C14H30 and Nd(NO3)3(TBP)3, respec-
tively. For all the systems, the critical point in the
binodal curve (�2, crit) corresponds to a solution with
approximately equal weight fraction of Nd(NO3)3 �
(TBP)3 and C14H30 and different content of alcohol.
As seen from table, in the critical point the C8H17OH
content somewhat exceeds the n-butanol content.

(a)n-C4H9OH

TBP

(b)

TBP

n-C8H17OH

Fig. 1. Phase diagrams (weight fraction scale) of the tern-
ary systems Nd(NO3)3(TBP)3�n-C8H17OH (n-C4H9OH)�
C14H30 at T = 298.15 K. (A) Field of coexistence of two
liquid phases, (B) field of homogeneous solutions, and
(CD) binodal curve. (1�5) Nodes (see table); (6) point of
the critical composition of the ternary system. Alcohol:
(a) n-C4H9OH and (b) n-C8H17OH.
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Table 1. Compositions of coexisting phases in the ternary
systems Nd(NO3)3(TBP)3�n-C8H17OH (C4H9OH)�
n-C14H30 at T = 298.15 K
����������������������������������������

�,
�[Nd(NO3)3(TBP)3]� C14H30 �Alcohol �

Node�����������������������������
g cm�3

� weight fraction � no.

����������������������������������������
n-C4H9OH

0.7849 � 0.081 � 0.919 � 0 � 1
0.7870 � 0.087 � 0.909 � 0.004 � 2
0.7913 � 0.099 � 0.891 � 0.010 � 3
0.7993 � 0.121 � 0.858 � 0.021 � 4
0.8246 � 0.189 � 0.762 � 0.049 � 5

� 0.335 � 0.541 � 0.109 �
� 0.430 � 0.430 � 0.140 � 6

0.9577 � 0.493 � 0.377 � 0.130 � 5
1.0261 � 0.628 � 0.274 � 0.098 � 4
1.0921 � 0.743 � 0.190 � 0.067 � 3
1.1508 � 0.836 � 0.133 � 0.031 � 2
1.2135 � 0.925 � 0.075 � 0 � 1

n-C8H17OH

0.7849 � 0.081 � 0.919 � 0 � 1
0.7891 � 0.092 � 0.901 � 0.007 � 2
0.7927 � 0.103 � 0.886 � 0.011 � 3
0.7984 � 0.118 � 0.840 � 0.042 � 4
0.8215 � 0.177 � 0.767 � 0.056 � 5

� 0.317 � 0.540 � 0.143 �
� 0.417 � 0.417 � 0.166 � 6

0.9652 � 0.512 � 0.323 � 0.165 � 5
1.0508 � 0.630 � 0.230 � 0.140 � 4
1.1258 � 0.788 � 0.124 � 0.088 � 3
1.1846 � 0.839 � 0.101 � 0.060 � 2
1.2135 � 0.925 � 0.075 � 0 � 1
����������������������������������������

Figure 2 shows the distribution coefficient of
Nd(NO3)3(TBP)3 between phases I and II as a func-
tion of Nd(NO3)3(TBP)3 weight fraction in phase II.
As seen from these plots, with increasing Nd(NO3)3 �

Fig. 2. Distribution coefficient Dex of Nd(NO3)3(TBP)3
between phases I and II as a function of the weight fraction
� of Nd(NO3)3(TBP)3 in phase II. Alcohol: (1) n-C4H9OH
and (2) n-C8H17OH ; the same for Figs. 3 and 4.

Fig. 3. Distribution of alcohols between phases II and I.

Fig. 4. Distribution of C14H30 between phases II and I.

(TBP)3 concentration in phase II, the distribution co-
efficient decreases, i.e., Nd(NO3)3(TBP)3 is accumu-
lated in the phase II. This accumulation is virtually
independent of the kind of alcohol.

Figure 3 shows the distribution of n-octanol
(n-butanol) (weight fraction) between phases II and I.
It is seen that the alcohols are predominantly concen-
trated in phase II and this tend is more pronounced
for n-octanol.

Figure 4 shows the distribution of C14H30 (weight
fraction) between phases II and I. It is seen that
C14H30 is predominantly concentrated in phase I.
The extent of enrichment of phase I with C14H30 is
dependent on the kind of alcohol and is larger in the
n-butanol-containing system.

Our results show that, in extraction of neodymi-
um(III) nitrates with TBP in tetradecane�n-octanol
(or n-butanol) mixture, the phase separation of the
extracts saturated with neodymium(III) can be pre-
vented if the weight fraction of n-octanol or n-butanol
is no less than 0.15�0.17.

CONCLUSIONS

(1) The phase diagrams of the systems Nd(NO3)3 �
(TBP)3�n-C8H17OH (n-C4H9OH)�C14H30 contain the
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field of homogeneous solutions and the two-phase
field. Phases I and II are enriched in C14H30 and
Nd(NO3)3(TBP)3, respectively. The size of the two-
phase field is dependent on the kind of alcohol; it
somewhat decreases in going from n-octanol to
n-butanol.

(2) In all the systems, the critical point in the
binodal curve (�2, crit) corresponds to a solution with
approximately equal weight fraction of Nd(NO3)3 �
(TBP)3 and C14H30 and different content of alcohol.
The n-C8H17OH content in the critical point some-
what exceeds the n-butanol content.

(3) In phase separation, both Nd(NO3)3(TBP)3 and
n-octanol (n-butanol) are accumulated in phase II. The
accumulation of Nd(NO3)3(TBP)3 in phase II is vir-
tually independent of the kind of alcohol. C14H30 is

predominantly concentrated in phase I. This trend is
more pronounced in the n-butanol-containing system.

(4) In extraction of neodymium(III) nitrates with
n-TBP in tetradecane�n-octanol (n-butanol) mixture,
the phase separation of the extracts saturated with
neodymium(III) can be prevented if the weight frac-
tion of n-octanol (n-butanol) in the extractant is no
less than 0.15�0.17.
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Abstract�The kinetics of the dehydration of sodium tetraborate decahydrate was studied. The Topley�Smith
effect was observed. The dehydration kinetics was described by an equation of contracting sphere. The mass
conductivity coefficients were determined, and an empirical equation for calculating them is given.

In thermal decomposition of crystal hydrates, the
dependence of the reaction rate on the water vapor
pressure in the air supplied for the heat treatment is
abnormal [1]. The influence exerted by the product
phase on the water removal process is the important
feature of the dehydration reaction. The abnormal
behavior consists in that the thermal decomposition of
crystal hydrates at pressures below equilibrium pres-
sure decelerates with an increase in the deviation of
the system from the equilibrium. This phenomenon is
known as the Topley�Smith effect. The understanding
of specific features of dehydration of crystal hydrates,
sodium tetraborate decahydrate (STD) in particular,
allows control of the process and preparation of the
product of prescribed composition.

Sodium tetraborate decahydrate Na2B4O7 �10H2O
is obtained by crystallization from aqueous solution.
Then, the powder is heat-treated in a heat carrier flow
with formation of pentahydrate and anhydrous sodium
tetraborate. In this case, it is necessary to obtain the
resulting product containing either pentahydrate or
anhydrous salt. When two forms of sodium tetraborate
are present in the system, the powder tends to rapidly
cake, and its consumers’ properties get worse.

The kinetics of the topochemical reaction of ther-
mal decomposition is described on the basis of com-
bined solution of the kinetic equation and nonstation-
ary mass-conductivity equation [2]. Thus, the thermal
decomposition of dispersed materials in the region of
diffusion-kinetic control is described within the non-
stationary mass-conductivity boundary-value problem
with an internal volume source of mass determined by
the kinetics of chemical reaction. The mathematical
description of the thermolysis of a spherical particle
has the form

�c (r, �) �2c (r, �) 2 �c (r, �)� �
����� = k������� + ��������� + q, (1)
�� ��2 r ��� �

where c is the concentration of gaseous products
(kg m�3); r, particle radius (m); �, time (s); q, internal
volume source of mass (kg m�3 s); and k, the mass-
conductivity coefficient (m2 s�1).

EXPERIMENTAL

Technical-grade sodium tetraborate is a white
powder having, according to chemical analysis, the
formula Na2B4O7 �10H2O. The dehydration was per-
formed in a flow-through installation. The humidity
and temperature of the heat carrier fed into the instal-
lation was maintained constant during one test. The
flow rate of the heat carrier was chosen so as to elimi-
nate external diffusion hindrance:

�r
Bi = ��� � �,

k

where Bi is the Biot criterion; �, mass-transfer coef-
ficient (m s�1); k, mass-conductivity coefficient
(m2 s�1); and r, particle radius (m).

Fulfillment of this condition ensures constancy of
the water vapor pressure over a sample during the
whole test.

The change in the sample mass and the material
temperature were recorded in the course of the experi-
ment. The content of the main substance was calcu-
lated according to the reaction

Na2B4O7 �10H2O � Na2B4O7 + 10H2O. (2)

Zonal method [3, 4] was used to calculate the mass-
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conductivity coefficient by the equation

m0[(�i)
�1 � (�f)

�1]r
k = ���������������, (3)

F��	v

where m0 is the mass of the main substance, i.e.
Na2B4O7, in the weighed portion (kg); F, the surface
area of particles of the sample (m2); �v, water vapor
density (kg m�3); �i and �f, initial and final contents
of the main substance in the sample (%); and ��, the
time interval (s) in which the main substance content
changes from �i to �f.

The partial water vapor pressure affects, according
to the experimental data (Fig. 1), the content of the
main product in the heat carrier depending on time.
These dependences were obtained at a heat carrier tem-
perature of 150�C and water vapor pressures of 10�20
and 145 mm Hg. Similar curves were also obtained
for other temperatures. The rates of the Na2B4O7 �
10H2O dehydration as functions of water vapor pres-
sure Pw are plotted in Fig. 2. As seen, with increasing
water vapor pressure, the rate of reaction (2) first de-
creases, then increases, and after that passes a maxi-
mum at Pw � 15 mm Hg for all the temperatures.
Thus, the Topley�Smith effect is clearly observed in
thermolysis of sodium tetraborate decahydrate.

The kinetics of STD decomposition is most ad-
equately described by a contracting volume equation
whose integral form [1] is

k�0 � = 1 � (1 � �)1/3, (4)

where k	0 is the rate constant (s�1).

The values of the rate constant for different condi-
tions are given in the table. The data obtained, when
treated using the Arrhenius equation (Fig. 3), show
that the pre-exponential factor k	0 and activation
energy E as functions of water vapor pressure vary
similarly with several extrema. The first and the sec-
ond maxima in the curves correspond to the minimal
and maximal dehydration rates, respectively. Thus,
a decrease in k	0, rather than increase expected from
Fig. 2, is observed for water vapor pressures above
18 mm Hg, with the minimal and maximal values dif-
fering by a factor of 3. An increase in the pre-
exponential factor is compensated by the growth of
the activation energy.

First of all, such phenomena are associated with
thermodynamic properties, namely, with the ratio
between the water vapor pressure in the heat carrier,
its equilibrium pressure in reaction (2), and partial
pressure of water vapor over the crystal hydrate.

�, wt %

�, s

Fig. 1. Content of main substance, Na2B4O7, � vs. time
� at 150�C. Partial water vapor pressure in air (mm Hg):
(1) 10, (2) 11.36, (3) 13.97, (4) 15.26, (5) 18.04, and
(6) 20.145.

Pw, mm Hg

d�/d� 
 103, s�1

Fig. 2. Dehydration rate of sodium tetraborate decahydrate
d�/d� vs. water vapor pressure Pw at various temperatures.
Temperature (�C): (1) 150, (2) 200, and (3) 250.

k0, s�1�

Pw, mm Hg

E, kJ mol�1

Fig. 3. Pre-exponential factor k �0 and activation energy
E vs. water vapor pressure Pw. The parameters are calcu-
lated by Eq. (4).

The experimental data (Fig. 4) show that the
dependences of the mass-conductivity coefficient k
on the conversion �* pass through a maximum at � �
0.2, corresponding to the empirical formula Na2B4O7 �
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Parameters of Na2B4O7 �10H2O dehydration
����������������������������������������
Air tem-�

Pp,
�

k�0
103,
� Material �

k*
106,
perature,�

mm Hg
�

s�1 �temperature, �
kg m �2 s�1

�C � � � �C �
����������������������������������������

150 � 10.00 � 1.31 � 99.0 � 48.4
� 11.36 � 1.21 � 97.5 � 47.9
� 13.97 � 1.31 � 99.0 � 48.4
� 15.26 � 1.50 � 92.0 � 54.9
� 18.04 � 1.21 � 93.5 � 47.9
� 20.145 � 1.13 � 101.0 � 46.5

200 � 4.90 � 1.66 � 122.0 � 56.3
� 9.00 � 1.48 � 113.0 � 53.5
� 14.26 � 1.88 � 115.5 � 62.7
� 15.26 � 2.27 � 109.5 � 76.0
� 18.27 � 1.85 � 115.0 � 66.2

250 � 8.73 � 2.56 � 120.0 � 106.0
� 11.38 � 2.76 � 134.0 � 98.0
� 15.26 � 3.27 � 112.0 � 115.1
� 20.42 � 2.76 � 134.0 � 98.0
� 24.26 � 2.45 � 151.0 � 86.2

������	�������	������	���������	��������
* The values are given at the conversion �* = 0.2.

8H2O. Comparison of the above dependences with the
character of variation of the material temperature tm
with conversion (Fig. 4) suggests that the increase
in k at �* <0.2 occurs in parallel with a considerable
growth of the material temperature. Consequently, in
this period, STD dehydration is accompanied by
warming of the material.

With process at �* > 0.2 continued, k decreases
gradually and the temperature of the powder grows
insignificantly.

As noted above, the dehydration kinetics is de-
scribed by an equation of contracting volume, i.e., the

k 
 106, kg m�2 s�1 Tm, �C

Fig. 4. Mass-conductivity coefficient k and the material
temperature Tm vs. conversion �* at the water vapor pres-
sure of 15.26 mm Hg. Air temperature (�C): (1, 1�) 150,
(2, 2�) 200, and (3, 3�) 250.

reaction starts from the outer layers of STD particles
and then moves toward the grain centers. Evidently,
a layer of the product impedes diffusion of water to
the particle surface. As a result, the mass-conductivity
coefficient decreases. It should also be noted that
the mass-conductivity coefficients as functions of
water vapor pressure in the heat carrier correlate with
the corresponding rate constants calculated by Eq. (4).

A slight temperature growth at �* > 0.2, with an
appreciable temperature gradient between the material
and heat carrier preserved, is assigned to the fact that
dehydration is an endothermic process, i.e., the heat
supplied with a heat carrier is mainly spent for the
chemical reaction.

The mass-conductivity coefficient is a function of
many variables, with all these dependences having
extrema (see table; Fig. 4). The noticeable effect on
the mass-conductivity coefficient is exerted by the
degree of dehydration �*, water vapor pressure Pw,
and heat carrier temperature T. Therefore, for analyti-
cal description of k, we choose the functional depen-
dence

K = f (�*, Pw, T). (5)

The mass-conductivity coefficient can be calculated
most accurately by the equation

k = a + b�* + c�*2 + d�*3 + e�*4 + f�*5 + gPw

+ hP2
w + iP3

w + jP 4
w + mP5

w, (6)

where �* is the degree of conversion by reaction (2);
Pw, water vapor pressure (mm Hg); a, b, c, d, e, f, g,
h, i, j, and m, the coefficients dependent on the heat-
carrier temperature; and T, the heat-carrier tempera-
ture (�C):

�6297.72
a = �������������������� + 345.91,

1 + exp [(T � 164.17)/14.84]

b = 1018.67 � 6.52 
 10�6 T3,

c = �7643.67 + 51.38 exp (T/18.03),

d = (1.082 
 109 � 68.49T3)1/2,

e = �49 398.28 + 69.28 exp (T/10.18),

f = 45 688 � 0.0025T3,

g = �113.18 + 1703.02 exp [�(T � 150)/21.94],
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�332.10
h = 10.08 + ��������������������,

1 + exp [(T � 162.79)/12.23]

i = 17.10 exp [�(T � 150)/1.77],

j = 31 997.08 exp [�T/13.79],

m = �0.0071 � (331.17/T),

where T is the heat carrier temperature (�C).

CONCLUSIONS

(1) Dehydration of sodium tetraborate decahydrate
is characterized by the Topley�Smith effect, i.e., an
irregular dependence of the dehydration rate on the
water vapor partial pressure. The optimal content of
water vapor in the gas phase is about 15 mm Hg.

(2) The mass-conductivity coefficients were deter-
mined. An empirical equation for calculating the co-
efficients as functions of dehydration conditions was
suggested.

(3) The data obtained and the equations suggested
for the kinetics of thermal decomposition of sodium
tetraborate decahydrate can be used in calculating
installations intended for preparation of pentahydrate
or anhydrous sodium tetraborate.
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Abstract�Glucose enthalpies of solution in binary systems N-methylmorpholine N-oxide monohydrate�
aprotic solvent at 75�C are measured.

Since cellulose is the most abundant steadily re-
newable native polymer, the problem of its dissolution
is topical for more than 150 years all over the world.
Numerous works in this area are stimulated by the
need in processing cellulose fibers through dissolu-
tion, to manufacture fibers and films of various pur-
poses. The difficulty of the problem of cellulose dis-
solution originates from complexity of the structure of
its elementary unit bearing hydroxy groups of various
natures, and also from the structure of the cellulose
macromolecule consisting of crystalline and amorph-
ous regions of different reactivities.

To understand the mechanism of interaction of cel-
lulose macromolecules with solvents, it is advisable to
study the reactivity of functional groups of its ele-
mentary unit (�-D-glucose) under various conditions.
In this case, it is rational to perform the study with
solvents that dissolve cellulose to form solutions suit-
able for subsequent processing [1�3]. The capability
of individual or mixed solvents to dissolve cellulose
can be predicted using the calorimetric method. Not
disclosing the nature of interparticle interaction, ther-
mochemical data reveal whether or not components of
a mixture are involved in chemical interaction.

The goal of this work is to study dissolution of
�-D-glucose as a model for the cellulose unit in
solvents based on N-methylmorpholine N-oxide mono-
hydrate (MMO). The decision on the solvent was
caused by the fact that MMO is of great practical
interest in view of cellulose dissolution [3]. Also we
used binary mixtures of MMO with co-solvents. The
use of such binary mixtures allows preparation of cel-
lulose solutions suitable for manufacture of speciality
fibers and films, making these processes more cost-
efficient [4�7].

The enthalpies of solution were determined at 75�C
on a Calvet adiabatic calorimeter (calorimetric vessel

volume 75 ml) to within 2.5%. As co-solvents for
MMO we used dimethyl sulfoxide (DMSO), dimeth-
ylformamide (DMF), and dimethylacetamide (DMAA)
(all of chemically pure grade). The solvents were
dried over a zeolite. The composition of MMO was
controlled by the melting point (72�73�C) and also
using Fischer titration. In experiments we used glu-
cose (chemically pure grade) with mp 146�C.

The solvency of DMSO, DMF, and DMAA at
75�C with respect to glucose amounts to 15�20%.
The solubility of glucose in pure MMO is about 2%
at 75�C. Therefore, in this work we studied solutions
of glucose in binary mixtures with a concentration
no more than 2%.

Our results (Table 1) showed that the enthalpy of
glucose solution in DMSO, DMF, and DMAA at
75�C is independent of the glucose concentration.

Table 1. Glucose enthalpies of solution in aprotic solvents
at 75�C
����������������������������������������
Solvent � Glucose concentration, wt % � �Hs, J g�1

����������������������������������������
DMSO � 2.2 � 61.5

� 4.3 � 60.0
� 6.1 � 58.9
� 8.7 � 60.0
� 10.2 � 59.1

DMF � 2.1 � 99.9
� 4.2 � 101.2
� 6.1 � 102.7
� 8.4 � 98.7
� 10.1 � 99.2

DMAA � 2.1 � 115.3
� 4.3 � 117.5
� 6.0 � 114.0
� 8.3 � 113.8
� 10.0 � 114.1

����������������������������������������
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Table 2. Glucose enthalpies of solution in binary mixtures MMO monohydrate�aprotic solvent at 75�C
������������������������������������������������������������������������������������

Solvent
� �Hs, J g�1, at indicated solvent concentration, wt %
���������������������������������������������������������������������������
� 0 � 20 � 40 � 60 � 70 � 80 � 90 � 100

������������������������������������������������������������������������������������
DMSO � �10 � �26 � �67 � �96 � �95 � �88 � �75 � 60
DMF � �10 � �20 � �59 � �81 � �83 � �82 � �47 � 100
DMAA � �10 � �39 � �82 � �109 � �110 � �107 � �73 � 115
������������������������������������������������������������������������������������

The glucose enthalpies of solution in binary solv-
ents are given in Table 2 as functions of the solvent
composition. In straight MMO, glucose dissolves with
heat liberation, which can be attributed to hydrogen
bonding between the NO group of MMO and OH
groups of glucose (specific solvation). The specific
solvation contributes significantly to the total enthalpy
of solution �Hs

�Hs = �Hl + �Hsolv, (1)

where �Hl is the crystal lattice energy of glucose and
�Hsolv, enthalpy of solvation. The observed negative
enthalpy of solution is caused by strongly negative
value of �Hsolv.

In turn,

�Hsolv = �Hcav + �Hsp + �Hnonsp, (2)

where �Hcav is the enthalpy of cavity formation in
a solvent (a positive value) and �Hsp and �Hnonsp are
the contributions of specific and nonspecific interac-
tions (negative values), with �Hsp prevailing.

In aprotic dipolar solvents such as DMSO, DMF,
and DMAA, solvation occurs through essentially
dipole�dipole interactions, whose energy is consider-
ably lower than that of hydrogen bonding (�Hnonsp is
considerably lower than �Hsp), and solvation appears
to be an endothermic process. As a result, dissolution
of glucose in aprotic solvents proceeds with heat con-
sumption. The corresponding endothermic effect in-
creases in the order DMSO < DMF < DMAA, being,
respectively, 60, 100, and 115 J g�1 (Table 2). There-
fore, the dominant effects in dissolution of glucose are
fusion of the crystal lattice of glucose and cavity for-
mation in a solvent, i.e., break of its structure. It is
known [8] that, among the solvents used, DMSO is
characterized by the strongest intermolecular interac-
tion. Since �Hl is a constant, the contribution of non-
specific interactions between an aprotic solvent and
glucose decreases in the order DMSO > DMF >
DMAA, which correlates with the order of variation
of the dipole moments (4.3, 3.86, and 3.8 for DMSO,
DMF, and DMAA, respectively).

In binary solvents, the exothermic effect of glucose
dissolution is considerably higher as compared to the
individual components (Table 2). This can be attri-
buted to the fact that the aprotic solvents studied
have a strong structure-breaking effect on MMO, thus
facilitating cavity formation [positive value of �Hcav
in Eq. (2) considerably decreases]. As a result, dis-
solution of glucose becomes more exothermic. The
break of MMO structure by adding an aprotic solvent
should increase its solvency with respect to cellulose
also.

Comparison of �Hs in various binary solvents at
the compositions corresponding to the maximal exo-
thermic effect of dissolution shows that the order of
decrease in the interaction energy observed for the
straight solvents changes: the strongest interaction
with glucose is found in the system DMAA�MMO.
This is inconsistent also with the results reported in
[9] on dissolution of cellulose in the same binary sys-
tems. This inconsistency is probably due to specific
structural features of cellulose and glucose. The
glucose molecules occur in solutions in the cyclic and
open forms, the latter containing the aldehyde group
[10]. We have demonstrated the presence of the
open conformation of glucose in DMSO, DMF, and
DMAA. We compared the Ag0 deposition efficiency
upon adding the same amount of AgNO3 to 5% glu-
cose in the indicated aprotic solvents. The lowest
deposition was observed in the DMAA solution, and
the highest, in DMSO, suggesting that the fraction of
glucose with free aldehyde groups increases on pas-
sing from DMAA to DMSO. Since the oxygen atom
of the C=O group is more polarized and sterically
accessible as compared to the oxygen of the ether
group C�O�C in the cyclic conformation of glucose,
the aldehyde group can produce a repulsive electro-
static effect when a glucose molecule approaches the
oxygen atom of the NO group of MMO in a binary
solvent. This effect should be reflected in the strength
of intermolecular interaction of MMO with glucose
and, correspondingly, in �Hsp and �Hnonsp, resulting
in changing order of the decrease in the exothermic
effect of glucose dissolution in the binary solvents.
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On the contrary, cellulose does not form open con-
formations upon dissolution, which explains the
results obtained in [9].

CONCLUSIONS

(1) The enthalpies of solution of glucose are deter-
mined in DMSO, DMF, DMAA, N-methylmorpholine
N-oxide monohydrate, and their binary mixtures at
75�C.

(2) The observed differences in the thermal effects
of solution of cellulose and glucose in binary systems
N-methylmorpholine N-oxide monohydrate�aprotic
solvent can be attributed to the occurrence of the
open aldehyde conformation of glucose molecules in
solutions.
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Abstract�The equilibrium adsorption of vapors of benzene, toluene, o-xylene, and gasoline in the tempera-
ture range 25�100�C and adsorbate content of 0.01�1.80 vol % on activated carbons obtained from plum
stones and shells of peanut, walnut, and coconut was studied. The effect of temperature on the adsorption
properties of the absorbents were analyzed. The isosteric heats of adsorption were calculated.

The protection of the atmosphere from pollution is
an important and complicated environmental problem.
Among the most global contaminants discharged into
the atmosphere are various hydrocarbons. The most
dangerous of these are, because of their prevailing
mass, vapors of volatile organic solvents and light
petroleum products, such as benzene, toluene, xylenes,
gasolines, etc. The negative consequences of dis-
charge of these toxic compounds are well known [1].
However, the economical factor, associated with the
loss of valuable chemical compounds so much needed
by modern industry, is to be taken into account in
addition to the environmental aspect of the problem.
According to the available estimates [2], the annual
Russia’s discharge from only stationary industrial
sources is 1.6 million tons of volatile organic com-
pounds and 2.6 million tons of other hydrocarbons
even during the period of recession.

The diversity of conditions under which organic
solvents and motor fuels are vaporized requires that
different methods should be developed for their re-
covery. Among the rather wide variety of methods of
this kind [1], processes of carbon-sorption purification
are virtually unrivaled in processing of flows with
relatively low content of these components. However,
their use is only economical if low-cost and readily
available carbon adsorbents can be used.

A technique for obtaining activated carbon from
vegetable wastes in the form of plum stones and
nutshells has been developed. This method yields
microporous adsorbents with an effective half-width
of micropores of 0.5�0.7 nm, which is comparable
with the size of molecules of the organic compounds

mentioned above. This suggests that these adsorbents
can serve as rather active absorbents of hydrocarbons
from vapor�gas mixtures.

To confirm the efficiency of this approach, it is
necessary to study the adsorption properties of these
carbons with respect to a number of characteristic
hydrocarbons and light petroleum products. This was
the aim of our study.

EXPERIMENTAL

As adsorbents served activated carbons obtained by
carbonization in a nitrogen atmosphere of plum stones
(PS) and shells of peanut (SP), walnut (SW), and
coconut (SC) at 800�C for 1 h, followed by steam�gas
activation of the carbon matrices under similar tem-
perature and time conditions. The carbonizates of PS
and SW were oxidized with water vapor, and those of
SP and SC, with a nitrogen�oxygen mixture (2 vol %
O2). As reference were chosen activated carbons of
SKT and ART-1 brands, which are recommended as
adsorbents for catching vapors of organic solvents
[3, 4]. The main technical characteristics of the carbon
adsorbents are listed in Table 1.

As adsorbates were used benzene, toluene, o-xyl-
ene, and gasoline (motor fuel of the AI-95 brand).
A number of physical constants of these hydrocarbons
are listed in Table 2 [5�7]. It is difficult to specify the
physical properties of gasolines because they are mix-
tures (boiling out at 40�195�C) of cyclic (20�65%),
aromatic (2�12%), saturated (25�80%), and un-
saturated (1�2%) hydrocarbons whose content in the
final product is determined by the composition of the
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Table 1. Characteristics of carbon adsorbents
������������������������������������������������������������������������������������

Adsorbent
�

Raw material
�

Activation
� Strength � Ash content � Moisture content �

Bulk density,� � ��������������������������������������
� � � % � g cm�3

������������������������������������������������������������������������������������
KU-1 �SW �H2O vapor � 67 � 0.5 � 4.6 � 0.40
KU-2 �PS �H2O vapor � 68 � 0.5 � 4.3 � 0.42
AA-1 �SP �N2 + 2% O2 � 65 � 1.4 � 4.9 � 0.39
AK-1 �SC �N2 + 2% O2 � 91 � 1.3 � 4.5 � 0.50
SKT �Peat �Chemical � 66 � 14.7 � 5 � 0.55
ART-1 �Peat, coal �Chemical � 70 � 16 � 5 � 0.58
������������������������������������������������������������������������������������

Table 2. Selected properties of the adsorbates studied
������������������������������������������������������������������������������������

Adsor-
�

M
�

Critical diam-
�

Density,
�

Saturated vapor
�

Heat of vapori-
� Explosive limit, vol %

� � � � � ���������������������
bate � � eter, nm � g cm�3

� pressure, mm Hg � zation, kJ mol�1
� lower � upper

������������������������������������������������������������������������������������
Benzene � 78.10 � 0.60 � 0.879 � 74.8 � 30.87 � 1.4 � 6.7
Toluene � 92.14 � 0.67 � 0.860 � 21.6 � 33.31 � 1.5 � 7.7
o-Xylene � 106.17 � 0.69 � 0.880 � 4.88 � 36.96 � 0.9 � 7.6
Gasoline � �109 � � � 0.700�0.780� 225�375* � � � 1.7 � 2.9
������������������������������������������������������������������������������������
* At 38�C.

raw materials used and the conditions of their proces-
sing [5]. The average molar mass of gasoline M =
109 g mol�1 was evaluated using the following
empirical equation, which relates this parameter to the
average temperature Tav of boiling-out of a mixture of
hydrocarbons [5]:

M = 60 + 0.3Tav + 0.001T2
av. (1)

a, mg g�1

c, vol %

Fig. 1. Isotherms of benzene adsorption on activated
carbons: (a) adsorbent activity and (c) benzene content.
Type of carbon: (1) KU-1, (2) SKT, (3) AK-1, (4) AA-1,
(5) ART-1, and (6) KU-2.

The adsorption measurements were performed in
an evacuated setup with a McBain quartz spring
balance in the temperature range 25�100�C. To re-
move moisture prior to adsorption, the carbons were
dried at 120�C to constant weight. The adsorbate con-
centration was chosen with account of the requirement
that, under the real conditions, the content of a hydro-
carbon in the gas flow should be at the lower explo-
sive limit in order to ensure explosion and fire safety.
If the content of an adsorbate in a flow to be treated
exceeds this limit, the technique envisages that it is
diluted in an appropriate way with nitrogen or air.
As seen from Table 2, these values for the substances
used are within the range 0.9�1.7 vol %, and, there-
fore, the study was performed, irrespective of the
nature of the hydrocarbons, at their contents in the
range 0.01�1.8 vol %.

One of the most important characteristics used for
comparative evaluation of the adsorption properties of
solid absorbents and, consequently, for assessment of
their suitability for specific processes is the adsorption
isotherm. The results obtained in studying the static
adsorption of hydrocarbon vapors at 25�C on the
activated carbons under study are illustrated by Figs. 1
and 2. These figures show that, virtually in all
cases, the isotherms correspond to the first type by
Brunauer’s classification: the adsorption capacity
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grows with increasing content of adsorbates in the gas
flow [8]. The highest adsorption capacity for all the
systems is exhibited by the KU-1 adsorbent obtained
from SW and by industrial carbon SKT. The static
adsorption capacity of these adsorbents at a content of
benzene, toluene, xylene, and gasoline in the gas
mixture equal to 1.0 vol % is 151, 262, 295, 343 and
136, 238, 265, 312 mg g�1, respectively. Less active
are the KU-2, ART-1, AA-1, and AK-1 carbons,
although their adsorption capacities for these hydro-
carbons are rather close to the adsorption capacities of
KU-1 and SKT and equal to 75�80% of these.

Also noteworthy is the fact that all the isotherms
have a portion of steep initial rise, suggesting that
these carbons will efficiently absorb the target com-
ponents mentioned above from weakly concentrated
gas flows.

A mathematical approximation to the adsorption
equilibrium in question was made using the classical
single-term equation for uniformly porous adsorption,
which is derived in the theory of volume filling of
micropores (TVFM) by Dubinin and Radushkevich
(DR) [9]:

a = (W0/V) exp [(A/�E0)2], (2)

where a is the amount of an adsorbed substance at
a temperature T and relative pressure p /ps; V, molar
volume of the adsorbate; A = RT ln (ps /p), differential
molar work of adsorption; � = E /E0, coefficient of
similarity of the substance under study to a reference
substance; E0, characteristic energy of adsorption of
the vapor of the reference substance (benzene); E,
characteristic energy of adsorption of the vapor of
the substance under study; p, partial pressure of the
adsorbate; ps, saturated vapor pressure of the adsor-
bate; and W0, volume of micropores.

As shown by the calculations performed, the points
characterizing the adsorption of each adsorbate on the
activated carbons under study are approximated with
a satisfactory accuracy with straight lines in the coor-
dinates of the equation loga = f (logps/p)2. This con-
firms unambiguously that the application of TVFM to
description of the adsorption equilibrium in the sys-
tems under consideration is well justified.

The DR equation makes it possible to determine
the volume of micropores in the adsorbents, the char-
acteristic energy of adsorption of a reference sub-
stance in the micropores, and their effective half-
width, the radius x0 related to E0 by

x0 = k/E0, (3)

a, mg g�1

c, vol %
Fig. 2. Isotherms of hydrocarbon vapor adsorption on
KU-1 activated carbon: (a) Adsorbent activity and (c) ad-
sorbate content; the same for Fig. 4. Adsorbate: (1) ben-
zene, (2) toluene, (3) xylene, and (4) gasoline; the same
for Figs. 3�5.

where k is a coefficient equal to 10�12 kJ mol�1

[10, 11].

The volume of mesopores, Vme, was found as the
difference

Vme = Vs � W0, (4)

where Vs is the limiting volume of the adsorption
space (amount of adsorbed substance at the saturated
vapor concentration).

The specific surface area was found from the BET
equation [8].

Table 3 lists characteristics of the pore structure of
the adsorbents, which were found from isotherms of
adsorption�desorption of a benzene vapor using the
single-term DR equation. Analysis of these data sug-
gests that all the microporous adsorbents obtained
compare well with the industrial activated carbons
used as reference. For example, the microporosity of

Table 3. Structural characteristics of the adsorbents
����������������������������������������

Adsor-
� SBET, �Pore volume, cm3 g�1�

E0,
�

x0,� ����������������� �
bent �m2 g�1

� Vs � W0 � Vme �
kJ mol�1

� nm

����������������������������������������
KU-1 � 932 � 0.69 � 0.47 � 0.22 � 14.49 � 0.69
KU-2 � 915 � 0.63 � 0.42 � 0.21 � 16.67 � 0.60
AK-1 � 583 � 0.51 � 0.30 � 0.21 � 22.22 � 0.45
AA-1 � 560 � 0.48 � 0.26 � 0.22 � 25.64 � 0.39
SKT � 970 � 0.67 � 0.48 � 0.19 � 17.54 � 0.57
ART-1 � 730 � 0.65 � 0.45 � 0.20 � 14.93 � 0.67
����������������������������������������
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a, mg g�1

V, cm3 g�1

Fig. 3. Activity a of the carbons vs. the volume V of sorb-
ing pores.

the adsorbents prepared from PS and SW is virtually
the same and equal to 0.42�0.48 cm3 g�1. The volume
of micropores in the adsorbents prepared by activation
with oxygen (AA-1 and AK-1) is somewhat lower,
but, nevertheless, quite sufficient: 0.26�0.30 cm3 g�1.
The volume of mesopores is virtually the same for all
of the adsorbents (0.19�0.22 cm3 g�1).

a, mg g�1 a, mg g�1

a, mg g�1
a, mg g�1

(a) (b)

(c) (d)

c, vol % c, vol %
Fig. 4. Effect of temperature on the adsorption of hydrocarbons on KU-1 activated carbon. Temperature (�C): (1) 25, (2) 50,
(3) 75, and (4) 100. Adsorbate: (a) benzene, (b) toluene, (c) o-xylene, and (d) gasoline.

Comparison of the adsorption capacities of the ad-
sorbents for the hydrocarbons with the parameters of
their pore structure shows that this structure governs
the adsorption properties. As seen in Fig. 3, the equi-
librium activities are directly proportional to the
volume of the sorbing pores in the carbons. This fact
indicates that the absorption of vapors of aromatic and
gasoline hydrocarbons by the carbon adsorbents
proceeds in accordance with, exclusively, the laws of
physical adsorption, i.e., the binding of adsorbate
molecules to the carbon surface is due solely to the
van der Waals forces.

The effect of temperature on the equilibrium ad-
sorption capacity of the carbon adsorbents for vapors
of the hydrocarbons under study was studied in the
temperature range 25�100�C. As an illustration of the
results obtained, Fig. 4 shows the isotherms of ad-
sorption of aromatic hydrocarbons and gasoline on an
activated carbon prepared from SW. For the other
adsorbent�adsorbate systems, the effect of temperature
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(a) (b)q, J mol�1 q, J mol�1

a, mg g�1 a, mg g�1

Fig. 5. Heats of adsorption of hydrocarbons on (a) KU-1 and (b) KU-2 activated carbons. (q) Differential heat of adsorption and
(a) activity of an adsorbent.

on the activity of the adsorbents is similar. Apparent-
ly, an increase in temperature adversely affects in all
cases the total amount of adsorbed hydrocarbons: with
the temperature increasing in the range studied, the
capacity of the adsorbents falls by 50�80% at a con-
tent of adsorbates in the vapor�gas mixtures higher
than 1 vol %. However, at a low content of the hydro-
carbons (<0.005%) the activity of the carbons is little
dependent on the temperature, which indicates that
their use for purification of low-concentrated gas
flows at elevated temperatures without preliminary
cooling is advisable.

The adsorption of vapors and gases is an exo-
thermic process. Together with the equilibrium activ-
ity, the heat of adsorption is a parameter that is to be
known in a calculation of adsorption processes. One
of the simplest methods for calculating the heats of
adsorption is based on the Clapeyron�Clausius equa-
tion, used in the form [12]

q = RT 2 (� ln p/�T)a = const. (5)

Figure 5 shows how the nature of an adsorbate and
the degree of filling of the adsorption capacity affect
the heat of adsorption of hydrocarbons on the ac-
tivated carbons prepared from PS and SW. Analysis
of these calculated data shows that, in all cases, the
dependences q = f (a) are decsending functions, which
indicates that there is no specific interaction in the
systems. For degrees of filling that are close to the
limiting values, the heats of adsorption are approxi-
mately equal to the heats of condensation of the ad-
sorbates, which is also evidence in favor of the physi-
cal nature of the adsorption of the hydrocarbons under
study on microporous adsorbents. And finally, it
should be noted that the isosteric differential heat of

adsorption grows as the molecular mass of an adsor-
bate increases.

The average values of the differential heats of
adsorption of benzene, toluene, o-xylene, and gasoline
vapors on the carbon adsorbents under study are 42,
46, 51, and 57 kJ mol�1, respectively.

CONCLUSION

The activated carbons obtained from waste agricul-
tural vegetable raw materials can be successfully used
for purification of vapor�air mixtures to remove
vapors of benzene, toluene, o-xylene, and gasoline.
The absorption of the hydrocarbons obeys the laws of
physical adsorption, not complicated by any specific
interaction, and the adsorption equilibrium is approxi-
mated with a sufficient accuracy with the single-term
equation of the Dubinin�Radushkevich theory of
volume filling of micropores, which can be used in
simulation of purification processes.
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Abstract�Sorption of heavy oil by swollen graphites obtained from residual graphite hydrosulfate at 300�

900�C was studied. The dependence of the sorption capacity for oil on the specific surface area and specific
volume of the swollen graphite sorbent was analyzed.

It has been shown previously that swollen graphite
is an extremely effective sorbent for oil and oil prod-
ucts [1�11]. Despite the relatively low specific surface
area, its sorption capacity for oil is up to 80 g g�1

[12�16]. It was demonstrated in [15] that, to a first
approximation, there exists a hyperbolic dependence
of the sorption capacity on the bulk density of a sor-
bent and a directly proportional dependence of the
sorption capacity on the total pore volume of the
sorbent. No dependence of the sorption capacity on
the specific surface area was revealed. On this basis,
a conclusion was made that the main contribution to
sorption comes from the specific volume of a sorbent,
with pores 1�400 �m in size responsible for sorption.

Here we have shown that the sorption determined
by the specific surface area of a sorbent makes,
together with the sorption governed by the specific
volume, an important contribution to sorption of oil
by swollen graphite. To distinguish these contribu-
tions to the total sorption, a number of sorbents ob-
tained by swelling of the same residual graphite hy-
drosulfate at 300�900�C [17] were studied. It was
found that, for all the samples studied, there exists a
strong correlation between the specific surface area
Ssp and specific volume Vsp, which makes impossible
any separation of the contributions of these parameters
to the total sorption of oil. To diminish the correlation
between Ssp and Vsp, samples of swollen graphite
were subjected to a mechanical treatment. This was
done on the assumption that such a treatment will not
affect Ssp, but will strongly diminish Vsp, thus making
it possible to separate the contributions from the
specific surface area and specific volume of the sor-
bent to the total sorption.

EXPERIMENTAL

The sample of residual graphite hydrosulfate (prod-
uct formed in hydrolysis of graphite hydrosulfate)
used in our study was prepared as follows [17].
Natural flaky graphite of the GT-1 brand (Ad =
5.68 wt %) from the Zaval’evskoe deposit (Ukraine)
was used. The initial graphite contained two fractions;
74.3 wt % particles 0.630�0.315 mm in size and
22.1 wt % particles 0.315�0.200 mm in size. As re-
agents were used a CrO3 solution in distilled water
(50 wt %, d = 1.50 g dm�3) and concentrated H2SO4
of chemically pure grade (95.8 wt %). To 25 g of
graphite was added with stirring 3.0 cm3 of the aque-
ous solution of CrO3, and the reaction mass was agi-
tated for 10 min. Then, 9.0 cm3 of H2SO4 was intro-
duced into the reactor, and the agitation was continued
for 10 min. Further, the contents of the reactor were
poured over with 500 cm3 of water, and the resulting
mixture was blended by agitation and allowed to stand
for 24 h for hydrolysis to occur. After that, the solid
phase was filtered off and washed on the filter with
2 dm3 of water. The residual graphite hydrosulfate was
obtained by drying the moist product at 105�C for 2 h.

Sorbent samples were obtained by heating the
residual graphite hydrosulfate in a muffle furnace in
the heat-shock mode in the temperature range 300�
900�C. The samples were kept in the furnace for
5 min at 300�500�C and for 2 min at 600�900�C.
The mechanical treatment of the resulting samples
was carried out under the standard conditions by
agitation of dry sorbent samples with a T-shaped glass
stirrer in a glass vessel at 200 rpm for a time from 0
to 45 min. The values of Ssp and Vsp, as well as the
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Characteristics of swollen graphite sorbents obtained
at different temperatures
����������������������������������������
Tsw, �C � Ssp, m2 g�1 � Vsp, cm3 g�1 � Wsp, g g�1

����������������������������������������
20* � 0.8 � 2 � 1.8

300 � 2.5 � 23 � 7.6
400 � 5.2 � 71 � 18.6
500 � 22.9 � 195 � 22.3
600 � 34.6 � 215 � 26.0
700 � 43.1 � 245 � 67.0
800 � 46.7 � 272 � 75.4
900 � 47.0 � 287 � 71.6

����������������������������������������
* Initial residual graphite hydrosulfate.

sorption capacity for oil at 20�C, Wsp, were deter-
mined for all the initial and mechanically treated
samples.

The BET specific surface area Ssp was determined
by low-temperature adsorption of argon in accordance
with GOST (State Standard) 13144�79. The specific
volume was calculated as a reciprocal of the bulk den-
sity of the sorbent, which was determined in accord-
ance with GOST 14922�77. The sorption capacity of
a sorbent was determined for heavy oil from Lisi-
chansk oil refinery, with a density of 0.873 g cm�3

at 20�C. The sorption capacity for oil was determined
as follows [18]. To a 0.2�0.6-g weighed portion of
the graphite sorbent was added 25 g of oil, the result-
ing mixture was blended by careful agitation, and,
after keeping for 1 h, the unsorbed oil was removed
in the course of 24 h using a filter made of a metallic
mesh. The swollen graphite sorbent with sorbed oil
was weighed and the sorption capacity (g of oil per g
of sorbent) was calculated.

The parameters of the untreated sorbents obtained
at different swelling temperatures Tsw in the range
300�900�C are listed in the table.

Figures 1a�1c show how the specific surface area,
specific volume, and sorption capacity for oil depend
on the temperature at which swollen graphite sorbents
are obtained, before their mechanical treatment.

It is seen that all the three parameters studied for
the swollen sorbents depend on the swelling tempera-
ture in a similar way; below 300�C, the values of the
parameters vary only slightly; beginning with 400�C,
a steep rise is observed; and in the range 700�800�C
all the three curves tend to level off. An attempt to
estimate the contributions from the specific volume
and specific surface area to the sorption capacity of
swollen graphite sorbents on the basis of the data

(a)Ssp, m2 g�1

(b)Vsp, cm3 g�1

(c)Wsp, g g�1

Tsw, �C

Fig. 1. (a) Specific surface area Ssp, (b) specific volume
Vsp, and (c) sorption capacity of swollen graphite for oil
Wsp vs. the temperature Tsw at which it was obtained.

presented in the table and Figs. 1a�1c by the method
of a multiple linear regression failed. This is due to
the fact that the presumably independent regression
parameters Ssp and Vsp are actually not independent.
As seen from Figs. 1a and 1b, both these parameters
depend on the swelling temperature in a similar way,
which results in a high coefficient of linear correlation
between them: r = 0.96.

To diminish the correlation between the parameters
Ssp and Vsp, the sorbent samples obtained at different
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temperatures were subjected to a mechanical treat-
ment. It was demonstrated that Vsp remains virtually
unchanged upon such a treatment of the swollen
graphite samples obtained at 300 and 400�C, and
steadily decreases by, to a first approximation, a
hyperbolic law for samples obtained at 500�900�C.
At the maximum time of the mechanical treatment of
45 min, Vsp of these samples decreases 2�3-fold. As
expected, mechanical treatment does not change the
specific surface area of all the samples studied in the
whole range of treatment times used. Typical depen-
dences of the specific volume of swollen graphite on
the time of its mechanical treatment are shown in
Fig. 2.

Figure 3 shows how the sorption capacity for oil
depends on the specific volume for samples obtained
at 300�900�C and subjected to a mechanical treat-
ment. For the samples prepared at 300 and 400�C,
mechanical treatment does not change significantly
their sorption capacity for oil, which is indicated by
the compact arrangement of the points for these sam-
ples. This fact is in agreement with the invariability of
the parameters Ssp and Vsp for these swollen graphite
samples in the course of their mechanical treatment.
For the samples obtained at higher temperatures
(500�900�C), the situation changes dramatically. To
a first approximation, the dependences of Wsp for
oil on Vsp can be represented for these samples by
straight lines, around which lie, with a significant
scatter, experimental points. The slopes of these
straight lines are positive, close to zero, and negative
for the samples obtained at 700�900, 600, and 500�C.
It is noteworthy that the intercepts on the y-axis fall
within the range 30�40 g g�1 for all these straight
lines.

For the samples obtained at 700�800�C, the
straight lines with a positive slope can be readily
accounted for by a decrease in Vsp of these samples in
the course of a mechanical treatment (Fig. 2), which
makes lower their sorption capacity for oil. Un-
expectedly, it was found that for the samples obtained
at 500 and 600�C the run of these curves is anomal-
ous. For the samples synthesized at 600�C, Vsp de-
creases in the course of a mechanical treatment, but
the sorption capacity for oil remains virtually un-
changed. For the samples obtained at 500�C, mech-
anical treatment even raises their sorption capacity
for oil.

The anomalous dependences of Wsp, observed for
the swollen graphite samples obtained at 500 and
600�C, can presumably be accounted for as follows.
Heating of the residual graphite hydrosulfate yields

Vsp, cm3 g�1

�, min

Fig. 2. Specific volume Vsp of swollen graphite samples
obtained at different temperatures vs. the duration � of their
mechanical treatment. Preparation temperature (�C):
(1) 300, (2) 400, (3) 500, and (4) 800.

Wsp, g g�1

Vsp, cm3 g�1

Fig. 3. Sorption capacity for oil, Wsp, vs. the specific
volume Vsp for swollen graphite samples obtained at 300,
400, 500, 600, 700, 800, and 900�C and subjected to a
mechanical treatment.

a swollen graphite with a characteristic honeycomb
structure [19]. In all probability, this structure is poor-
ly developed at 300�400�C and is mainly composed
of closed pores, which are inaccessible to oil. At
a swelling temperature of 500�600�C, the honeycomb
structure of the swollen graphite is already well de-
veloped; however, a considerable fraction of closed
pores inaccessible to oil is still present. At swelling
temperatures of 700�900�C, virtually all pores in the
structure of swollen graphite are open and accessible
to oil. It is noteworthy that raising the temperature at
which swollen graphite is obtained leads not only to
the development of the honeycomb structure, but also
to a decrease in its mechanical strength.

Mechanical treatment of swollen graphite obtained
at 700�900�C only diminishes the specific volume of
the sorbent and, as a consequence, leads to a decrease
in its sorption capacity for oil. In the case of swollen
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graphites obtained at 500�600�C, mechanical treat-
ment also diminishes the Vsp of the sorbent, which
leads to a decrease in the Wsp of swollen graphite for
oil. However, closed pores are, presumably, also
opened in this case and, as a result, become accessible
to oil. This effect compensates for the decrease in the
Wsp of the sorbents, which is associated with the
lowering of their specific volume. An evidence in
favor of this conclusion is the following experimental
fact. As regards their behavior in isopropyl alcohol,
all the untreated sorbent samples can be divided into
two groups: those obtained at 300�500�C float on the
alcohol surface, and those prepared at 600�900�C
drown. After 45 min of mechanical treatment, the
behavior of the samples obtained at 300�400 and
600�900�C remains unchanged. By contrast, the
sample prepared at 500�C drowns in the alcohol vir-
tually completely. In the untreated sample obtained at
600�C, all the pores are presumably already opened,
but the size of their mouths allows only comparatively
small molecules, e.g., those of isopropyl alcohol, to
penetrate into the pores. Molecules of substances con-
tained in oil (average molecular mass is about 1000)
cannot penetrate through so narrow apertures into the
pores. Presumably, the mechanical treatment used
makes the pore mouths wider, with the result that
pores become accessible to oil.

The honeycomb structure of the swollen graphites
obtained at 300�400�C is so strong that the mech-
anical treatment used neither makes smaller the Vsp of
the sorbent, nor opens up the closed pores present in
its structure. As a result, mechanical treatment leaves
virtually unchanged the Wsp of these sorbents.

The fact that, upon a mechanical treatment of
swollen graphite, its Vsp decreases and Ssp remains
unchanged made it possible to diminish the correla-
tion between these parameters. For the untreated sam-
ples of graphites swollen at 300�900�C, the coef-
ficient of linear correlation between the parameters Ssp
and Vsp is r = 0.96. At the same time, after a mech-
anical treatment it decreases to r = 0.76. It is note-
worthy that, if the samples obtained at 300 and 400�C
(whose mechanical treatment does not change the
parameters Ssp and Vsp) are excluded from considera-
tion, the correlation coefficient falls to r = 0.27.

Such a weakening of the correlation between these
parameters made it possible to estimate, to a first
approximation, their separate contributions to the
sorption of oil by swollen graphite. An estimate of the
regression dependence of the sorption capacity Wsp of
swollen graphite on the parameters Ssp and Vsp by
means of the method of linear multiparameter regres-

sion for the whole body of experimental data yields
the equation Wsp = 3.946 + 0.807Ssp + 0.0812Vsp (r =
0.88). In this case, the estimate by the t-test (at con-
fidence probability of 95%) shows that the coef-
ficients at the parameters Ssp and Vsp in this equation
are significant. Reducing this equation to the standard
scale, which makes it possible to compare the absolute
values of the regression coefficients, yields the equa-
tion Wsp = 0.648Ssp + 0.277Vsp. It follows from this
equation that both the contributions to the sorption of
oil, associated with the specific surface area and the
specific volume of swollen graphite, are significant,
with 70% of the sorption capacity governed by the
specific surface area of swollen graphite, and only
30%, by its specific volume.

CONCLUSIONS

(1) Swollen graphite obtained by heating of the
residual graphite hydrosulfate in the thermal-shock
mode is a highly effective sorbent of oil. The sorption
capacity of swollen graphite grows with increasing
swelling temperature to become 70�75 g g�1 for the
sorbents obtained at 800�900�C.

(2) The strength of the honeycomb structure of the
swollen graphite sorbent, which is responsible for
sorption of oil, is low. Even a simple mechanical agi-
tation of dry sorbents obtained at 700�900�C leads to
a decrease in their specific volume and, as a con-
sequence, makes lower their sorption capacity for oil.

(3) The sorption capacity for oil is determined
both by the specific surface area and the specific
volume of swollen graphite, with the contribution of
the sorption governed by the specific surface area
equal to about 70%, and that associated with the
specific volume, to about 30%.
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Abstract�Changes in sapropelite structure at room temperature in the course of modification with HNO3,
HNO3�Ac2O, SO3�H2SO4, and H2SO4 were studied. The effect of chemical modification on the development
of the specific surface area at thermolysis in the presence of acid (H3PO4) or base (KOH) activators was
analyzed.

Natural coals are widely used raw materials for
preparing carbon sorbents (CS), whose properties are
largely determined by the chemical structure and reac-
tivity of the precursor [1]. The fossil coal structure
can change under the conditions of chemical modifica-
tion and, in turn, strongly affect the processes of fur-
ther physical or chemical activation at the sorbent
preparation [2�9].

The most widely used procedures for chemical
modification of natural coals involve treatment with
various oxidants, e.g., O2 [2, 4], HNO3 [3�5], HClO4
[6, 7], acetyl nitrate [8], and others [9]. Conditions of
oxidative modification (OM) are chosen on the basis
of only two principally different approaches: (1) par-
tial oxidative degradation of the coal organic matter
with formation of functional groups (FGs) and (2) re-
organization of the steric and molecular structure
under the conditions similar to those of graphite inter-
calation [10].

As a typical heterogeneous process, oxidative de-
gradation starts in the near-surface layer and spreads
inside the coal particle; it is accompanied by low-
temperature burning-out of organic compounds. Inter-
calation conditions provide rapid diffusion of the
modifying agent into the coal, uniform distribution of
the reacting species in the coal matrix (as in formation
of solid solutions), and the occurrence of the modifi-
cation reaction not only in the near-surface layer,
but also in the coal bulk, i.e., under the �pseudohomo-
geneous� conditions.

It should be mentioned that the intercalation meth-
od is yet under development. Various procedures and
reagents are tested, optimal conditions of intercalation
of the natural coals (which are quite different from the

conditions for preparing graphite intercalation com-
pounds [11]) are sought for, and data on the reactivity
of carbons of various histories are accumulated. The
positive effect of intercalation has been shown, but its
further development seems promising [5�7, 9].

In this work we studied modification of sapropelite
(Sp) under the intercalation conditions and analyzed
changes in its structure and their effect on the de-
velopment of the specific surface area at activation.

The following modifying agents were used.

(1) Fuming HNO3 (�99%) is a traditional reagent
for preparing graphite nitrate [10], which yields one-
electron oxidant (nitronium cation NO2

+) and inter-
calating agent (NO3

� anion) in the course of dissocia-
tion: 2HNO3 = NO2

+ + HNO3
� + H2O. As reagent, it

was tested with anthracite (Donets Coal Fields,
Ukraine) [9].

(2) Equimolar HNO3�acetic anhydride (Ac2O)
mixture, which yields the same oxidant NO2

+, but dif-
ferent intercalating agent (acetate anion) by the reac-
tion HNO3 + Ac2O � NO2AcO + AcOH � NO2

+ +
AcO� + AcOH. This reaction was studied using
humus coals [12] and tested with sapropelite [8].

(3) Oleum (20% SO3 in H2SO4), containing oxi-
dant (SO3) and intercalating agent (hydrosulfate
anion).

(4) Sulfuric acid (96%) was taken for comparison
with oleum.

The first two reagents are nitrating agents [5, 12],
and the last two are sulfonating agents [13].

These reagents were selected so as to transform the
structural fragments of sapropelite into carbocations
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with subsequent compensation of the positive charge
by intercalation of anions (A = NO3

�, AcO�, HSO4
�) in

the coal skeleton; as a result, modification reactions
can be transferred from the particle surface into the
bulk.

EXPERIMENTAL

We studied an Sp sample from the Taimylyr de-
posit (Lena coal field): particle size d � 0.2 mm, water
content W a = 1.1%, ash content Ad = 3.5%; elemental
composition of the organic matter (% daf): C 82.6,
H 9.5, S 0.3, N 0.7, Od 6.9. The contents of alginite
and vitrinite was 87 and 13%, respectively.

Preliminarily dried (105�C, 2 h) coal sample was
modified at room temperature (20�1�C). The Sp
sample (1 g) was contacted with a required amount of
reagent R, given in moles of HNO3 (or H2SO4) per
kilogram of dry coal. In certain time �, the reaction
mixture was filtered, and the solid product was
washed with benzene (30 cm3) and diethyl ether
(30 cm3) and dried in a vacuum (	2 kPa, 20�C).

The modified coal was isolated by triple washing
with water (hydrolysis) and decantation (250 cm3

H2O per gram of Sp) with subsequent filtration and
drying. We assume that this treatment provides re-
moval of molecules and ions that are not bound with
the carbon skeleton by covalent bonds, i.e., the inter-
calated �guest� species are removed from the coal
skeleton. For the coal samples prepared by this proce-
dure, we studied changes in the molecular structure.
Coals modified with various reagents are designated
as follows: Sp(HNO3), Sp(NO2AcO), Sp(SO3), and
Sp(H2SO4).

Activated sapropelites (ASps) were prepared by
thermal treatment of the modified coals in the pres-
ence of various activators (KOH or H3PO4) in two
steps. The first step involves impregnation of the car-
bon sample (10 g) with a 50% aqueous solution of
KOH or H3PO4 in the amount providing the required
activator/coal weight ratio Ra (g g�1), where a = KOH
or H3PO4, storage at 20�C for 20 h, and drying for 3 h
at 150 (KOH) or 170�C (H3PO4). In the second stage,
the impregnated sample (2 g) is heated in a horizontal
tubular furnace (heating rate 10�2 deg min�1) in an
argon flow (	1 dm3 h�1) to the activation temperature
Ta, kept at this temperature for 2 h, cooled in argon to
50�10�C, washed with water to pH 	 7, and dried at
105�C for 2 h.

In the course of modification, the relative changes
in the coal weight m and volume V were monitored:

�, h

�V, �m, %

Fig. 1. Changes in the coal (1, 3) weight �m and (2,
4) volume �V in the course of modification with HNO3�
Ac2O mixture as functions of the reagent/coal ratio R.
(�) Time. R, mol kg�1: (1, 2) 20 and (3, 4) 100.


m (%) = 100(m � m0)/m0 and 
V (%) = 100(V �

V0)/V0, where m0 and V0 correspond to the initial dry
sample.

The IR spectra of coal�KBr (5 : 95 weight ratio)
mixture were recorded on a Mattson 3000 FTIR ap-
paratus in the 4000�400 cm�1 range (2 cm�1 resolu-
tion, 500 scans). The absorption bands were assigned
by comparative analysis of the IR spectra of individ-
ual compounds [14], natural organic compounds [15],
and coals [16]. The thermogravimetric analysis was
performed on a Setaram TGDTA 92 analyzer (sample
weight 50 mg, heating rate 10 deg min�1, argon at-
mosphere). The IR spectra of the volatile thermolysis
products were recorded in situ using a Bio-Rad FTS
165 spectrophotometer connected by a tube with the
Setaram TGDTA 92 analyzer. The specific surface
area S (m2 g�1) was determined by low-temperature
(77 K) sorption of argon and by small-angle X-ray
scattering (SAXS) [8].

Irrespective of the reagent type, modification is ac-
companied by swelling of the coal, changes in its
weight, and release of gaseous NO2 or SO2. We also
recorded exothermic effects, which (in the first 45�
60 min) increase the temperature of the reaction mix-
ture to the following values (R = 20 mol kg�1): 63
(HNO3), 59 (HNO3�Ac2O), 73 (oleum), and 67�C
(H2SO4).

In the examined range of R, the weight and volume
of the coal first increase and then reach a plateau
(Fig. 1) or pass through a maximum and subsequently
decrease to certain constant 
m or 
V. All the modifi-
cation reactions are complete in 16�20 h: 
T values
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Table 1. Change in the elemental composition of sapro-
pelite at modification with HNO3�Ac2O mixture; R =
20 mol kg�1, isolation by hydrolysis
����������������������������������������

�, h
� Composition, %
�����������������������������������
� C � H � N � S � Od

����������������������������������������
0 � 82.6 � 9.5 � 0.7 � 0.3 � 6.9
0.5 � 72.0 � 8.7 � 2.3 � 0.3 � 16.7
1.0 � 69.1 � 8.3 � 3.2 � 0.2 � 19.2
2.0 � 67.4 � 7.9 � 3.8 � 0.2 � 20.7
3.0 � 66.7 � 8.0 � 4.7 � 0.2 � 20.4
6.0 � 65.3 � 8.1 � 4.6 � 0.2 � 21.8

16 � 64.2 � 8.1 � 4.6 � 0.2 � 22.9
20 � 64.4 � 8.2 � 4.5 � 0.2 � 22.7

����������������������������������������

tend to zero, gas liberation is terminated, 
m and 
V
values are stabilized, and the elemental composition
becomes constant (Table 1). In all the further tests,
the modification time was constant (� = 20 h). The
degree of modification (evaluated as 
m and 
V)
depends on the reagent/coal ratio (Fig. 2): with in-
creasing R, the weight and volume of the coal in-
crease, reaching maximal values at R = 20 mol kg�1.
In the R = 20�100 mol kg�1 range, 
m values either
remain constant or decrease after passing a maximum,
which is caused by partial oxidative degradation of
the organic matter at the reagent excess [8, 12]. The
oxidative degradation is the most pronounced in
modification with HNO3 and less pronounced with the
HNO3�Ac2O mixture; with H2SO4 and oleum at 20�
1�C, no degradation is observed. Thus, from the view-
point of maximal weight and volume of the resulting
coal, R = 20 mol kg�1 is the optimal value. This con-
clusion can be confirmed by the following facts.

�V, �m, %

Fig. 2. Changes in the coal (1, 3) weight �m and (2,
4) volume �V as functions of the reagent/coal ratio R.
Modifying agent: (1, 2) HNO3 and (3, 4) HNO3�Ac2O.

(1) According to the data of chemical analysis, the
main fraction (0.90�0.95) of the covalently bound O,
N, and S atoms appear at R = 20 mol kg�1. In the R =
20�100 mol kg�1 range, the content of O, N, and
S remains nearly constant (�0.1%). The intensity of
the IR absorption bands, in particular, those of nitrate
(1555 and 1375 cm�1) and sulfate (1060 cm�1)
groups remain constant within the measurement error
(�10 rel. %).

(2) The DTA data (Table 2) show that the total
yield of the solid products and its dependence on the
temperature (heating rate 10 deg min�1) of thermolysis
of the modified carbons only slightly change with in-
creasing R from 20 to 100 mol kg�1, but strongly
differ from those observed in thermolysis of the initial
sample.

(3) At small R (�20 mol kg�1), sapropelite seems
visually dry (especially in the case of HNO3 and
HNO3�Ac2O reagents). Liquid modifying agent is
almost completely absorbed by the coal skeleton, i.e.,
the modification reactions proceed in the carbon bulk.
Moreover, R = 20 mol kg�1 was found to be the
optimal value in modification of coals of the aromatic
nature (humolites) in HNO3�Ac2O [17].

In the case of HNO3-containing reagents, the coal
organic matter is nitrated; the IR spectra exhibit the
absorption bands of the antisymmetric (1555 cm�1)
and symmetric (1375 cm�1) stretching and bending
(850 cm�1) vibrations of aliphatic nitro groups (Alk�
NO2). By deconvolution of the IR spectra [8], the
fragments with C�N bonds (1580 cm�1) and nitroso
and aromatic nitro groups (1530 and 1348 cm�1) were
identified, but their amount is small because of small
content of aromatic structures in sapropelite [16]. The
carboxy groups and ketones with open chain were also
detected (increase in the absorption intensity at 1725�
1700 cm�1).

Functional groups are formed in reactions with
aliphatic sapropelite chains; as a result, the intensity
of the absorption bands of the stretching (2926 and
2853 cm�1) and bending (1465 cm�1) vibrations
of methylene groups decreases. The IR spectrum
of Sp(NO2AcO) exhibits a strong broad band at
1100 cm�1, typical of dialkyl ethers �CH2�O�CH2�
[15] and absent in the spectra of Sp and Sp(HNO3).
The bending vibrations of the alcohol hydroxy groups
are also observed in this region, but simultaneously
with the stretching vibrations of the alcoholic C�O
groups (1350�1260 cm�1 [14]). In our case, the in-
tensity of the absorption bands of the alcoholic C�O
groups is low, and thus the content of alcoholic groups
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Table 2. Yield of solid products of thermolysis of the initial and modified sapropelites
������������������������������������������������������������������������������������

Sample
� Yield, %, on heating to the indicated temperature, �C
����������������������������������������������������������������������
� 200 � 300 � 400 � 500 � 600 � 700 � 800 � 900

������������������������������������������������������������������������������������
Sp � 96 � 92 � 84 � 28 � 24 � 19 � 13 � 9
Sp(NO2AcO), � � � � � � � �

R, mol kg�1: � � � � � � � �
20 � 82 � 64 � 54 � 30 � 28 � 27 � 26 � 25

100 � 74 � 55 � 49 � 26 � 24 � 23 � 22 � 20
Sp(HNO3), � 83 � 61 � 52 � 29 � 27 � 26 � 25 � 25

R = 20 mol kg�1 � � � � � � � �
������������������������������������������������������������������������������������

in Sp(HNO3) and Sp(NO2AcO) is insignificant. More-
over, these C�O groups can be parts of acetoxy (Alk�
OAc) and other ester groups identified by the C=O
absorption at 1750�1730 cm�1 in the IR spectra of
Sp(NO2AcO). Thus, modification with the HNO3�
Ac2O mixture probably yields ester groups between
the neighboring alkane chains in the carbon skeleton.

If the increase in the nitrogen content after Sp
modification (Table 3) is due to the nitration, then
the content of the nitro groups comprises 3 and
2.7 mol kg�1 for Sp(HNO3) and Sp(NO2AcO), respec-
tively. However, the corresponding content of oxygen
in the NO2 groups is 9.6 and 8.6% of the total 23.0
and 22.7%, respectively (Table 3). Thus, nitration of
Sp in the course of modification is accompanied
by other reactions, primarily, by formation of coal
radicals at one-electron oxidation of the sapropelite
fragment due to the electron transfer on the nitronium
cation. Evolution of gaseous NO2 directly confirms
the occurrence of this reaction.

The oxidative degradation effect of the sulfuric
acid reagents is lower. The increase in Od (Table 3) is
close to the oxygen content in the sulfo groups (calcu-
lated from Sdaf), though in Sp(SO3) the oxygen con-
tent is higher. Appearance of new bands in the IR
spectra of Sp(SO3) and Sp(H2SO4) confirms forma-
tion of the sulfo groups (1225 and 1055 cm�1), sul-
fones Alk�SO2�Alk (1310 cm�1), and probably sul-
fonates Alk�O�SO2Alk (1360�1170 cm�1). The oxi-
dation and polymerization (dehydropolycondensation),
often proceeding at sulfonation of alkanes, are also
possible [13].

Our data on the effect of modification on the sur-
face development in the course of sapropelite activa-
tion show that the ASp properties depend on the na-
ture of the modifying and activation (KOH or H3PO4)
agents. The initial sapropelite poorly reacts with aque-
ous solutions of KOH and H3PO4 at impregnation,

and its activation yields only low-porous materials
(S = 40�60 m2 g�1). All the modified sapropelites are
much more active than the initial substance.

The temperature dependences of the specific sur-
face area S of modified sapropelites at activation with
H3PO4 are shown in Fig. 3a. With increasing tempera-
ture (from 350 to 700�C), the specific surface area in-
creases, whereas at Ta = 700�850�C it tends to de-
crease. The highest value of S = 500�20 m2 g�1 is at-
tained at Ta = 700�C; however, the samples with al-
most the same specific surface area (up to 440 m2 g�1)
can be prepared even at 500�C at activation of
Sp(H2SO4). A similar pattern is observed with
Sp(NO2AcO); the greatest S = 390�20 m2 g�1 is
reached at Ta = 500�C, and on heating to 850�C it re-
mains constant (within the experimental error). As
seen from Fig. 3, H2SO4 is the best modification
agent to convert sapropelite into porous carbon ma-
terials, but the other modifying agents are also effec-
tive. The acid activation agent (H3PO4) reacts at
fairly low temperatures (�500�C), but it is ineffective
for preparing highly porous materials from modified
sapropelites.

The activation effect of KOH is more pronounced
(Fig. 3b); at Ta = 850�C [R(KOH) = 1.1 g g�1] all

Table 3. Chemical compositions of modified sapropelites;
R = 20 mol kg�1, isolation by hydrolysis
����������������������������������������

Sample
� Elemental composition, % daf
������������������������������
� C � H � N � S � Od

����������������������������������������
Sp � 82.6 � 9.5 � 0.7 � 0.3 � 6.9
Sp(HNO3) � 64.0 � 7.9 � 4.9 � 0.2 � 23.0
Sp(NO2AcO) � 64.4 � 8.2 � 4.5 � 0.2 � 22.7
Sp(SO3) � 73.1 � 8.1 � 0.5 � 4.4 � 13.9
Sp(H2SO4) � 75.1 � 8.2 � 0.6 � 3.8 � 12.3
����������������������������������������
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S, m2 g�1 (a)

Ta, �C

S, m2 g�1 (b)

Ta, �C

Fig. 3. Specific surface area S of sapropelites as influenced
by the activation temperature Ta. Activating agents:
(a) H3PO4 and (b) KOH; R(H3PO4) = R(KOH) = 1.0 g g�1.
Sapropelite: (1) Sp, (2) Sp(HNO3), (3) Sp(NO2AcO),
(4) Sp(SO3), and (5) Sp(H2SO4).

the modified sapropelites yield the materials with
highly developed surface (S = 900�1200 m2 g�1). In
the 650�850�C range, S almost linearly increases with
temperature for all the samples, but with Sp(NO2AcO)
this increase is the least, and with Sp(H2SO4), the
most pronounced, as in activation with H3PO4.

High activation temperature (800�850�C) levels
off the differences caused by modification with dif-
ferent reagents. Under milder conditions [Ta = 700�C,

Table 4. Specific surface area as influenced by KOH/coal
ratio,* Ta = 800�C, � = 2 h
����������������������������������������

Sample
� S, m2 g�1, at indicated R(KOH), g g�1

�������������������������������
� 0.25 � 0.50 � 1.0 � 1.5 � 2.0

����������������������������������������
Sp(H2SO4) � 105 � 510 �1030 �1460 (1600)**� 1590
Sp(NO2AcO)� 90 � 360 � 770 �1130 (1200) � 1230
����������������������������������������
* S determined by SAXS method [8].

** Measurement error �8 rel %.

R(KOH) = 1.0 g g�1], the effect of the modifying
agents on the specific surface area changes in the fol-
lowing order [S values, m2 g�1, for ASp (Fig. 3b) are
given in parentheses]: HNO3�Ac2O (190) < HNO3
(480) < SO3�H2SO4 (520) < H2SO4 (600).

It should be noted that the same order is observed
with H3PO4, but the S values (410, 450, 490,
510 m2 g�1; Fig. 3a) vary in a narrower range, i.e.,
the functional groups formed at modification are more
sensitive to alkali than to H3PO4 (acid activator).
With increasing KOH/coal ratio, S values increase
(Table 4) virtually linearly to R(KOH) = 1.5 g g�1;
with further increase in R, variations in the specific
surface area are negligible. Similar S�R(KOH) depen-
dences were found previously for humus coals [18].
For two ASp samples (Table 4) we obtained similar S
values by two independent methods: low-temperature
(77 K) sorption of argon and SAXS procedure [8].

As seen, alkali strongly affects the development of
the specific surface area in activation of modified
sapropelites, which is due to the additional reactions
of KOH with functional groups formed by modifica-
tion. Even in the course of impregnation, various
processes occur simultaneously, namely: ion-exchange
reactions with acidic functional groups R�OH +
KOH � R�O�K+ + H2O, where R = Alk�, Alk�
C(O)�, Alk�SO2�, formation of aci-nitro compounds
Alk�CH2NO2 + KOH � Alk�CH=NO2

�K+ + H2O,
saponification of esters, etc.

These reactions promote penetration of KOH into
the coal bulk, which is accompanied by swelling of
the coal and distribution of KOH (or K+ and OH�

ions) in the coal skeleton, which is similar to the
formation of solid solutions. Upon heating to the
activation temperatures, potassium compounds de-
compose, e.g., R�NO2

�K+
� R�OK + NO (�400�C);

R�SO3K � R�OK + SO2 (300�500�C); R�COOK �

ROK + CO (�500�C). Several new reactive inter-
mediates arise, which form the secondary ASp net-
work due to the polycondensation processes. Free
alkali distributed in the coal skeleton also participates
in the thermally initiated reactions, e.g., in cleavage of
ethers (at 300�400�C [19]) and dehydrogenation
CH2 + KOH � C(H)OK + H2 (500�700�C) [20].

Reactions involving KOH and various functional
groups yield a porous carbon material with highly
developed surface (S = 1000�1600 m2 g�1). The
acidic groups do not promote penetration of H3PO4
into the coal bulk; as a result, certain fraction of the
coal material is converted without H3PO4, yielding
a more compact three-dimensional secondary lattice



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 5 2004

ACTIVATED CARBONS PREPARED FROM CHEMICALLY MODIFIED SAPROPELITES 755

with less developed surface (S � 500 m2 g�1). It
should be noted that the greatest effect was found in
modification with H2SO4, which exhibits only the
sulfonation power at minimal oxidative degradation of
the coal. We assumed that, along with formation of
the corresponding functional groups, H2SO4 promotes
low-temperature polycondensation of the alkane
chains in sapropelite through the intermediate genera-
tion of carbocations [13]. Such reactions prepare the
aliphatic carbon skeleton for thermally initiated con-
version into the aromatic AC lattice.

CONCLUSIONS

(1) The data on structural changes in the course of
sapropelite modification with HNO3, HNO3�Ac2O,
SO3�H2SO4, and H2SO4 at room temperature showed
that the steric structure changes owing to the penetra-
tion of reactive species in the coal skeleton and their
binding with ionic and covalent bonds. The molecular
structure changes as a result of nitration or sulfonation
of the alkane chains, transformation of the aliphatic
fragments into oxygen functional groups, and cleav-
age of a part of C�C and C�O bonds of the organic
skeleton.

(2) At properly chosen temperature and ac-
tivator/coal ratio, modified sapropelites transform
into porous carbon materials with highly developed
surface (1200�1600 m2 g�1).
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Abstract�Adsorption of formaldehyde from an aqueous medium on acid-treated clayey minerals was studied
under conditions of natural convection and under stirring of the solution.

One of important unsolved environmental problems
of the woodworking industry is removal of formalde-
hyde from liquid wastes of furniture factories. The
aim of this study was to establish the mechanism of
formaldehyde adsorption from an aqueous medium on
the basis of the diffusion criterion and to use this
parameter to determine ways to intensify the process.

EXPERIMENTAL

Three systems constituted by formaldehyde and
clayey microporous minerals (montmorillonite, paly-
gorskite, and clinoptilolite) and having different types
of structure [1, 2] were studied.

To determine the specific features of the behavior
of the systems under study under conditions of natural
convection and under stirring, equilibrium and dynam-
ic processes were studied.

The adsorption of formaldehyde was carried out
on 1-g mineral samples (grain size 0.025 cm) from
0.025 l of 0.03 M formaldehyde solution. The time of
equilibration was 20 min. The samples were pre-
treated with a 15% solution of H2SO4 to improve
their adsorption characteristics [3].

The adsorption value, a (mg g�1), was calculated
by the equation [4]

a = (c0 � c)/m, (1)

where c0 and c are the concentrations of the formal-
dehyde solution before and after adsorption, respec-
tively (mg l�1); m is the adsorbent mass (g l�1).

The values of a were obtained with a high correla-
tion factor (r = 0.98).

Typical dependences which supposedly reflect
processes of the rate-determining stage of diffusion
were analyzed: ��� and ���1/2, where � = a /amax is
the fraction of adsorption in a certain interval of time
�; a and amax are the running and maximum adsorp-
tion values, respectively (mg g�1).

The adsorption rate is determined by inner diffu-
sion if the dependence ��� is initially linear and then
gives way to the linear dependence � = f (�1/2), with
the straight lines emerging from the origin of coordi-
nates [5]. The obtained linear dependence � = f (�1/2)
assumes that the inner diffusion is the rate-determin-
ing factor in adsorption of formaldehyde on palygor-
skite, montmorillonite, and clinoptilolite.

When the rate of the process is determined by outer
diffusion, the dependence ln (1 � �)�� from the
equation

ln (1 � �) = ���, (2)

where � is the rate constant (s�1), should be linear [6],
which was found to be the case in an analysis of for-
maldehyde adsorption on the minerals under study.
The value of � was determined graphically from
the slope of the straight line in the coordinates
ln (1 � �)��.

The bounds of the outer- and inner-diffusion re-
gions were discussed on the basis of an analysis of the
Bi criterion with the use of the rate constant � of the
adsorption process [4] and the inner-diffusion constant
�
D. The Bi criterion (ratio of the inner resistance to
mass transfer within an adsorbent grain to the outer
resistance to mass transfer from the bulk of the liquid
to the grain surface) was found from the equation

Bi = �r2/
�
D, (3)
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Table 1. Kinetic, equilibrium, and thermodynamic characteristics of formaldehyde adsorption on modified clayey
minerals under conditions of natural convection
������������������������������������������������������������������������������������

Mineral � a, mg g�1 � kd* � � � 103, s�1 �
�
D�108, cm2 s�1 � Bi criterion ���F0, kJ mol�1

������������������������������������������������������������������������������������
Clinoptilolite � 3.7**/9.6 � 0.17/0.62 � 1.7 � 2.7 � 10.1 � 27.3
Montmorillonite � 7.7/15.0 � 0.44/1.50 � 2.9 � 4.6 � 9.8 � 31.2
Palygorskite � 9.2/17.0 � 0.58/2.13 � 3.7 � 5.8 � 9.9 � 32.1
������������������������������������������������������������������������������������
* kd is the distribution coefficient of formaldehyde between the liquid and solid phases.

** Numerator: data at the minimum fraction of adsorption, �; denominator: those at the maximum � = 1.

Table 2. Comparative kinetic characteristics of formaldehyde adsorption on montmorillonite under the conditions of
natural convection and under stirring
������������������������������������������������������������������������������������

� a, mg g�1 � kd � �
������������������������������������������������������������������������������

�,* s � at indicated stirring rate, rpm
������������������������������������������������������������������������������
� 0 � 6 � 20 � 50 � 60 � 0 � 6 � 20 � 50 � 0 � 6 � 20 � 50

������������������������������������������������������������������������������������
120 � 7.7 � 10.0 � 12.7 � 16.6 � 18.5 � 0.44 � 0.67 � 1.03 � 1.98 � 0.51 � 0.53 � 0.65 � 0.79
300 � 11.8 � 14.3 � 16.2 � 19.0 � 23.0 � 0.89 � 1.34 � 1.84 � 3.16 � 0.79 � 0.75 � 0.83 � 0.90
600 � 14.0 � 17.0 � 18.0 � 20.3 � 22.0 � 1.27 � 2.13 � 2.57 � 4.32 � 0.93 � 0.89 � 0.92 � 0.96

1200 � 14.7 � 18.2 � 19.0 � 20.8 � 21.2 � 1.43 � 2.68 � 3.17 � 4.95 � 0.98 � 0.96 � 0.97 � 0.98
1800 � 14.8 � 18.8 � 19.4 � 20.9 � 21.0 � 1.45 � 3.03 � 3.23 � 5.10 � 0.99 � 0.98 � 0.98 � 0.99
2400 � 14.9 � 18.9 � 19.5 � 21.0 � 20.7 � 1.48 � 3.10 � 3.55 � 5.25 � 0.99 � 0.99 � 0.99 � 0.99
3600 � 15.0 � 19.0 � 19.6 � 21.1 � 20.5 � 1.50 � 3.17 � 3.63 � 5.41 � 1.00 � 1.00 � 1.00 � 1.00

������������������������������������������������������������������������������������
* � is the time of adsorption.

where r is the effective radius of sorbent particles (cm)
and

�
D is the inner-diffusion coefficient

�
D (cm2 s�1)

calculated graphically using the Crank equation [4]

ln (1 � �) = ln (6/�2) � (
�
D�2 �/r 2), (4)

The values of D, obtained for the systems under study
(Table 1), are comparable with published values for
natural minerals [6, 7].

On the basis of the values obtained for � and
�
D, the

Bi criterion was calculated (Table 1). This criterion
establishes the boundary between the outer and inner
types of diffusion: Bi � 0.1 corresponds to rate-deter-
mining outer diffusion, and at Bi � 30, the control is
by the inner diffusion. If Bi is within the range from
0.1 to 30, the process may occur by the mixed-diffu-
sion mechanism [4]. For modified minerals, Bi is
approximately 10 (Table 1).

The operation of the mixed mechanism of adsorp-
tion is confirmed by the fact that the outer-diffusion
limitations are partly lifted in the case of formalde-
hyde adsorption on montmorillonite in the hydro-
dynamic mode. The solution was agitated at fixed
rates V of 6, 20, 50, and 60 rpm.

The free molar energy ��F 0 (kJ mol�1) was calcu-
lated by the equation

��F 0 = RT ln Kse, (5)

where Kse is the sorption equilibrium constant found
from adsorption isotherms; R, universal gas constant
(J mol�1 K�1); and T, temperature (K).

The values of ��F 0 for palygorskite and montmo-
rillonite (Table 1) differ only slightly, but exceed that
for clinoptilolite.

Montmorillonite was chosen as a sorbent of for-
maldehyde because it shows promise as a material for
environmental technologies owing to the presence in
Voronezh oblast of rather large and accessible de-
posits of bentonite enriched in montmorillonite.

The results of a comparative analysis of equi-
librium, kinetic, and thermodynamic parameters
(Tables 2, 3) under the conditions of natural convec-
tion and under stirring indicate that, in the latter case,
adsorption of formaldehyde on a modified montmoril-
lonite is intensified. The adsorption capacity grows
with increasing rotational speed of the stirring rod
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Table 3. Comparative diffusion and thermodynamic char-
acteristics of the process of formaldehyde adsorption on
montmorillonite under the conditions of natural convection
and under stirring
����������������������������������������

v, min�1 �
��103, s�1 �

�
D � 108, � ��F 0,

� � cm2 s�1 � kJ mol�1

����������������������������������������
0 � 2.9 � 4.6 � 31.2
6 � 2.8 � 4.4 � 33.0

20 � 3.7 � 5.9 � 33.3
50 � 9.3 � 14.7 � 34.3

����������������������������������������

(Table 2). However, the extent of this influence de-
creases at � > 300 s, as it becomes probable at n =
60 rpm that the adsorption equilibrium can be dis-
turbed and desorption processes can occur owing to
the possible turbulent nature of motion of the solution
[8]. Consequently, stirring of the solution enhances
sorption (Table 2) and makes higher the rate constant
of adsorption and the inner-diffusion coefficient
(Table 3).

To partly lift the outer-diffusion limitations, it is
suggested to agitate the solution at a rate of 6 to
50 rpm. The stirring raises the adsorption rate and the
adsorption value, with only a slight increase in the
free molar energy, which makes it possible to identify
stirring as a factor that intensifies formaldehyde
adsorption from an aqueous medium and to use it to
develop promising technologies for wastewater puri-
fication to remove formaldehyde.

CONCLUSIONS

(1) Equilibrium, kinetic, and thermodynamic
parameters of formaldehyde adsorption on clayey

microporous minerals, montmorillonite, clinoptilolite,
and palygorskite, were determined.

(2) Under the conditions of natural convection, the
adsorption of formaldehyde occurs by the mixed-
diffusion mechanism.
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Abstract�The extraction of molybdenum(VI) from aqueous�peroxide solutions of sodium tungstate with
a trialkylamine�isooctyl alcohol mixture in kerosene was studied in relation to the ratio of the organic and
aqueous phases, hydrogen peroxide and hydrogen chloride consumption, and the ratio of molybdenum(VI) and
tungsten (VI) in the aqueous phase. A method for additional purification of the raffinate to remove molyb-
denum was developed.

In recovery of tungsten from its ore concentrates,
along with the target metal, arsenic(V), phos-
phorus(V), silicon(IV), and molybdenum(VI) impuri-
ties also pass into the solution. This solution can be
efficiently purified to remove As(V), P(V), and Si(IV)
impurities by well-known methods widely used in
industry [1]. In contrast to As(V), P(V), and Si(IV),
the purification of W(VI) to remove molybdenum is
a more difficult problem, especially at high W : Mo
ratios. In order to meet the consumers’ requirements,
the Mo content in tungsten must not exceed 0.02%.
A common technique for tungsten purification to re-
move molybdenum is based on Mo(VI) precipitation
as sulfide MoS3. However, this procedure does not
ensure preparation of tungsten meeting the require-
ments with respect to molybdenum content. Further-
more, with this technique, 0.2�0.3% of WS3 is lost
due to the coprecipitation of MoS3 and WS3. One
more drawback of this technique is the hydrogen sul-
fide liberation. The most efficient tungsten purifica-
tion to remove molybdenum can be carried out by
solvent extraction or ion exchange.

It is known that, in acidification of aqueous solu-
tions containing Mo(VI) and W(VI), mixed poly-
oxyanions of these metals are formed. When the
molybdenum content in these polyanions becomes
considerably lower than the tungsten content, the
species similar to W(VI)-containing polyanions are
formed. The mixed Mo(VI)�W(VI) polyanions can be
decomposed with H2O2. This agent is relatively cheap
and does not contaminate solution with any impurities
[2]. Since aqueous�peroxide solutions of W(VI) and
Mo(VI) are stable at pH < 2, they can be processed by
solvent extraction. For example, in extraction of
W(VI) and Mo(VI) from aqueous�peroxide�nitric acid

solutions at pH 0.4�0.9 with tributyl phosphate,
W(VI) is separated from Mo(VI) with the separation
factor �Mo/W of about 40 [3]. Currently the most ef-
ficient purification of tungstates to remove Mo(VI)
is achieved by selective solvent extraction of thio
species [MoS4]2

� [4�6].

In this work we studied the solvent extraction
of Mo(VI) from aqueous�peroxide solutions of
Na2WO4�Na2MoO4 mixture with the Mo(VI) content
not exceeding 1% relative to the W(VI) content.

The extraction system used in our experiments con-
tained trialkylamine R3N [R = CH3(CH2)6CH2, TAA,
7 vol %], isooctyl alkohol C8H17OH (14 vol %), and
kerosene as diluent. This extraction system is used for
industrial recovery of W(VI) from aqueous solutions
preliminarily decontaminated from impurities, among
them from Mo(VI) [7].

The aqueous solutions of W(VI) and Mo(VI) were
prepared from chemically pure grade sodium tungstate
and molybdate Na2MO4 �2H2O (M = W, Mo). Imme-
diately after preparation, 33% H2O2 was added to the
solution and the resulting mixture was acidified with
concentrated HCl to the required pH (0�0.7). The
HCl amount required for acidification is dependent on
the initial tungstate concentration. In the course of
extraction, the required pH was maintained at a con-
stant level. The extraction was carried out at continu-
ous stirring of the organic and aqueous phases to
attain the equilibrium. The W(VI) and Mo(VI) content
in both the initial solution and raffinate was deter-
mined colorimetrically. Before analysis, the aqueous
solution was boiled to decompose H2O2. The metal
content in the extract was determined as the difference
between its content in the initial solution and raffi-
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Table 1. Parameters of extraction of W(VI) at its different concentrations in the initial aqueous solution. Molar ratio
W : Mo = 100 : 1
������������������������������������������������������������������������������������

Parameter
� W(VI) concentration, g dm�3

������������������������������������������
� 120 � 60 � 30 � 15 � 10 � 5

������������������������������������������������������������������������������������
Ratio of organic and aqueous phases o : aq � 1 : 3 � 1 : 3.5 � 1 : 4 � 1 : 7 � 1 : 9 � 1 : 15.5
H2O2 content, mol/mol W + Mo � 1.76 � 1.5 � 0.75 � 0.75 � 0.75 � 0.75
HCl consumption, g dm�3 � 74.7 � 48.75 � 34.5 � 25.4 � 34.5 � 34.5
pH � 0 � 0.3 � 0.5 � 0.7 � 0.5 � 0.5
Time of extractant saturation with Mo(VI), min � 45 � 30 � 30 � 30 � 15 � 15
DW � 0.18 � 0.23 � 0.49 � 1.10 � 1.29 � 2.24
DMo � 7.19 � 9.15 � 14.3 � 13.33 � 15.53 � 20.07
� � 38.05 � 39.44 � 29.19 � 12.06 � 12.02 � 8.94
�W, % � 4.35 � 5.63 � 11.33 � 14.49 � 12.67 � 13.13
�Mo, % � 63.38 � 70.19 � 78.87 � 67.14 � 63.51 � 57.51
������������������������������������������������������������������������������������

nate. The efficiency of extraction of the metals was
characterized by their distribution factors D (the ratio
of the metal concentration in the organic and aqueous
phase), degree of Mo and W separation � = DMo/DW,
and degree of recovery � (wt % relative to the initial
content).

The experimental results were statistically treated.
The degree of W(VI) and Mo(VI) recovery was calcu-
lated from results of three parallel determinations.
These results were characterized by the variance of
reproducibility, S2, accuracy of reproducibility S, and
confidence interval at 0.95 confidence level Xm.

Parameter Mo W

S2 0.737 0.985
S 0.858 0.992

Xm �0.572 �0.662

In our experiments, the molybdenum(VI) impurity
was extracted from aqueous solutions containing 120,
60, 30, 15, 10 and 5 g dm�3 W(IV) at the molar ratio
W : Mo = 100 : 1. The extraction conditions and
results are listed in Table 1.

With decreasing W(VI) concentration in the initial
solution, the consumption of both H2O2 and HCl de-
creases. At the same time, the distribution factors
of W(VI) and Mo(VI) increase and, as a result, the
degree of the metal recovery grows. However, with
increasing degree of tungsten recovery �W, the
W(VI)/Mo(VI) separation factor � decreases. Thus,
in extraction from highly concentrated solutions
(CW 120 and 60 g dm�3), the separation of W(VI)
from Mo(VI) is the most efficient, whereas the extrac-
tion from less concentrated tungsten(VI) solutions
(CW 30 g dm�3) allows the maximal recovery of
molybdenum(VI), with somewhat lower but still high

separation factor � of molybdenum from tungsten.
With further decreasing the W(VI) concentration, the
separation factor sharply decreases.

For all the extraction systems, �W and �Mo in-
crease with increasing extractant volume. With de-
creasing H2O2 concentration below its optimal value,
the degree of the metal recovery decreases. In extrac-
tion of the metals in the absence of H2O2, colloids
are formed, deteriorating the phase separation. This
phenomenon is the most pronounced in extraction
from concentrated metal solutions. Under these condi-
tions, �W > �Mo and � < 1. With increasing H2O2 con-
tent to 2 mol mol�1 W(VI) + Mo(VI), the extraction
characteristics do not change noticeably.

With increasing HCl consumption, the H2O2 de-
composition sharply accelerates, and the W(VI) and
Mo(VI) peroxide complexes decompose. Under these
conditions, tungstic and molybdic acids coprecipitate.
With decreasing acidity of solutions, the Mo recovery
�Mo virtually does not change, whereas the tungsten
recovery �W strongly increases. We believe that such
a behavior of W(VI) and Mo(VI) is due to the fact
that, in strongly acidic solutions (pH < 0.5), nondis-
sociated peroxy acids of Mo(VI) and W(VI) prevail,
whereas at high pH partly protonated peroxyanions
HMoO6

� and HWO5
� are predominantly formed [8].

The conditions for extraction of the metals are the
most favorable at pH corresponding to conversion
of nondissociated species to their anionic forms. This
transformation depends on the metal concentration:
the lower the metal concentration, the faster is conver-
sion and the higher the required pH. The large HCl
consumption in the course of extraction of the metals
is caused both by association of Cl� with the peroxy-
anions HA� and by recovery of HCl with TAA.
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�, deg
X-ray diffraction pattern of tungstic acid precipitated from a raffinate after extractive recovery of Mo(VI) from the initial
solution containing W(VI) (30 g dm�3) and Mo(VI) (0.3 g dm�3). (I /I0) Relative intensity and (�) Bragg’s angle.

We found that, on saturation of the extractant with
Mo(VI), the ratio TAA : (W + Mo) = 1 : 0.35 remains
constant irrespective of the metal content in the liquid
phase. This fact shows that W and Mo are extracted in
the form of an extractable complex of definite com-
position.

Table 1 shows that the recovery of Mo(VI) as a
function of the tungsten concentration in the aqueous
phase has a maximum at cW = 30 g dm�3. (�Mo =
78.87%). At this maximum, the extraction is charac-
terized by fairly high separation factor �Mo/W = 29.19.
Furthermore, at cW = 30 g dm�3 the consumption of
H2O2 and HCl can be decreased to 0.75 mol mol�1

(Mo + W) and 34.5 g dm�3, respectively, and the ratio
of organic and aqueous phases, to 1 : 4. These data
show that the conditions for extraction separation of
Mo(VI) from W(VI) are optimal at cW 30 g dm�3 [9].

The extraction of Mo(VI) and W(VI) from aque-
ous�peroxide solutions with TAA�isooctanol in kero-
sene is described by following equations of the hetero-
geneous chemical reactions:

HA� + (R3NH)+ �
� (R3NH)HA, (1)

HA� + H+ + 2(R3NH)HA �
� [(R3NH)HA]2 �H2A, (2)

where HA� is HWO5
� and HWO6

�.

The extraction of the metals by the mechanism of
the addition reaction (Eq. 2) is more characteristic of
peroxomolybdic acid which is weaker than peroxo-
tungstic acid. This difference allows the selective re-
covery of molybdenum impurities from concentrated

Na2WO4 solutions. With increasing acidity, the dis-
sociation of the peroxy acids is suppressed, which
hinders the extraction of the metals by the mechanism
of the addition reaction. At a very low Mo(VI) con-
tent, its extraction by this mechanism becomes in-
significant. Therefore, on the phase contact for 30�
45 min, when approximately one third of Mo(VI) re-
mains in the aqueous phase (about 0.26% of cW), the
extraction of Mo(VI) stops, whereas the extraction of
tungsten (�W) continues.

As noted above, the extraction of W(VI) from
highly concentrated solutions is complicated by for-
mation of poorly soluble WO3 precipitate. This
phenomenon can be used for additional purification of
tungsten to remove molybdenum [10]. Once the main
part of Mo(VI) is removed by extraction, tungstic acid
precipitates, and, after a lapse of 2 days, about 92% of
W(VI) and slightly more than 40% of Mo(VI) ac-
cumulate in the precipitate.

The figure shows the X-ray diffraction pattern
(DRON-1 X-ray diffractometer, CuK� radiation) of
tungstic acid precipitated from a raffinate containing
120 g dm�3 W(IV) and 1.2 g dm�3 Mo(VI).

The relative reflection intensities I /I0 and the inter-
planar spacings d calculated from the X-ray diffraction
pattern are listed in Table 2 and are compared with
those of both synthetic tungstic acid H2WO4 and
tungsten trioxide WO3.

This comparison shows (Table 2) that the structural
parameters calculated from the most intense reflections
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Table 2. X-ray diffraction patterns of tungstic acid pre-
cipitated from the raffinate, synthetic tungstic acid and
tungstic trioxide
����������������������������������������

Precipitate � H2WO4�H2O � WO3
����������������������������������������

d, � � I/I0 � d, � � I/I0 � d, � � I/I0
����������������������������������������
6.902 � 75 � 6.944 � 100 � �
3.742 � 70 � 3.774 � 30 � �
3.685 � 74 � 3.704 � 30 � �
3.446 � 43 � 3.472 � 30 � 3.448 � 14
3.285 � 95 � 3.311 � 40 � �
3.251 � 100 � 3.257 � 40 � �
2.636 � 32 � 2.646 � 15 � �
2.616 � 31 � 2.625 � 12 � �
2.526 � 23 � 2.525 � 10 � �
2.488 � 8 � 2.475 � 10 � �
2.458 � 22 � 2.457 � 8 � �
2.451 � 23 � � � 2.445 � 6
2.415 � 3 � 2.410 � 2 � 2.415 � 11
2.392 � 4 � � � 2.392 � 7
2.298 � 12 � 2.304 � 10 � �
2.091 � 17 � 2.101 � 8 � �

� � 2.066 � 10 � �
� � 1.965 � 12 � �

1.957 � 28 � 1.957 � 12 � �
1.903 � 4 � 1.901 � 12 � �
1.874 � 12 � 1.880 � 4 � �
1.839 � 16 � 1.845 � 6 � �
1.814 � 11 � 1.815 � 6 � �
1.778 � 15 � 1.783 � 6 � �
1.725 � 13 � 1.730 � 6 � 1.730 � 6
1.712 � 6 � � � 1.724 � 9

� � � � 1.709 � 8
����������������������������������������

in the X-ray diffraction patterns of both tungstic acid
precipitated from a raffinate and synthetic tungstic
acid are identical. At the same time, several weak
reflections can be assigned to tungsten trioxide. Ac-
cording to X-ray phase analysis, tungsten precipitated
from the raffinate consists to 89.82% of H2WO4 �
H2O, with the remainder being WO3.

After precpitation of tungstic acid, the raffinate
contains H2O2 and HCl (pH �0) and, therefore, it can
be used as a leaching solution for processing of tailing
piles and wastes, especially of those containing re-
duced tungsten and molybdenum species. Ammonium
paratungstate (APT) can also be precipitated from this
solution.

Spectrum analysis of tungstic acid and APT pre-
cipitated from the raffinate showed that these com-
pounds contain no more than 0.016% Mo(VI). How-
ever, these compounds are contaminated with relative-
ly large amount of sodium and chlorine impurities,
which can be removed by repeated precipitation.

It should be noted that, in the course of extraction
treatment of aqueous�peroxide solutions of sodium
tungstate, TAA is converted to trialkylamine oxide
due to reaction with hydrogen peroxide [11]. This
oxidized extractant strongly binds molybdenum and
especially tungsten. As a result, these metals gradually
accumulate in the organic phase. It was found that
Mo(VI) and a considerable part of W(VI) can be
backwashed from these organic concentrates with
aqueous NaOH, aqueous ammonia, and distilled
water. Furthermore, the organic extract saturated with
W(VI) and Mo(VI) can be used as a binder in solid-
phase reduction of tungsten oxides [12]. To overcome
the above-noted problems caused by accumulation of
W(VI) and Mo(VI) in the organic phase, quarternary
ammonium salts and neutral reagents like TBP can be
used as extractants instead of TAA.

CONCLUSIONS

(1) With increasing W(VI) concentration in aque-
ous hydrogen peroxide solutions contaminated with
Mo(VI), the extractive recovery of Mo(VI) impurities
with trialkylamine decreases, whereas the separation
factor of molybdenum(VI) from tungsten(VI) in-
creases.

(2) After extractive removal of the main part of
molybdenum(VI), W(VI) can be precipitated from the
raffinate as tungstic acid, which allows the additional
purification of tungsten(VI) to decrease the molyb-
denum(VI) impurity content in the target metal.
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Abstract�The electrochemical parameters of copper oxide electrodes in hermetically sealed lithium power
cells were studied in relation to routes of copper oxide preparation, with the aim to diminish the share of side
reactions.

Owing to high specific energy parameters, working
voltage, and very low level of self-discharge, copper
oxide�lithium (COL) power cells have long attracted
the attention of development engineers and consumers
as an alternative to silver�zinc (SZ) and mercury�zinc
(MZ) power cells of cylindrical and button designs
of various sizes [1, 2]. Recently, interest has been
aroused in improvement of the fabrication technology
of COL power cells in view of the increasing require-
ments to their electrical characteristics [3�5].

As the discharge capacity, the manner in which the
voltage varies in the course of discharge, and the out-
put power of COL power cells largely depend on how
and under what conditions copper oxide is obtained,
it is necessary to continue the search for industrially
acceptable methods for preparing copper oxide and
also for compositions of cathode pastes on its base
that would ensure the required electrical parameters
of the cells in various operation modes.

Presently, a wide variety of methods for obtaining
copper oxide are known. These methods differ in the
compositions of the starting substances and in condi-
tions of their chemical and thermal treatment. How-
ever, there is no unambiguous published evidence that
would make it possible to estimate the electrochemi-
cal parameters of copper oxide prepared by one or
another technique as the active component of the
positive electrode of COL power cells. Moreover,
there are quite opposite assessments of the discharge
characteristics of electrodes based on copper oxide
obtained using the same starting substance under
identical treatment conditions [3�12].

Studying the electrochemical behavior of electrodes
based on copper oxide (or on other active materials

suitable for fabrication of lithium power cells with
a voltage of 1.5 V) involves a number of experimental
difficulties because of the necessity for taking into
account side reductive processes, which may occur
at these electrodes under load (in contrast to oxidative
processes at the cathodes of power cells with a voltage
of 3 V, which occur at a higher rate under open-circuit
conditions [13, 14]). Differing degrees of suppression
of side processes can account for the discrepancies
in the results of previous experiments.

In the present study, an attempt was made to exam-
ine the electrochemical characteristics of electrodes
based on copper oxide obtained by different methods,
with a minimized contribution from side reactions and
electrodes operating in a mode as close as possible
to that in lithium power cells working under real
conditions.

EXPERIMENTAL

For fabricating copper oxide electrodes we chose
copper oxide samples obtained by the following
methods.

(1) Thermal decomposition of Cu(NO3)2. After
preliminary drying at 105�C in a vacuum for 8 h in
order to remove water of crystallization, copper nitrate
was subjected to thermal treatment in air at 400�C
for 8 h.

(2) Oxidation of Cu2O. Copper(I) oxide was
heated in an oxygen atmosphere to 400�C and kept
at this temperature for 1 h.

(3) Thermal decomposition of CuCO3 �Cu(OH)2.
Copper hydroxycarbonate was dried in a vacuum at
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105�C for 8 h in order to remove water of crystalliza-
tion and then heated in air to 400�C and kept at this
temperature for 4 h.

(3a) The resulting copper oxide was additionally
thermally treated in air at 800�C for 1 h.

(3b) Copper oxide was thermally treated at 800�C
for 4 h.

(4) Oxidation of spherical copper particles in pure
oxygen at 1000�C.

(4a) The resulting copper oxide was additionally
thermally treated in air at 800�C for 1 h.

The completeness of conversion of the starting
substances into copper oxide was verified by X-ray
diffraction analysis, with monitoring the strongest
lines.

Commonly, an electrically conducting additive,
acetylene black [6�8] or graphite [3, 10, 11], is intro-
duced in the electrode paste with copper oxide charac-
terized by high electrical resistance [11]. In a number
of studies [3, 6�8], a binder, Teflon, was also intro-
duced into the paste (in [7], a carbon black hydro-
phobized with Teflon served as a filler); in [10, 11],
no binder was used. It should be kept in mind, when
choosing materials for an electrically conducting addi-
tive and a binder and deciding upon the amount of
these, that these materials may be electrochemically
active in the range of copper oxide reduction poten-
tials. Indeed, studies of the cathodic behavior of vari-
ous carbon materials point to their inherent electro-
chemical activity [15]. The discharge capacity of such
electrodes is the higher, the greater the specific sur-
face area of carbon, and it mainly depends on the
structure of the amorphous region, rather than on the
crystal structure. Use of a Teflon-containing binder
in experiments concerned with the behavior of copper
oxide electrodes cannot be considered justified
because of the ability of this binder to be electro-
chemically reduced at potentials of 2.1�1.8 V relative
to the lithium reference electrode Li/Li+ under loads
of 1�10 �A cm�2 to give amorphous carbon [16�18].
An electrode made of a mixture of carbon black with
15 wt % Teflon discharged in a 1 M solution of
LiClO4 in propylene carbonate (PC) to a potential
of 1.0 V with an output capacity of 120 mA h g�1,
whereas an electrode without Teflon produced only
8 mA h g�1 under the same conditions [15]. A wave
at a potential of 2.1 V was observed in the potentio-
dynamic curve of an electrode composed of a mixture
of graphite with Teflon, measured in a 1 M solution
of LiClO4 in a mixture of PC and 1.2-dimethoxy-
ethane (DME) in the first cathodic cycle. In [20], with

a graphite electrode without binder in the same elec-
trolyte, the cathodic wave appeared in the first cycle
only at 0.8 V relative to Li/Li+ [21].

In this study, the necessary electrical conductivity
was ensured by mixing the copper oxide samples
under study with powdered graphite of C1 brand in
a weight ratio of 97 : 3 (which constituted approxi-
mately 92 : 8 v/v). Copper oxide electrodes without
binder were compacted into pellets under a pressure of
2300 kg cm�2. The absence of a binder did not impair
the strength of the pellets and made it possible to raise
the capacity of the copper oxide electrodes because
of the increased content of the active substance. The
pellets were placed in an evacuated cell and kept there
at 300�C for 1 h in the atmosphere of dry argon.

The electrochemical behavior of copper oxide elec-
trodes was studied in hermetically sealed cells with
a lithium anode. In doing so, it is necessary to take
into account the fact that, in the course of discharge,
the copper oxide electrode grows in size (swells)
because the volume of discharge products somewhat
exceeds the initial volume of the electrode (theoreti-
cally, by 78%). The thickness of the electrode pellets
was chosen so that the cells did not overcome their
overall dimensions in discharge. In a hermetically
sealed cell, the copper oxide electrode experiences a
deficiency of electrolyte, in contrast to the case of
tests in an electrochemical cell with an excess of elec-
trolyte [6�8]. The procedure used in this study makes
it possible to assess the electrochemical characteristics
of copper oxide electrodes under the conditions close
to those in practical use of COL power cells.

The anodes were fabricated as disks of rolled lithi-
um. To diminish the contribution of the anode to the
voltage drop across the cells in the pulsed mode of its
discharge, an alloy of lithium with aluminum was
formed on the anode surface, using the procedure
described in [22]. The cells were fabricated with
an excess of the anode capacity.

Previously, most of studies concerned with the
electrochemical behavior of copper oxide electrodes
have been performed with electrolytes containing PC
(1 M LiClO4/PC [6, 7] and 1 M LiClO4/PC + DME
[11]), which are the most readily available. According
to [23], PC in 1 M LiClO4/PC is reduced at potentials
more negative than 1.3 V; at the same time, there
have been numerous reports that a PC + DME mixed
electrolyte is stable on a graphite electrode down to
0.8 V relative to Li/Li+ (see, e.g., [21]). It should be
taken into account that oxygen adsorbed by the elec-
trically conducting carbon additive (more by acetylene
black, than by graphite) and copper oxide, and also
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dissolved in the electrolyte, is reduced at potentials of
2.0�1.8 V relative to Li/Li+ unless special measures
to remove it are taken. At potentials more negative
than 1.3 V relative to Li/Li+, water that was not re-
moved in preparing the electrolyte undergoes reduc-
tion [23]. When the discharge behavior of copper
oxide electrodes was studied in electrochemical cells
with an excess of electrolyte [6�8], this had to lead to
increased share of side reactions associated with
reduction of oxygen and water dissolved in the elec-
trolyte, in contrast to studies in which electrodes
were tested in hermetically sealed lithium cells under
the conditions of electrolyte deficiency [10, 11].
Thorough drying of the electrolyte and reliable sealing
of a cell are also necessary because dehydrated copper
oxide readily adsorbs water. In this study, a 1.4 M
solution of LiClO4 in a mixture of PC and DME
(42 : 58 w/w) and water content of less than 30 ppm
was used as an electrolyte. The electrolyte was sub-
jected to an additional drying by a previously de-
scribed procedure [24] and bubbled-through with dry
argon to remove dissolved oxygen.

The cells were assembled in a glove box filled with
dry argon. The results reported here were obtained
with cells 9.5 mm in diameter and 2.10 mm high.
Discharge curves of the cells were measured after
1 month of aging. The discharge was done through
a continuous load of 30 k� with a pulsed load of
1 k� connected in parallel for 1 s once in 24 h. This
procedure rules out any influence of side processes
that occur in tests on a continuous high load (when
the active cathode substance is reduced at lower poten-
tials). To determine how the components of the total
voltage drop across the cell in a pulse, �U�, vary
during discharge across a continuous load, the voltage
drops across the cell were recorded as follows: at the
instant of switch-on of the load, as a sum of ohmic
components of the polarization resistances of both the
electrodes and voltage drop in the interelectrode
space, �Ur; 1 ms after the switch-on of the load, as
a sum of activation polarizations of the electrodes,
�Ua. The difference between �U� and �Ur was
regarded as a sum of the diffusion polarizations of
both the electrodes, �Ud, at the end of the 1-s period
of time. As the cells were fabricated with an excess of
lithium and the type of the anode polarization had to
be invariable in the course of the discharge, the rela-
tive changes in the electrochemical parameters of the
cell were determined during the continuous discharge
with the copper oxide electrodes.

The copper oxide electrodes used contain graphite
as an electrically conducting additive. For this reason,
to evaluate the contribution of side processes that

U, V

U, V

U, V

U, V

�, h

3b
3b�

Fig. 1. (1�4, 3a, 3b, 4a) Discharge curves of lithium power
cells with a copper oxide cathode and (1��4 �, 3a�, 3b�,
4a �) dependences of the cell voltage at the end of a load
pulse on the duration of a continuous discharge. Cell
size type 921, constant load 30 k�, pulsed load 1 k� s.
(U) Voltage and (�) duration of continuous discharge.
Digits at curves: methods used to produce copper oxide.
Dotted line: discharge curve of a cell with a graphite cath-
ode; dashed lines: discharge curve of a cell with a Cu2O
cathode (upper) and dependence of the cell voltage by
the end of a load pulse on the duration of a continuous
discharge (lower).

occur at the copper oxide electrodes, cells with a
graphite positive electrode containing no copper oxide
were fabricated under the same conditions and dis-
charged through a load of 30 k�. The capacity of such
cells in discharge to a voltage of 1.0 V was less than
1.2 mA h (the corresponding discharge curve is re-
presented by a dotted line in Fig. 1).

Figure 1 shows the discharge curves and depen-
dences of the cell voltage at the end of a load pulse
on the duration of discharge for power cells with cop-
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per oxide electrodes for which copper oxide was pre-
pared using procedures 1�4a. The discharge capacity
of a cell with copper oxide produced by method 1 was
42 mA h in discharge to a final voltage of 1.2 V, and
46 mA h, to 1.0 V. The utilization factor (UF) for
copper oxide was 77 and 83%, respectively. This
result is in agreement with the UF of 80% [11] ob-
tained for copper oxide under similar conditions (in
hermetically sealed cells of size type 1142 with a cop-
per oxide electrode composed of a mixture of copper
oxide obtained by decomposition of copper nitrate and
5 wt % graphite without a binder), but contradicts the
data of [6]. According to [6], a copper oxide electrode
composed of a mixture of copper oxide (also produced
by decomposition of copper nitrate) and 33 wt %
acetylene black and 17 wt % fluoroplastic binder is
characterized by a UF of 40% for copper oxide in the
case of its electrochemical reduction in an excess of
electrolyte. Discharge curve 1 is characterized by a
relatively prolonged transition portion before that of
a stable working voltage, despite the low open-circuit
voltage (OCV) of 1.98 V. The dependence of the cell
voltage at the end of the pulse on the duration of a
continuous discharge (curve 1) shows a decrease in
the pulsed voltage during the first several tens of
hours, with the subsequent slow rise till approximate-
ly half of the total duration of discharge. The further
run of the curve of the pulsed voltage corresponds to
that of the discharge curve.

Of the 12 methods for obtaining copper oxide,
studied in [6], the best was a short-time (1 to 3 h)
oxidation of Cu2O in an atmosphere of oxygen at
300�500�C. The thus obtained copper oxide had a UF
as high as 92%, but the discharge characteristic of the
electrode made of this material exhibited a prolonged
transition region before a stable discharge plateau
(with low average level of potentials of about 1.35 V).
In the present study, copper oxide obtained using the
same technique as that in [6] (method 2) differed only
slightly in its electrochemical characteristics from
copper oxide prepared by method 1. Its UF was found
to be 79% in the case of cell discharge to 1.2 V (cell
capacity was 43.5 mA h) and 89% in discharge to
1.0 V (49 mA h). In discharge curve 2, as also in
curve 1, the voltage reaches a stable level in a rela-
tively long time; curve 2� shows, similarly to curve 1�,
a decrease in the pulsed voltage in the first half of the
discharge. Under the same testing conditions, Cu2O
was reduced in the case of a continuous load at the
same potentials as copper(II) oxide synthesized from
this material, but the cell with a Cu2O cathode exhib-
ited no dip in the curve for pulsed voltage (upper and
lower dashed lines in Fig. 1, respectively) and was

characterized by a lower OCV: 1.90 V, compared to
2.12 for the cell with a cathode made of copper oxide
produced by method 2.

As follows from curves 3 and 3�, the cell with
copper oxide prepared by method 3 is distinguished
by an extremely high initial discharge voltage in dis-
charge on a continuous load (the OCV of the cell was
2.56 V), a dip in curve 2 before the plateau, and the
corresponding deep dip in curve 2� for pulsed dis-
charge. The cell capacity was relatively low: 38 and
41 mA h in discharge to 1.2 and 1.0 V, respectively.
An X-ray phase analysis of the copper oxide produced
by method 3 did not reveal presence of any other
phases.

It is noteworthy that, under the experimental con-
ditions of [6], the electrode based on copper oxide
produced by thermal decomposition of copper hy-
droxycarbonate at 300�C in the course of 76 h also
discharged at high initial potentials, but exhibited no
stable discharge plateau and had high capacity, more
than 90% of the theoretical value (calculated for the
reaction of copper oxide reduction).

An even higher discharge capacity (99% of the
theoretical value in discharge of the electrode to 1.0 V
relative to Li/Li+ with a current of 0.5 mA) was ob-
served [7] for copper oxide produced by thermal de-
composition of Cu(OH)2 at 300�C for 2 h. The dis-
charge curve of the electrode with copper oxide of this
kind was also distinguished by a sloping run during
the entire course of discharge. Prolonged heating of
copper oxide samples decreased the discharge capacity
and the reduction potentials of copper oxide elec-
trodes. This was attributed to changes in nonstoi-
chiometry upon removal of residual OH groups from
the active form of copper oxide.

Curves 3a and 3b indicate that, under the experi-
mental conditions, a prolonged thermal treatment of
copper oxide at high temperature (1 and 4 h at 800�C,
respectively) improved the electrochemical parameters
of copper oxide electrodes. The continuous discharge
of cells with thermally treated electrodes proceeded
at higher stable voltage (with relatively low initial
voltage). The cell capacity increased to, respectively,
43 and 45 mA h (in discharge to 1.2 V), and the OCV
decreased to 2.16 and 2.06 V. However, the strongest
positive influence was exerted by thermal treatment of
copper oxide produced by method 3 on the depen-
dences of the cell voltage by the end of a load pulse
on the duration of a continuous discharge (curves 3a�,
3b�). The average level at which these curves ran in-
creased substantially and the dip in the pulsed voltage
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in their initial portions decreased dramatically (more
so for curve 3b�). As the temperature and duration of
thermal treatment increased, the peaks in the X-ray
diffraction patterns of copper oxide samples became
narrower and higher, which indicated that the grain
size increased and the crystal lattice perfection was
improved.

The positive influence of a prolonged thermal treat-
ment of copper oxide on the specific capacity of cop-
per oxide was observed in [9]: the specific capacity of
electrodes based on industrial copper oxide increased
from 150�300 to 550 mA h g�1 after its thermal treat-
ment in air for 16 h. A correlation was revealed bet-
ween the ratio of CuO and Cu2O peak intensities for
copper oxide samples and the specific capacity of the
electrodes. The specific volume capacity of the elec-
trodes based on industrial copper oxide increased by
50�70% on heating copper oxide samples to 600�
800�C followed by fast cooling (quenching) [4]. This
was attributed to the appearance of an oxygen non-
stoichiometry.

The relatively high electrochemical parameters in
a continuous discharge were observed for a cell with
copper oxide produced by high-temperature oxidation
of spherical copper particles (method 4). The cell had
a relatively stable discharge voltage with an average
value of 1.40 V (Fig. 1, curve 4) and high capacity of
48 and 51 mA h in discharge to 1.2 and 1.0 V, respec-
tively. The OCV of the cell was 2.05 V. It is note-
worthy that the discharge of a cell with copper oxide
produced by controlled oxidation of copper particles
(of a certain size and shape) at 400�C [10] proceeded
at an average voltage of 1.4 V (at the same current
density) and high output capacity, but the discharge
curve differed from that obtained in this study in the
longer time in which the stable voltage plateau was
reached and higher value of OCV of 2.3 V. Under
other experimental conditions, a copper oxide elec-
trode made of a copper powder oxidized in air at
400�C for 1 h discharged at an average potential of
1.35 V and a UF of about 78%, and upon oxidation
for 10 h, at 1.2 V and UF of 50% [6]. As can be seen
from curve 4 � in Fig. 1, short-time oxidation of spheri-
cal copper particles by method 4 also leads (as also do
methods 1�3) to a dip in the curve for the pulsed
voltage in the initial stage of discharge of a COL cell
through a continuous load.

Figure 2 shows how the overall voltage drop under
pulsed load and its components vary in discharge of
the given cell through a continuous load. It can be
seen that, in the initial stage, the major contribution to
the overall voltage drop comes from the diffusion

�, h

�U
�(d,r,a), V

Fig. 2. Variation of the overall voltage drop and its com-
ponents (diffusion-related, ohmic, activated) �U

�(d, r, a)
under pulsed load in discharge through a continuous load of
a cell with copper oxide produced by method 4. (�) Dura-
tion of continuous discharge. (1) �U

�
, (2) �Ud, (3) �Ur,

and (4) �Ua.

component, which grows until the cell discharges by
approximately 10% relative to the total duration of
discharge. Also grows during this period of time the
ohmic component, and the activation component does
not change its sign. Further, the diffusion and activa-
tion components decrease and, after 1/4 discharge of
the cell, remain virtually unchanged till 4/5 of the
total discharge duration is reached. In the process, the
ohmic component makes the most pronounced con-
tribution to the overall voltage drop. In the final stage
of discharge, the diffusion component again grows
and, at the end of the discharge process, much exceeds
the activation and ohmic components.

Curve 4a� in Fig. 1 shows that additional thermal
treatment of copper oxide results in that both the
depth and the duration of the dip in the curve for the
pulsed voltage decrease substantially. Further dis-
charge of the cell was more stable and proceeded with
a higher pulsed voltage. The cell with such a copper
oxide was distinguished by a lower OCV of 1.90 V
and higher discharge capacity of 50 and 52 mA h in
discharge to 1.2 and 1.0 V, respectively. In discharge
to 1.2 V, the specific discharge capacity of the copper
oxide electrode was 625 mA h g�1, and the UF of
copper oxide, 95%. The cell voltage in continuous dis-
charge rapidly reached a stable level (Fig. 1, curve 4a)
at a relatively high average discharge voltage of
1.43 V. In addition, curve 4a is characterized by
a rather strong bend at the end of discharge (the ca-
pacity in discharge to a final voltage of 1.35 V was
44 mA h, i.e., 88% of the capacity in discharge to
1.2 V). It was found that a minor dip in the curve for
pulsed voltage in the initial stage of a continuous
discharge is also associated with the corresponding
change in the diffusion component of the overall
voltage drop. In the plateau in the dependence of the
pulsed voltage on the duration of a continuous dis-
charge, the diffusion and ohmic components were
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virtually the same. The X-ray diffraction pattern of
a copper oxide sample subjected to an additional
thermal treatment showed no peaks of copper(I) oxide,
which were observed in the X-ray diffraction pattern
of the initial copper oxide sample.

Discharge curves of COL cells are distinguished
by a common feature: the longer the delay of the ini-
tial voltage in a continuous discharge, the deeper the
dip in the curve describing the dependence of the
pulsed voltage on the duration of the continuous dis-
charge. This phenomenon is associated with the state
of the surface of copper oxide, which depends on the
method by which it is produced and on the mode of
its further thermal treatment. In a discharge of a
copper oxide electrode, lithium cations are introduced
into the monoclinic lattice of copper oxide to give
CuII

1�xCuI
xLixO [8]. The reaction occurs at places

of contact between copper oxide particles and particles
of the distributed current lead (graphite in the given
case). This process is preceded by reduction of surface
groups, which are inevitably formed when copper
oxide is obtained and processed using the methods
described here. Possibly, residual OH groups can
catalyze reduction of Teflon from a Teflon-containing
carbon black and reduction of PC. This probably
accounts for the high capacity and discharge potentials
of continuously loaded electrodes with copper oxide
produced at a relatively low temperature and short
time of thermal treatment [6, 7].

In electrochemical reduction of surface groups,
a layer of a lithium-conducting solid electrolyte grows
on copper oxide particles and the diffusion of lithium
cations across this layer is slow. Also slow is the dif-
fusion of lithium cations into the particles via forma-
tion of an intermediate compound CuII

1�xCuI
xLixO,

whose subsequent reduction gives Cu and Li2O or
Cu2O and Li2O [8] and results in disintegration of
the primary film of the solid electrolyte under the
action of mechanical stresses. In the same range of
potentials, Cu2O enters into an electrochemical reac-
tion (being reduced to Cu and Li2O). The rise in the
diffusion polarization of the electrode in the final
stage of the discharge is due to exhaustion of the elec-
trolyte within the micropores of the swollen cathode.
According to [7], the removal of chemically bound
water and oxygen from copper oxide samples obtained
from Cu(OH)2 continues at above 500�C. Controlled
oxidation of spherical copper particles at a high tem-
perature in pure oxygen rules out any involvement of
water molecules in the synthesis process.

Hydrogen-containing groups on the surface of
copper oxide particles presumably appear in the con-

tact of these particles with the ambient atmosphere.
Prolonged high-temperature treatment of copper oxide
samples in air largely removes the surface groups, im-
proves the crystal perfection, and gives rise to a
mosaic structure of grains, which facilitates diffusion
of lithium cations into the particles in the course of
electrochemical reduction. This leads to a high and
stable voltage in discharge through a continuous load
and to a pronounced stabilization of the pulsed volt-
age. Additional ways to completely eliminate the dip
in the curve for the pulsed voltage in the initial stage
of discharge are to be sought for. Preliminary experi-
ments demonstrated that one of the possible ways is
incorporation of lithium into copper oxide in high-
temperature treatment with lithium carbonate.

CONCLUSIONS

(1) In studying the electrochemical parameters of
copper oxide electrodes, it is necessary to take into
account the influence of side reactions that involve the
electrically conducting carbon additive, Teflon binder,
oxygen, and water.

(2) Under testing conditions that are close to real
working conditions of copper oxide�lithium power
cells, the highest electrochemical parameters are en-
sured by copper oxide produced by high-temperature
oxidation of spherical copper particles in pure oxygen.

(3) Prolonged high-temperature treatment of cop-
per oxide in air improves the electrical parameters of
power cells, but fails to completely eliminate the dip
in the curve for the pulsed voltage in the initial stage
of discharge through a continuous load.
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Abstract�The activity of the catalytic system based on palladium bisacetylacetonate and phenylphosphine
in hydrogenation catalysis was studied.

The unique capability of transition metals to cata-
lyze hydrogenation of unsaturated organic molecules
with gaseous hydrogen is known for a long time and
is used in numerous industrial processes [1�3].
Among Group VIII transition metals, much attention
is given to palladium-based catalysts. Modification of
palladium with nitrogen-containing compounds (qui-
noline, ethylenediamine, alkaloids) allows preparation
of highly selective catalysts for hydrogenation of
alkynes, chemoselective hydrogenation of unsaturated
aldehydes and ketones, enantioselective hydrogenation
of derivatives of �,�-unsaturated acids, etc. [1, 2].
Along with studies of heterogeneous supported palla-
dium catalysts, active efforts have been made in the
past three decades to elucidate factors responsible for
the activity of palladium complexes with phosphine
ligands as hydrogenation catalysts. Whereas the modi-
fying effect of tertiary [4�7] and secondary [8] phos-
phines on the properties of palladium complexes as
hydrogenation catalysts has been studied in detail,
primary phosphines have not yet been used in hydro-
genation catalysis. Interest in these systems is due to
the fact that primary phosphines exhibit simultaneous-
ly the properties of Lewis bases and Brønsted acids.
Furthermore, primary phosphines, like other three-
coordinate phosphorus compounds, are reductants.

The goal of this work was to gain insight into the
promoting effect of PH2Ph in a microheterogeneous
hydrogenation catalyst based on Pd(acac)2.

EXPERIMENTAL

The solvents were purified by standard procedures
used in organometallic chemistry [9].

Palladium bisacetylacetonate was prepared accord-
ing to [10].

Phenylphosphine was prepared by reaction of phen-
ylchlorophosphine with lithium aluminum hydride
[11] and isolated by vacuum distillation (38�C/5 mm
Hg). 31P NMR: � �122 ppm (1JPH 200 Hz). The com-
pound was stored in a sealed ampule under argon.

The catalyst based on Pd(acac)2 and PH2Ph was
prepared as follows. To a solution of 0.00304 g
(1 � 10�5 mol) of Pd(acac)2 in DMF, prepared in a
duck-shaped vessel that had been evacuated and filled
with hydrogen, 1 ml of a phenylphosphine solution
was added; the P/Pd ratio was 0.1�2.0. The lemon-
yellow reaction mixture was stirred in a hydrogen
atmosphere at 80�C for 5�15 min. The resulting
black-brown �solution� was cooled to 30�C, and a
substrate to be hydrogenated was introduced with a
syringe. Hydrogenation was performed with vigorous
stirring at the initial hydrogen pressure of 1 atm. The
reaction progress was monitored volumetrically and
by GLC.

Acetylacetone and benzene in the catalyzate were
determined by GLC, after evaporation�condensation
of the solution in a vacuum unit (20�C/1 � 10�3 mm
Hg), on a Chrom-5 chromatograph equipped with a
3.6-m packed column (stationary phase SE-30) and
flame ionization detector. The column temperature
was 100�C, and the carrier gas was nitrogen. The error
in determination of acetylacetone and benzene did not
exceed 10%.

The UV spectra were recorded on a Specord UV
VIS spectrometer in an all-sealed cell. The concentra-
tion of Pd(acac)2 was calculated from the absorption
band at 330 nm (�330 = 10630 l mol�1 cm�1), and that
of acetylacetone, from the band at 290 nm [for Hacac,
�290 = 5000, and for Pd(acac)2, 3090 l mol�1 cm�1].

X-ray phase analysis of the catalyst samples was
performed on a DRON-3M diffractometer, CuK�
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radiation. The procedure for determination of Pd(0)
was described in [12].

We showed previously that palladium bisacetylace-
tonate, like palladium(II) acetate [13], is not reduced
with hydrogen in aprotic solvents (benzene, toluene)
below 80�C in the absence of water. We found that
water breaks down the oligomeric species [Pd(acac)2]n
preserved upon dissolution in benzene and facilitates
heterolytic cleavage of the hydrogen molecule. The
hydrogenolysis of Pd(acac)2 in DMF occurs under
milder conditions. At 30�C, it takes no less than 2 h,
whereas at 80�C it is complete in 5�15 min depending
on the Pd(II) concentration.

The initial rate of styrene hydrogenation in the
presence of the thus generated Pd black is relatively
low, and the maximal specific activity W does not
exceed 19 mol of styrene per mole of Pd per minute.
At low initial concentrations of Pd(acac)2, the catalyst
undergoes rapid deactivation in the course of hydro-
genation (Table 1). Introduction of water enhances the
performance of Pd black.

To obtain a more effective catalytic system, we
used PH2Ph as modifier. Catalytic hydrogenation
of styrene in the presence of the system based on
Pd(acac)2 + nPH2Ph (P/Pd = 0.3, 1.0, 2.0) at 30�C
in DMF is characterized by a long induction period
(40 min) and low reaction rate. The catalyst that is the
most active in hydrogenation is formed after prelimi-
nary reaction of the system components, Pd(acac)2 +
nPH2Ph, with H2 in DMF at 80�C for 5�15 min. The
catalytic system exhibits the highest performance at
the PH2Ph : Pd(acac)2 ratio of 0.3 (Fig. 1).

The specific activity of the system Pd(acac)2 +
0.3PH2Ph does not change upon hydrogenation of no
less than 3000 mol of styrene per mole of Pd, after
which the activity gradually decreases with formation
of a precipitate. The reaction rate as a function of the
catalyst concentration nonlinearly grows in the range
0.5�2 mM and starts to decrease at cPd > 1.4 mM
(Fig. 2).

In hydrogenation of other unsaturated hydrocarbons
and of carbonyl and nitro compounds, the system
under consideration also shows high activity and
selectivity (Table 2).

In reduction of benzaldehyde on palladium cata-
lysts (Pd/C), the C�O bond in the forming benzyl al-
cohol usually undergoes further hydrogenolysis, with
the rates of both steps being comparable [2]. At the
same time, the selectivity of the system Pd(acac)2 +
0.3PH2Ph in benzaldehyde hydrogenation reaches
92%. Nitrobenzene is usually selectively reduced to

Table 1. Hydrogenation of styrene in the presence of Pd
black formed from Pd(acac)2. Solvent DMF, 30�C, PH2

=
1 atm, substrate concentration csub = 8.7 � 10�3 M
����������������������������������������
Pd(Acac)2,* � W, � Styrene con-

mM � mol H2/(mol Pd min) � version, %
����������������������������������������

0.45 � 2 � 11** � 3 � 29**
0.90 � 6 � 19** � 25 � 61**
2.27 � 12 � 16** � 62 � 100**
4.54 � 9 � 12** � 100 � 100**

����������������������������������������
* Reduction of Pd(acac)2 with hydrogen was performed at

80�C.
** Reduction of Pd(acac)2 was performed with addition of

1 wt % H2O to the solvent.

aniline on palladium catalysts. The advantage of our
catalyst is the high reaction rate. The specific activity
of our catalyst in reduction of the nitro group exceeds
by a factor of 3.5 that of Pd nanoparticles immobi-
lized on the styrene�divinylbenzene copolymer [14]
but is lower than that of the Pd catalyst with diphenyl-
phosphine [8].

To gain insight into the promoting effect of PH2Ph,
we studied in more detail the system with P/Pd = 0.3.

W, mol H2/(mol Pd min)

Fig. 1. Hydrogenation of styrene in the presence of the
catalytic system Pd(acac)2 + nPH2Ph. (W) Specific activity
and (P/Pd) ratio of the starting reactants. Solvent DMF,
cPd = 0.9 mM, 30�C, PH2

= 1 atm.

W, mmol H2/min

c, mM
Fig. 2. Rate of styrene hydrogenation W in the presence of
the catalytic system Pd(acac)2 + 0.3PH2Ph as a function of
the Pd(acac)2 concentration c. Solvent DMF, 30�C, PH2

=
1 atm, csub = 8.7 � 10�3 M.
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Table 2. Catalytic properties of the system Pd(acac)2 + 0.3PH2Ph in hydrogenation. Solvent DMF, cPd = 0.9 mM,
30�C, PH2

= 1 atm, csub/cPd = 870
������������������������������������������������������������������������������������

Substrate � W, mol H2/(mol Pd min) � Conversion, % � Products, %
������������������������������������������������������������������������������������
PhC�CH � 104 (�C�C�), 112 (�C=C�) � 100 �Ethylbenzene 85, styrene 15
PhC�CPh � 113 (�C=C�), 21 (�C=C�) � 100 �Diphenylethane 69, cis-stilbene 24, trans-stilbene 7
PhCH=CH2 � 260 � 100 �Ethylbenzene 100
PhC(O)H* � 10 � 70 �Benzyl alcohol 92, toluene 8
PhNO2* � 48 � 97 �Aniline 100
������������������������������������������������������������������������������������
* cPd = 5 mM.

Table 3. Conversion of the catalytic system Pd(acac)2 + nPH2Ph in hydrogen, according to UV and GLC data. Solvent
DMF, 80�C, cPd = 5 mM
������������������������������������������������������������������������������������

PH2Ph/Pd(Acac)2

�
Reaction time,

� Concentration, wt % �
C6H6 /PH2Ph� �������������������������������������

� min � Pd(Acac)2 � HAcac �
������������������������������������������������������������������������������������

0.3 � 5 � 2 � 99 � 0.26
0.3 � 15 � 0 � 98 � 0.50
0.3 � 40 � 0 � 99 � 0.51
0.5 � 15 � 2 � 87 � 0.46
0.5 � 40 � 0 � 93 � 0.45
1.0 � 15 � 24 � 79 � 0.13
1.0 � 40 � 12 � 83 � 0.19
1.0 � 60 � � � 113 � 0.20

������������������������������������������������������������������������������������

Phenylphosphine, in contrast to tertiary phosphines,
exhibits both base and acid properties. The previous
study of the reaction of Pd(acac)2 with PH2Ph in
benzene and DMF in an inert atmosphere [15] showed
that the reaction went beyond simple complexation
and was accompanied by fast exchange of acetylace-
tonate ligands for organophoshorus groups, yielding
acetylacetone and polynuclear palladium complexes
containing 	3-PPh, 	2-PHPh, and coordinated PH2Ph
ligands, and also O,O-chelate acetylacetonate ligands,
like

where L = PH2Ph.

The reaction is complete in 2�3 min. At the P/Pd

ratio of 0.3, upon ligand exchange, about 15% of Pd
appears in the form of polynuclear complexes, and
85%, in the form of Pd(acac)2. The degree of conver-
sion of Pd(acac)2 to the reaction products grew with
an increase in the P/Pd ratio. Quantitative formation
of acetylacetone was observed at P/Pd > 2.

Additional treatment of the system Pd(acac)2 +
nPH2Ph with hydrogen results in quantitative forma-
tion of acetylacetone (Table 3), i.e., not only Pd(acac)2
but also acetylacetonate ligands incorporated in poly-
nuclear Pd complexes are subject to hydrogenolysis.
The catalyzate from the reaction with H2 contained
not only acetylacetone but also benzene originating
from decomposition of the organophosphorus ligands.
The amount of benzene formed per mole of PH2Ph
grows as the P/Pd ratio is decreased. The content of
Pd(acac)2 grows in the same direction. Similar trends
were observed with triphenylphosphine [5]. The ob-
served dephenylation is consistent with the previously
proposed mechanism according to which degradation
of organophosphorus ligands occurs in the coordina-
tion sphere of Pd(0) [8]; therefore, the mechanism of
benzene formation in the system can be tentatively
presented as follows.
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�� Pd(0) �� 1/2xPd(0).

Pd(acac)2 is readily reduced with hydrogen in
DMF at 80�C to Pd(0). The Pd(0) atoms arising from
hydrogenolysis of Pd(acac)2 can both aggregate to
form palladium clusters and react with phenylphos-
phinylidene ligands in polynuclear palladium com-
plexes. Oxidative addition of Pd(0) to these complexes
with hydrogenolysis of the P�C bond yield benzene
and, probably, palladium phosphides:

Pd
�

�

PPh
�Pd
�

�
�
�

	


�

+ Pd(0)
+1/2H
����
�C H6 6

PdxP .
2

Pd
�

�

PPh
�Pd
�

�
�
�

	


�

+ Pd(0)
+1/2H
����
�C H6 6

PdxP .
2

Elemental analysis of the black precipitate (sam-
ple 1) isolated from the reaction system Pd(acac)2 +
0.3PH2Ph + H2 corresponds to the empirical formula
Pd8P1C1H1, and the content of Pd(0) determined
chemically does not exceed 28%. According to X-ray
phase analysis, sample 1 is elemental palladium in the
dispersed state; the size of its coherent scattering
domain, as estimated from the shape of the Pd line
hkl 111, is 2 nm. We believe that the results of X-ray
phase and elemental analyses do not contradict each
other. Sample 1 may contain higher palladium phos-
phides in the X-ray amorphous state for which the
main reflections are observed in the same region as
for elemental palladium and overlap with the broad-
ened Pd(111) line. It should be noted that the products
formed by the components of the catalytic system in
an inert atmosphere, associates of polynuclear palla-
dium complexes, were X-ray amorphous, giving a
diffuse maximum (halo) at d/n = 13.556 
; the size
of coherent scattering domains was 2.7 nm. The ab-
sence of an amorphous halo at small diffraction angles
(2� = 5��40�) in the diffraction pattern of sample 1
indicates that the structure of polynuclear palladium
complexes is broken down upon treatment of the cata-
lytic system with hydrogen.

It was shown previously that the catalytic activity
of the system Pd(acac)2 + nPPh3 in hydrogenation of
phenylacetylene was maximal at the P/Pd ratio of 0.3
also [16], and the solid reaction products identified
were palladium phosphide Pd3P and crystalline Pd.
However, whereas formation of the system with tri-

phenylphosphine took no less than 24 h, with phenyl-
phosphine the formation time was as short as 5 min.

Our results suggest that, in the course of formation
of the catalytic system based on Pd(acac)2 at P/Pd =
0.3, phenylphosphine acts as a structural promoter. Its
effect can be described as follows. The reaction of
PH2Ph with Pd(acac)2 yields nanosized associates of
polynuclear palladium complexes with organophos-
phorus ligands. The associates of the polynuclear pal-
ladium complexes and palladium phosphides formed
in an H2 atmosphere by decomposition of organo-
phosphorus ligands act as crystallization centers for
immobilization and growth of Pd(0) clusters. At high-
er P/Pd ratios, the content of Pd(I) and Pd(II) com-
plexes with phosphorus-containing ligands increases
relative to Pd(0), and the catalytic activity of the
system decreases.

CONCLUSIONS

(1) A new high-performance catalyst based on
Pd(acac)2 and PH2Ph was suggested for hydrogena-
tion of unsaturated bonds and of carbonyl and nitro
groups.

(2) Transformations of the catalytic system
Pd(acac)2 + nPH2Ph in hydrogen yield nanosized
particles (2 nm) containing elemental palladium and,
probably, palladium phosphides. Associates of poly-
nuclear palladium complexes and palladium phos-
phides are crystallization centers for immobilization
and growth of Pd(0) clusters. Phenylphosphine acts as
a structural promoter.
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Abstract�Activated carbons synthesized by steam�gas treatment of charcoal produced from wastes formed
in cutting of mixed wood were tested in adsorption of surfactants from aqueous solutions: anionic (Volgonat,
Uglepen, neutralized black catalyst) and cationic (Katamin AB). Isotherms of adsorption of these impurities
are presented, and a flowsheet of step-by-step wastewater treatment to remove surfactants by adsorption
is suggested.

A search for effective methods for wastewater treat-
ment to remove various organic and inorganic impuri-
ties is one of the most important problems of environ-
ment protection. Among the known contaminants are
surfactants, which are widely used in the industry and
in households. The problem of wastewater treatment
is complicated by the wide variation of the concentra-
tion of surfactants: from 20�30 mg l�1 in household
wastes to 50�1000 mg l�1 in industrial wastewater.
Particularly severe difficulties are encountered at the
very plants that manufacture surfactants because the
concentration of surfactants in wastewater is subject to
wide fluctuations, which requires that systems for
local purification of process wastewater should be
created.

Various techniques have found application in the
practice of wastewater treatment to remove surfac-
tants: foam separation, pressure flotation, ion ex-
change, biological treatment, and also membrane, ad-
sorption, destructive (thermal detoxication, ozonation,
radiation treatment) and other methods [1, 2]. The
efficiency of these techniques depends on a multitude
of factors. For example, the key part in adsorption
purification is played by the choice of an adsorbent.
Surfactants are commonly adsorbed, depending on
their nature and concentration in wastewater, with
peat, slag, undersized low-temperature coke, lime-
stone, clayey minerals, zeolites, etc. [3]. In the proc-
ess, the adsorbents are rather rapidly deactivated,
which is caused, among other factors, by adsorption of
other organic impurities. Activated carbons of various
brands, which can be used for adsorption of surfac-
tants, are manufactured in limited amounts by out-

dated technologies and their cost is high. Rather
economical should be use of low-cost adsorbents
manufactured from wastes of wood and woodworking
industries. This would simultaneously allow utiliza-
tion of waste wood, which is an important environ-
mental problem.

This study is concerned with purification of aque-
ous solutions to remove surfactants by adsorption on
activated carbons manufactured by steam�gas activa-
tion of charcoal that is produced from wastes formed
in cutting of mixed wood.

EXPERIMENTAL

As raw materials for manufacture of activated car-
bons served charcoal produced from waste birch and
aspen wood: branches, offcut, and crown posts.1

The charcoal was produced on a UVP-5B installation.
Further, the charcoal was subjected to a steam�gas
activation in a fluidized-bed reactor at 850�C for 0.5 h;
the content of oxygen and steam in the steam� gas
mixture was 5 and 35%, respectively. The commercial
fraction of the activated carbon with a particle size of
more than 1 mm was isolated from the overall ac-
tivated product. The yield of the commercial fraction
was more than 80%. The main characteristics of the
charcoal and of the activated carbon manufactured
from it are listed in Table 1. The basic physicochemi-
cal and adsorption properties were determined using
the known methods [4, 5].

Prior to tests, the activated carbons were dried at
������������
1 The basin of the Biryusa River in Krasnoyarsk krai.
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Table 1. Basic characteristics of charcoal and activated
carbon produced from wastes formed in cutting of mixed
wood raw materials
����������������������������������������

Parameter
� Carbon
���������������������
� charcoal �activated carbon

����������������������������������������
Moisture content, % � 5.0 � 7.4
Ash content Ad, % � 1.8 � 2.6
Bulk density, kg m�3 � 223 � 186
Total pore volume, cm3 g�1� 0.06 � 1.80
Adsorption capacity: � �

for iodine, % � 6.5 � 63
for Methylene Blue, � 12.9 � 77
mg g�1 � �

����������������������������������������

105�110�C for 2 h and cooled in a desiccator over
a drying agent, and their samples (0.1 to 10 g) were
weighed with an accuracy of 0.2 mg. Then the ac-
tivated carbons were saturated with water vapor. For
this purpose, the samples were placed in a vessel with
the air humidity of 98�99% (over a saturated solution
of sodium carbonate) at 40�C and kept under these
conditions for 3 h.

The samples of activated carbons were placed in
flasks with ground-glass stoppers, each with 150 ml
of an aqueous solution of a surfactant, and the flasks
were gently shaken for 48 h. The aqueous solution
was separated by centrifugation and the residual con-
tent of a surfactant was determined by photometry [6].

A, mg g�1

c, mg l�1

Fig. 1. Isotherms of adsorption A of surfactants on ac-
tivated carbon. (c) Equilibrium concentration of surfactants.
Surfactant: (1) Volgonat, (2) Uglepen, (3) neutralized black
catalyst, and (4) Katamin AB; the same for Fig. 2.

Aqueous solutions of anionic (Volgonat, Uglepen,
neutralized black catalyst) and cationic (Katamin AB)
surfactants with an initial concentration of the main
substance of 100 mg l�1 were used in the tests.

Figure 1 shows isotherms of adsorption of the sur-
factants on activated carbons. The isotherms of adsorp-
tion have the same shape for all the surfactants and
belong to type II by the BET classification [7]. This
indicates that the mechanisms of adsorption of the sur-
factants of varied nature are the same and that the
activated carbons contain, together with micropores,
also a considerable amount of meso- and macropores.
This conclusion is confirmed by the following data:
the total volume of pores is 1.80 cm3 g�1 (Table 1),
and the volume of micropores, 0.28 cm3 g�1.

Several regions can be distinguished in the iso-
therms of adsorption. The first, initial, portion has
a convex shape and is due to electrostatic adsorption
of separate anions (cations) of a surfactant by posi-
tively (negatively) charged centers on the surface of
the activated carbons. Raising the concentration of
a surfactant leads to enhancement of the mutual attrac-
tion of the hydrocarbon radicals in the anions (cations)
of the surfactants and to the onset of association in
the adsorption layer. In the third region of the iso-
therms, the rise in adsorption with increasing concen-
tration of a surfactant gradually becomes less pro-
nounced. This is presumably due to increased density
of surface filling with adsorbed anions (cations) of the
surfactants, to enhanced association of the hydrocar-
bon radicals and stronger forces of electrostatic repul-
sion between likely charged anion (cation) groups of
the surfactants, and to a change in the sign of the
charge at the phase boundary as a result of adsorption
(through the van der Waals forces) of the nonpolar
part of anions (cations). The fourth region of the iso-
therms, in which they form nearly a plateau, is due to
complete coverage of the surface of the activated
carbon with ionic associates or to the fact that the
activity of unassociated anions (cations) of the sur-
factants remains constant despite the increase in the
total analytical concentration of these substances.
The steep rise exhibited by the isotherms is probably
due to formation of a polymolecular adsorption layer,
3D association in the system, and dramatic increase in
the enthalpy (build up of the entropy) because of the
disintegration of the structure of water around the
molecules being associated [3].

The efficiency of purification of contaminated
water to remove anionic surfactants decreases in the
order Volgonat > Uglepen > neutralized black cata-
lyst. The cationic surfactant, Katamin AB, occupies an
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Table 2. Expenditure of the activated carbon in multistage adsorption of surfactants ensuring 99% degree of purification
������������������������������������������������������������������������������������

Surfactant
� Expenditure of activated carbon, kg m�3, at indicated number of stages (adsorbers)
������������������������������������������������������������������
� 1 � 2 � 3

������������������������������������������������������������������������������������
Volgonat � 33.00 � 11.25 + 3.00 = 14.25 � 6.76 + 4.25 + 0.67 = 11.68
Uglepen � 45.00 � 15.00 + 4.09 = 19.09 � 8.25 + 4.48 + 0.91 = 13.64
Neutralized black catalyst� 82.50 � 45.00 + 7.50 = 52.50 � 22.86 + 12.14 + 1.67 = 36.67
Katamin AB � 49.5 � 20.00 + 4.50 = 24.50 � 11.76 + 5.31 + 1.00 = 18.07
������������������������������������������������������������������������������������

intermediate position between the last two anionic
surfactants: Uglepen and neutralized black catalyst.

The expenditure of activated carbon does not ex-
ceed 8�10 kg m�3 in purification to remove Volgonat
and Uglepen, 15�20 kg m�3 in removing Katamin
AB, and 25�30 kg m�3 for neutralized black catalyst,
at a degree of purification of 85�90% (Fig. 2). If 99%
purification is required, the expenditure of the ac-
tivated carbon increases dramatically (Table 2).

The expenditure of the activated carbon can be
decreased by performing a step-by-step purification
by adsorption in a system of in-series connected ad-
sorbers. In performing the adsorption process in two
stages, the concentration of a surfactant in the aqueous
solution was to be decreased tenfold, i.e., from 100 to
10 mg l�1, in the first stage and completed, with the
concentration of the surfactant diminished from 10 to
1 mg l�1 (permissible concentration of a surfactant for
industrially used water), in the second. In performing
the adsorption in three stages, the surfactant concen-
tration in the aqueous solution was to be decreased
from 100 to 20 mg l�1 in the first stage, from 20 to
3 mg l�1 in the second, and from 3 to 1 mg l�1 in
the third.

With the two-stage scheme of purification applied,
the expenditure of the activated carbon decreases by
36�57% as compared to the single-stage scheme, and
with the three-stage scheme, by 16�29% as compared
to the two-stage scheme and by 56�70% as compared
to the single-stage scheme. As the adsorption capacity
of the activated carbon in the first adsorber is
exhausted, the adsorber is discharged, filled with a
fresh portion of the activated carbon, and connected as
the last stage in the system of adsorbers. Naturally,
the increasing number of stages (i.e., assembling of
additional adsorbers) leads to a directly proportional
rise in the cost of the installation. Thus, the introduc-
tion of each new stage (if more than two) requires
a thorough feasibility study.

It is inexpedient to regenerate spent activated car-

bon because of its low cost and a dramatic decrease in
its mechanical strength upon regeneration. Therefore,
it is recommended to burn spent activated carbons in
power installations as an improved solid fuel.

Wastewater from a mechanized laundry and a plant
for dry-cleaning and dyeing of clothes was purified
under laboratory conditions. This was done on an
activated carbon from waste wood in a flow-through
installation at a specific load of 8�10 h�1 (adsorber
40 mm in diameter and 450 mm long). The input
wastewater had the following composition (mg l�1):
anionic surfactants 52�130, phenols 0�5, chemical
oxygen demand 1020�1200 mg O/l. After filtration
across a bed of activated carbon, the concentrations of
these impurities decreased dramatically to become as
follows (mg l�1): anionic surfactants 0.5�2.0, phenols
0�0.01, chemical oxygen demand 510�560 mg O/l.
The concentrations of the contaminants in the purified
wastewater exceed those permissible for water to be
discharged into open water basins, but well conform

�, %

M, kg m�3

Fig. 2. Effect of the expenditure M of activated carbon on
the degree � of purification of aqueous solutions to remove
surfactants.
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to the regulations concerning discharge of wastewater
into municipal sewers for subsequent additional puri-
fication.

CONCLUSION

A rather high efficiency of purification of waste-
water from some service plants was demonstrated in
a study of the fundamental aspects of adsorption of
surfactants (anionic: Volgonat, Uglepen, neutralized
black catalyst; cationic: Katamin AB) on active car-
bons from wastes formed in cutting of mixed wood.
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Abstract�The effect of di-tert-butylhydroxylamine on polymerization of methyl methacrylate and styrene
under conditions of radical initiation, similar to the commercial synthesis conditions, was studied.

Radical polymerization remains the main pathway
of commercial synthesis of polymeric materials, since
the procedure and the required equipment are relative-
ly simple, the synthesis is well reproducible, a wide
range of monomers can be involved in the reaction,
etc. However, applications of radical polymerization
are limited by such a significant drawback as nonuni-
form reaction progress with the occurrence of the gel
effect (spontaneous growth of the molecular weight)
impairing the polymer properties. In particular, the
products become less heat-resistant, their molecular-
weight distribution (MWD) becomes broader, etc.
[1, 2]. A possible way to solve this problem is devel-
opment of efficient methods for controlling the poly-
mer chain propagation under conditions of radical
initiation and, primarily, elaboration of theoretical
principles and practical applications of so-called con-
trolled radical polymerization [3, 4].

Controlled synthesis of polymers in the living
chain mode has recently received much attention of
macromolecular chemists. Among processes of this
type, polymerization by the reversible inhibition
mechanism in the presence of nitroxyl radicals, such
as 2,2,6,6-tetramethylpiperidyl-1-oxyl and its analogs,
is the most studied [5�7]. When this mechanism is
realized in polymerization of vinyl monomers in the
presence of nitroxyl radicals, a number of character-
istic features are observed: weaker gel effect, linear
growth of the molecular weight with conversion, and
lower polydispersity coefficients (1.2�1.4).

Previous studies [8, 9] revealed side rections that
occur in the course of polymerization in the presence
of nitroxyl radicals along with reversible inhibition
and temporarily remove nitroxyl from the polymeri-
zation sphere. One of the products of such reactions
is hydroxylamine, which can generate the nitroxyl

radical under the action of peroxy initiators:

N�OH �� N�O
.
.���� (O)

(1)N�OH �� N�O
.
.���� (O)

(1)

Also, chain transfer to hydroxylamine with forma-
tion of the nitroxyl radical is also possible:

N�OH + R
.
�� N�O

.
+ RH.

�� �� (2)N�OH + R
.
�� N�O

.
+ RH.

�� �� (2)

This can be followed by realization of the rever-
sible inhibition mechanism according to the scheme

kp
�v kt
�Pm

. + A.
�� �Pm�A, (3)��
kd

where �P.
m is the propagating radical; A., nitroxyl spin

adduct; kd, rate constant of adduct reinitiation; kp,
propagation rate constant; and kt, rate constant of
adduct formation.

To develop new effective chain-terminating agents
and gain deeper insight into the mechanism of poly-
merization in the presence of nitroxyl radicals, we
studied the synthesis of poly(methyl methacrylate)
(PMMA) and polystyrene in the presence of di-tert-
butylhydroxylamine (DBHA) under conditions of
radical initiation.

EXPERIMENTAL

Di-tert-butylhydroxylamine was prepared as de-
scribed in [10, 11]. Dicetyl peroxydicarbonate (DPC),
benzoyl peroxide (BP), and azobis(isobutyronitrile)
(AIBN) used as initiators, and also the monomers and
solvents were purified by standard procedures. The
polymerization kinetics was monitored gravimetrically
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Molecular-weight characteristics of poly(methyl methacrylate) and polystyrene prepared in the presence of di-tert-butyl-
hydroxylamine
������������������������������������������������������������������������������������

Run �
Polymer

� DBHA, �
Initiator, mol %

�
T, �C

�
Conversion, %

�
Mn�10�3 �

Mw�10�3 � Mw /Mnno. � � mol % � � � � � �
������������������������������������������������������������������������������������

1 �PMMA � � �DPC, 0.1 � 50 � 72 � 519 � 1488 � >3.0
2 �� � 0.015 �� � 50 � 10 � 137 � 234 � 1.7
3 �� � 0.015 �� � 50 � 28 � 168 � 317 � 1.9
4 �� � 0.015 �� � 50 � 85 � 400 � 1162 � 2.9

� � � � � � � �5 �PS � � �BP, 1.0 � 100 � 91 � 20 � 41 � 2.1
6 �� � 0.4 �� � 100 � 18 � 6 � 11 � 1.9
7 �� � 0.4 �� � 100 � 22 � 6 � 11 � 1.9
8 �� � 0.4 �� � 100 � 45 � 13 � 19 � 1.5
9 �� � 0.4 �� � 100 � 77 � 16 � 25 � 1.5

� � � � � � � �10 �� � � �AIBN, 0.8 � 70 � 84 � 77 � 246 � 3.2
11 �� � 0.5 �� � 70 � 13 � 17 � 25 � 1.5
12 �� � 0.5 �� � 70 � 61 � 25 � 35 � 1.5
13 �� � 0.5 �� � 70 � 76 � 27 � 53 � 1.9

������������������������������������������������������������������������������������

[12] and thermographically [13]. The molecular
weight M of the polymer was determined viscometri-
cally [14]. Gel permeation chromatography (GPC)
was performed on a device equipped with a set of five
Styrogel columns with the pore size of 105, 3 � 104,
104, 103, and 250 � (Waters, the United States).
An R-403 differential refractometer (Waters) was used
as detector. Tetrahydrofuran (THF) was the eluent.
Calibration was performed using close-cut polystyrene
references [15]. The ESR spectra were recorded on an
AE4700 radiospectrometer. Crystalline MgO doped
with Mn2+ ions was used as a reference for the mag-
netic field calibration.

Polymerization of methyl methacrylate (MMA) in
the presence of DBHA was performed at 50�C in the
presence of DPC, which simultaneously acts as oxi-

P, %

�

Fig. 1. Variation of the viscosity-averaage molecular weight
M of PMMA with conversion P. Initiatior DPC (0.1 mol %),
synthesis temperature 50�C. DBHA concentration, mol %:
(1) 0 and (2) 0.015.

dant for DBHA and as initiator of radical polymeriza-
tion. On introducing 0.005�0.01 mol % DBHA into
the system, the gel effect noticeably decreases, which,
as noted above, is one of the evidences of polymeriza-
tion in the living chain mode. The molecular weight
of the polymer formed in the presence of DBHA line-
arly grows with the conversion (Fig. 1, curve 2), and
the unimodal MWD curves shift toward higher molec-
ular weights with increasing conversion. However,
the initially low polydispersity coefficient noticeably
increases at conversions exceeding 30% (see table).

Similar results were obtained in polymerization of
styrene in the presence of DBHA (0.2�0.4 mol %)
and another peroxy initiator, BP (1.0 mol %). Poly-
merization of styrene at 100�C occurs without gel
effect, and the molecular weight of polystyrene (PS)
formed in the presence of DBHA also linearly grows
with conversion (Fig. 2). The MWD curves are uni-
modal, and the maximum (mode) somewhat shifts
toward higher M with conversion (Fig. 3). It is partic-
ularly important that the polydispersity coefficient of
the samples prepared in the presence of DBHA is
lower compared to the samples prepared without it
(see table, run nos. 5�9). Furthermore, the polydisper-
sity of polystyrene decreases with increasing conver-
sion (see table, run nos. 6�9).

Our results give good grounds to suggest that, in
polymerization of MMA in the presence of DBHA
and DPC, some polymeric chains propagate by the
reversible inhibition mechanism [Eq. (3)], but the
secondary catalytic inhibition [Eqs. (4), (5)] also
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makes a significant contribution:

N�O
.

+ CH2=C �� N�OH + CH2=C,
��

�
CH3

�
C��OCH3

O

��
�
CH2
.

�
C��OCH3

O

(4)N�O
.

+ CH2=C �� N�OH + CH2=C,
��

�
CH3

�
C��OCH3

O

��
�
CH2
.

�
C��OCH3

O

(4)

�� N�O
.

+ �CH2�CH.�� (5)

N�OH + �CH2� C.��
�
CH3

�
C��OCH3

O

�
CH3

�
C��OCH3

O
�� N�O

.
+ �CH2�CH.�� (5)

N�OH + �CH2� C.��
�
CH3

�
C��OCH3

O

�
CH3

�
C��OCH3

O

According to published data [16, 17], reactions (4)
and (5) are more typical of methacrylic monomers and
virtually do not occur with styrene. Also, in the pres-
ence of DBHA formation of the nitroxyl radical (in
situ) occurs concurrently with chain propagation and
termination by the common radical mechanism. The
polymer chain propagation by several mechanisms,
occurring in the presence of DBHA, results in in-
creased polydispersity of PMMA.

The results of the kinetic studies of styrene poly-
merization in the presence of DBHA and BP, and also
the molecular-weight characteristics of the synthesized
polymers suggest predominant realization of the rever-
sible inhibition mechanism in this case [Eq. (3)].
Of particular importance in this case are linear depen-
dence of M on conversion, issuing virtually from the
origin, pronounced shift of the MWD curves toward
higher M with conversion, and low polydispersity
coefficients of the polystyrene samples at high con-
versions.

To evaluate the contribution of reaction (5) to
control of the chain propagation, we studied polymeri-
zation of styrene in the presence of a nonperoxy initi-
ator, AIBN, which is incapable of oxidizing hydroxyl-
amine to the nitroxyl spin adduct.

With AIBN used as initiator of styrene polymeriza-
tion in the presence of DBHA at 70�C, the decreased
gel effect, linear growth of the polystyrene molecular
weight with conversion (Fig. 4), and shift of MWD
curves toward higher M with conversion are observed
also. Although the polydispersity coefficient of the
samples prepared in the presence of DBHA is some-
what lower compared to the samples prepared without

P, %

�

Fig. 2. Variation with conversion P of the (1) viscosity-
average and (2) number-average molecular weight M of
polystyrene prepared in the presence of BP (1.0 mol %).
Synthesis temperature 100�C. DBHA concentration, mol %:
(1) 0 and (2) 0.4.

log M

Wi

Fig. 3. MWD curves of polystyrene prepared in the pres-
ence of BP (1.0 mol %). DBHA concentration 0.4 mol %,
synthesis temperature 100�C. (Wi) Fraction of the polymer
and (M) molecular weight. Conversion, %: (1) 18, (2) 22,
(3) 45, and (4) 77.

�

P, %

Fig. 4. Variation with conversion P of the (1, 2) viscosity-
average and (3) number-average molecular weight M of
polystyrene. Initiator AIBN (0.8 mol %), synthesis tempera-
ture 70�C. DBHA concentration, mol %: (1) 0 and (2, 3) 0.5.

it (also with AIBN as initiator; see table, run no. 10),
it considerably grows with conversion, exceeding the
polydispersity coefficients of the samples prepared in
the presence of DBHA with BP as initiator.

Azobis(isobutyronitrile), in contrast to peroxides,
does not oxidize DBHA to nitroxyl radical. Nitroxyl
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radcal can form in the course of polymerization exclu-
sively by hydrogen abstraction from hydroxylamine
with the propagating macroradical [Eq. (5)]. Hence, in
this case the concentration of the nitroxy spin adduct
as chain-terminating agent [Eq. (3)] is considerably
lower than with the peroxy initiator. Furthermore,
the half-lives of AIBN and BP differ considerably.
For example, AIBN can initiate radical polymerization
of styrene throughout the process: The half-life of
AIBN at 70�C is longer (300 min) than that of BP at
100�C (25 min). Formation of the �dead� polymer due
to decomposition of residual AIBN and the lower
concentration of di-tert-butylnitroxyl cause the poly-
dispersity coefficient to increase.

In contrast to AIBN, benzoyl peroxide in polymeri-
zation in the presence of DBHA not only acts as initi-
ator, but also oxidizes hydroxylamine to nitroxyl spin
adduct reinitiating the chain propagation by Eq. (3).
Formation of di-tert-butylnitroxyl by oxidation of
DBHA with benzoyl peroxide was confirmed by ESR.
The ESR spectrum contains a triplet with the hyper-
fine coupling constant aN = 15.5 Oe, belonging to the
di-tert-butylnitroxyl radical. Participation of the di-
tert-butylnitroxyl radical in chain propagation appre-
ciably reduces the contribution of the so-called �dead�
process as compared to styrene polymerization in the
presence of AIBN.

CONCLUSIONS

(1) Additions of di-tert-butylhydroxylamine con-
trol the kinetic parameters of polymerization of sty-
rene and methyl methacrylate and the molecular-
weight characteristics of the polymers under the con-
ditions similar to those of the commercial synthesis.

(2) The polymerization control with di-tert-butyl-
hydroxylamine is the most efficient in polymerization
of styrene with peroxy initiators.
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Abstract�S-Substituted 2-mercapto-1,4-dihydroxybenzenes were prepared, and their antioxidative activity
in autooxidation of cumene and in the reactions with cumylperoxy radicals and cumyl hydroperoxide was
studied.

Sulfur-substituted phenols as effective oxidation
inhibitors are widely used for stabilization of petrole-
um products [1]. Their high inhibiting performance is
due to the presence in one molecule of two functional
groups: phenolic hydroxyl and sulfide sulfur, making
these compounds capable to inhibit oxidation by scav-
enging of peroxy radicals and decomposition of per-
oxides [2, 3].

Proceeding with studies on synthesis of phenolic
sulfides [2�7], we prepared S-substituted 2-mercapto-
1,4-dihydroxybenzenes and studied their antioxidative
activity in cumene oxidation.

2-Mercapto-1,4-dihydroxybenzene I was prepared
as follows:

���
��

��

O

O

+ Na2S2O3 �
��

�

OH

OH

��
SSO3Na

��
[H]

�
��

�

OH

OH

SH

I

.���
��

��

O

O

+ Na2S2O3 �
��

�

OH

OH

��
SSO3Na

��
[H]

�
��

�

OH

OH

SH

I

.

S-Methyl (II), S-ethyl (III), S-isopropyl (IV),
S-carboxymethyl (V), S-acetyl (VI), S-allyl (VII),
and S-benzyl (VIII) derivatives of I were prepared
by the reactions of I with the corresponding halides in
the presence of NaOH:

�
��

�

SR
I + RX ����

NaOH
_NaX ,

OH

OH II_VIII

�
��

�

SR
I + RX ����

NaOH
_NaX ,

OH

OH II_VIII

where R = CH3, X = I (II); R = C2H5, X = Br (III);

R = (CH3)2CH, X = Br (IV); R = CH2COOH, X =
Cl (V); R = CH3CO, X = Br (VI); R = CH2=CHCH2,
X = Br (VII); R = C6H5CH2, X = Cl (VIII).

S-tert-Butyl (IX) and S-(2-cyanoethyl) (X) deriva-
tives of I were prepared, respectively, by addition of I
to acrylonitrile in the presence of triethylamine and to
2-methylpropene in the presence of catalytic amounts
of sulfuric acid:

I ���
�
�
�

�
�

������
CH2=C(CH3)2

CH2=CHCN
������

�
��

�

OH

OH

SC(CH3)3.

�
��

�

SCH2CH2CN,

OH

OH

X

IX

I ���
�
�
�

�
�

������
CH2=C(CH3)2

CH2=CHCN
������

�
��

�

OH

OH

SC(CH3)3.

�
��

�

SCH2CH2CN,

OH

OH

X

IX

The purity of the compounds was checked by TLC
and elemental analysis (Table 1), and their structures
were proved by IR and 1H NMR spectroscopy.

The IR spectra of I�X contain absorption bands
at about 1450 (C��C stretching vibrations in the aro-
matic ring), 3450 (stretching vibrations of the O�H
bond involved in hydrogen bonding with the adjacent
S atom [8]), and 810�860 cm�1 (1,2,4-substituted
benzene ring). The 1H NMR spectra of mercaptophen-
ols I�X contain a proton signal from two hydroxy
groups (7.4 ppm). The multiplets of three benzene
ring protons are observed at about 5.9 ppm. Com-
pound I exhibits a band at 2530 cm�1 in the IR spec-
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Table 1. Yields, melting points, retention factors (Rf), and elemental analyses of I�X
������������������������������������������������������������������������������������

Com-
�

mp, �C
�

Yield, %
�

Rf

� Found, % �
Formula

� Calculated, %
� � � �������������������� ��������������������

pound � � � � C � H � S � � C � H � S
������������������������������������������������������������������������������������

I � 117�117.5 � 38 � 0.57 � 50.83 � 4.07 � 22.36 �C6H6O2S � 50.68 � 4.25 � 22.55
II � 123�124 � 47 � 0.82 � 53.49 � 5.28 � 20.32 �C7H8O2S � 53.82 � 5.16 � 20.51
III � 135�136 � 35 � 0.63 � 56.21 � 5.75 � 20.66 �C8H10O2S � 56.45 � 5.92 � 20.49
IV � 142�143 � 42 � 0.47 � 57.83 � 5.62 � 17.23 �C9H12O2S � 58.67 � 6.56 � 17.40
V � 147�148 � 55 � 0.73 � 60.73 � 7.41 � 16.38 �C10H14O2S � 60.57 � 7.12 � 16.17
VI � 140�142 � 49 � 0.87 � 50.72 � 4.17 � 15.27 �C9H8O2S � 50.94 � 3.79 � 15.11
VII � 99�100 � 60 � 0.68 � 52.37 � 4.61 � 17.59 �C8H8O3S � 52.16 � 4.38 � 17.41
VIII � 132�133 � 26 � 0.85 � 59.12 � 5.74 � 17.39 �C9H10O2S � 59.32 � 5.53 � 17.60
IX � 97�98 � 75 � 0.57 � 55.52 � 4.19 � 16.58 �C9H9NO2S � 55.37 � 4.65 � 16.42
X � 148�149 � 36 � 0.90 � 67.43 � 5.39 � 13.67 �C13H12O2S � 67.25 � 5.21 � 13.80

������������������������������������������������������������������������������������

trum (S�H stretching vibrations), and its NMR spec-
trum contains an SH proton singlet at 3.3 ppm. The
IR and 1H NMR spectra of II�X exhibit features
characteristic of the substituents at the S atom.

To evaluate the inhibiting activity of I�X, we used
as model substrate cumene, as the mechanism of its
oxidation is well understood. Experiments on cumene
autooxidation in the presence of I�X revealed their
fairly high inhibiting performance. Experiments on
oxidation of cumene initiated with azobis(isobutyro-
nitrile) (AIBN; 60�C, [AIBN] = 2 � 10�2 M) showed
that these compounds actively terminate oxidation
chains, reacting with cumylperoxy radicals. Data for I
as example are shown in Fig. 1. From the induction
period �ind, we calculated the stoichiometric inhibition
coefficient f equal to the number of oxidation chains

1/� � 10�4

�, min

VO2,
ml

1/VO2 �

102

Fig. 1. Kinetic curves of O2 uptake in initiated oxidation of
cumene (1) without additives and (2) in the presence of I.
(3) Linearization of curve 2 in the coordinates 1/��1/VO2

.
(VO2

) Volume of oxygen taken up and (�) time.

terminated on one molecule of an inhibitor and its
transformation products:

f = �indvind/[In]0,

where �ind is the induction period; vind, initiation rate;
and [In]0, initial concentration of inhibitor In.

From the kinetics of the oxygen uptake, we calcu-
lated the rate constants of the reactions of the inhibit-
ors with peroxy radicals k7 [8, 9]. To do this, we
transformed the kinetic curves of the oxygen uptake
from the coordinates [O2]�� to the coordinates [O2]�1�
�
�1 and from the slope tan�, equal [9, 10] to

tan� = fk7[In]0/(k2[RH]vind),

found the constant k7:

k7 = tan�k2[RH]vind/f[In]0,

where k2 is the rate constant of chain initiation [9, 10],
equal to 1.51 l mol�1 s�1; [RH] = 6.9 M.

Table 2 shows that the constants k7 for the com-
pounds with electron-donor substituents are higher
compared to the compounds with electron-acceptor
substituents. As for f, it varies in the range 1.05�2.20.

Reactions of I�X with cumyl hydroperoxide (CHP)
were performed in chlorobenzene under nitrogen at
110�C. All the compounds I�X decompose CHP.
Figure 2 shows (by the example of I) that the kinetic
curve of CHP decomposition in the presence of mer-
captophenols is S-shaped, which is typical of auto-
catalytic processes. The reaction starts with a certain
induction period in which the consumption of CHP is
insignificant; this is followed by fast catalytic decom-
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position of CHP and then by reaction deceleration due
to a decrease in the CHP concentration. Apparently,
the inhibitor first reacts with CHP to give a product
that catalytically decomposes CHP.

To determine the reaction order, we studied how
the initial rate of the catalytic decomposition of CHP
depends on the concentrations of the reactants. We
found that the initial rate v0 of catalytic decomposition
of CHP under the action of I�X obeys the kinetic
equation

v0 = k[In][ROOH]2.

To determine the reaction stoichiometry, we took
CHP in excess. The catalytic factor � characterizes
the number of CHP molecules decomposed with one
inhibitor molecule; it was calculated by the formula

� = [ROOH]0 � [ROOH]
�

/[In]0,

where [ROOH]0 and [ROOH]� are, respectively, the
initial and final concentrations of [CHP], and [In]0 is
the initial inhibitor concentration.

Experiments showed that one molecule of I�X can
decompose up to several thousands of CHP molecules
(Table 2). The kinetic parameters of the reaction show
certain correlation with the properties of substituents
at the S atom. In particular, in going to branched alkyl
substituents (compounds II�V) k decreases, probably
owing to steric factors; � is higher for the compounds
with electron-donor substituents at the S atom.

EXPERIMENTAL

The IR spectra were recorded on a Specord 75-IR
spectrophotometer, and the 1H NMR spectra, on a
Varian T-60 spectrometer, with tetramethylsilane as
internal reference.

2-Mercapto-1,4-dihydroxybenzene I. A solution
of 43.2 g of benzoquinone in 150 ml of glacial acetic
acid was heated to 40�50�C, and then a solution of
150 g of Na2S2O3 in 200 g of water was gradually
added, avoiding warming-up of the reaction mixture
by more than 10�C. After short stirring, the transpar-
ent and almost colorless solution was saturated with
KCl to precipitate sodium S-(2,5-dihydroxyphenyl)
thiosulfate. A solution of 2.6 g of this salt in 10 ml of
water was mixed with 20 ml of concentrated HCl, and
5 g of zinc dust was gradually added; the reaction
temperature was maintained at 40�50�C until the gas
evolution ceased.

Table 2. Kinetic parameters of the reactions of mercapto-
phenols I�X with cumylperoxy radicals k7 and f (60�C,
[AIBN] = 2 � 10�2 M) and of decomposition of cumyl
hydroperoxide k and � (110�C)
����������������������������������������

Com- � k7�10�4, �
f

� k, �
�

pound � l mol�1 s�1 � � l mol�1 s�1 �
����������������������������������������
I � 2.15 � 1.27 � 10.45 � 4500
II � 1.53 � 2.20 � 3.24 � 3350
III � 1.71 � 2.11 � 2.45 � 2730
IV � 2.70 � 1.92 � 1.96 � 1840
V � 1.52 � 1.05 � 1.62 � 400
VI � 2.17 � 1.72 � 2.99 � 2800
VII � 1.05 � 1.64 � 3.50 � 1770
VIII � 1.41 � 1.57 � 3.10 � 1050
IX � 1.25 � 1.62 � 4.63 � 1500
X � 1.15 � 1.74 � 4.67 � 2870
����������������������������������������

2,5-Dihydroxyphenyl methyl sulfide II. A 2-g
portion of NaOH was added at 10�15�C to a solution
of 7.1 g (0.05 mol) of I in 30 ml of isopropyl alcohol,
after which 7.1 g of methyl iodide was added at the
same temperature. The reaction was performed under
nitrogen. The temperature was raised to 60�C, after
which the mixture was stirred for an additional 3 h
and washed first with 2 M HCl and then with water to
neutral reaction. The organic layer was treated with
petroleum ether (30�60�C) and dried over sodium
sulfate.

Compounds III, IV, VII, VIII, and X were pre-
pared similarly.

2,5-Dihydroxyphenyl tert-butyl sulfide IX.
A 3-ml portion of isobutylene was added to a mixture
of 7.1 g of I and five drops of concentrated H2SO4
saturated with (NH4)2SO4, heated to 110�120�C.
Then the mixture was neutralized with 13 ml of 2 M
NaOH, treated with petroleum ether, and washed three

�, min

[ROOH], M

Fig. 2. Kinetic parameters of decomposition of cumyl hy-
droperoxide (ROOH) under the action of I. [In] = 3 � 10�4,
[ROOH]0 = 0.285 M. (�) Time.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 5 2004

786 FARZALIEV et al.

times with water. After drying over Na2SO4, the sol-
vent was distilled off.

2,5-Dihydroxyphenyl 2-carboxymethyl sulfide V.
A 7.1-g portion of I was added to a solution of 2 g of
NaOH in 10 ml of water, and a concentrated solution
of 4.7 g of chloroacetic acid, neutralized with sodium
hydrogen carbonate, was added with stirring and cool-
ing. After 5 h, the solution was heated, impurities
were steam-distilled, and the solution was acidified
with dilute H2SO4.

2,5-Dihydroxyphenyl 2-cyanoethyl sulfide X.
A mixture of 7.1 g of I, 20 ml of anhydrous benzene,
and a drop of triethylamine was stirred at 60�70�C for
3 h. Then the mixture was washed with water and
dried over Na2SO4. The solvent was distilled off, and
the product was recrystallized from diethyl ether.

CONCLUSIONS

(1) 2-Mercapto-1,4-dihydroxybenzene was pre-
pared and converted into various S-substituted deriva-
tives.

(2) The compounds synthesized exhibit synergism
as inhibitors of cumene oxidation and, being poly-
functional antioxidants, terminate cumene oxidation
chains by reactions with peroxy radicals and catalyti-
cally decompose cumene hydroperoxide.
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Abstract�Reactions of 2-amino-4-phenyl-1,3-thiazole with aromatic aldehydes, phenyl isocyanate, and
carboxylic acid chlorides were studied.

Various thiazoles exhibit antimicrobial, antihelmin-
tic, antiparasitic, and antipyretic properties [1�3].
Thiazole derivatives are widely used as antioxidants
[4], vulcanization accelerators [5], and photochromic
compounds [6]. Thiazoles and azomethines derived
from them are important analytical reagents [7]. Thia-
zoles are also used for preparing various heterocycles
[8], cyclizing terpenes [9], and concentrating some
transition metals. In many cases, the triazoles used
contain aryl and basic (amino) groups.

In this context, it seemed appropriate to prepare a
thiazole containing simultaneously aryl and amino
groups, 2-amino-4-phenyl-1,3-thiazole I, and its deriv-
atives.

Compound I was prepared according to [10] in
two steps: bromination of acetophenone followed by
the reaction of the resulting �-bromoacetophenone
with thiourea; the yield of the target product was 90%:

PhCOCH3 ����� PhCOCH2Br
Br2, AlCl3

_HBr

NH2C(S)NH2������ �
�

��
S

NPh �
I

NH2 .

PhCOCH3 ����� PhCOCH2Br
Br2, AlCl3

_HBr

NH2C(S)NH2������ �
�

��
S

NPh �
I

NH2 .

Reaction of thiazole I with phenyl isocyanate gave
urea derivative II; hydrogen substitution with bromine
in I yielded 2-amino-5-bromo-4-phenylthiazole III:

������� ���
�N

S

Ph �NHCNHPh
II

�����
���

������� ���
�N

S

Ph

��
NH2

Br

III

��������
���I

�������

����
�
����1-CH(O)-2-RC6H4 ���

�N

S
�N CH�C6H4R�2,�Ph

PhN=C=O

Br2, AcOH

_HBr

�
O

IV, VH2O

������� ���
�N

S

Ph �NHCNHPh
II

�����
���

������� ���
�N

S

Ph

��
NH2

Br

III

��������
���I

�������

����
�
����1-CH(O)-2-RC6H4 ���

�N

S
�N CH�C6H4R�2,�Ph

PhN=C=O

Br2, AcOH

_HBr

�
O

IV, VH2O

where R = H (IV), OH (V).

It is known thart condensation of various amines
with aldehydes yields Schiff bases. We have studied
for the first time the reactions of I with benzaldehyde
and salicylaldehyde and obtained the corresponding
Schiff bases IV and V.

2-(2-Hydroxybenzylidenimino)-4-phenyl-1,3-thia-
zole V is hydrogenated under mild conditions with
sodium borohydride to give 2-(2-hydroxybenzyl-
amino)-4-phenyl-1,3-thiazole VI. Treatment of VI
with HCl gives the corresponding hydrochloride:

�
�
�NHCH2C6H4OH-2
��
N

S
V + NaBH4 ��

Ph

VI

���
HCl �
�
�NHCH2C6H4OH-2�HCl.
��
N

S

Ph

VII

�
�
�NHCH2C6H4OH-2
��
N

S
V + NaBH4 ��

Ph

VI

���
HCl �
�
�NHCH2C6H4OH-2�HCl.
��
N

S

Ph

VII

With the aim to synthesize potentially physiologi-
cally active derivatives of thiazole I, we prepared its
hydrochloride VIII, which, in contrast to the free
base, is readily soluble in water; acylation of I gave
amide hydrochlorides IX and X:

I + HCl �� �
�
�

S

NPh
NH2�HCl,

VIII

��I + HCl �� �
�
�

S

NPh
NH2�HCl,

VIII

��

I + RCOCl �� �
�
�

S

NPh
NHCOR�HCl,

IX, X

��I + RCOCl �� �
�
�

S

NPh
NHCOR�HCl,

IX, X

��

where R = Me (IX), Ph (X).

The IR spectra of Schiff bases IV and V are similar
to that of thiazole I. However, there is a new absorp-
tion band at about 3450 cm�1 in the spectra of IV and
V, characterizing an intramolecular hydrogen bond
between the phenolic hydroxyl and N=CH fragment.
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Yields, melting points, and elemental analyses of 2-amino-4-aryl-1,3-thiazole I and its derivatives II�X
������������������������������������������������������������������������������������

Com-
�

Yield,
�

mp, �C
� Found, % �

Formula
� Calculated, %

� � �������������������������� ������������������������
pound � % � � C � H � N � S � � C � H � N � S

������������������������������������������������������������������������������������
I � 70 � 148�150 � 61.21 � 4.73 � 15.51 � 18.42 �C9H8N2S � 61.34 � 4.58 � 15.89 � 18.19
II � 91 � 209 � 65.16 � 4.28 � 14.08 � 10.92 �C16H13N3OS � 65.06 � 4.44 � 14.23 � 10.86
III � 65 � 155�156 � 42.58 � 2.44 � 10.68 � 12.73 �C9H7N2SBr � 42.37 � 2.76 � 10.98 � 12.57
IV � 71 � 160�161 � 72.61 � 4.73 � 10.75 � 12.02 �C16H12N2S � 72.70 � 4.58 � 10.60 � 12.12
V � 80 � 143 � 68.76 � 4.13 � 9.74 � 11.28 �C16H12N2OS � 68.55 � 4.31 � 9.99 � 11.44
VI � 70 � 155 � 67.93 � 5.14 � 9.86 � 11.49 �C16H14N2OS � 68.06 � 5.00 � 9.92 � 11.36
VII � 93 � 177 � 60.35 � 4.57 � 8.92 � 10.26 �C16H15N2OSCl � 60.28 � 4.74 � 8.79 � 10.06
VIII � 85 � 176�177 � 50.99 � 4.11 � 13.45 � 15.22 �C9H9N2SCl � 50.82 � 4.27 � 13.17 � 15.07
IX � 90 � 168 � 51.99 � 4.26 � 10.78 � 12.74 �C11H11N2OSCl � 51.87 � 4.35 � 11.00 � 12.59
X � 87 � 195 � 60.48 � 4.03 � 8.72 � 10.95 �C16H13N2OSCl � 60.66 � 4.14 � 8.84 � 10.12
������������������������������������������������������������������������������������

No bands characteristic of NH2 stretching vibrations
were revealed. The bands at about 3300 cm�1 in the
IR spectrum of VI characterize the intramolecular
hydrogen bond HN���HO.

The UV spectrum of V dramatically differs from
that of its hydrogenated analog VI. The absorption
bands at 208 and 278 nm in V belong to conjugated
aromatic rings, and the long-wave band at 385 nm is
due to the � � �* transition in the conjugated azo-
methine fragment C=N. In the spectrum of VI, this
band is absent. The lack of conjugation between the
benzene rings results in this case in the presence of
two bands at 260 and 282 nm, assignable to the
monosubstituted benzene and phenolic rings, respec-
tively, instead of a single band at 278 nm.

In the 1H NMR spectrum of V, the phenolic hy-
droxyl proton gives a signal at about 3.25 ppm, and
the N=CH proton, at 7.85�7.90 ppm. In the hydroxy-
phenyl moiety, the four nonequivalent protons give
a multiplet at 7.2�7.5 ppm.

The yields and melting points of I�X are listed in
the table. The purity of I�X was confirmed by TLC,
and the compositions and structures were proved by
elemental analysis and by IR, UV, and 1H NMR spec-
troscopy.

EXPERIMENTAL

The IR spectra of I�X were taken on a Specord IR-
75 spectrophotometer. Samples were prepared as thin
films or mulls in mineral oil. The spectra were re-
corded in the range 700�3700 cm�1 using KBr, NaCl,
and LiF prisms. The 1H NMR spectra were taken on a
Varian VXR-400S spectrometer (400 MHz, solutions
in DMSO-d6, internal reference TMS). The TLC anal-

ysis was performed on Silufol UV-254 plates. A 1 : 1
(by volume) mixture of isopropyl alcohol and heptane
was used as eluent. The plates were developed with
iodine vapor.

2-(Phenylaminocarbonylamino)-4-phenyl-1,3-
thiazole II. A 2.4-g (0.02-mol) portion of phenyl iso-
cyanate was added dropwise with stirring to a solution
of 3.4 g (0.02 mol) of I in 20 ml of anhydrous tolu-
ene. The stirring was continued for 24 h at 60�C.
Then the mixture was cooled to room temperature,
and the colorless crystalline precipitate was filtered
off and recrystallized from acetone.

2-Amino-4-phenyl-5-bromo-1,3-thiazole III.
A solution of 3.2 g (0.02 mol) of bromine in 10 ml of
acetic acid was added at 20�C to a solution of 3.4 g
(0.02 mol) of I in 20 ml of glacial acetic acid, and the
mixture was stirred at 20�C for 30 min. Then 100 ml
of water was added. The yellowish precipitate that
formed in 2 h was filtered off and recrystallized from
ethanol.

2-Benzylidenamino-2-phenyl-1,3-thiazole IV.
A 8.8-g (0.05-mol) portion of I was added to 5.3 g
(0.05 mol) of benzaldehyde, and the mixture was vig-
orously stirred for 3 min. Then the mixture was trans-
ferred into a beaker, 15 ml of ethanol was added, and
the mixture was cooled. The colorless crystalline pre-
cipitate that formed in several minutes was filtered off.

2-(2-Hydroxybenzylidenamino)-4-phenyl-1,3-thi-
azole V. A 8.8-g (0.05-mol) portion of I was added
to 6.1 g (0.05 mol) of salicylaldehyde, and the mixture
was vigorously stirred for 30 min. In so doing, the
mixture spontaneously warmed up to 40�C. Then the
mixture was transferred into a beaker, 15 ml of ethan-
ol was added, and the mixture was cooled with ice.
The crystalline precipitate that formed was filtered off.
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2-(2-Hydroxybenzylamino)-4-phenyl-1,3-thiazole
VI. A 30-ml portion of ethanol was added to 5.6 g
(0.02 mol) of V, and the mixture was stirred to obtain
a suspension. Then sodium borohydride was added,
and the mixture was stirred for an additional 30 min.
After that, 100 ml of water was added, and the mix-
ture was acidified to pH 7.5. The colorless crystalline
precipitate that formed was filtered off and recrystal-
lized from benzene.

2-Amino-4-phenyl-1,3-thiazole hydrochloride
VIII. Dry HCl was passed through a solution of 8.2 g
(0.05 mol) of I in 30 ml of isopropyl alcohol, cooled
to 0�C. The colorless crystalline precipitate that
formed was filtered off and washed three times with
anhydrous diethyl ether. The resulting hydrochloride
was recrystallized from ethanol.

Compound VII was prepared similarly.

2-Acetylamino-4-phenyl-1,3-thiazole hydrochlo-
ride IX. Freshly distilled acetyl chloride (1.5 g,
0.02 mol) was added dropwise to a solution of 3.4 g
(0.02 mol) of I in 10 ml of anhydrous toluene, cooled
to 0�5�C. The colorless crystalline precipitate that
formed was filtered off and recrystallized from ace-
tone.

Compound X was prepared similarly.

CONCLUSION

2-Amino-4-phenyl-1,3-thiazole was synthesized in
a high yield and converted into various derivatives
(azomethines, halides, amides), which may be promis-

ing as bioactive substances, antioxidants, and analyt-
ical reagents.
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Abstract�Inhibiting effect on acid corrosion of steel 45 and biocidal activity with respect to sulfate-reducing
bacteria are studied for a series of N-aryl-N-(6,7,8,9-tetrahydro-5H-[1,2,4]triazolo[4,3-a]azepin-3-ylmethyl)-
amines.

Both acid corrosion inhibitors [1] and biocides [2]
are known among nitrogen-containing heterocyclic
organic compounds. We made an attempt to syn-
thesize compounds demonstrating these properties in
combination. Such compounds can find application
in developing inhibitor formulations, paint and varnish
materials, and protective compositions for metals ex-
ploited under the impact of several corrosion factors.

The goal of this work is to study the inhibiting
activity of N-aryl-N-(6,7,8,9-tetrahydro-5H-[1,2,4]tri-
azolo[4,3-a]azepin-3-ylmethyl)amines in hydrochloric
acid solutions and also to characterize the biocidal
activity of these compounds with respect to sulfate-
reducing bacteria as the major factor of biocorrosion.

EXPERIMENTAL

N-Aryl-N-(6,7,8,9-tetrahydro-5H-[1,2,4]triazolo-
[4,3-a]azepin-3-ylmethyl)amines 3a�3i were syn-
thesized by reactions of 7-methoxy-3,4,5,6-tetrahydro-
2H-azepine with hydrazides of substituted N-arylami-
noacetic acids [4, 5]. To 0.01 mol of hydrazide 2a�2i
in 30 ml of 2-propanol, 0.011 mol of compound 1 was
added and the mixture was refluxed for 2 h. The reac-
tion progress was monitored chromatographically.
After the reaction completion, the mixture was cooled,
and the precipitate was filtered off, washed with
2-propanol, dried, and recrystallized from 2-propanol.
The characteristics of the products are summarized
in Table 1.

����
���
�
�N�

OMe
+ H2NNH ���
�
��N

H

O

�
R

1 2a�2i

����
���
�
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+ H2NNH ���
�
��N

H

O

�
R

1 2a�2i

����
���
�

N�	
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���

�3a�3i
N�
�
R

H

�N����
���
�

N�	

N

���

�3a�3i
N�
�
R

H

�N

where R = H (a), 4-F (b), 4-Cl (c), 4-I (d), 4-CH3O (e),
2,4-(CH3)2 (f), 4-CH3 (g), 2-CH3 (h), and 3-CH3 (i).

The composition and structure of the products were
confirmed by 1H NMR. The spectra in DMSO-d6
were recorded on a Bruker-300 instrument with TMS
as internal reference. The reaction was monitored
by TLC on Silufol UV-254 in the system chloro-
form/methanol = 9/1.

The inhibiting activity of the compounds was
studied in 1 M HCl at 293 K by the electrochemical
method using a P-5845 potentiostat [6]. Polarization
curves (80 mV min�1) were recorded at the stationary
potential of free corrosion �s in a three-electrode glass
cell with separated cathode and anode spaces (working
steel 45 end face electrode, Ag/AgCl reference elec-
trode, and Pt auxiliary electrode). The potentials were
recalculated to the standard hydrogen scale. The con-
centration of 3a�3i was 2 mM. From the polarization
curves, we determined the potential and current of free
corrosion �f and If, and also potentials and currents
of cathodic (�c, Ic) and anodic (�a, Ia) corrosion. Then
we estimated the Tafel coefficients ac, aa, bc, and ba;
electrochemical corrosion inhibition coefficients �s, �c,
and �a; protective efficiency Zf, Zc, and Za; and, final-
ly, the shift of the adsorption potential ��� [1].
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Table 1. Characteristics of N-aryl-N-(6,7,8,9-tetrahydro-5H-[1,2,4]triazolo[4,3-a]azepin-3-ylmethyl)amines
������������������������������������������������������������������������������������

Compound
�

Yield, %
�

mp, �C
� Found, % �

Formula
� Calculated, %

� � ����������������������� ���������������������
� � � N � Hlg � � N � Hlg

������������������������������������������������������������������������������������
3a � 78 � 199�200 � 23.38 � � �C14H18N4 � 23.14 � �

3b � 76 � 182�183 � 21.20 � 7.02 �C14H17FN4 � 21.05 � 7.14
3c � 81 � 193�195 � 20.46 � 12.95 �C14H17ClN4 � 20.25 � 12.84
3d � 72 � 214�216 � 15.04 � 34.65 �C14H17IN4 � 15.22 � 34.51
3e � 77 � 175�177 � 20.76 � � �C15H20N4O � 20.58 � �

3f � 76 � 156�158 � 20.49 � � �C16H22N4 � 20.74 � �

3g � 77 � 184�186 � 21.98 � � �C15H20N4 � 21.88 � �

3h � 64 � 163�164 � 21.64 � � �C15H20N4 � 21.88 � �

3i � 70 � 201�203 � 22.05 � � �C15H20N4 � 21.88 � �

������������������������������������������������������������������������������������

Table 2. Electrochemical parameters of corrosion of steel 45 in 1 M HCl
������������������������������������������������������������������������������������

Compound
� Potential, V � Current density, A m�2 � Constants in Tafel equation, V �

���, V������������������������������������������������������������������
� ��f � ��a � �jc � If � Ia � Ic � ac � ac � bc � ba �

������������������������������������������������������������������������������������
� � 0.235 � 0.190 � 0.365 � 3.16 � 50.12 � 50.12 � 0.869 � �0.002 � 0.18 � 0.06 �
3a � 0.225 � 0.160 � 0.410 � 1.42 � 14.13 � 30.20 � 0.914 � +0.008 � 0.18 � 0.06 � +0.042
3b � 0.230 � 0.160 � 0.420 � 1.26 � 14.13 � 25.12 � 0.929 � +0.008 � 0.18 � 0.06 � +0.021
3c � 0.195 � 0.090 � 0.490 � 0.33 � 1.32 � 10.00 � 0.994 � +0.078 � 0.18 � 0.06 � +0.169
3d � 0.205 � 0.110 � 0.465 � 0.53 � 2.52 � 14.45 � 0.969 � +0.058 � 0.18 � 0.06 � +0.126
3e � 0.210 � 0.145 � 0.380 � 1.74 � 8.92 � 44.67 � 0.884 � +0.023 � 0.18 � 0.06 � +0.104
3f � 0.225 � 0.160 � 0.410 � 1.42 � 14.13 � 30.20 � 0.914 � +0.008 � 0.18 � 0.06 � +0.042
3g � 0.225 � 0.130 � 0.500 � 0.48 � 5.00 � 9.13 � 1.00 � +0.038 � 0.18 � 0.06 � +0.042
3h � 0.219 � 0.120 � 0.490 � 0.52 � 4.17 � 10.96 � 0.994 � +0.048 � 0.18 � 0.06 � +0.067
3i � 0.225 � 0.138 � 0.470 � 0.70 � 6.30 � 13.18 � 0.974 � +0.03 � 0.18 � 0.06 � +0.042

������������������������������������������������������������������������������������

The kinetics of adsorption was monitored by a
decrease in the cathode current (by 0.6 V relative to
the stationary current) after adding an inhibitor to the
electrolyte solution. To elucidate the most probable
mechanism of inhibiting action, we estimated the cor-
relation coefficients r in processing data in the coor-
dinates log I��, �I�log �, log�I�log �, log log I /I���,
log ��log �, and log log ��log � [1].

The antibacterial activity was studied by the meth-
od of diffusion of the compounds studied to agar
using paper disks impregnated with 0.1, 0.2, and 2%
alcoholic solutions of 3a�3i. The biocidal effect was
characterized by the diameter of the growth suppres-
sion area [7]. As a test culture we used a culture of
sulfate-reducing bacteria (SRB) separated from ferro-
sphere of corroding steel and grown in Postgate
medium B.

Experimental data were statistically treated at a
0.95 confidence level (three replicates) [8].

The anticorrosive properties of compounds 3a�3i
are given in Tables 2�4 and in the figure. Addition of
the inhibitor increases the free corrosion potential of
steel 45 by 5�40 mV (Table 2), suggesting preferen-

Table 3. Inhibition coefficients and protective efficiency
of compounds 3a�3i in corrosion of steel 45 in 1 M HCl
����������������������������������������

Com-
� Inhibition coefficients �Protective efficiency, %
�����������������������������������pound � �f � �a � �c � Zf � Za � Zc

����������������������������������������
3a � 2.2 � 3.6 � 1.7 � 55.0 � 72.0 � 86.0
3b � 2.5 � 3.6 � 2.0 � 60.0 � 72.0 � 50.0
3c � 9.6 � 38.0 � 5.0 � 89.5 � 97.0 � 80.0
3d � 6.0 � 20.0 � 3.5 � 83.3 � 95.0 � 71.4
3e � 1.8 � 5.6 � 1.1 � 44.0 � 82.0 � 9.0
3f � 2.2 � 3.6 � 1.7 � 55.0 � 72.0 � 86.0
3g � 6.6 � 10.0 � 5.5 � 84.8 � 97.0 � 80.0
3h � 6.1 � 12.0 � 4.6 � 83.6 � 78.2 � 91.6
3i � 4.5 � 8.0 � 3.8 � 77.7 � 73.7 � 87.5

����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 5 2004

792 DEMCHENKO et al.

Table 4. Correlation analysis of data on the decrease in the cathode current
������������������������������������������������������������������������������������

Coordinates
� Correlation coefficient estimated by the Pearson method [8]
����������������������������������������������������������������������
� 3a � 3b � 3c � 3d � 3e

������������������������������������������������������������������������������������
log I�� � �0.96 � �0.96 � �0.95 � �0.97 � �0.94
�I�log � � 0.29 � �0.49 � �0.81 � �0.69 � �0.60
log�I�log � � 0.29 � �0.56 � �0.87 � �0.61 � �0.66
log log I /I

�
�� � �0.97 � �0.97 � �0.97 � �0.96 � �0.95

log ��log � � �0.19 � �0.55 � �0.76 � �0.74 � �0.59
log log ��log � � �0.41 � �0.60 � �0.75 � �0.67 � �0.65
������������������������������������������������������������������������������������

tial inhibition of anodic dissolution of the metal at �f
in the presence of the inhibitor. Addition of com-
pounds 3a�3i decreased the free corrosion current by
a factor of 1.8�9.6, and the anode and cathode cur-
rents, by factors of 3.6�38.0 and 1.1�5.5, respec-
tively. Relatively high protective effect was shown by
compound 3c with a chlorine atom in the para posi-
tion of the benzene ring (	p = +0.227). The inhibition
coefficients �f, �c, and �a of 3c are higher that those of
the unsubstituted compound 3a by factors of 4.3, 2.9,
and 10.6, respectively (Table 3). The lowest protective
characteristics were shown by 3e (substituent OCH3;
	p = �0.268).

��, V

log I [A m�2]

(1�8) Cathode and (1��8�) anode polarization curves of steel
45 in 1 M HCl. Inhibitor concentration 2 mM. (�) Potential
and (I) current density. Inhibitor: (1, 1�) 3d, (2, 2�) 3b,
(3, 3 �) 3f, (4, 4�) 3a, (5, 5�) 3e, (6, 6�) 3c, (7, 7 �) 3g, and
(8, 8�) no inhibitor.

Addition of the inhibitors into 1 M HCl changes
the electrochemical parameters of electrode processes
as follows: the Tafel constant ac increases by 15�
131 mV, and aa, by 30�100 mV, which is consistent
with the inhibition coefficients (Table 3). The over-
voltage of electrode reactions increases as a result of
increase in the adsorption potential �� by 21�169 mV.

Adsorption of protonated molecules of 3a�3i from
the acid solution on the negatively charged metal sur-
face proceeds through electrostatic interaction. In this
case, the charge on the adsorption sites of the sorbate,
i.e., on the amine nitrogen and nitrogen atom of the
triazole ring, is of considerable importance.

The nature of a substituent in the para position of
the benzene ring affects most significantly the electron
density on the amine nitrogen in 3a�3i. A decrease in
the electron density on this atom caused by introduc-
tion of electron-acceptor substituents into the benzene
ring favors adsorption of the inhibitors on the metal
surface. As a result, the highest protective efficiency
was shown by compound 3c with a chlorine atom as
a substituent.

The adsorption equilibrium of compounds 3a�3i on
the negatively polarized metal surface is established
in 20�25 s. According to [1], if physical adsorption
dominates, purely energetic inhibiting effect may
be expected. However, no significant difference
was found in the correlation coefficients r obtained
in treating data on decrease in the cathode current
(Table 4) in the coordinates log I�� and log log I /I���,
suggesting realization of a complex energetic�adsorp-
tion-blocking mechanism of inhibition on a uniform
metal surface. This suggestion is supported by the
lack of a distinct correlation between the anticorrosion
characteristics of the compounds studied and the shift
of the adsorption potential.

Another practically important characteristic of cor-
rosion inhibitors is their biocidal activity with respect
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to sulfate-reducing bacteria as the major factor of bio-
corrosion. The mechanism of biocidal action involves
adsorption of a compound on the negatively charged
surface of the bacterial cell and penetration into it to
destroy its metabolism. All the compounds studied in
this work exhibit a weakly pronounced biocidal effect
with respect to iron-reducing bacteria [9].

The biocidal effect with respect to SRB was found
only for the compounds with the methyl substituent.
In the case of ortho substitution in the benzene ring
(compound 3h), the diameter of the growth suppres-
sion area is 21.0, 28.0, and 42.7 mm; and in the case
of meta substitution (3i), it is 25.7, 37.3, and 49.3 mm
at the inhibitor concentration of 0.1, 0.2, and 2 wt %,
respectively. The para-substituted compound 3g prac-
tically totally suppresses the growth of SRB. Thus,
the position of the methyl substituent in the benzene
ring strongly affects the biocidal effect, which in-
creases in the order ortho < meta < para. Introduction
of two methyl groups in positions 2 and 4 of the ben-
zene ring (compound 3f) decreases the biocidal effect
on SRB. In this case, the diameter of the growth
suppression area was found to be 10.0, 10.0, and
20.0 mm at the inhibitor concentration of 0.1, 0.2, and
2 wt %, respectively.

CONCLUSION

A series of N-aryl-N-(6,7,8,9-tetrahydro-5H-[1,2,4]-
triazolo[4,3-a]azepin-3-ylmethyl)amines are synthe-
sized. These compounds are acid corrosion inhibitors

and demonstrate biocidal activity with respect to sul-
fate-reducing bacteria, which increases in compounds
with a methyl substituent in the benzene ring in the
order ortho < meta < para.
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Abstract�Physicochemical and explosive properties of Co(III) pentammine complexes containing in the
inner coordination sphere monodentate polynitrogen heterocyclic ligands, 1-methyl-5-aminotetrazole and
1,5-diaminotetrazole, were studied, and it was shown that these compounds can be used in priming charges.

Domestically produced standard priming ex-
plosives (PEs) allow production of reliable priming
charges (PCs) meeting the requirements of modern
engineering, industry, and building. However, require-
ments to PCs continuously rise; PCs with elevated
safety with respect to mechanical impact and static
electricity are required. In addition, environmental
safety requires elimination of toxic metal ions from
PC formulation. It is impossible to accomplish the
above task with standard PCs.

Cobalt(III) tetrazolate pentamminates show promise
for development of a new generation of high-perfor-
mance PEs of increased safety. The use of 5R-tetrazols
in PE synthesis is expedient because of their positive
enthalpies of formation, while coordination chemistry
allows variation of physicochemical and explosive
properties within a wide range by varying outer- and
inner-sphere ligands.

The synthesis of the compounds of this group and
their physicochemical characteristics were reported in
[1]. In all the complexes described, a heterocyclic
ligand is located in the inner sphere of the complex as
an anion, while coordination of the neutral ligand
should increase the content of the outer-sphere ion by
1 mol, which will affect the properties of the complex.
In this work, we prepared and studied high-energy-
capacity cobalt(III) complexes with neutral ligands,
(1-methyl-5-aminotetrazole)pentamminecobalt(III) per-
chlorate (C1M5AT) and (1,5-diaminotetrazole)pentam-
minecobalt(III) perchlorate (CDAT).

Their synthesis was performed by the scheme

�
������N

N
N

R NH2 + [Co(NH3)5H2O](ClO4)3
N

�

�

�
����� �

������N
N

N
R NH2

N
�Co(NH3)5 �(ClO4)3 + H2O,

��

�

III II

1% HClO4

I

�
������N

N
N

R NH2 + [Co(NH3)5H2O](ClO4)3
N

�

�

�
����� �

������N
N

N
R NH2

N
�Co(NH3)5 �(ClO4)3 + H2O,

��

�

III II

1% HClO4

I

where I is C1M5AT (R = CH3), I or CDAT (R =
NH2).

The isolated complexes are yellow-orange crystal-
line powders soluble in water, DMSO, and DMF and
weakly soluble in ethanol, isopropanol, and isobuta-
nol. The physicochemical and explosive properties of
C1M5AT and CDAT in comparison to (5-aminotetra-
zolato-N2)pentamminecobalt(III) perchlorate (CAT,
[2]) are listed in the table.

The densities of the compounds synthesized were
calculated using an additive scheme through specific
volumes of the molecular fragments with the error of
0.02 g cm�3 [2].

The detonation rate of compounds was estimated
by fragmentation of the molecule into active (per-
chlorate ions and ligands) and inert (metal ion) parts
followed by calculation using increments of structure
fragments, with the average error of �140 m s�1 [2].

A study of the thermal decomposition of the sub-
stances obtained under nonisothermal conditions at a
heating rate of 5 deg min�1 showed that they are fairly
heat-resistant, having Td higher than 210�C (onset of
active decomposition). In the initial stage of decom-
position of Co(III) ammine complexes, ammonia
molecules are eliminated from the inner coordination
sphere. This is followed by stepwise decomposition of
tetrazole ligands accompanied by their oxidation with
outer-sphere perchlorate ion located in the outer
sphere [2]. In all cases, the initial endothermic process
overlaps with the subsequent exothermic process.
C1M5AT has two exothermic peaks at 216 and 238�C
in the DTA curve, and CDAT, three peaks at 218,
271, and 300�C.

The IR spectra of complexes contain bands of all
their fragments: coordinated ammonia molecules,
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Physicochemical and explosive properties of the compounds synthesized
������������������������������������������������������������������������������������

Characteristic � C1M5AT � CDAT � CAT
������������������������������������������������������������������������������������
Density, � (calc.), g cm�3 � 1.95 � 2.03 � 1.95
Oxygen coefficient, � � 0.96 � 1.17 � 0.86
Detonation rate, D� (calc.), km s�1 � 7.32 � 7.68 � 7.14
Temperature of the onset of active decomposition, Td, 	C � 218 � 216 � 240
Minimal charge (MC) for cyclonite, g (BC no. 8) � 0.4 � 0.2 � >0.5
Shock sensitivity, H25 cm, % (weight 2 kg, substance � 40 � 12 � 0
sample 20 mg) � � �
������������������������������������������������������������������������������������

methyl and amino groups, tetrazole ring, and per-
chlorate ions.

The electronic spectra of C1M5AT and CDAT in
aqueous solution are typical for this group of com-
pounds [3] and reflect d�d transition (1T1g �

1A1g) at
463 nm, � = 77 l cm�1 mol�1 for CDAT and 464 nm,
� = 62 l cm�1 mol�1 for C1M5AT. The second strong
absorption band (1T2g �

1A1g) in both cases overlaps
with the band of the tetrazole ligand. Apparently, the
complexes studied, like CAT, contain octahedral
chromophore CoN6.

The 1H NMR spectra of the compounds contain
signals at 3.3�3.8 ppm belonging to equatorial (in
lower field) and axial (in higher field) ammonia
molecules. The difference between the positions of
equatorial (3.66 and 3.68 ppm) and axial (3.52 and
3.50 ppm) ammonia molecules for C1M5AT and
CDAT, respectively, is the evidence of the trans effect
of heterocyclic ligands and agrees with their coordina-
tion through nitrogen atoms [4]. The heterocycle is
the most probably coordinated via N4 atom [5].

The salts obtained surpass CAT in the shock sensi-
tivity. The shock sensitivity of CDAT is close to that
of pentaerythritol tetranitrate (TEN) and somewhat
lower than that of C1M5AT [5]. In contrast to CAT,
C1M5AT and CDAT are priming explosives. In accor-
dance with the minimal charge with respect to cyclo-
nite within blasting cap no. 8 (BC no. 8) dimension,
the priming performance of C1M5AT is approximately
close to that of mercury fulminate, and that of CDAT
is higher by a factor of approximately 2. CDAT is
of most practical interest as PE for safe PCs.

We can suggest that the presence of an additional
1 mol of perchlorate ion as oxidant increases the prim-
ing performance and shock sensitivity and decreases
the thermal stability of the complexes obtained as
compared to CAT.

EXPERIMENTAL

The IR spectra of C1M5AT and CDAT were re-
corded on a Perkin�Elmer M-457 spectrometer using
films or mulls in Nujol or perfluorinated oil on KBr
pellets.

The UV spectra were recorded on a Perkin�Elmer
LAMBDA 40 spectrometer in quartz cells (l = 1 cm)
at analytical concentrations of 10�1

�10�2 M.

The 1H NMR spectra were recorded on a Bruker
AC spectrometer (300 MHz) in DMSO-d6, internal
reference hexamethyldisiloxane (HMDS).

The synthesis progress was monitored by thin-layer
chromatography on Silufol UV-254 plates, eluent 3%
NaCl.

Thermographic studies were performed on an
OD-102 device (20�500�C, heating rate 5 deg min�1).
Td was measured on a thermographic device at a heat-
ing rate of 5.3 deg min�1. The shock sensitivity meas-
urements were performed with an impact machine
according to GOST (State Standard) 4545�88. The
minimal charge of complexes was determined relative
to cyclonite within BC no. 8 dimensions (Ppr of the
compound 300, and Ppr of cyclonite, 800 kg cm�2).

Aquapentamminecobalt(III) perchlorate (II) was
synthesized by the method described in [6]. After
drying, the yield of II was 77%. IR, �, cm�1: 3330 s,
3270 s, 1630 m, 1350 m, 830 m (H2O, NH3), 1100 s
(ClO4

�). 1H NMR (DMSO-d6), �, ppm: 3.75 (3H,
NH3 ax); 4.90 (12H, NH3 eq).

Found (%): H 3.6; N 15.4; Cl 23.3.
H17Cl3CoN5O13.
Calculated (%): H 3.7; N 15.2; Cl 23.1.

The properties of this compound agree with data
of [6].

(1-Methyl-5-aminotetrazolo)pentammineco-
balt(III) perchlorate (C1M5AT). Aquapentammine-
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cobalt(III) perchlorate (0.5 g) was dissolved in 5 ml of
1% perchloric acid, and 0.5 g of 1-methyl-5-amino-
tetrazole synthesized according to [7] was added. The
reaction mixture was kept on a boiling water bath for
4 h and cooled to 15�C; the precipitate was filtered
off, washed with ethanol (2 � 5 ml), and recrystallized
from 1% HClO4. Yield 58%. IR, �, cm�1: 3328 m,
1354 m (NH3, Tz), 1100 m (ClO4

�), 1648 m (C=N),
3112 w, 1660 w (NH2), 2880 w (CH3). 1H NMR
(DMSO-d6), �, ppm: 3.52 (3H, NH3 ax); 3.66 (9H,
NH3 eq); 3.90 (3H, CH3�Tz), 7.58 (2H, NH2�Tz).

Found (%): C 4.6; H 3.8; N 25.7.
C2H20Cl3CoN10O12.
Calculated (%): C 4.4; H 3.7; N 25.8.

(1,5-Diaminotetrazolo)pentamminecobalt(III)
perchlorate (CDAT) was synthesized similarly to
C1M5AT. Yield 62%. IR, �, cm�1: 3304 m, 1376 m
(NH3, Tz), 1072 m (ClO4

�), 1628 m (C=N), 3104 w,
1664 w (NH2). 1H NMR (DMSO-d6), �, ppm: 3.68
(9H, NH3 eq); 3.52 (3H, NH3 ax); 6.90 (2H, NH2�C);
7.45 (2H, NH2�N).

Found (%): C 2.3; H 3.7; N 28.2.
C1H19Cl3CoN11O12.
Calculated (%): C 2.2; H 3.5; N 28.4.

CONCLUSION

Two high-energy-capacity coordination com-
pounds, (1-methyl-5-aminotetrazolo)pentammineco-
balt(III) perchlorate and (1,5-diaminotetrazolo)pentam-

minecobalt(III) perchlorate, were synthesized. The
second compound in accordance with its properties
is a promising priming explosive for safe priming
charges.
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Abstract�The conditions of N-acylation of amino acids with carboxymethyl dextran ethyl ester and with
carboxymethyl and carboxyethyl dextran azides were studied.

Derivatives of amino acids containing primary
amino and carboxy groups receive steady researchers’
attention due to a wide spectrum of the biological
activity. They are active components of many antibac-
terial, antitumor, antiphlogistic, antiulcer, and other
drugs. Typical examples are ampicillin, oxacillin,
cephalexin, cephalotin, etc. [1]. In this context, bind-
ing of amino acids with polysaccharides through a
peptide bond is also of interest, since it allows, on the
one hand, preparation of potentially bioactive sub-
stances and, on the other hand, improvement of exist-
ing drugs [2].

Polysaccharide�amino acid conjugates are prepared
by such methods as azide method, method of activated

esters, cyanogen bromide method, and also via dex-
tran dialdehyde [3�5]. The goal of this study was to
look for new routes and improve existing routes to
polysaccharide�amino acid conjugates (see scheme).

As agents for acylation of amino acids we used
carboxymethyl dextran ethyl ester (CMDEE, I) and
carboxymethyl dextran (CMD) and carboxylethyl
dextran (CED) azides. Compound I was prepared as
suggested in [6] by heating the H form of CMD at
80�C with excess ethanol under the conditions of
autocatalysis. CMD hydrazides (III) were prepared by
acylation of hydrazine with CMDEE in water at 5�
15�C for 24 h [7]. CED amides (II) and hydrazides
(III) were prepared by alkylation of dextran with

������������
Chemical modification of dextran

[C6H7O2(OH)3 � m(OCH2COOH)m � k(OCH2COOEt)k]n
I

�
�

�(1) NH2NH2
(2) NaOH

[C6H7O2(OH)3 � m(O(CH2)xCOONa)m � k(O(CH2)xCOONHNH2)k]n
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where R = C6H5CH2, tryptophan, phenylalanine, tyrosine, diiodotyrosine, histidine, glutamic acid, methionine,
lysine; x = 1 or 2.
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Table 1. Results of acylation of amino acids with CMD
ethyl ester (Ccm = 0.37�0.59, Cecm = 0.33�0.37)* in water
and in ethanol (5 and 3 mol of amine per mole of carboxy
groups, respectively)
����������������������������������������

Amino acid

�Cam, %, under indicated conditions
�������������������������
� water, pH 8, � ethanol, 5 h,
� 16 h, 20�C � 78�C, TEA

����������������������������������������
D,L-�-Alanine � 21 � 18 (32, 20 h)
�-Alanine � 52 � 40
�-Aminobutyric � 71 � 58
�-Aminocaproic � 76 � 68 (100, 8 h)
D,L-Lysine � 94 � �
D,L-Tryptophan � 7.3 � 21 (8 h)
D,L-�-Phenyl-�-ala- � 29.2 � 27 (8 h)
nine � �
����������������������������������������
* (Ccm, Cecm) Number of carboxymethyl and ethoxycarbonyl-

methyl groups in the polymer per monosaccharide unit.

acrylamide, followed by acylation of hydrazine hy-
drate with the resulting CED amide as described in
[8]. CMD and CED azides (IV) were prepared as
described previously [8, 9], by dissolving hydrazides
III in 2.5 M aqueous NaNO2 at 0�C, with subsequent
acidification with HCl to pH 2. Dextran azides IV
were used for acylation of amino acids without isola-
tion from solution.

Acylation of amino acids with CMDEE was per-
formed in aqueous alkaline solution at 0�20�C for
1�24 h or in ethanol in the presence of triethanol-
amine (TEA) at 78�C for 5�20 h; the amino acid was
taken in the amount of 3�5 mol per mole of mono-
saccharide units. The reactions of amino acids with
CMD and CED azides were performed in water; the
pH, reactant ratio, and reaction time were varied.
To a solution of carboxyalkyl dextran azide, after
decomposition of excess HNO2 with urea, we added
a solution of an amino acid sodium salt (1�3 mol per
mole of monosaccharide units); then we adjusted pH
by adding alkali or acid solution and diluted the mix-
ture with water to the required volume (4�7 ml). The
mixture was kept at 0�25�C for 1�24 h. The resulting
products were precipitated and reprecipitated with
ethanol from aqueous alkali to remove low-molecular-
weight impurities. Their absence in the reaction prod-
ucts was checked by TLC.

Substituted carboxyalkyl dextran amides VI are
white or yellowish white amorphous powders readily
soluble in water and insoluble in alcohol, acetone,
ether, and the majority of other organic solvents.

The IR spectra of the reaction products in the H+

form contain bands at 1535�1590 and 1640�1685 cm�1

(CMD amides), or at 1540�1550 and 1650�1670 cm�1

(CED amides), absent in the spectra of the starting
substances and characteristic of �N�H (amide II) and
�C=O (amide I) vibrations. In the IR spectra of the
sodium salts of the products, the band at 1730 cm�1

disappears, and a new band at 1580 (CED amides) or
1600 cm�1 (CMD amides) appears. This band, charac-
teristic of the carboxylate ion, obscures the bands of
amide groups. The spectra also contain bands charac-
teristic of aromatic rings of the starting amino acids.

UV spectroscopy is a convenient tool in our case,
since the spectra of aqueous solutions of N-substituted
carboxyalkyl dextran amides and of the starting amino
acids are similar, whereas the polysaccharide shows
no absorption in this range.

CMD and CED amides were quantitatively charac-
terized by the degree of aminocarbonylalkylation Caca
(numbere of amide groups per monosaccharide unit of
the polymer), and the acylation reaction, by the degree
of amidation Cam (percentage of the polysaccharide
acyl groups involved in the reaction). The Caca values
were calculated from the elemental analysis data and
UV spectra.

Since CMDEE readily acylates aliphatic and aro-
matic amines [10, 11], we studied its reaction with
amino acids. As expected, this reagent allows binding
of amino acids with dextran, but with �-amino car-
boxylic acids in water and ethanol CMDEE reacts
worse than with other amino acids (Table 1).

This may be due, firstly, to a stronger, compared
to other amino acids, effect of the carboxy group in
�-amino acids on the nucleophilicity and steric acces-
sibility of the amino group and, secondly, to physico-
chemical properties of the amino acids, which are
poorly soluble or insoluble in water and the majority
of organic solvents. Addition of bases to the reaction
mixture for solubilization of the substrate in water
causes hydrolysis of CMD ester, which occurs faster
than acylation. Therefore, in aqueous solutions
CMDEE virtually does not acylate tryptophan, which
is sparingly soluble even in alkali solutions, and poor-
ly reacts with more soluble �-phenyl-�-alanine. Simi-
lar pattern is observed in ethanol in which CMDEE
poorly acylates �-amino acids irrespective of their
solubility in alcohol.

Lysine and �-aminocaproic acid are soluble in
water and at pH 7�8 react with CMDEE almost as
readily as do aliphatic amines. The degree of amida-
tion of CMDEE ester groups in reactions with these
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Table 2. Results of acylation of �-amino acids with CMD and CED azides at optimal pH of the medium (4 and 24 h,
respectively; 18�20�C; 3 mol of amino acid per mole of monosaccharide units)
������������������������������������������������������������������������������������

Amino acid
�

Isoelectric point
� CMD azide � CED azide

� ������������������������������������������������
� � pHopt � Cam, % � pHopt � Cam, %

������������������������������������������������������������������������������������
Glutamic � 3.22 � 11 � 86 � 11 � 88
D,L-�-Phenyl-�-alanine � 5.07 � 8 � 86 � 10 � 80
D,L-Tyrosine � 5.66 � 8 � 58 � 10 � 57
D,L-Diiodotyrisone � � � 9 � 77 � 12 � 75
D,L-Tryptophan � 5.89 � 8 � 34 � 9 � 36
D,L-Histidine � 7.64 � 8 � 54 � 12 � 56
������������������������������������������������������������������������������������

amino acids is approximately similar, being somewhat
higher with lysine. This fact suggests that the �-amino
group of lysine reacts predominantly, but acylation at
the �-amino group cannot be ruled out either.

Experiments on acylation of �-, �-, �-, and �-amino
acids with CMDEE in water and ethanol showed that,
the more remote is the amino group in the substrate
molecule from the carboxy group, the higher the
degree of conversion of CMD esters into amides. The
reaction in water is faster than in ethanol, but the de-
pendences of Cam on the position of the amino group
are similar in water and ethanol (Fig. 1). Despite low-
er reaction rate in ethanol, it is, however, preferable to
perform the reactions of dextran with amino acids in
ethanol. In this case, the reaction is not complicated
by hydrolysis of the ester groups and can be performed
for longer time, leading to higher Cam than in water.
For example, with �-amino acids, an increase in the
acylation time from 5 to 20 h resulted in a 1.8-fold
growth in the conversion of ester groups, and with
�-aminocaproic acid, 100% conversion of CMD ester
groups into amide groups was attained in 8 h.

Since modification of polysaccharides with �-ami-
no acids via CMDEE involves serious problems, we
examined the suitability for this purpose of CMD and
CED azides. The conditions for acylation of amino
acids with carboxyalkyl dextran azides were opti-
mized by examining the dependence of Cam on the
solution acidity, as it was shown previously that the
results of similar reactions with amines strongly de-
pend on pH [9, 12]. Indeed, as in the case of amines,
in acylation of �-amino acids there is a certain opti-
mal pH at which the degree of conversion of the azide
groups in the polysaccharides into the amide groups
passes through a maximum. For example, the reac-
tions of CMD and CED azides with phenylalanine
are the most efficient at pH 8 and 10, respectively
(Fig. 2); under these conditions, the amino acid fully

dissolves in water, and the reaction mixture is homo-
geneous. The optimal pH values for acylation of the
other amino acids are listed in Table 2.

We found that the reactions of CMD azide with
�-amino acids were the most efficient at approximate-
ly the same pH values, pH 8�9, and only with glutam-
ic acid pH 11 was optimal. As in acylation of aromat-

Cam, %

Fig. 1. Degree of amidation Cam of CMDEE ester groups in
reactions with �- and �-alanine, �-aminobutyric acid, and
�-aminocaproic acid in (1) water and (2) ethanol, plotted vs.
position of the amino group in the molecule (number of the
carbon atom N).

Cam, %

Fig. 2. Degree of amidation Cam of azide groups in reac-
tions of �-phenyl-�-alanine with (1) CMD and (2) CED
azides as a function of solution pH (4 and 24 h, respective-
ly; 18�20�C; 3 mol of amino acid per mole of monosaccha-
ride fragment).
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ic and aliphatic amines [12], CED azide reacts with
amino acids in more alkaline media than does CMD
azide, and the optimal pH values in this case are
pH 9�12. To compare, replacement of CMD azide by
CED azide in reactions with benzylamine and aniline
shifts the optimal pH of the reaction mixtures from 8
to 10 and from 2 to 5, respectively. This may be due
to lower reactivity of CED azides and higher activity
of the nucleophile at higher pH. However, higher
stability of CED azides allows the reaction time to
be extended to 18�24 h, and the results similar to
those of acylation with CMD azides can be obtained.
Indeed, in all the cases, under similar other conditions,
Cam of azide groups in CMD and CED derivatives
in reactions with the same �-amino acids is similar
(Table 2).

It should also be noted that carboxyalkyl dextran
azides acylate �-amino acids better than does CMDEE.
Under proper conditions, Cam of CMD azide in reac-
tions with the majority of the amino acids studied
exceeds 70% and in some cases even 90%. The results
of acylation of amino acids with CED azides are
somewhat worse but also high. And only with trypto-
phan, whose acylation occurs in a heterogeneous
medium in contrast to the other acids, Cam does not
exceed 40% in both cases.

We also examined the influence of time on the
reaction of carboxyalkyl dextran azides with amino
acids. We found that the reaction was complete in
2�4 h with CMD azides and in 16�24 h with CED
azides. For example, in acylation of �-phenyl-�-ala-
nine with CMD azide, Cam was 57% in 1 h and 98%
in 2 h. The molar ratio of amino acids to CMD mono-
saccharide units should be no less than 2 : 1, at the
concentrations of 0.154 and 0.077 M, respectively.

CONCLUSIONS

(1) Carboxymethyl dextran ethyl esters acylate
amino acids in water and ethanol and can be used for

preparing dextran�amino acid conjugates.

(2) Carboxymethyl and carboxyethyl dextran
azides react with �-amino acids more readily than
does carboxymethyl dextran ethyl ester. For any par-
ticular amino acid, there is a certain optimal pH at
which Cam is maximal; this pH is in the range 8�11
with carboxymethyl dextran azide and 9�12 with
carboxyethyl dextran azide.
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Abstract�Electronic spectra of arylaminoanthraquinones and their amidinium salts in acids were studied, and
experimental data on electrophilic substitution of diarylaminoanthraquinone amidinium salts in acetic and
sulfuric acids of various concentrations were considered.

To explain different inhibiting effect of dimethyl-
formamidinium group in acetic and sulfuric acids on
the reactivity of 1,4-di(arylamino)anthraquinone aryl
core [1�4], we have studied the electronic spectra of
these derivatives in the corresponding media.

Monodimethylformamidinium salts of 1,4-di(aryl-
amino)anthraquinone [e.g., monodimethylformamidi-
nium salt of 1,4-di(4-methylanilino)anthraquinone (1)]
in acetic acid solutions have spectra characteristic for
compounds in which one arylamino group is absent or
is not involved in conjugation with the anthraquinone
core as, e.g., in the case of 1-(4-methylanilino)anthra-
quinone (2) or its acetylamino derivative (3) (Fig. 1).
This shows that the arylaminodimethylformamidinium
group is removed from the conjugation, and its inac-
tivity in electrophilic substitution in acetic acid solu-
tions suggests partial localization of the positive
charge on the nitrogen atom bonded to the anthraqui-
none core:
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The spectral characteristics of 1,4-di(arylamino)-
anthraquinones and their monodimethylformamidini-
um salts in solutions containing sulfuric acid are more
complex. Additon of sulfuric acid to a solution of
1,4-di(4-methylanilino)anthraquinone with c � 1 �

10�3 M in acetic acid causes appearance of a band at
507 nm and finally leads to a spectrum characteristic
of 1-(4-methylanilino)anthraquinone (Fig. 2a, curve 9).
This suggests protonation to the nitrogen atom of one
of arylamino groups (4). In the region of lower sub-
strate concentrations (� 0.25 �10�4 M), similar in-
crease in the sulfuric acid concentration leads to ap-
pearance of a band at 714 nm (Fig. 2b, curve 8),
which can be explained by protonation of the oxygen

�, nm

log �

Fig. 1. Electronic spectra of arylaminoantraquinones in acet-
ic acid solutions. (�) Extinction coefficient and (�) wave-
length; the same for Fig. 2. (1) Monodimethylformamidini-
um salt of 1,4-di(4-methylanilino)antraquinone, (2) 1-(4-
methylanilino)antraquinone, and (3) 1-(N-acetyl-4-methyl-
anilino)-4-(4-methylanilino)antraquinone.
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log �
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(b)

Fig. 2. Electronic spectra of 1,4-di(4-methylanilino)anthraquinone in AcOH�H2SO4 mixtures. Substance concentration, (M):
(a) 0.96 � 10�3 (l = 0.1 cm) and (b) 0.24 � 10�4 (l = 4 cm). H2SO4 concentration (wt %): (a) (1) 0, (2) 0.33, (3) 0.69, (4) 1.1,
(5) 1.5, (6) 2.06, (7) 2.5, (8) 5.0, and (9) 7�9; (b) (1) 0, (2) 0.17, (3) 0.36, (4) 0.74 (5) 1.3, (6) 1.26, (7) 5.08, and (8) 9�16.

atom of the keto group accompanied by redistribution
of bonds in the nitrogen(C4)�oxygen(C10) chain and
formation of more deeply colored 1,10-quinonimine
structure (5):
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Since data on distribution of the bonds in the pro-
tonated species of 1,4-di(arylamino)anthraquinones
and their dimethylformamidinium salts are lacking, in

the schemes and in the text we show for each case one
of possible boundary structures explaining to a certain
extent the color transitions observed.

At intermediate concentrations of the substance,
1 �10�3

�1 �10�5 M, with correspondingly chosen
thicknesses of the absorbing layers, and constant con-
centration of sulfuric acid, both species are observed.
In such solution, the initial 1,4-di(4-methylanilino)-
anthraquinone is absent, and the presence of isobestic
points indicates equilibrium between two protonated
species 4 and 5. Near the boundary concentrations and
outside these boundaries, when only one species
exists, the solution obeys Lambert�Beer’s law. At
higher concentrations of sulfuric acid, species 4 and
5 convert into one diprotonated species 6.

The calculated values of pKa for red (4) and green
(5) forms are �1.64 and �1.67, respectively. This
demonstrates close properties of protonation centers
and possibility of formation of different protonated
species when the protonation conditions are changed.
At present, this phenomenon has no strict explanation.
Presumably, in the more concentrated solutions as-
sociates (dimers) exist. Different surrounding of the
protonated molecule in this case can cause proton
localization on different atoms.

Similar protonation pattern is observed at vari-
ous concentrations of 1,4-dianilinoanthraquinone
(pKa(C=O) = 1.82, pKa(N�H) = 1.81), 1-(2-bromo-4-
methylanilino)-4-(4-methylanilino)anthraquinone, and
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1-(2-nitro-4-methylanilino)-4-(4-methylanilino)anthra-
quinone.

In the case of 1,4-di(2-bromo-4-methylanilino)-
anthraquinone, addition of sulfuric acid to solution
within a wide range of substrate concentrations leads
to appearance of the band at 714 nm, suggesting pro-
tonation of the carbonyl oxygen atom. In turn, more
basic 1-methylamino-4-(4-methylanilino)anthraqui-
none converts into the red form owing to protonation
of the methylamine group at any concentrations.

Different protonated species were also detected for
monodimethylformamidinium salt (1). At salt concen-

trations c � 1.6 �10�3 M and addition of sulfuric acid,
the red salt solution becomes colorless, and species 7
is formed, while at c � 4.0 �10�5 M, deeply colored
blue species 8 appears. Formation of different species
is confirmed by the electronic spectra. The calculated
values of basicity (pKa(C=O) = �3.9, pKa(N�H) = �3.8)
are also close, but two orders of magnitude lower as
compared to pKa for 1,4-di(4-methylanilino)anthra-
quinone due to the effect of the positively charged
dimethylformamidinium group. Both species 7 and
8 convert into deeply colored form 9 as the sulfuric
acid concentration is increased further:
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This transition is, most likely, caused by protona-
tion of the oxygen atom at the second (at C9) keto
group. The deep color of diprotonated monodimethyl-
formamidinium salt of 1,4-di(4-methylanilino)anthra-
quinone (bathochromic shift by 72 nm as compared to
species 6) suggests existence of the 1,4-quinonedi-
imine structure 9. In this structure, free rotation of the
fragment unsubstituted with the dimethylformamidini-
um group around the N�C bond is, probably, hindered
by conjugation through the C=N bond. In this case,
only one o-position of the 4-methylphenylimino group
is free for substitution, while the second position is
blocked with the C3

�H fragment of the anthraquinone
ring.

The spectral changes observed with monodimethyl-
formamidinium salt of 1,4-di(4-methylanilino)anthra-
quinone as the sulfuric acid concentration is increased
correspond to the color differences of solutions used
for bromination. For instance, dibromination of mono-
dimethylformamidinium salt of 1,4-di(4-methylani-
lino)anthraquinone in 85�87% sulfuric acid yields
1-(4-methylanilino)-4-(2,6-dibromo-4-methylanilino)-
anthraquinone, whereas the same reaction in 97% sul-
furic acid yields the 2,5-dibromo isomer. In the latter
case, only 1-(4-methylanilino)-4-(2-bromo-4-methyl-
anilino)anthraquinone is formed as intermediate.

The spectra were recorded on a Specord spectro-

photometer with standard optical cells from 0.1 to
10 cm thick. Analytically and chromatographically
pure grade substances were used for preparing solu-
tions.

CONCLUSIONS

(1) In the series of 1,4-di(arylamino)anthraqui-
nones and their monodimethylformamidinium salts,
various protonated species are formed in the acid solu-
tions depending on the substance concentration at
the same acid concentration.

(2) According to the electronic spectra recorded at
different substrate concentrations, in dilute solutions
proton is added to the carbonyl oxygen atom, and in
more concentrated solutions, to the nitrogen atom
of the arylamino group.
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Abstract�Phase separation in aqueous solutions of binary copolymers of acrylamide with sodium 2-acryl-
amido-2-methylpropanesulfonate and sodium acrylate is studied over the temperature range from 20 to 100�C,
as influenced by addition of calcium, magnesium, and sodium chlorides, inorganic salt concentration, and
molecular characteristics of the copolymers.

Water-soluble copolymers of acrylamide (AA) with
sodium salt of 2-acrylamido-2-methylpropanesulfonic
acid (HAMS) demonstrate a wide spectrum of useful
properties such as thickening and flocculating activi-
ties [1�3], adhesion and antistatic properties [4], and
also stabilizing and structuring activities. They are
used in oil production, borehole drilling, and water
treatment [1, 2, 5]. Water-soluble polymers are often
prepared and used in media containing salt additives
capable of influencing the conformation and stability
of macromolecules in solutions and also the properties
of polymers. For example, the viscosity of polyacryl-
amide (PAA) hydrogels, used in oil production, de-
creases under the effect of calcium, magnesium, and
sodium chlorides from stratal water. Therefore, it is
important to study the effect of salt aggression on the
stability of polymers, as influenced by various factors.

Previously Ikegami reported on the effect of mix-
tures of Na and Ca chlorides [6] and Na chloride and
Mg, Ca, and Ba nitrates [7, 8] on the phase separation
in aqueous solutions of PAA and its hydrolyzed
derivatives. Also the effect of calcium chloride on
the phase separation in solutions of copolymers of AA
with sodium acrylate (NaA) and NaAMS [9], of AA
with HAMS and 4-acrylamido-4-methylsulfolane-
3-sulfonic acid, and of acrylonitrile with HAMS [10]
was studied.

In this work we reported new data on the phase
separation in aqueous solutions of copolymers of AA
with NaAMS and NaA over the temperature range
from 20 to 100�C, as influenced by addition of cal-
cium, magnesium, and sodium chlorides, inorganic
salt concentration, and concentration and molecular

characteristics of the copolymers. For comparison,
the features of phase separation were also studied in
solutions of homopolymers: PAA and poly-NaAMS
(NaPAMS).

EXPERIMENTAL

In this work we studied copolymers of AA with
NaAMS and NaPAMS, obtained by radical polymeri-
zation and copolymerization in aqueous solutions
[11]. After synthesis, the products were separated
by adding acetone, and then they were washed with
acetone and vacuum-dried at 50�C to constant weight.
The characteristics of the resulting products are given
in Table 1.

The structural formulas of the macromolecules of
the samples studied are given below.

�CH CH2
)
�

C NH2
�O=

( ���n
�

Sample C

�CH CH2
)
�

C NH2
�O=

( ���n
�
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�CH CH2 )
�

C NH�O= �C(CH3)2 CH2 SO3Na�

( ��� �
n
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�
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�
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�
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�
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�
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�
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�
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Samples D, E, F, G
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AA/NaAMS copolymers with various molecular
weights (MW) and given chemical composition of
macromolecules were obtained by degradation of the
high-molecular-weight sample R (SNF Flodger,
France) (Table 1). Degradation was carried out in
0.2% solutions at 60�C in the presence of a radical-
type degrading agent, potassium peroxodisulfate
K2S2O8, according to the procedure described in [12].
Using the calibration curve [�] = f (t) (� is the in-
trinsic viscosity of the copolymer and t, degradation
time) (Fig. 1), we obtained AA/NaA copolymers with
various [�]. The MW of the resulting products was
estimated from [�] by the Mark�Houwink�Kuhn
equation.

In the work we used polyacrylamide and AA/NaA
copolymers from Moscow�Stockhausen�Perm Closed
Corporation, Russian�German Enterprise. Their char-
acteristics are given in Table 1. The salts NaCl,
MgCl2, and CaCl2 were of chemically pure grade.

The content of ionic groups in macromolecules of
the AA/NaAMS copolymers was estimated from the
sulfur content determined according to the procedure
described in [13]. The content of NaA units in the
AA/NaA copolymer was determined by potentiometric
titration [14]. The intrinsic viscosity of copolymers
was measured at 30�C in 0.5 M NaCl using VPZh-3
viscometer (capillary diameter 0.43 mm).

The phase separation was studied in 0.2% solutions
of copolymers in distilled water. An inorganic salt
was added into the copolymer solution (30 ml), and
the mixture was stirred on a magnetic stirrer with
slow heating (<1 deg min�1). After the solution
became clear, it was cooled, and the cloud point was
accepted as the phase separation temperature (Tp.s),
which was determined to within 1�C.

Initially we studied phase separation in AA/NaA
copolymers of various chemical compositions (Table 1,
samples D, E, F, G), as influenced by the temperature
and inorganic salt concentration. The CaCl2 and
MgCl2 concentrations varied from 0.25 to 3%, and the
NaCl concentration, from 3 to 10%. Figure 2 shows a
typical dependence of Tp.s in AA/NaA copolymer
solutions on the MgCl2 concentration. As seen, in the
range of low salt concentrations, Tp.s decreases, and
in the range of high salt concentrations, increases with
increasing MgCl2 concentration. Such a dependence
with a lower critical point Tp.s was observed for all
the salts and AA/NaA copolymer samples, which is
well consistent with the published data [5, 8].

For AA/NaA copolymers of various compositions,
the effect of the CaCl2, MgCl2, and NaCl concentra-

Characteristics of homo- and copolymers studied
����������������������������������������

Sample

�
[�],

� Monomeric unit content,
� � mol %
� ���������������������
�

cm3 g�1

� AA � NaA � NaAMS
����������������������������������������
B � 180 � � � � � 100
C (Praestol 2500)� 1550 � 100 � � � �

D (Praestol 2510)� 500 � 93 � 7 � �

E (Praestol 2515)� 1500 � 89 � 11 � �

F (Praestol 2530)� 1800 � 80 � 20 � �

G (Praestol 2540)� 1600 � 72 � 28 � �

L � 230 � 93 � � � 7
M � 190 � 91 � � � 9
N � 287 � 83 � � � 17
O � 224 � 82 � � � 18
P (AN-125) � 570 � 80 � � � 20
����������������������������������������

tion on Tp.s is shown in Table 2. Phase separation
occurs at low CaCl2 and MgCl2 concentrations (0.25�
3%), but with NaCl the required concentration is
higher (3�10%). The observed effects can be attri-
buted to a decrease in the solubility of the copolymers
[15, 16] as a result of specific interaction (chelation)
of divalent cations Ca2+ and Mg2+ with polyanions of
the AA/NaA copolymer with formation of strong
intra- and intermolecular bonds resulting in decom-
position of the hydration shell around the macro-
molecules. In this case, the electrostatic repulsion
between likely charged ions along the chain weakens,
decreasing the linear size of coils of the polyions.
When the number of salt bonds between the poly-
anions and cations approached the critical value, the

[�], cm3 g�1

t, min
Fig. 1. Intrinsic viscosity [�] of AA/NaAMS copolymer
(sample P) as a function of the degradation time t. cp =
0.2%; [initiator]/[copolymer] = 0.04; T = 60�C.
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Table 2. Phase behavior of PAA (sample C), NaPAMS (sample B), and AA/AMS (samples L, M, N, O, P) and AA/NaA
copolymers (samples D, E, F, G) in salt solutions at 25�100�C
������������������������������������������������������������������������������������

�

Ionic unit content,

� Phase separation temperature Tp.s, �C, at indicated salt concentration, %
� ������������������������������������������������������������

Sample �
mol %

� NaCl � CaCl2 � MgCl2
� ������������������������������������������������������������
� � 3 � 5 � 10 � 0.25 � 1 � 3 � 0.25 � 1 � 3

������������������������������������������������������������������������������������
D � 7.0 � � � � � � � 76 � 65 � 78 � � � � � �

E � 11.0 � 75 � 66 � 78 � 56 � 51 � 60 � 80 � 69 � 85
F � 20.0 � 59 � 54 � 60 � 50 � 43 � 52 � 66 � 61 � 72
G � 28.0 � 48 � 41 � 51 � � � � � � � 52 � 45 � 53
C � 0 � n* � n � n � n � n � n � n � n � n
L � 7.0 � n � n � n � n � n � n � n � n � n
M � 9.0 � n � n � n � n � n � n � n � n � n
N � 11.4 � n � n � n � n � n � n � n � n � n
O � 18.2 � n � n � n � n � n � n � n � n � n
P � 20.1 � n � n � n � n � n � n � n � n � n
B � 100.0 � n � n � n � n � n � n � n � n � n

������������������������������������������������������������������������������������
* (n) No phase separation.

copolymer became insoluble and precipitated. Com-
pared to the divalent metal salts, NaCl demonstrates
lower dehydrating capacity, and phase separation of
the copolymers occurs at higher salt concentration
than in the case of Ca and Mg chlorides (Table 2).

Analysis of data obtained at a fixed concentration
of inorganic salts (Table 2) shows that, for all the salt
additives studied, Tp.s decreases with increasing
content of ionic groups in macromolecules of the
AA/NaA copolymer, which is consistent with the pub-

c, M

Tp.s, �C

Fig. 2. Phase separation temperature Tp.s of AA/NaA co-
polymers in aqueous solutions as a function of the MgCl2
concentration c. cp = 0.2%; the same for Fig. 3. Samples:
(1) E, (2) F, and (3) G.

lished data [7, 8]. Increase in the ionic group content
in the copolymer increases the concentration of salt
bonds between polyanions and cations, decreasing the
stability of the macromolecules in solution. This is
also favored by the reduced possibility of H-bond
blocking of ionic groups of the copolymers in interac-
tion with the amide groups as the content of the NaA
units in the AA/NaA copolymers increases.

Let us consider the effect of divalent metal salts,
CaCl2 and MgCl2, on the phase separation in solu-
tions of AA/NaA copolymers. The dependence of Tp.s
on the solution ionic strength � controlled by salt ad-
ditions is presented in Fig. 3a (sample E) and Fig. 3b
(sample F). Analysis of data obtained at � = const
(Fig. 3) shows that Tp.s decreases on passing from
Mg2+ to Ca2+ (curves 1, 2). This is probably due to
the fact that Ca2+ is more strongly bound to polyacry-
late anion than Mg2+ [17].

The phase behavior in solutions of AA/NaAMS co-
polymers of different compositions and of the homo-
polymers, PAA and NaPAMS, was studied in the
presence of CaCl2, MgCl2, and NaCl at 25�100�C.
Table 2 shows that, over the experimental salt concen-
tration range, the indicated polymers and copolymers
remain to be soluble up to 100�C.

The effect of the concentration of AA/NaAMS
copolymer on the phase separation was studied at 20
and 100�C over the copolymer concentration range
from 0.1 to 0.5% in the presence of 0.25 and 3%
CaCl2 (Table 3). At low copolymer concentration (0.1
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(a)

�, M

(b)

�, M

Tp.s, �C Tp.s, �C

Fig. 3. Phase separation temperature Tp.s of AA/NaA copolymers as a function of the solution ionic strength �: (1) MgCl2 and
(2) CaCl2. Sample: (a) E and (b) F.

and 0.2%), no phase separation was observed. With
increasing cp to 0.3%, we did not observe phase
separation only at the lower CaCl2 concentration, and
at cp = 0.5%, phase separation was observed at both
CaCl2 concentrations.

We also studied the effect of MW of AA/NaAMS
copolymer on the phase separation. Experiments were
carried out at cp = 0.2% and the CaCl2 concentration
of 0.25 and 3% over the temperature range 20�100�C.
The results obtained for AA/NaAMS copolymers of
the same chemical composition showed that, over the
[�] range from 50 to 570 cm3 g�1, no phase separation
occurred.

The observed higher phase stability of AA/NaAMS
copolymers in the presence of divalent metal salts,
compared to AA/NaA copolymers, can be attributed
to different geometry of anions in these copolymers.
AA/NaAMS copolymer contains longer substituents
[�C(O)�NH�C(CH3)2�CH2�SO3Na] as compared to
AA/NaA [�C(O)�ONa]. As known, longer substit-
uents provide higher flexibility and lower charge
density along the chain. Evidently, this should favor
lower degree of bonding of divalent cations with the
polysulfonate anions as well as higher phase stability
of AA/NaAMS as compared to AA/NaA.

Another reason is different strength of bonding
between divalent cations and strong and weak poly-
electrolytes. It was demonstrated [17] that specific
bonding between the counterions and polyions is un-
typical of strong polyelectrolytes such as AA/NaAMS
copolymer, being significant in the case of weak poly-
electrolytes such as AA/NaA copolymer. Therefore,
divalent cations, Ca2+ and Mg2+, are more readily

bound to AA/NaA as compared to AA/NaAMS, pro-
viding higher phase stability for the latter.

CONCLUSIONS

(1) Copolymers of acrylamide and sodium 2-acryl-
amido-2-methylpropanesulfonate demonstrate higher
phase stability in the presence of inorganic salts
(CaCl2, MgCl2, and NaCl) as compared to copoly-
mers of acrylamide and sodium acrylate.

(2) No phase separation was observed for copoly-
mers of acrylamide and sodium 2-acrylamido-2-meth-
ylpropanesulfonate with different ionic group contents
and 50 < [�] < 570 cm3 g�1 over the copolymer con-
centration range 0.1�0.2%, irrespective of the CaCl2
and MgCl2 concentrations and temperature (20�
100�C).

(3) The phase separation temperature of copoly-

Table 3. Effect of the concentration of AA/NaAMS co-
polymer (sample P) on the phase behavior in CaCl2
solutions
����������������������������������������

cp, %

� Phase behavior* at indicated cCaCl2
, %

��������������������������������
� 0.25 � 3 � 0.25 � 3
��������������������������������
� 20�C � 100�C

����������������������������������������
0.1 � � � � � � � �

0.2 � � � � � � � �

0.3 � � � + � � � +
0.5 � + � + � + � +

����������������������������������������
* (�) No phase separation and (+) phase separation takes place.
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mers of acrylamide and sodium acrylate decreases
with increasing ionic group content in the copolymer
and on passing from Mg2+ to Ca2+.
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Abstract�A study was made of formation of selenium nanoparticles in water from reduction of sodium
selenite with ascorbic acid in the presence of polyacrylic and polymethacrylic acids.

It is well known that nanoparticles of zero-valence
metals and nonmetals, with their specific structural
features and high surface energy, exhibit abnormal
physicochemical properties because of the scale effect
of matter [1]. Of special interest are nanoparticles
of selenium, a chemical element with unique photo-
electric, semiconducting, catalytic, and biological
properties and X-ray sensitivity.

Ligand-free nanoparticles are metastable and tend
to rapidly aggregate in aqueous solutions. Therefore,
they are usually stabilized by water-soluble polymers
whose interaction with nanoparticles yields nanostruc-
tures of various morphologies [2]. However, the
nature of this interaction in formation of nanoparticles
in aqueous solutions of polymers still remains to be
elucidated.

This work was aimed at elucidating the nature of
the above-mentioned interactions and their role in
polymer stabilization of selenium nanoparticles (nano-
Se0). To this end, we studied for the first time forma-
tion of nano-Se0 particles in the presence of synthetic
polymers differing in the hydrophylic�lipophilic
balance. Also, we carried out optical studies of the
morphological characteristics of the nanostructures
being formed.

EXPERIMENTAL

We studied nano-Se0 nanoparticles prepared by
reducing selenious acid (SA) with ascorbic acid, with
and without polymer additions.

As polymeric stabilizers of nano-Se0 served syn-
thetic polymers, polyacrylic acid (PAA) and poly-

methacrylic acid (PMAA), with molecular weights Mw
of 27 �106 and 25 �103, respectively. This choice
was dictated by close structures and Kuhn segment
sizes of these polymers, of which only PMAA has
side hydrophobic methyl groups [3].

The ionic selenium species SeO3
2� was reduced

at the selenium concentration in solution of 0.01 wt %
and the polymer-to-selenium mass ratio of 9 : 1 (i.e.,
under exhaustive saturation of the adsorption capacity
of nanoparticles, as revealed for other selenium�poly-
mer nanostructures [4]).

Using the method of flow birefringence [5], we es-
timated the molecular dispersity of the solutions of
the adsorbates being formed, based on analysis of
the gradient dependence of the birefringence �n.
Specifically, we studied the birefringence versus the
gradient of the rotor rotation rate g and the polymer
concentration c at a fixed selenium concentration of
0.01 wt %. We used titanium dynamooptometer with
a 4-cm-high internal rotor and the rotor�stator slit
width of 0.03 cm. The solutions for birefringence
measurements were kept at a constant temperature of
21�C to prevent variations of their viscosities and
optical distortions due to the temperature gradient.
The measuring facility was calibrated against 2-phen-
ylethanol having a significant birefringence (�n /g =
17 �10�12), as well as against the polystyrene�
bromoform system. The intrinsic birefringence [n] =
limg�0, c�0(�n /gc�0) (�0 is the viscosity of the
solvent) was measured accurately to within 10%. The
measurements were carried out at g < gk, where gk is
the rate gradient corresponding to the onset of flow
turbulence.
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The experimentally determined intrinsic birefring-
ence [n] in a general case (dn /dc � 0, where dn/dc is
the increment of the refractive index of the solution,
estimated for PAA�Se0�H2O and PMAA�Se0�H2O
systems at 0.245 and 0.165, respectively) has three
components: [n] = [n]e + [n]fs + [n]f, where [n]e is
the intrinsic anisotropy; [n]fs, microform effect; and
[n]f, macroform effect [5]. The full segment anisot-
ropy [n]fs + [n]e is determined by the equilibrium
rigidity A of the polymer chain and by the structure of
the polymer unit, and [n]f is related to the shape
asymmetry parameter p of the macromolecule (par-
ticle) as

[n]f = [(n2
s + 2)/3]2[Mw (dn /dc)2 f (p)]/(30�RTns )

= const Mw (dn/dc)2f (p), (1)

where Mw is the molecular weight of the adsorbate
macromolecule; ns, refractive index of the solvent;
T, absolute temperature; R, universal gas constant; and
f (p), tabulated function of the ratio of the axes of a
rigid (impermeable by the solvent) ellipsoid approxi-
mating the particle [5].

Relationship (1) is valid both for isolated macro-
molecule and nanostructure; all what is needed of a
particle is to be impermeable by the solvent. Thus, for
high-molecular-weight flexible-chain and moderately
rigid-chain polymers (A < 5 nm), having minor optical
anisotropy and low-molecular-weight units, the intrin-
sic birefringence can be fitted by the approximation
[n] � [n]f, which allows the parameter p to be esti-
mated directly from the experimentally measured
birefringence [5].

Using the elastic (static) light scattering method
[6], we estimated Mw and the root-mean-square inertia
radii Rg of the polymers and nanostructures, as well as
their affinity for solvent, water (from the second virial
coefficient A2). Based on the ratio of the parameters
Mw for poly acids and nanostructures they form, we
determined the number of the macromolecules ad-
sorbed on the nano-Se0 surface. The reduced intensity
of light scattering by solutions R0 was measured on
a Fica photogoniodiffusometer. The wavelength of the
incident, vertically polarized, light was 546.1 nm.
The measurements were carried out at light scattering
angles � within 30��150�.The solutions and solvents
were purified by centrifugation at 15 �103 rpm for
1�1.5 h. The refractive index increment dn /dc was
determined from the refractive indices measured on an
IRF-23 instrument.

The experimental light scattering data were proc-

essed by the Zimm method, by double extrapolation
(c � 0, � � 0) of the plots of Kc /R� vs. sin2 (�/2) +
kc (K is the calibration constant, and k, numerical
constant).

We determined the average hydrodynamic particle
sizes RH by quasielastic (dynamic) light scattering
method [7]. Based on the experimental Rg-to-RH ratio
for the nanostructures, we estimated the parameter 	*
characterizing the conformation of the nanostructure
[8�11].

The optical component of the facility for measuring
the dynamic light scattering comprised an ALV-SP
(Germany) goniometer (a Spectra-Physics He�Ne laser
with a wavelength 
 = 632.8 nm, power ca. 20 mV, as
light source). The correlation function of the scattered
light intensity was obtained on a 288-channel Photo
Cor-FC correlator (Anteks Closed Joint-Stock Com-
pany, Russia). Data processing was carried out by
standard methods of cumulants and Tikhonov regulari-
zation, using appropriate software.

According to the static light scattering data, the
parameter Mw remains unchanged (Mw = 27 �107) in
going from the PAA�H2O to PAA�Se0�H2O system,
i.e., in the presence of PAA, no nanostructure is
formed. For the PMAA�Se0�H2O system, Mw was
estimated at 1.5 �108, i.e., it increased by a factor of
4300 relative to free PMAA macromolecules. This
unambiguously suggests the deciding importance of
hydrophobic interactions between macromolecules
and nano-Se0 in formation of nanostructures.

The second virial coefficient A2 for the PMAA�
Se0�H2O system is equal to zero, which suggests an
ideal thermodynamic quality of the solution. For the
PAA�Se0�H2O system, A2 is negative, namely, �0.8�
10�4 cm3 mol g�2, which suggests a bad thermo-
dynamic quality of the solution. Thus, adsorption of
macroions on nano-Se0 improves the thermodynamic
quality of the solution.

The parameter RH for nano-Se0 particles obtained
without polymeric stabilizer was estimated at 170 nm.
The particle size of the PMAA�Se0 adsorbate, es-
timated by dynamic and static light scattering meth-
ods, is much smaller (root-mean-square inertia radius
Rg = 90 nm and mean hydrodynamic radius RH =
90 nm). The parameter 	* = Rg /RH is equal to unity,
which suggests virtually ideal spherical shape of the
particles of the adsorbate being formed [8�11].

To determine the radius of the selenium particles
occurring in the core of the nanostructure, we lyo-
philically dried an aqueous solution of PMAA�Se0,
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and the resulting dry pelletized product was examined
by small-angle X-ray scattering. We estimated the
radius of the spherical Se0 particles at 15 nm, which is
by an order of magnitude smaller than that of seleni-
um particles obtained without polymeric stabilizer.
Thus, the nano-Se0 particles in aqueous solutions have
a ca. 75-nm-thick polymer shell.

Optical studies of the PAA and PMAA macro-
molecules showed that, in the nonionized state, these
are Gaussian globules with the asymmetry parameter
p � 2 [12].

Calculation of the parameter p in the [n] � [n]f ap-
proximation for the PAA�Se0�H2O and PMAA�Se0�
H2O systems yielded, respectively, p � 1 (spherical
conformation) and p � 2 (which is inconsistent with
the value of the parameter p*, corresponding to the
spherical conformation of the nanostructure) [5]. Also,
the fact that the reduced optical anisotropy for the
PMAA�Se0�H2O system is independent of the con-
centration (Fig. 1) suggests that the parameter p tends
to unity, i.e., that the nanostructure is spherical [5].
The fact that hybrid nanostructures formed by macro-
molecules and nanoparticles have a spherical shape,
even in the case of such a rigid macromolecule as
DNA [13], suggests that the [n] � [n]f approximation
is invalid for the PMAA�Se0�H2O system. Evidently,
in this case a significant contribution to the optical
anisotropy comes from an effect similar to the micro-
shape effect for an isolated macromolecule (Lyubina
[12] showed that the intrinsic optical anisotropy even
for PMAA with its high degree of ionization is
negligible). This is supported by the fact that the
�n = f (g) curves (Fig. 2) for the PMAA�Se0�H2O
system reach saturation. This suggests an increase in
the rigidity of the PMAA macromolecules owing to
hydrophobic interactions. Thus, hydrophobic interac-
tions of nonpolar fragments of the macromolecules
with one another and with nano-Se0 constitute the
major driving force of adsorption.

In the case of PAA, no nanostructure is formed,
and the conformation of the macroions changes, in
contrast to nonionic hydrophilic polymers such as
polyacrylamide [4]. This is presumably due to dipole�
dipole interactions of PAA with selenium nano-
particles.

We showed that selenium nanoparticles are adsorp-
tion matrices suitable for accommodating in high local
concentrations anionic polyelectrolytes containing
hydrophobic methyl groups in the side chains. Our
results can be applied to molecular designing of new
materials with desired properties.

c, wt %

(�n/d�0c)g� 0 � 108

Fig. 1. (�n /g�0c)g� 0�c dependence for the PMAA�Se0�
H2O system. (�n) Dimensionless birefringence of the
polymer; (g) flow rate gradient, s�1; (�0) viscosity of the
solvent, cm s g�1; and (c) concentration of the polymer.

g � 10�3, s�1

�

Fig. 2. Variation of the birefringence �n with the flow rate
gradient g for the PMAA�Se0�H2O system. cPMAA, wt %:
(1) 0.1, (2) 0.071, (3) 0.049, (4) 0.0195, and (5) 0.0048.

CONCLUSIONS

(1) Reduction of sodium selenite with ascorbic
acid in an aqueous solution of polymethacrylic acid
yielded spherical nano-Se0 particles with a size of
ca. 15 nm.

(2) Molecular-optical studies showed that the poly-
methacrylic acid macromolecules adsorbed on nano-
Se0 form an ultra-high-molecular-weight (MW =
150�106) spherical nanostructure with a size of ca.
90 nm, comprising over 4000 densely packed macro-
molecules.

(3) The PMAA�Se0�H2O system exhibits an in-
duced conformational transition of polyacrylic acid
from a Gaussian globule to a sphere.

(4) The hydrophobic interactions of the macro-
molecules with nano-Se0 play the deciding role in
their adsorption on nanoparticles.
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Abstract�The structure of homo- and copolymers of 2,3-epoxypropyl methacrylate and methyl methacrylate
was studied by high-resolution NMR. The stereochemical sequences in the polymer chains were established.

High-resolution NMR is an efficient method in
study and identification of vinyl monomers and poly-
mers based on these, since it allows determination of
molecular distribution in polymer chains and furnishes
data on the composition of polymers, microstructure,
and stoichiometry of macromolecular chain [1�11].

Here we report on the structure of homo- and co-
polymers of 2,3-epoxypropyl methacrylate (2,3-EPMA)
and methyl methacrylate (MMA) studied by 1H and
13C NMR.

EXPERIMENTAL

Poly-2,3-epoxypropyl methacrylate (poly-2,3-
EPMA), polymethyl methacrylate (PMMA), and co-
polymers based on 2,3-EPMA and MMA (2,3-EPMA�

MMA) were synthesized by radical polymerization
in 1,4-dioxane in the presence of an initiator, azobis-
(isobutyronitrile) (AIBM) in a concentration of 5 �

10�3 M at 60�C under argon. The polymers were puri-
fied from unchanged monomers by threefold repre-
cipitation from acetone to ethyl ether and dried
in a vacuum oven. The content of epoxy groups in
2,3-EPMA, poly-2,3-EPMA, and 2,3-EPMA�MMA
was determined by the chemical method based on
their reaction with hydrochloric acid in acetone [12].

The 1H and 13C NMR spectra of 10% solutions
of monomers and polymers in dimethyl sulfoxide
(DMSO�d6) with hexamethyldisiloxane (HMDS) as
an internal reference were recorded at room tempera-
ture on a Varian Mercury-300 spectrometer operating
at 300.06 MHz for protons.

The signals in the 1H and 13C NMR spectra of the
polymers were assigned using the spectral data for the
initial monomer 2,3-EPMA and the structural analogs

of 2,3-EPMA�MMA: poly-2,3-EPMA and PMMA
(Table 1).

The olefin protons of 2,3-EPMA give multiplets in
the range 5.6�6.2 ppm with the geminal constant of
1.5 Hz and constants of remote spin�spin coupling
with methyl protons equal to 1.0 and 1.5 Hz in trans
and cis positions with respect to this group, respec-
tively. The signal of the methyl group is observed
at 1.89 ppm. The protons of the methylene group
adjacent to the ester group are nonequivalent and give
two doublets of doublets with the geminal constant of
12.3 Hz and vicinal constants of 2.8 and 6.3 Hz. The
signals at 2.65, 2.79, and 3.23 ppm are assigned to
the protons of the epoxy ring. The first two of them, a
doublet of doublets and a triplet with a broadened
central component, belong to protons of the methylene
group. They have the same splitting of 5.4 Hz arising
from geminal coupling, and the splittings of 2.4 and
4.8 Hz corresponding to cis and trans coupling with
protons of the oxirane ring. A complicated structure
of the third signal assigned to the methine proton is
caused by its coupling with the protons of the neigh-
boring methylene groups.

In the 1H and 13C NMR spectra of homo- and co-
polymers of 2,3-EPMA and MMA (Table 1), the
signals of methyl groups at the double bond, olefin
protons, and corresponding carbon atoms disappear.
At the same time, new signals characteristic of �-CH3
groups at a single bond, methylene groups, and
quaternary carbon atoms in the polymer chain appear
in the spectrum. The positions of the signals of meth-
oxy groups, epoxy ring, and neighboring methylene
group do not change noticeably.

The signals in the 1H and 13C NMR spectra of the
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Table 1. 1H and 13C NMR chemical shifts of PMMA, 2,3-EPMA, and copolymers based on these
������������������������������������������������������������������������������������

Group

� �, ppm
�����������������������������������������������������������������������������
� 2,3-EPMA � poly-2,3-EPMA � PMMA � 2,3-EPMA�MMA
�����������������������������������������������������������������������������
� 1H � 13C � 1H � 13C � 1H � 13C � 1H � 13C

������������������������������������������������������������������������������������
CH2 � 6.05 � 127.23 � 1.83 � 52.40 � 1.80 � 53.85 � 1.81 � 52.89

� 5.71 � � 1.52 � 54.44 � 1.44 � 54.95 � 1.50 � 54.54
Cquat � � � 136.65 � � � 45.22 � � � 44.85 � � � 45.17

� � � � 45.56 � � 45.27 � � 45.53
�-CH3 � 1.89 � 18.98 � 0.79 � 17.41 � 0.74 � 17.20 � 0.78 � 17.29

� � � 0.96 � 19.38 � 0.93 � 19.45 � 0.95 � 19.46
� � � 1.18 � � 1.13 � � 1.13 �

C=O � � � 167.34 � � � 176.94 � � � 177.29 � � � 176.94
� � � � 177.71 � � 178.12 � � 177.71
� � � � 177.95 � � 178.30 � � 177.95
� � � � � � � � 178.29
� � � � � � � � 178.49

O�CH2 � 4.45 � 66.16 � 4.29 � 66.77 � � � � � 4.30 � 66.72
� 3.90 � � 3.72 � � � � 3.72 �

CHepoxy � 3.23 � 50.04 � 3.19 � 49.60 � � � � � 3.19 � 49.56
CH2

epoxy � 2.79 � 44.83 � 2.79 � 44.86 � � � � � 2.80 � 44.80
� 2.65 � � 2.65 � � � � 2.65 �

O�CH3 � � � � � � � � � 3.55 � 52.69 � 3.55 � 52.71
������������������������������������������������������������������������������������

polymers have no fine structure and are broadened in
comparison with the signals of the initial monomer.

The quantitative content of epoxy groups in the
polymer can be estimated from the epoxy number
(EN). For the 2,3-EPMA homopolymer synthesized,
EN determined by the chemical method [12] coincides
with the EN found for the initial 2,3-EPMA and is
equal to 30.28%. This suggests complete preservation
of oxirane rings in poly-2,3-EPMA. The NMR data
suggest that radical homo- and copolymerization of
2,3-EPMA initiated by AIBN involves scission of
double bonds without participation of epoxy groups.
This is in good agreement with the results of chemical
analysis.

The composition of the copolymer 2,3-EPMA:
MMA = 66 :34 mol % found from the relative integral
intensities of signals of epoxy and methoxy groups in
the 1H NMR spectrum (66 : 34 mol %) practically
coincides with the values obtained by elemental
and chemical analysis: 68.18 : 31.82 and 65.30 :
34.70 mol %, respectively. In the initial mixture of
monomers, [2,3-EPMA] : [MMA] = 60 : 40 mol %.

Found, %: C 59.37, H 7.28, O 33.36; EN 22.04.
Calculated, %: C 59.43, H 7.35, O 33.23: EN 20.61.

It is seen that the copolymer is somewhat enriched

with fragments of 2,3-EPMA, which is more active
than MMA in accordance with the copolymerization
constants (r2,3-EPMA = 0.94, rMMA = 0.75) [13].

It is well known [14] that, in polymers synthesized
from a vinyl monomer with different �-substituents,
the monomer molecules add to the end of the growing
chain, as a rule, in the �head-to-tail� manner. In this
case, every second carbon atom, being the center of
the stereoisomerism, can occur in one of two con-
figurations differing in location of �-substituents
with respect to the carbon chain. The knowledge of
the fractions of these configurations allows determina-
tion of the polymer structure.

It is seen from Table 1 that almost each group
in the monomeric unit of the polymer gives several
signals whose chemical shifts essentially depend not
only on the nature of this group but also on the rela-
tive configuration of the neighboring monomeric
units. The exceptions are methoxy and epoxy groups
and also adjacent methylene group, which are insensi-
tive to the isomerism of the main polymer chain
because of relatively remote location.

In the range of proton resonance of �-methyl
groups, there are three signals of different intensities.
This suggests that the polymers are not highly stereo-
regular, i.e., there are various configuration sequences
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Table 2. Distribution of triad sequences in poly-2,3-EPMA, PMMA, and 2,3-EPMA�MMA
������������������������������������������������������������������������������������

Compound

�

Triad

� 1H NMR of
� 13C NMR �

Pm

�
Calculation of� � ����������������������������������� �

� � �-CH3 at � Cquat, � �CH3, � C=O, � �triads according

� � 0.7�1.2 ppm � 44�46 ppm � 17�20 ppm � 176�179 ppm � � to Bernoulli

������������������������������������������������������������������������������������
Poly-2,3-EPMA � mm � 0.03 � 0.03 � 0.03 � 0.03 � 0.23 � 0.05

� mr � 0.36 � 0.37 � 0.37 � 0.35 � � 0.36
� rr � 0.61 � 0.60 � 0.60 � 0.62 � � 0.59

PMMA � mm � 0.05 � 0.05 � 0.05 � 0.05 � 0.24 � 0.06
� mr � 0.37 � 0.35 � 0.36 � 0.39 � � 0.36
� rr � 0.58 � 0.60 � 0.59 � 0.56 � � 0.58

2,3-EPMA�MMA � mm � 0.04 � 0.04 � 0.04 � � � 0.24 � 0.06
� mr � 0.38 � 0.38 � 0.37 � � � � 0.36
� rr � 0.58 � 0.58 � 0.59 � � � � 0.58

������������������������������������������������������������������������������������

in these polymers. The presence of three signals
means that the configuration of only short fragments
of the chain, containing three monomer units, can be
determined from the 1H NMR spectrum. These sig-
nals belong to �-methyl groups in the central units of
iso- (mm), syndio- (rr), and heterotactic (mr) triads.
The signals were assigned considering the influence of
magnetic susceptibility anisotropy of carbonyl groups
in the terminal units of the triads on the chemical
shift. In the syndiotactic triad, whose units occur in
opposite configurations, �-methyl group is in the
region of shielding effect of two carbonyl groups
similarly arranged with respect to this group. As a
result of shielding, its signal is shifted upfield relative
to the signal of the isotactic triad. The signal of the
heterotactic triad is positioned between these signals,
with intermediate chemical shift. Thus, three �-methyl
signals at 0.74�0.79, 0.93�0.96, and 1.13�1.18 ppm
correspond to rr, mr, and mm triads, respectively. It
should be noted that a large difference in the chemical
shifts of the triads is mainly caused by the character-
istics of carbonyl group with �-glycidyl and methoxyl
substituents and by orientation. For poly-2,3-EPMA,
PMMA, and 2,3-EPMA�MMA, this difference is
equal to 0.39 and 0.35 ppm, while for polypropylene
[15] having no electronegative and magnetoanisotrop-
ic �-substitutents which can noticeably affect the
chemical shift, this difference is as small as 0.05 ppm.

The measurements of the integral intensities of the
signals of �-methyl groups allow estimation of the
relative fractions of stereochemical sequences in the
polymers (Table 2). These values suggest predominant
formation of syndiotactic polymers and show that the
distribution of monomeric units in the macromolecular
chain of poly-2,3-EPMA, PMMA, and 2,3-EPMA�

MMA, synthesized in the presence of AIBN radical

initiator in 1,4-dioxane at 60�C, is described by the
Bernoulli statistics and is characterized, within the
limits of the experimental error, by the probability of
formation of mesodiad Pm = 0.23�0.02.

Along with the signals corresponding to triads, car-
bonyl carbon gives an additional signal at 177.95 ppm,
which belongs to mrrr pentads with the probability
equal to 0.15.

We failed to distinguish the sequences of comono-
mer units in 2,3-EPMA�MMA from the evidence of
NMR data owing to the fact that the shielding effect
of the carbonyl group linked to glycidyl and methyl
substituents is practically the same. However, the con-
figuration sequences in the form of mm, mr, and rr
triads differ clearly in the signals of �-methyl groups
and quaternary carbon atom in the polymer chain. The
found distribution of triad sequences in copolymer is
the same as in the homopolymers (Table 2).

CONCLUSION

Homo- and copolymers of epoxypropyl meth-
acrylate and methyl methacrylate, produced by radical
polymerization in a solution in the presence of azobis-
(isobutyronitrile) at 60�C, are predominantly syndio-
tactic and obey the Bernoulli statistics with the prob-
ability of isotactic addition Pm = 0.24�0.02.
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Abstract�Rheological and adhesion characteristics of water-soluble adhesive composites based on copolymer
of acrylamide with sodium acrylate and corn dextrin were studied. The optimum composition of these com-
posites in their use as label adhesives was determined.

High-quality label adhesives should have the fol-
lowing characteristics: high reliability of the adhesive
joint in the initial stage of drying, short time of set-
ting, and, desirably, pseudo-plastic character of
flow [1].

It is well known that aqueous saline solutions of
copolymers of acrylamide with sodium acrylate
(CASA) are used as label adhesives [1�3]. However,
these adhesives have poorly pronounced pseudo-plas-
ticity and fairly prolonged time of setting; they en-
sure low reliability of the adhesive joint in the first
minutes. These characteristics can be improved by in-
creasing concentration of polymer in the solution.
However, increase in the concentration of CASA
results in significant increase in the solution viscosity,
which hampers its use as adhesive [3].

Another approach to improvement of character-
istics of adhesives based on CASA is, apparently,
development of composites with other polymers.

Here we studied the possibility of using corn dex-
trin (CD) for improvement of adhesion and rheologi-
cal characteristics of glues based on CASA.

EXPERIMENTAL

As the initial materials we used aqueous�saline
solution of CASA with the concentration of 27.5%
and shear viscosity of 35 Pa s, and also acidic corn
dextrin (high grade, pale yellow), GOST (State Stan-
dard) 6034�74. Copolymers of acrylamide with sodi-
um acrylate were produced by base hydrolysis of Ni-
tron D polyacrylonitrile fiber according to TU RB
(Technical Specification of Belarus Republic)
00280198.026�96. The resulting hydrolyzate was
neutralized with acetic acid.

The viscosity of the resulting solutions was deter-

mined on a Rheotest 2 rotary viscometer with a cylin-
der�cylinder working unit at 20�0.1�C [4].

To determine adhesion characteristics of the hy-
drolyzate solutions in the system glass�adhesive�
paper, we used an RMU-0.05-1 tearing machine with
the limits of load measurements of (0�10)�0.02 kgf
and velocity of the guide rod of the machine of up to
100 mm min�1 [2, 3].

The content of the dry substance was determined
gravimetrically by drying in a thermostat at 80�C to
constant weight. The polymer concentration was deter-
mined by subtraction of the salt concentration from
the content of dry substance. The salt content was
evaluated by the formula

csalt = 82nacid /mh,

where csalt is the concentration of salt in the neutral-
ized hydrolyzate (%), nacid is the amount of acetic
acid consumed for neutralization (mole), and mh is the
weight of the neutralized hydrolyzate (g).

The 13C NMR spectra were recorded on a Tesla
BS-587A spectrometer operating at 20 MHz. We used
10% solutions of copolymers in D2O placed into
standard ampules (10 ml). The spectra were recorded
without Overhauser effect with pulse delay exceeding
7T1, where T1 is the spin�lattice relaxation time of
the most slowly relaxing nuclei. The signals were as-
signed by the DEPT procedure with the use of model
compounds [5]. The chemical shifts were measured
using the signal of methyl group of acetone-d6 added
to the reaction mixture as a reference (� 30.2 ppm).

The composites of aqueous saline solution of
CASA with CD were prepared at room temperature
and at 65�5�C.
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�, Pa s

Dr, s�1

Fig. 1. Flow curves for the hydrolyzate of the polyacryloni-
trile fiber and the mixture of the hydrolyzate with CD. Tem-
perature of mixing 20�C; the same for Fig. 2. (�) Viscosity;
(Dr) shear rate. Concentration of CD, %: (1) 0, (2) 10,
(3) 15, (4) 20, and (5) 25; the same for Figs. 2 and 4.

�, kPa

t, min

Fig. 2. Shear strength of the glue joint � as a function of
keeping time t for hydrolyzate of polyacrylonitrile fiber
and mixtures of the hydrolyzate with CD.

The flow curves for the mixtures CASA�CD with
CD content from 10 to 25%, prepared at room tem-
perature, are shown in Fig. 1. It is seen that, on add-
ing CD to the CASA solution, its viscosity signifi-
cantly increases (to 146 Pa s at a shear rate of 0.33 s�1

and CD content in the composite of 20%). In this
case, the viscosity of 20% aqueous solution of CD
is as low as 13 mPa s at the same shear rate. Hence,
mixing of CD with the hydrolyzate results in super-
additive increase in the viscosity.

It can be noted that the resulting solutions of com-
posites have significantly more pronounced pseudo-
plastic character of flow than the initial solution of
CASA.

It should also be noted that mixing of the CASA
solution with CD in the concentration exceeding 25%
is of no practical interest, since in this case the solu-
tions are highly viscous. In addition, thread formation
is observed in using these blends as label adhesives in
high-speed label lines.

(a)

(b)

(c)

(d)

Fig. 3. The 13C NMR spectra of the samples of (a) CD,
(b) CASA, and (c, d) composites of CASA with CD pre-
pared at (c) 20�C and (d) 65�5�C.

The results of determination of adhesion character-
istics of the mixtures of CASA solution with CD,
prepared at room temperature, are shown in Fig. 2. It
is seen that addition of CD to aqueous saline solution
of CASA results in improvement of the adhesion char-
acteristics. This is primarily manifested in accelerated
growth of the glue joint strength. On adding 20% CD,
the setting time reaches a minimum equal to 2 min,
which corresponds to adhesion characteristics of the
best imported glues.

Variation of rheological characteristics of the com-
posites in comparison with CASA solutions can be
caused by formation of covalent and noncovalent
bonds between CASA molecules and CD. To confirm
this assumption, we studied these compositions by
13C NMR.

The 13C NMR spectra of CASA, CD, and compo-
sites of CASA with 15% CD, prepared at room tem-
perature and 65�5�C, are shown in Fig. 3. It is seen
that the spectrum of CASA�CD composite (Fig. 3c)
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Rheological characteristics of CASA�CD composites
prepared at various blending temperatures
����������������������������������������
Content of CD, wt % � Tbl, �C � Viscosity,* Pa s
����������������������������������������

10 � 20 � 67.2/60
10 � 65�5 � 65.5/61.6
15 � 20 � 106.5/80
15 � 65�5 � 114.7/91.2
20 � 20 � 146/104
20 � 65�5 � 143.3/102.3
25 � 20 � 197/127
25 � 65�5 � 220/147

����������������������������������������
* Viscosity at the shear rate of 0.33/16.2 s�1.

contains the same signals as in the spectra of the in-
dividual components (Figs. 3a, 3b). There are no
changes in the positions of signals and their intensi-
ties. This suggests no covalent bonding between func-
tional groups of CASA and CD macromolecules. It
could be assumed that these bonds would arise in
composites produced at elevated temperatures. How-
ever, as seen from Fig. 3, the 13C NMR spectra of
composites produced at room temperature and at 65�
5�C are the same (Figs. 3c, 3d), i.e., even after heating
no covalent bonds between CASA and CD macro-
molecules are formed.

Hence, the only explanation of variation of the
rheological characteristics of the composites in com-
parison with the initial CASA solution is strengthen-
ing of intermolecular interactions in the system with
participation of CASA and CD functional groups.

It could be expected that the interchain interactions
would change under heating. The shear viscosities of
the composites prepared at room temperature and at
65�C are listed in the table. These data show that the

�, kPa

t, min
Fig. 4. Shear strength of glue joint � as a function of keep-
ing time t for hydrolyzate of polyacrylonitrile fiber and
mixtures of the hydrolyzate with CD. Blending temperature
65�5�C.

blending temperature does not noticeably affect the
rheological characteristics of the composites.

The dependences of the strength of glue joints on
the duration of keeping for the CASA�CD composites
prepared at 65�5�C are shown in Fig. 4. Comparison
of Figs. 2 and 4 shows that the curves of strength
growth for the composites containing different
amounts of CD and prepared at different temperatures
practically coincide. Hence, the blending temperature
does not affect the adhesion characteristics of the
composites.

Comparison of the rheological and adhesion char-
acteristics of the composites prepared at various tem-
peratures shows that an increase in the temperature of
composite preparation to 65�5�C does not result in
variation of the interchain interaction.

CONCLUSION

Mixing of corn dextrin with aqueous saline solu-
tion of copolymer of acrylamide with sodium acrylate
prepared by base hydrolysis of polyacrylonitrile fibers
results in transformation of the hydrolyzate from a
Newtonian liquid to a pseudo-plastic liquid, increase
in viscosity at any shear rate, and improvement of
adhesion characteristics of the composites in the sys-
tem glass-paper in comparison with the individual
components. The composition containing 20% corn
dextrin has the optimal adhesion and rheological char-
acteristics for use as a label adhesive. This composi-
tion can be produced by mixing at room temperature.
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Abstract�Thermal cyclization of polyacrylonitrile, synthesized by anionic and radical polymerization,
in films containing 0.5 wt % fullerene C60 and without it was studied dilatometrically in the range 20�400�C.

Fullerenes are a family of polyhedral molecules
with a closed large-diameter spherical structure built
from three-coordinate carbon atoms with an extended
�-electron system capable of diverse interactions with
molecules of inorganic and organic substances [1�3].
This made fullerenes a subject of active studies aimed
to elucidate their promise for modification of the
properties of polymers.

Fullerene C60 acts as inhibitor in thermal and ther-
mooxidative degradation of polymethyl methacrylate
[4�6]. Calorimetric studies revealed enhanced thermal
stability of complex and covalent compounds of poly-
mers of N-vinylpyrrolidone and ethylene glycol with
C60 [7, 8]. Much attention has been given to studying
the properties of polymers containing fullerene C60 in
solutions [9, 10].

There are virtually no published data concerning
the influence of C60 on dilatometric characteristics of
polymers under physicochemical transformations,
despite scientific and practical importance of this
issue.

In this work we studied dilatometrically the ther-
mal cyclization of polyacrylonitrile (PAN) films, with
and without fullerene C60, as influenced by the meth-
od of synthesis (anionic and radical polymerization)
and by the chemical and supramolecular structure of
PAN. This is urgent in view of the fact that heat treat-
ment of PAN is essential for preparation of high-
modulus heat-resistant fibers, as well as of semicon-
ductor and carbon materials [11].

EXPERIMENTAL

We studied films prepared from PAN with M� =
8�105 Da, synthesized by anionic (A-PAN) and radi-
cal (R-PAN) polymerization. Anionic polymerization

was carried out in DMF at �60�C using lithium alkox-
ide [12], and radical polymerization, by conventional
procedure in water at 25�C in the presence of potas-
sium peroxosulfate and NaHSO3. Films of A-PAN
exhibited a narrow MWD (Mw /M� = 1.3), microtac-
ticity with a block structure coefficient K � 1.57 [13],
and virtually perfect chemical structure of the chain
due to the lack of side reactions in the case of anionic
polymerization [14]. Films of R-PAN exhibited a
wide MWD (Mw /M� � 10) and no microtacticity
(K � 1.02) [13].

To elucidate the influence of C60 on the properties
of PAN, we took a small amount of C60, since it is
known [15] that the properties of polymers are most
strongly affected by the monomeric form of C60,
which is the most abundant at low concentrations.

The films were cast from solutions of polymers
(5 wt %) and their mixtures with fullerene (0.5 wt %
with respect to PAN) in DMF containing the desired
amount of N-methylpyrrolidone (MP) as solvent for
C60. The solutions were heated for 1 h at 100�C. After
filtration and cooling to room temperature, these
solutions, without preliminary keeping, were used for
casting R-PAN and A-PAN films onto glasses.

The R-PAN �C60 and A-PAN �C60 films were cast
after keeping the solutions at room temperature for
3 days. Prolonged maturing of the solution favored
structuring and improved the mechanical properties.
The films cast without preliminary keeping were
brittle, virtually unsuitable for cutting out samples
for measurements. The films were dried at room tem-
perature for 5 days.

Dilatometric measurements were carried out on an
installation capable of recording the changes in the
longitudinal linear dimensions of films accurately to
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within 0.01 �m, when the samples are heated at a rate
of 10 deg min�1 at 20�400�C [16]. The samples were
film stripes 30 mm long, 4 mm wide, and 20�35 �m
thick, aligned under a small load of 1 kg cm�2.

Calorimetric measurements within 20�400�C were
carried out with a DSM-2M microcalorimeter at a
scanning rate of 16 deg min�1 and the threshold sen-
sitivity of 0.04 mW [17].

The dilatometric curves of the films (Fig. 1) of
R-PAN (curve 1) and A-PAN (curve 2) exhibit non-
monotonic, complex patterns, which suggests struc-
tural transformations during heat treatment. Three sec-
tions are distinct in these curves, namely, those corre-
sponding to temperatures below 120, within 120�260,
and above 260�C, respectively, for which the size
variation patterns strongly differ. Below 260� the di-
latometric curves for R-PAN and A-PAN are similar.
Below 120�C these samples exhibit contraction
(shrinkage), followed by elongation up to 260�C,
almost linear for A-PAN and more complex for
R-PAN. The R-PAN and A-PAN films differ only in
the shrinkage ratio and in the shrinkage onset tem-
perature. In the case of the R-PAN film, contraction
began above 60�C; below 60�C, the film elongated.
At the same time, the A-PAN film exhibited no initial
elongation region, and its contraction began at 50�C.
The third sections of the dilatometric curves (heating
above 260�) differ significantly: The R-PAN film con-
tracts (this section is restricted by the subsequent
failure of the sample), whereas the A-PAN film sharp-
ly elongates.

The shapes of the curves in Fig. 1 suggest that
there are structural transformations within two tem-
perature regions, namely, in low-temperature (below
120�C) and high-temperature (above 260�C) regions.
Low-temperature transformations are virtually com-
plete at 120�C both for R-PAN and A-PAN, as sug-
gested by a shrinkage minimum in the dilatometric
curves.

As mentioned above, in the high-temperature
region, the R-PAN and A-PAN films substantially
differ in the size variation pattern, namely, the A-PAN
film elongates (onset of flow) and R-PAN film con-
tracts. In the intermediate region (120�260�C), vir-
tually no physicochemical processes are observed; the
polymer structure is fairly stable, since we recorded
a linear elongation with rising temperature due to
thermal expansion.

Figure 2 shows the dilatometric curves recorded for
mixed films, R-PAN �C60 (curve 1) and A-PAN �C60
(curve 2). They differ significantly from the curves

T, �C

�l/l0, %

Fig. 1. Dilatometric curves for (1) R-PAN and (2) A-PAN
films. Continuous heating (first run). (�l /l0) Relative
change in size, %, and (T) temperature, �C; the same for
Figs. 2 and 4.

T, �C

�l/l0, %

Fig. 2. Dilatometric curves for (1) R-PAN �C60, (2) A-PAN �

C60 films (continuous heating, first run), and (3) R-PAN �

C60 [repeated stepwise heating to 160, 260, and 390�C
after heating of the initial samples to 160 and 260�C (for
explanation, see text)].

recorded for films containing no C60 (R-PAN and
A-PAN). In the case of the R-PAN �C60 film, contrac-
tion persists up to 200�C (shrinkage up to 9%), while
in the case of the R-PAN film, contraction (no greater
than 1%) ceased at 120�C (Fig. 1, curve 1). Upon
heating above 250�260�C, the curves for R-PAN �C60
film exhibited a second contraction section, with a
total shrinkage of over 20%, and upon rising tem-
perature to 340�250�C, the film, on the contrary,
elongated. According to the differential scanning
calorimetric (DSC) data, specifically the 260�350�C
region corresponds to thermal cyclization (Fig. 3b,
curve 1). Upon introduction of C60, the A-PAN �C60
film contracts, similar to R-PAN �C60, though with a
smaller total shrinkage of 5%, ceasing at 200�C. This
slightly exceeds the shrinkage of the initial A-PAN
film, 3% at a maximum, ceasing at 120�C (Fig. 1,



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 5 2004

822 SIDOROVICH et al.

(a)

T, �C
Endo

(b)

Exo

T, �C
Fig. 3. DSC curves. (T) Temperature. Film: (a) R-PAN �C60
and (b) (1) R-PAN �C60 and (2) A-PAN �C60.

curve 2). Further heating from 200 to 270�C corre-
sponds to stabilization, and above 270�C there is an
abrupt change to elongation (flow), corresponding to
the onset of exothermic effect of thermal cyclization
in the DSC curve (Fig. 3b, curve 2).

The dilatometric curves demonstrate variations of
the film size due to thermal expansion and structural
transformations yielding new intermolecular bonds,
which can be accompanied by a mass loss owing to
removal of residual solvents and thermal degradation
products.

Therefore, interpretation of the nonmonotonic
complex curves describing the primary continuous
heating of the initial samples (Figs. 1, 2; curves 1 and
2) requires understanding of the physicochemical
processes occurring during heating.

To this end, we carried out repeated stepwise heat-
ing of the films heated to different temperatures in the
first run, as illustrated by curve 3 in Fig. 2 for the
R-PAN �C60 film. Curve 1 was recorded in the first
run of continuous heating, and curve 3, under repeated
heating of the two initial samples heated in the first
run to 160 and 260�C. Comparison of curves 1 and 3
suggests irreversible changes due to structural trans-
formations, since there is a different monotonic plot
of �l /l0 vs. T. The above-mentioned data suggest that
even primary heating of the initial sample to 160�C is
accompanied by structural transformations. When the
temperature of primary heating is further risen to

260�C, the monotonic linear dependence observed in
the repeated heating run is the same as after heating
to 160�C. This suggests that the structural changes
that occurred upon heating to 160�C were not fol-
lowed by further changes on heating to 260�C. How-
ever, upon repeated heating above 260�C of the initial
sample heated in the first run to 260�C, there appears
a section corresponding to sharp contraction followed
by elongation. This suggests a second type of struc-
tural transformations. Thus, the dilatometric curve 1
provides information about two types of structural
transformations, namely, low-temperature transforma-
tions up to 260�C and high-temperature transforma-
tions above 260�C.

Our calorimetric studies revealed within 80�200�C
endothermic low-temperature heat effects with �H �
15�20 kJ kg�1 and exothermic high-temperature effects
with much stronger heat effects �H � 650�800 kJ kg�1

(Fig. 3). These include an endothermic effect for the
R-PAN �C60 film (�H = 20 kJ kg�1) and exothermic
effects for R-PAN �C60 (�H = 827 kJ kg�1) and
A-PAN �C60 (�H = 623 kJ kg�1).

The calorimetric data concerning the temperature
regions of structural transformations correlate with
dilatometric data. Opposite signs of the heat effects
suggest different types of structural transformations.
In the low-temperature region, the endothermic nature
of the structural transformations (which is manifested
in the dilatometric characteristics as well) is due to
a special role played by the cyano groups. On the
supramolecular level, they form donor�acceptor bonds
with 	-hydrogen atom of the polymer and with one
another, as well as complexes with the solvent (DMF).
This favors numerous interactions of the macromole-
cules with one another and with the solvent, yielding
strong complex bonds, the so-called 
physical cross-
links� [18]

C�H �
��C���N��

N���C C��
��H

and N���C C��
��H��N���C C��
��H.C�H �

��C���N��
N���C C��
��H

and N���C C��
��H��N���C C��
��H.

The strength of such interactions reaches 33�
35 kJ mol�1, and they can be responsible for insolu-
bility in DMF of the R-PAN and A-PAN films heat-
treated to 110�C. The mixed films preserved their
solubility in DMF upon heating to higher tempera-
tures: to 150�C in the case of R-PAN �C60 and to
160�C in the case of A-PAN �C60. This can be ex-
plained by the fact that C60 molecules can act in this
case as 
traps� hindering formation of interchain
cross-links [4, 5]. Heating within 80�200�C involves
superposition of the heat effects from scission of the
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bonds formed by CN groups with one another and
with DMF and from the onset of formation of the
interchain chromophore moieties. This is evidenced
by the fact that the films acquire light brown colors.
The heat effects corresponding to the structural
changes in the low-temperature regions have opposite
signs. While scission of intermolecular bonds with
cyano group and removal of the solvent consumes
energy, formation of an insoluble colored polycyclic
polymer with chromophore groups is accompanied
by heat liberation.

Since the energy of nonvalent bonds is 33�
35 kJ mol�1 and they act as fairly strong cross-links
[18], the energy consumption prevails, which is re-
sponsible for an endothermic effect. In fact, changes
in the supramolecular structure and the initial reac-
tion of cyano groups, yielding moieties comprising
chromophore bonds, are the initial steps, preparing
the high-temperature cyclization.

Analysis of our results allows the temperature
dependence of the dilatometric characteristics to be
interpreted as follows. The initial rearrangements of
the macrochains, initiating and preparing interactions
of the cyano groups, are recorded dilatometrically
even upon heating to above 70�80�C. This is evident
from the change in the thermal expansion sign, fol-
lowed by appearance of characteristic sections corre-
sponding to contraction (shrinkage) during the first
heating run.

The shrinkage ratios reflect, for the most part, the
processes occurring in the first stage of structural
transformations which are complete at 200�C in the
case of fullerene-containing films and at 120�C in
the case of fullerene-free films. Within the same tem-
perature range, the complexes degrade and the solvent
is removed. All this exerts the deciding influence on
the shrinkage ratio, which reflects the depth of trans-
formation in the first stage. This interpretation is
supported by two facts, namely, by irreversible nature
of transformation, as directly evidenced by the differ-
ence in the dilatometric dependences measured in the
repeated heating runs, and by the occurrence of an
endothermic effect within 80�200�C, as evidenced
by DSC data.

The high-temperature region corresponds to the
second stage of transformations, thermal cyclization,
which is accompanied by a significant exothermic
effect and a sharp change in the film size. This is
due to cleavage of the triple bond in the cyano groups
of the polymer and formation of ladder structures with
conjugated imine sequences [11]:

��CH2
CH��CH2

CH��
CH2

CH�
���C���N C��

N
C��

��
.

��CH2
CH��CH2

CH��
CH2

CH�
���C���N C��

N
C��

��
.

Like C60, such polymer structures are polyunsaturated
compounds; they actively react with one another,
forming strong intermolecular complex bonds. This is
responsible for compaction of the polymer macro-
molecules, which can result in a sharp contraction,
and even in failure, of the PAN films. However, ther-
mal cyclization of PAN, evidently, involves interchain
reactions also giving rise to chemical cross-links
between rigid ladder structures of cyclic PAN. Pos-
sibly, the number of such cross-links and the rate of
their formation govern the heat resistance of films in
this stage of heat treatment. Our studies showed that
the presence of C60, and especially preheating, favor
more active formation of chemical 
cross-links,�
which enhances the heat resistance of R-PAN �C60
during thermal cyclization (the yield point increases to
390�C). This is the main factor affecting the shape
of the dilatometric curve of R-PAN �C60 in the high-
temperature region.

Our study showed that the dilatometric properties
are extremely strongly influenced by the synthesis
conditions, since the relationships for the anionic and
radical films are completely different. The PAN films
prepared by anionic polymerization tend to sharply
elongate in the high-temperature region, rather than
contract like the films prepared by radical polymeriza-
tion. Such behavior of A-PAN films can be explained
by the structural features of this polymer. Specifically,
homogeneity of the molecular weight and chemical
structure, as well as the stereoblock character of its
macromolecules, can favor their predominant exist-
ence in solutions and in films as double helices. In
such films, without C60, even at 260�C weaker bonds
between the double helices of the macromolecules can
be disturbed, making possible the 
flow� effect for
the PAN film even before thermal cyclization, as we
observed in this work.

In the presence of C60, which, most likely, is in-
serted between the double helices, the bonds link-
ing the helices are strengthened. In the case of the
A-PAN �C60 film, the onset of flow coincides with the
onset of thermal cyclization. In this case, interaction
of cyano groups, most preferably, involves one or two
A-PAN �C60 macromolecules integrated into a double
helix. Interaction of the 
ladder� moieties of cyclized
A-PAN �C60 with one another is more efficient than
their interaction with C60, and the structures formed
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T, �C

�l/l0, %

Fig. 4. Dilatometric curves for repeated heating runs with
(1) A-PAN �C60 and (2) R-PAN �C60 films.

from the double helices flow even in the presence
of C60.

Repeated heating of the A-PAN �C60 films favors
denser contacts between the macromolecules, yielding
cross-links between the macromolecules not only in-
side the double helix. This can be specifically respons-
ible for the fact that the dilatometric curves in this
case do not show contraction characteristic of R-PAN �
C60 (Fig. 2, curve 1).

Figure 4 presents the data for mixed films, obtained
after repeated heating (after primary heating). The
dilatometric curves exhibit a prominent inflection at
120�C, which suggests a transition. This can reflect
a change in the supramolecular structure due to arising
of interchain bonds in the course of formation of
chromophore groups. However, elucidation of the real
nature of this effect requires special structural studies.

CONCLUSIONS

(1) Thermal cyclization of films of polyacryloni-
trile, synthesized by anionic and radical polymeriza-
tion, with and without fullerene C60 (0.5 wt %), were
studied by dilatometric method and by differential
scanning calorimetry within 20�400�C. Two tempera-
ture regions were revealed, which correspond to struc-
tural transformations in two stages of transition of
PAN from the linear to polycyclic state. Based on
analysis of the physicochemical processes in stepwise
transformations, the temperature dependence of the
dilatometric characteristics was interpreted as due to
scission of intermolecular bonds and formation of
chromophore groups, followed by transition to the
final polycyclic state.

(2) The shape of the dilatometric curves depends
on the method of PAN synthesis. The shrinking film

samples prepared by radical polymerization contract
by up to 20% in the thermal cyclization region, and
the film samples prepared by anionic polymerization,
on the contrary, elongate, exhibiting flow. This results
from the difference in the molecular and supramolecu-
lar structures of the polymers.

(3) A procedure was proposed for identifying the
temperature regions corresponding to physicochemical
transformations, based on comparison of the dilato-
metric curves recorded after the primary heating and
repeated heating runs.
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Abstract�Eight fractions of polystyrene with linear structure and different molecular weights were prepared
by fractional precipitation with methanol from a solution of polystyrene in chloroform. The polystyrene frac-
tions were dissolved in toluene to prepare solutions with different concentrations for dynamic property studies.
The dynamic shear modulus and the tangent of the mechanical loss angle for these solutions were measured by
the acoustic-resonance method.

The molecular weight of polymers can be deter-
mined by numerous methods [1]. They imply studies
of both polymers proper and their solutions (flow
temperature, relaxation properties, viscosity, etc.).
Molecular weight is a major characteristic of macro-
molecular compounds, since the chemical and physi-
cal characteristics of polymers are directly related to
the size of their molecules [2].

Dynamic deformations of highly elastic materials
typically entail only reversible deformations due to
displacements of individual fragments of macromole-
cules, which make them independent of the molecular
weight of the macromolecules as a whole. However,
at temperatures below the flow point, irreversible dis-
placements of macromolecules become also promi-
nent. In this case, the dynamic deformation parameters
become sensitive to the molecular weight of the poly-
mer and thus can be used for determining the molecu-
lar weight.

The aim of this work was to study the dynamic
viscoelastic properties of polymer solutions as in-
fluenced by the molecular weight and concentration.

For fractional precipitation and estimation of the
molecular weight we chose polystyrene (PS) whose
samples serve as international standards in checking
the accuracy of determining the molecular weights of
polymers. Polystyrene is a linear polymer, and its
molecular characteristics are most often estimated by
studying the properties of its solutions.

EXPERIMENTAL

Fractional precipitation of linear PS yielded eight
fractions with a 3.95% weight loss. Based on the
intrinsic viscosities of the PS fractions and initial PS,
we calculated the molecular weights by the equation
[�] = KM�. For the PS prepared by fractional precipi-
tation we took the empirical coefficients K = 0.007�
10�3 and � = 0.93 [3]; T = 20�C; toluene served as
solvent because of its relatively low volatility making
it especially suitable for determining the dynamic
properties of solutions. Table 1 presents the results of
fractional precipitation, the intrinsic viscosities of the

Table 1. Results of fractional precipitation. Initial weight
7.5343 g, [�] = 0.80,

�

M0 = 3 240 000, 3.95% loss
����������������������������������������
Fraction no.� m* � [�], dl g�1 �

�

M�10�3

����������������������������������������
1 � 1.5921 � 1.20 � 5050
2 � 1.2447 � 0.90 � 3690
3 � 1.4734 � 0.82 � 3350
4 � 0.2699 � 0.71 � 2870
5 � 1.2570 � 0.62 � 2480
6 � 0.6151 � 0.48 � 1860
7 � 0.5587 � 0.40 � 1540
8 � 0.2258 � 0.14 � 480

����������������������������������������
�� pi = 7.2367 � � � 3240

����������������������������������������
*m is the weight of the fraction.
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fractions and the initial polymer, and the molecular
weights.

Figures 1a and 1b present the integral and differen-
tial curves of the molecular weight distribution
(MWD), respectively [4]. The solvents were purified
by the known techniques. Polystyrene was subjected
to fractional precipitation with methanol from a 2.5%
chloroform solution. The resulting PS fractions were
dried to constant weight in a vacuum oven at 60�C
under residual pressure of 2�5 mm Hg. The intrinsic
viscosities of the fractions and the initial PS in a tolu-
ene solution were measured on an Ubbelohde capillary
viscometer with a suspended level at 20�0.05�C.

In our experiments we used a piezoelectric-crystal
resonator filled with the liquid under study, whose
working surfaces were preliminarily cleaned in a glow
discharge. The dynamic shear modulus G and tangent
of the mechanical loss angle tan� were estimated
by measuring the acoustic parameters of the resonator;
also, the effective viscosity �eff of the PS solutions
in toluene was calculated. The acoustic-resonance
experiments [5, 6] were carried out at the shear impact
frequency of 74 kHz at 19�0.1�C. The resonance
method of determining the shear characteristics of
liquids consists in the following. The horizontal sur-
face of a piezoelectric crystal (an X-18.5� cut) with
a Poisson coefficient of zero, oscillating at the funda-
mental resonance frequency, contacts the liquid inter-
layer covered with a solid application. The application
with a liquid interlayer occurs at one end of the piezo-
electric crystal; the liquid interlayer is subjected to
shear strain, and the parameters of the resonance curve
of the piezoelectric crystal vary with the liquid inter-
layer thickness.

Theoretically, when the liquid interlayer thickness
is assumed to be much smaller than the shear wave-
length and the application is assumed to be virtually
at rest, the tangent of the mechanical loss angle
and the dynamic shear modulus (estimated by the
acoustic-resonance method) can be described by the
expressions [5]:

4�2Mp f0�f �H
G = �����������, (1)

S

�f "
tan� = ���,

�f �

where �f � and �f " are the real and imaginary shifts of
the resonance frequency of the piezoelectric crystal,
respectively; Mp, piezoelectric crystal mass; S, contact

(a)

M � 10�6

�

(b)

M � 10�6

Fig. 1. (a) Differential and (b) integral MWD curves
of PS solutions.

area; H, liquid interlayer thickness; and f0, resonance
frequency of the piezoelectric crystal.

The imaginary shift is equal to the change in the
resonance curve half-width. Equation (1) shows that,
when the liquid under study exhibits shear elasticity,
the real frequency shift should be proportional to
inverse interlayer thickness.

The resonance experiment was carried out with
a piezoelectric crystal with a mass of 6.24 g; the con-
tact surface area was 0.2 cm2. An important advantage
of the resonance method is no limit on the viscosity
of the liquids under study (from several hundredth
to 105 P). A drawback of the method is that it can
be realized at a strictly fixed invariable frequency.
A positive shift of the resonance frequency of the
oscillating system is indicative of a shear elasticity.

Having determined the dynamic shear modulus and
tangent of the mechanical loss angle, we can estimate
the effective viscosity by the formula

G (1 + tan2�)
�eff = ����������. (2)

2� f0 tan�

Assuming that the effective viscosity correlates with
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Table 2. Viscoelastic properties of 10% solution of PS in toluene
������������������������������������������������������������������������������������
Fraction no. �

�

M�10�3 � G�105, Pa � tan� � �eff, Pa s � [�], dl g�1

������������������������������������������������������������������������������������
1 � 5050 � 1.990 � 0.205 � 0.221 � 1.20
2 � 3690 � 1.672 � 0.199 � 0.190 � 0.90
3 � 3350 � 1.375 � 0.197 � 0.185 � 0.82
4 � 2870 � 1.038 � 0.228 � 0.085 � 0.71
5 � 2480 � 0.891 � 0.261 � 0.064 � 0.62
6 � 1860 � 0.784 � 0.284 � � � 0.48
7 � 1540 � 0.700 � 0.354 � 0.050 � 0.40
8 � 480 � 0.521 � 0.575 � 0.026 � 0.32
9* � 330 � 0.630 � 0.566 � 0.032 � 0.23

10* � 68 � 0.382 � 0.580 � 0.019 � 0.14
������������������������������������������������������������������������������������
* Taken from [7].

the intrinsic viscosity, we can determine the relation
between the parameters G and M:

G (1 + tan2�)
�M� 	 ����������, (3)

2��w f0 tan�

where 	 is the density of the polymer solution; �w,

(a)G, Pa

c, %

(b)�, Pa s

c, %
Fig. 2. (a) Shear modulus G and (b) effective viscosity �,
as functions of the content c of PS in toluene for fraction
nos. 1 and 3, respectively.

viscosity of water; and M, molecular weight of the
polymer.

Equation (3) suggests that the shear modulus varies
with the molecular weight.

Table 2 presents the viscoelastic properties of 10%
solutions of PS in toluene for different fractions. It is
seen that, with decreasing molecular weight of the
polymer, the dynamic shear modulus and effective
viscosity tend to decrease. Tangent of the mechanical
loss angle tends to increase with decreasing molecular
weight. Also, the effective and intrinsic viscosities
vary similarly.

Knowing how the viscoelastic properties vary with
the molecular weight, we can estimate the molecular
weights of various polymers after measurement of the
parameters G. The influence of polydispersity on the
shear modulus requires special investigation.

Bazaron [5] found earlier that, for high-molecular-
weight polymethylsiloxanes, the dynamic shear
modulus G linearly varies with the molecular weight.
Probably, this will hold for a polymer with a more
uniform molecular weight. To elucidate how the
dynamic characteristics vary with the concentration of
the solution, we studied the properties of various PS
fractions. Figures 2a and 2b show the experimental
data for fraction nos. 1 and 3 (Table 1). It is seen that,
with decreasing PS concentration, the shear modulus
and the effective viscosity tend to decrease. The pat-
tern of variation of the dynamic characteristics for PS
solutions in toluene is qualitatively similar to that
revealed by Moore et al. [8] for PS solutions of vari-
ous concentrations in dibutyl phthalate (at 40 MHz).
The dynamic shear moduli of solutions of PS in tolu-
ene, estimated by the acoustic-resonance method, are
consistent with those measured by the impedance
method by Matheson [7]. Moore et al. [8] analyzed
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the experimental results from the viewpoint of the
molecular structure of the polymer solutions. In this
article, we restricted ourselves to estimation of the
molecular weight of PS by the acoustic method.

CONCLUSIONS

(1) Dynamic viscoelastic properties of solutions of
polystyrene in toluene were measured by the acoustic
method at 74 kHz. The dynamic shear modulus G and
effective viscosity �eff of the solutions decrease with
decreasing molecular weight.

(2) The plots of G and �eff vs. molecular weight
are nearly linear. The molecular weight of an unknown
polymer can be estimated from the dynamic shear
modulus of its solution, measured by the acoustic
method.
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Abstract�The flocculation performance of cationic polyelectrolytes (polymeric ammonium salts of
N,N-dimethylaminoethyl methacrylate) and mineral acids (HCl, HNO3, H2SO4, H3PO4) in recovery of rubber
from SKS-30 ARK butadiene�styrene latex was studied.

Flocculation of latexes using cationic polyelectro-
lytes is a promising salt-free procedure to recover
rubbers after emulsion copolymerization [1]. These
flocculants eliminate discharge with wastewater of
sodium chloride consumed in significant amounts in
coagulation of latexes by the existing procedures
(up to 1000 kg per ton of rubber). Therefore, study of
latex flocculation with polymers and search for new
effective polymeric flocculants are of particular im-
portance; and among them, polymers based on amino-
alkyl methacrylates show much promise [2�4] due to
their high reactivity in (co)polymerization, simple
preparation of monomers and polymers, and their high
solubility in water.

As the monomers are bases, it seems the most feas-
ible to prepare flocculants in the form of polymeric
ammonium salts of aminoalkyl methacrylates and
mineral acids. Synthesis and polymerization of am-
monium salts of N,N-dimethylaminoethyl methacry-
late (DM) and mineral acids (HCl, HNO3, H2SO4,
H3PO4) were studied in [5], and the electrical conduc-
tivity of solutions and acid�base properties of poly-
DM ammonium salts (PDMASs) were analyzed in
[6, 7]. It was found that PDMASs in aqueous solu-
tions are polyelectrolytes with basic properties and,
depending on the salt structure, the pH of their half-
neutralization, pH0.5, is within 6.2�7.2 range [7].

The flocculation power of these polyelectrolytes in
recovery of rubber from latexes is of particular impor-
tance. In this work we studied the flocculation per-
formance of PDMAS and above mineral acids in their
interaction with industrial latex of butadiene�styrene
rubber as influenced by the salt structure, concentra-
tion of the latex dispersed phase, and solution pH.

We used N,N-dimethylaminoethyl methacrylate
purchased from Metakor company (Yaroslavl, Russia).
According to the potentiometric titration data, the con-
tent of amino ester in the initial sample was 99.8%.
Chemically pure grade mineral acids (HCl, HNO3,
H2SO4, H3PO4) were used in the experiments.

The poly-DM ammonium salts were prepared by
two procedures.

(A) The initial monomeric salts were synthesized
in isopropanol according to [5]. The corresponding
hydrochlorides were obtained by passing gaseous
hydrogen chloride and polymerized in aqueous solu-
tion (50% weight fraction) without initiating agent
at the following temperatures, �C: 100 DM �HCl,
95 DM2 �H2SO4, and 80 DM �H3PO4. Polymerization
was performed for 3�4 h until a viscous difficult-to-
stir mass was obtained.

(B) The monomeric salts were prepared and poly-
merized in aqueous solution without isolation of salts
from the reaction mixture. Equivalent amounts of DM
were added to the aqueous acid solutions at two tem-
perature modes: 0�5 (procedure B5) and 20�25�C
(procedure B25). After neutralization, the concentra-
tion of the resulting salt was determined by poten-
tiometric titration, which was performed in aqueous
alcohol with a 0.5 M alcoholic solution of potassium
hydroxide. For polymerization, the solutions were
heated to the same temperatures (as in method A) for
3�4 h.

The intrinsic viscosity (see table) of the resulting
polymeric salts PDMAS �HCl (I), PDMAS �HNO3
(II), PDMAS �H2SO4 (III), and PDMAS �H3PO4 (IV)
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was measured on a VPZh-1 viscometer (capillary
diameter 0.86 mm, formamide, 30�C).

For flocculation studies, we chose SKS-30 ARK
commercial butadiene�styrene latex prepared using
emulsifiers based on salts of disproportionated rosin
and fatty and resin acids of tall oil. The latex proper-
ties were as follows: dry substance weight fraction
239 g l�1, pH 9.7, surface tension 58.0 mJ m�2, and
average particle radius 25.9 nm (light scattering data
[8]).

The PDMAS flocculation performance was deter-
mined by the fraction of the precipitated rubber
� (wt %) relative to the initial polymer weight in the
latex. In these tests, the required amounts of distilled
water, acidifying agent (0.1 N H2SO4), and flocculant
(1.5�3.0 g dl�1 aqueous solutions) were added to the
latex (5 ml) with stirring up to the total volume of
the reaction mixture of 10 ml. The recovered rubber
was filtered off, washed, and dried to the constant
weight at 80�90�C.

The turbidity of the diluted latex solutions was
measured using an NFM visual turbidimeter and solu-
tion pH, with an EV-74 pH-meter.

The dependences (flocculation curves) of the degree
of rubber recovery � on the concentration of polyelec-
trolytes I�IV are shown in Fig. 1. As seen, in all the
cases the polymer yield sharply increases with increas-
ing flocculant concentration cPE, reaching the highest
constant value (�95%). The quantity cPE correspond-
ing to the beginning of the plateau in the flocculation
curves [optimal flocculation concentration (OFC)] is
almost independent of the anions in polymeric salts
I�III, preparation procedure, and intrinsic viscosity.
The OFC values for these salts correspond to the rela-
tive flocculant consumption Q of �10 kg per ton of
rubber. In the case of phosphoric acid DM derivative,
the consumption is greater and reaches 18�25 kg per
ton of rubber.

The flocculation tests reflected in Fig. 1 were per-
formed at constant concentration of the dispersed
phase (120 g l�1). However, it was shown [9, 10] that
the shape of the flocculation curves can change with
changing rubber concentration in the latex cd. The
same phenomenon was observed with PDMAS floccu-
lants. The curves of the latex flocculation in the pres-
ence of PDMAS �HNO3 are shown in Fig. 2. As seen,
the shape of the ��cPE curves significantly changes
with decreasing cd; the dependence with a plateau,
obtained for relatively concentrated latex solution
(120 g l�1), transforms into the dependences with a
maximum, which becomes more pronounced with de-

Intrinsic viscosity of PDMAS compositions
����������������������������������������

PE � Preparation procedure � [�], dl g�1

����������������������������������������
I � A � 2.4

� B5 � 1.0
II � B5 � 1.5

� B25 � 4.0
III � A � 3.3

� B5 � 5.2
� B25 � 4.7

IV � A � 1.8
����������������������������������������

creasing polymer concentration in the latex. Similar
phenomenon was observed with polystyrene [9],
butadiene�styrene, and butadiene�acrylonitrile latexes
[10] at their flocculation in the presence of poly-
N,N-dimethyl-N,N-diallylammonium chloride.

The maximum appearing in the flocculation curves
at small concentration of the dispersed phase is due to

�, wt %

cPE � 102, g dl�1

Fig. 1. Degree of rubber recovery � as a function of
PDMAS concentration cPE; dispersed phase concentration
in the latex 120 g l�1. Polyelectrolyte: (1) I (B5), (2) I (A),
(3) II (B5), (4) II (B25), (5) III (A), (6) III (B5), and
(7) IV (A).
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�, wt %

Q, kg t�1 rubber
Fig. 2. Degree of rubber recovery � as a function of
PDMAS �HNO3 consumption Q; H2SO4 consumption
15 kg per ton of rubber. Dispersed phase concentration in
the latex, g l�1: (1) 120, (2) 50, (3) 25, and (4) 10.

�1 � 103, cm�1

c � 104, g dl�1

Fig. 3. Initial flocculation rate �1 as a function of PDMAS �
H2SO4 concentration c. pH: (1) 3.5, (2) 5.3, (3) 6.8, (4) 8.8,
and (5) 9.2. Latex dilution 1 : 5000.

the features of the flocculation effect of cationic poly-
meric reagents on negatively charged sols [11, 12].
The interaction involves neutralization of the particle
surface charge in the course of interaction of the
emulsifier anions (in the case of negatively charged
latex particles) with the cationic centers of polyelec-
trolyte macromolecules to form insoluble ionic com-
plexes. Along with neutralization, the bridging mech-
anism with simultaneous sorption of macromolecules

on several particles also contributes to the floccula-
tion. The flocculation optimum is often attained at
complete neutralization of the particle surface charge.
Further sorption of the charged polyelectrolyte macro-
molecules on the particle surface causes recharging
and �restabilization� of the system. The recharging
effect was confirmed by measurements of the electro-
phoretic mobility of the latex particles as influenced
by cPE [9, 10, 13]. The stabilizing effect of excess
flocculant is also due to the formation of a fairly thick
layer of the hydrophilic polymer on the particle sur-
face [11, 12].

Disappearance of the restabilization section of the
flocculation curves at high concentration of the dis-
persed latex phase can be due to the relaxation of
macromolecules in sorption interaction with the par-
ticle surface [14, 15]. The probability of formation of
the bridging bonds between the neighboring particles
decreases with increasing time of sorption contacts
between macromolecules and particle surface. At suf-
ficiently high concentration of the dispersed phase, the
�free-path� time of the particles between collisions
becomes smaller than the relaxation time of sorbed
macrochains and they preserve the capability for
bridge formation [14, 16]. In this case, despite re-
charging, polyelectrolytes exhibit high flocculation
activity at their concentrations higher than OFC.

It was shown in [7] that PDMASs exhibit base
properties, i.e., the ionization equilibrium is shifted
toward charged polymer structures capable to bind
emulsifier anions. This equilibrium can be shifted
with changing concentration of hydrogen ions, and
thus the solution pH can affect the flocculation power
of PDMAS. To analyze this effect, we studied the
dependence of the initial flocculation rate on the floc-
culant concentration at various solution pH. The
�minute turbidity� �1, i.e., the increase in a turbidity
of the diluted latex solution (1 : 5000) in 1 min after
addition of the flocculant into the latex solution, was
used as a measure of the initial flocculation rate [8].
The pH of the flocculating solutions was adjusted by
adding 0.1 N solutions of H2SO4 and KOH. The
dependences of the initial flocculation rates of the
latexes on the PDMAS �H2SO4 concentration at vari-
ous pH are shown in Fig. 3. In all the cases, the
�1�cPE curves pass through a maximum at cm, which
shits toward higher concentrations with decreasing
solution acidity. Thus, the increase in the solution pH
decreases the flocculation performance of the DM
polyelectrolytes, which is probably due to the de-
creasing fraction of charged units (amino ester frag-
ments) in the polymeric chains.
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The contribution of the neutralization factor to the
latex destabilization decreases with decreasing charge
density on the macromolecules.

To verify the above assumptions, we studied the
effect of pH on the interaction of PDMAS with anion-
ic latex stabilizer Leukanol (L, a mixture of oligomer-
ic sodium salts of the products of condensation of
	-naphthalenesulfonic acid and formaldehyde) by the
nephelometric method. Butadiene�styrene latexes
often contain Leukanol (about 0.4 wt % relative to the
polymer) along with alkaline salts of fatty and resin
acids [1]. At coagulation in the presence of mineral
acids, the carboxyl-containing emulsifiers lose the
stabilizing power because of the hydrolysis, whereas
Leukanol remains active even in acidic solutions.

As in the case of the other cationic polyelectrolytes
[17], addition of PDMAS into the Leukanol solution
makes it turbid owing to the formation of an insoluble
nondissociating oligomer�polymer ionic complex. The
effect of the solution pH on formation of this complex
was studied as follows. The Leukanol solution was
added to aqueous solutions of PDMAS �H2SO4 con-
taining various amounts of H2SO4 or KOH, so that
the concentrations of Leukanol and polyelectrolyte
in the mixture were constant and equal to 8
10�4 and
4
10�4 M, respectively. The components were quick-
ly mixed, and the minute turbidity of the resulting
dispersion was measured. The �1�pH dependence is
shown in Fig. 4. We also performed potentiometric
titration of the polyelectrolyte solution with an alkali
solution (Fig. 5). As seen from the �1�pH dependence,
the amount of the resulting insoluble complex de-
creases with increasing pH; there are two sections in
which the complex formation sharply depends on pH.
In the acidic section (pH<3), the increase in the com-
plex formation with decreasing pH can be due to the
suppression of hydrolysis of the polymeric salt of the
weak organic base, which increases the number of
cationic groups in the polymeric chains and promotes
linking with Leukanol. In passing to the alkaline sec-
tion (pH >� 6.5), deprotonation of the nitrogen atoms
in the amino groups probably begins, and it increases
with increasing pH. In the process, the fraction of the
neutral units in the polymeric chains increases, de-
creasing the complexation efficiency up to its com-
plete termination at pH 8.5. As seen from the poten-
tiometric titration curve (Fig. 5), this pH value corre-
sponds to the half-neutralization point of the polymer.

The middle section (plateau) in the �1�pH curve,
within which the intensity of complexation is con-
stant, corresponds to the pH region from 3 to �6.5, in

�1 � 103, cm�1

Fig. 4. Minute turbidity �1 of the PDMAS �H2SO4 + L
system as a function of pH. Concentrations of Leukanol and
polyelectrolyte 8 �10�4 and 4 �10�4 M, respectively.

V, cm3

Fig. 5. Potentiometric titration curve of PDMAS �H2SO4.
(V) Volume of 0.5 M KOH solution.

�, wt %

Fig. 6. Rubber fraction � recovered with PDMAS �H2SO4
flocculant as a function of pH. Concentration of the dis-
persed phase 50 g l�1, specific consumption of flocculant
15 kg per ton of rubber.

which the charge density of macromolecules remains
approximately constant.

It was of particular interest to compare the ne-
phelometric data characterizing interaction between
the anionic stabilizer and cationic flocculant with the
data on the effect of pH on the rubber recovery in the
course of the latex flocculation (Fig. 6). The floccula-
tion was carried out at various contents of acid or
alkali. After the rubber recovery, the serum pH was
determined. As seen from the ��pH curve, in the
acidic section (pH < 6), the degree of rubber recovery
is independent of pH, and it decreases in alkaline



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 5 2004

834 VEREZHNIKOV et al.

solutions virtually to zero at pH � 12. Constancy of �
in the initial section (pH < 6) is probably due to the
fact that, despite possible changes in the density of
the positive charge of macromolecules, Leukanol is
completely linked by excess polyelectrolyte under the
experimental conditions ([PE] : [L] = 3 : 1). At pH >
6, deprotonation of the polyelectrolyte units increases
with simultaneous conversion of the carboxy-contain-
ing emulsifiers to the salt form. As a result, the defi-
ciency of the cationic groups required for binding of
the stabilizer anions (soap and Leukanol) grows,
making the coagulum yield lower.

It should be noted that the flocculation power dis-
appears at higher solution bacisity (pH 12) than that
at which the Leukanol binding is terminated (pH �
8.5). This fact indicates that the latex flocculation
cannot be explained solely by chemical interaction
between the flocculant and anionic stabilizer and
neutralization of the particle surface charge. In strong-
ly alkaline solutions, the rubber recovery (though not
very efficient) is possible by the bridging mechanism
of flocculation.

CONCLUSIONS

(1) In rubber recovery from SKS-30 ARK latex
with polymeric ammonium salts of N,N-dimethyl-
aminoethyl methacrylate and mineral acids, the op-
timal flocculant concentration is independent of par-
ticular mineral acid, procedure of the salt preparation,
and intrinsic viscosity of the polyelectrolyte; it corre-
sponds to the specific consumption of the chloride, ni-
trate, and sulfate of 10 (up to 25 for phosphate) kg per
ton of rubber.

(2) The data on the initial flocculation rate and in-
teraction of polymeric ammonium salts of N,N-dimeth-
ylaminoethyl methacrylate with the latex stabilizer
(Leukanol) as influenced by pH of the medium
showed that the flocculant performance decreases with
decreasing solution acidity. This fact may be due to
the decreasing positive charge of macromolecule and
contribution of the neutralization factor to the latex
destabilization.
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Abstract�Polycondensation of bifunctional hydroxyl-containing oligodienes with diisocyanates was studied
by gel permeation chromatography, IR spectroscopy, and rheokinetic method. The kinetics of oligodiene
urethane formation and the properties of the resulting oligomers, including the molecular-weight distribution
and viscosity, were studied in relation to the ratio of the isocyanate and hydroxy groups.

Reactions of diisocyanates with hydroxyl-contain-
ing dienes attract particular interest due to their wide
use in production of elastomers, urethane foams,
adhesives, coatings, and other items. Despite seeming
simplicity of such reactions, preparation of oligomers
containing terminal isocyanate groups and exhibiting
the required set of physicochemical properties is im-
possible without comprehensive study of the synthesis
process, including the kinetic, molecular-weight, and
rheological aspects.

In this work, we studied by gel permeation chroma-
tography (GPC), IR spesctorscopy, and rheokinetic
method the molecular-weight distribution (MWD) and
dynamic viscosity of oligodiene urethanes in relation
to the synthesis conditions. Also we examined the
kinetic features of polycondensation of diisocyanates
with bifunctional oligodienes containing terminal
hydroxy groups.

EXPERIMENTAL

As investigation objects we used linear bifunctional
oligodienes with terminal hydroxy groups (Mw 3600�
3800), prepared by radical polymerization of 1,3-buta-
diene in the presence of an azo dinitrile initiator,
4,4�-azobis(4-cyanopentanol), and toluene 2,4-diiso-
cyanate (TDI).

The IR spectra were recorded on a Specord IR-75
spectrophotometer. Samples were prepared as films
between CaF2 plates. The kinetics of the reactions of
oligodienes with the diisocyanate were studied by
monitoring the IR absorption of the NCO groups at
� = 2275 cm�1. One of the oligomer bands [�(C�H)
of the methylene fragment] was used as internal ref-
erence.

Chromatography of oligomers was performed on a
Waters-244 module-type chromatograph using three
Styrogel columns with the pore size of 100, 500, and
1000 �. The eluent was tetrahydrofuran (elution rate
1 ml min�1). A differential refractometer was used as
detector.

The rheological behavior of the reaction mixture in
the course of the synthesis and that of the final prod-
ucts were studied with a Hoeppler rheoviscometer.

Synthesis of oligodiene urethanes with terminal
isocyanate groups was performed in the bulk in the
temperature range 3�70�C to constant content of NCO
groups, which differed from the calculated content by
no more than 0.05% [1].

The rate of the reaction of functional isocyanate
and hydroxy groups depends on their concentrations
and reaction temperature, following the common
kinetic relationships. At [NCO]/[OH] = 2.05�2.15, the
synthesis of oligodiene urethanes is complete in 3�4 h
(T = 60�C), whereas at the equimolar ratio of the
reacting groups, under similar conditions, the time
required to prepare the product containing less than
0.1 wt % NCO groups was as long as 10�12 h.

It should be noted that the rate constants of the
reaction of NCO and OH groups are apparent quanti-
ties. Actually the kinetics of formation of diene ure-
thane prepolymers from oligodiene diols and TDI can
be described by four rate constants because of differ-
ent reactivities of the NCO groups of TDI at the o-
and p-positions to the methyl substituent [2, 3].

The temperature dependence of the rate constants
of the reaction between the isocyanate and hydroxy
groups ([NCO]/[OH] = 2.15), plotted in the Arrhenius
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103/T, K�1

Fig. 1. Temperature dependence of the rate constant k of
oligodiene urethane synthesis in Arrhenius coordinates.
[NCO]/[OH] = 2.15.

�, Pa s

�, min
Fig. 2. Dynamic viscosity � of the reaction mixture as a
function of time � at the [NCO]/[OH] ratio of (1) 1.5 and
(2) 2.1.

Molecular-weight and rheological characteristics of the
oligodiene urethanes synthesized as influenced by the
[NCO]/[OH] ratio (T = 60�C)
����������������������������������������

[NCO]/[OH]
�

�50, Pa s
� MWD parameters*

� ����������������������
� � Mw � Mn � Mw /Mn

����������������������������������������
3.0 � 3.3 � 4100 � 2530 � 1.62
2.35 � 8.2 � 4510 � 2680 � 1.69
2.2 � 13.2 � 3800 � 2540 � 1.50
2.1 � 13.0 � 4740 � 2740 � 1.73
2.0 � 16.8 � 6100 � 3400 � 1.81
1.85 � 42.7 � 6170 � 3410 � 1.81
1.7 � 57.0 � 8290 � 4330 � 1.91
1.5 � 245 � 12500 � 5990 � 2.09
1.33 � �1200 � 21450 � 7890 � 2.72
1.2 � � � 36 150 � 13 500 � 2.68
1.1 � � � 130 700 � 32 760 � 4.56
0.5 � � � 6920 � 3615 � 1.91

����������������������������������������
* Calculated for the �polymeric� fraction of the product.

coordinates (Fig. 1), shows that the activation barrier
of the reaction is relatively low (activation energy
Ea = 3.19�2.6 kJ mol�1), allowing preparation of
oligodiene urethanes in a wide temperature range
(20�60�C).

Synthesis of the prepolymers is accompanied by an
increase in the dynamic viscosity of the reaction mix-
ture due to the growth of Mw of the polymer and to
formation of urethane groups capable of strong inter-
molecular interactions. The rheokinetic data suggest
rapid growth of the dynamic viscosity in the initial
step of polycondensation (Fig. 2).

Then, as the reactive groups are consumed, the
growth of the viscosity decelerates. The plateaus in
the ��� curves correspond to the virtually ready prod-
uct, indicating that modification of the oligodiene
with the diisocyanate has been completed. Compari-
son of the ��� dependences for systems with different
[NCO]/[OH] ratios shows that the constant viscosity
is attained most rapidly at the highest [NCO]/[OH]
ratios.

Figure 2 shows that, at [NCO]/[OH] = 1.5, the
rheokinetic curve is S-shaped, which may be due to
formation of intermediates (oligomer�TDI)n (n = 1, 2)
in the initial step of the process, with an increase in
the weight-average molecular weight by a factor of
2�3. Condensation of these intermediates with each
other causes active growth of the viscosity without
pronounced plateau, in contrast to the pattern observed
at [NCO]/[OH] = 2.1.

Quantitative data illustrating the relationship of
MWD and viscosity of oligodiene urethanes with the
[NCO]/[OH] ratio are given in the table.

The viscosity of the oligomer prepared at
[NCO]/[OH] = 3.0 is minimal because of the narrow
MWD of the polymeric fraction of the sample and the
highest content of the low-molecular-weight compo-
nent, TDI, in the final product. As the [NCO]/[OH]
ratio is decreased, the dynamic viscosity of oligodiene
urethanes grows, which is due both to a decrease in
the TDI content in the system and to an increase in
Mw of the polymeric component.

The average molecular weights and polydispersity
coefficient of oligodiene urethanes are minimal in the
range of [NCO]/[OH] ratios from 2.0 to 3.0. As the
[NCO]/[OH] ratio is decreased to 1.1�1.2, the molec-
ular weights grow substantially, and MWD becomes
broader owing to intense chain propagation with no
exchange reactions (Fig. 3).

The fact that at [NCO]/[OH] = 1.1�1.2 the experi-
mental polydispersity coefficient appreciably exceeds
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14 � 104

10 � 104

6 � 104

2 � 104

Mw, Mn

Fig. 3. Influence of the [NCO]/[OH] ratio on the MWD
parameters of oligodiene urethanes: (1) Mn, (2) Mw, and
(3) Mw/Mn.

log � [Pa s]

log Mw

4.2

3.6

Fig. 4. Logarithmic plot of Mw of oligodiene urethanes vs.
their dynamic viscosity �.

the theoretical value for polycondensation processes
(Mw/Mn = 2) is also due to development of side reac-
tions yielding branched macromolecules. At substoi-
chiometric [NCO]/[OH] ratios, the average molecular

weights and the polydispersity coefficient of the oli-
godiene urethanes obtained regularly decrease.

The log�log plot of the dynamic viscosity of the
oligomers synthesized vs. their weight-average molec-
ular weight is linear (Fig. 4), which is typical of struc-
turallly related liquid polymers in the entire range of
molecular weights.

CONCLUSIONS

(1) Hydroxy groups of an oligodiene react with
isocyanate groups of toluene 2,4-diisocyanate in the
bulk at a fairly high rate with relatively low activation
energy, which allows the synthesis of oligodiene ure-
thanes in a wide temperature range.

(2) Oligourethanes prepared at the ratio of the iso-
cyanate and hydroxy groups [NCO]/[OH] = 2.1�2.2
exhibit the best structural and viscosity characteristics
required of prepolymers to be used in preparation of
urethane elastomers by reaction with cross-linking
agents.
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Abstract�The structure and properties of materials based on oligo(divinyl�isoprene) and oligoether diiso-
cyanates cured with an aromatic diamine were studied.

Preparation of segmented polyurethanes (SPUs)
from individual oligomers does not always yield
materials with optimal properties. For example, the
frost resistance of SPUs with flexible oligodiene seg-
ments is high (down to �60�C), but, as compared to
SPUs derived from oligoethers, their strength is lower,
and the reaction mixture is more viscous and has
shorter working life (time in which the system re-
mains in the state of a low-viscosity liquid [1]).

An efficient way to control the properties of such
materials is the use in polyurethane formulations of
not one but several (usually two) oligomers [2�5].
Oligomers both compatible in any ratios at tempera-
tures of SPU preparation and virtually incompatible
[5] can be used. In the latter case, an SPU may have
a heterogeneous structure with a disperse phase with
flexible blocks incorporated in a polymeric matrix of
a different structure, also with flexible blocks. Forma-
tion of such a disperse phase in SPUs may both im-
prove and impair the properties of materials, depend-
ing on the component ratio.

In this work we studied the structure and properties
of SPUs with thermodynamically incompatible polar
polyether and nonpolar poly(divinyl�isoprene) flexible
blocks.

Our main goal was to examine the possibility of re-
inforcing the elastomer with nonpolar flexible blocks
by introducing polar flexible blocks into the composi-
tion of the flexible phase and of controlling the rheo-
logical properties of the SPU reaction mixture.

EXPERIMENTAL

We used segmented polyurethane�ureas (SPUUs)
with similar rigid blocks and different flexible blocks.

SPUUs were prepared from commercial prepolymers:
P-10.000 (M �4500) based on oligo(divinyl�isoprene)-
diol (molar ratio of butadiene and isoprene units
70/30, M �400) and SKU-PFL-100 (M �1400) based
on oligo(tetramethylene oxide)diol (M �1000). The
prepolymers were prepared by reactions of the oligo-
meric diols with toluene 2,4-diisocyanate taken in a
twofold excess. The molecular weight of the oligo-
mers was estimated from the content of isocyanate
groups. Blends of the prepolymers were prepared by
mixing in a vacuum for 30 min at 60�1�C. Then we
added into the mixer the melt of an aromatic diamine,
3,3�-dichloro-4,4�-diaminodiphenylmethane (Diamet
Kh) and stirred the components for 3 min under the
above-indicated conditions.

The rheological properties of the reaction mixture
were determined with a Rheotest-2 device (cone�plate
working unit) at a shear rate of 180 s�1.

The samples cured for 4 days at 80�1�C were
stored at room temperature for no less than 15 days
before tests.

The physicomechanical characteristics of SPUUs
[tensile strength �t (ultimate stress per initial cross
section of the sample) and relative elongation at break
�b] were determined at 25�C and extension rate of
0.28 s�1.

Because of the lack of an approach to evaluating
the parameters of the three-dimensional network of
heterogeneous polymer blends, we determined the
density of the chemical (Nc) and physical (Np) net-
works (the points of the latter are domains of rigid
urethane�urea blocks) only for SPUUs with individual
flexible blocks. The effective network parameters
were estimated following the procedure from [6].
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Composition and properties of SPUUs with different flexible blocks
������������������������������������������������������������������������������������

SPUU
�

x2

�
cPFL, %

�
�, g cm�3

�
cr, %

� Np � Nc
� � � � ������������������������
� � � � � kmol m�3

������������������������������������������������������������������������������������
SPUU-1 � 0 � 0 � 954 � 14 � 0.22 � 0.02
SPUU-2 � 0.15 � 6 � 960 � 15 � � � �

SPUU-3 � 0.17 � 6 � 961 � 15 � � � �

SPUU-4 � 0.20 � 8 � 964 � 16 � � � �

SPUU-5 � 0.30 � 13 � 973 � 17 � � � �

SPUU-6 � 0.45 � 21 � 993 � 20 � � � �

SPUU-7 � 0.60 � 33 � 1013 � 22 � � � �

SPUU-8 � 0.75 � 50 � 1040 � 26 � � � �

SPUU-9 � 0.80 � 57 � 1048 � 28 � � � �

SPUU-10 � 0.85 � 65 � 1068 � 30 � � � �

SPUU-11 � 0.90 � 75 � 1090 � 32 � � � �

SPUU-12 � 1.00 � 100 � 1129 � 37 � 1.51 � 0.08
������������������������������������������������������������������������������������

The glass transition points T s
g of flexible SPUU

blocks were determined with a DSM-2 differential
scanning calorimeter under conditions of slow sample
heating (0.02 deg s�1).

The properties of SPUUs were studied in a wide
range of the prepolymer ratios. The mole fractions
(x2) and weight percentages (cPFL) of SKU-PFL in
prepolymer blends, sample densities �, contents of the
rigid phase in them (cr), and effective network param-
eters Nc and Np are given in the table.

As expected, because of thermodynamic incompat-
ibility of P-10.000 and SKU-PFL-100, an emulsion of
one of the prepolymers in the other is formed already
on mixing the components. After adding a curing
agent, two phases are formed: phase 1 consisting of
P-10.000 and Diamet Kh and phase 2 consisting of
SKU-PFL-100 and Diamet Kh. At a stoichiometric
ratio of the NH2 and NCO groups, the calculated
weight ratio of the diamine to the prepolymer m is
m1 = 0.059 in phase 1 and m2 = 0.191 in phase 2.

Our experiments showed that the solubility of the
chosen aromatic diamine in the two prepolymers at
the mixing temperature (60�C) is essentially different.
The experimental values are m1 = 0.047 and m2 =
0.350. Comparison of these results with the calculated
values shows that the curing agent is in deficiency in
phase 1 and in excess in phase 2.

If phase 1 is the dispersion medium in the reaction
mixture, then deficiency of the active agent in it
should result in preservation of the low viscosity of
the polyurethane formulation for a long time, i.e., in
longer working life of the formulation, which is the
case. For example, the dynamic viscosity � = 20 Pa s

of SPUU-1 formulation based on individual P-10.000
at 60�C is attained in 10 min after the compounding.
The same viscosity of SPUU-5 and SPUU-6 formula-
tions based on prepolymer blends is attained in 65 and
110 min, respectively (Fig. 1, curves 2, 4, 5). Hence,
addition of a small amount of SKU-PFL-100 prepoly-
mer (see table, cPFL = 13�21%) to the reaction mix-
ture containing P-10.000 increases the working life of
the formulation by approximately an order of magni-
tude. If phase 2 is the dispersion medium (cPFL =
65%, x2 = 0.85), the working life of the reaction mix-
ture, on the contrary, becomes shorter.

Curing of the disperse phase and dispersion medi-
um with an aromatic diamine yields an elastomer with
a flexible polymeric matrix incorporating particles of
an elastic filler.

�, Pa s

�, min
Fig. 1. Variation with time � of the dynamic viscosity �

of polyurethane�urea samples: (1) SPUU-10, (2) SPUU-1,
(3) SPUU-12, (4) SPUU-4, (5) SPUU-5, and (6) SPUU-6.
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Fig. 2. Photomicrographs of SPUUs based on prepolymer blends with different content of SKU-PFL-100: (a) SPUU-6 (x2 = 0.3),
(b) SPUU-7 (x2 = 0.6), and (c) SPUU-8 (x2 = 0.75, cPFL = 50%).

The structure of the cured material depends on the
component ratio. At a low content of one of the pre-
polymers (up to 30%), the filler particles are spherical
with a clear phase boundary and size of about 10�
25 	m (Fig. 2a). As the filler concentration increases,
continuous domains of agglutinated filler particles are

Endo

T, �C

Fig. 3. DSC curves of SPUU samples: (1) SPUU-1 (P-
10.000), (2) SPUU-7 (cPFL = 33%), (3) SPUU-10 (cPFL =
65%), and (4) SPUU-12 (SKU-PFL-100). (T) Temperature.

�t, MPa �b, %

Fig. 4. (1) Relative elongation at break �b and (2) strength
�t of SPUU as a function of the mole fraction of SKU-PFL-
100 x2 in the prepolymer blend.

formed (Fig. 2b), and at equal content of the prepoly-
mers in the blend (cPFL = 50%, x2 = 0.75) the phases
overlap (Fig. 2c).

The DSC curves (Fig. 3) show that the compounds
based on prepolymer blends are characterized by two
glass transition points of flexible blocks T s

g, differing
insignificantly from Ts

g of the materials based on the
individual prepolymers: �54 (SPUU-12) and �82�C
(SPUU-1). This fact indicates that the materials based
on the two prepolymers are heterogeneous blends of
two polyurethane�ureas in which the flexible blocks
do not mix with each other. It should be emphasized
that such structures are not necessarily formed in
materials with polar and nonpolar flexible blocks. For
example, at MW �200, as shown in [4], polybutadiene
and polyether flexible segments are miscible in any
ratios.

The mechanical characteristics of polydiene�ure-
thane�ureas based on a single prepolymer, P-10.000,
and those of polyether�urethane�ureas based on an-
other single prepolymer, SKU-PFL-100, differ dra-
matically. The high density of the physical network
(Np = 1.51 kmol m�3) in SPUU-12 with polyether
flexible segments and the high concentration of rigid
blocks (37%), in combination with dipole�dipole and
specific interchain interactions, provide high strength
(42 MPa) and high nominal modulus (11.5 MPa at
100% relative strain) of the material. The relative
elongation at break, �b, reaches 560%. In SPUU-1
with nonpolar flexible segments, low Np and low con-
centration of rigid blocks (see table) are responsible
for the poor strength (5.4 MPa), low nominal modulus
(2.7 MPa), and lower �b (320%). The influence of
various factors on the mechanical properties of poly-
urethane materials in considered in detail in [7, 8].

Combination in one material of polyurethane�ureas
strongly differing in the mechanical properties results
in nonmonotonic dependence of the mechanical char-
acteristics of the heterogeneous polymeric composite
on the prepolymer ratio (Fig. 4). On adding SKU-
PFL-100 to the reaction mixture containing P-10.000,
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the strength and breaking strain grow, reaching a max-
imum at x2 = 0.3. The tensile strength �t increases
from 5.4 to 8.2 MPa, and the relative elongation at
break, from 320 to 630%.

The material of the composition corresponding to
the inversion point of the filler and polymeric matrix
(x2 = 0.75, cPFL = 50%) has the lowest strength. As
the fraction of SKU-PFL-100 is increased further,
polyuether�urethane�urea becomes the dispersion me-
dium, and polydiene�urethane�urea, the filler. With
decreasing concentration of the low-strength filler in
the polyether matrix, the strength of the material regu-
larly grows. Such a pattern is typical of thermodynam-
ically incompatible polymer blends.

Significant enhancement of the mechanical charac-
teristics is observed at such material composition at
which, as noted above, the working life of the reaction
mixture considerably grows; this is important from the
viewpoint of preparation of big polyurethane items of
high quality.

CONCLUSIONS

(1) Segmented polyurethane�ureas with polydiene
and polyether flexible blocks are heterogeneous blends
of two polyurethane�ureas differing in the chemical
structure of the flexible chains.

(2) The dependences of the mechanical character-
istics of the polyurethane elastomer on the prepolymer
ratio pass through extrema, which is due to the hetero-
geneous structure of the material and to strong differ-
ence in the mechanical characteristics of the filler and
polymeric matrix.

(3) Introduction of 13�20% oligoether diisocya-
nate into the polydiene�urethane�urea formulation
ensures the 1.5 times higher strength of the material
and 2 times larger elongation at break. Furthermore,
the working life of the polyurethane compound in-
creases by an order of magnitude owing to depletion
in the curing agent of the liquid phase containing
oligodiene diisocyanate.
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Abstract�Solid-phase synthesis of certain metal carboxylates and their effect on stabilization of polyvinyl
chloride under intense high-pressure shear treatment were studied.

Metal carboxylates are widely used as thermal
stabilizers and lubricants in development of new ma-
terials and goods based on polyvinyl chloride (PVC)
[1]. The main method of industrial production of
metal carboxylates is the exchange reaction between
aqueous solution of metal chloride or nitrate and sodi-
um carboxylate, e.g., stearate, at elevated tempera-
tures. It is characterized by a large amount of waste-
water, the need in additional operations to isolate
target products, etc. [2]. In known methods of solid-
phase synthesis of metal carboxylates [3, 4], sophist-
icated and power-consuming devices with abrasive,
cutting, and impact action are used. The product
yields in such procedures are usually low.

A new method of solid-phase synthesis of chemical
materials and processing and modification of poly-
mers under intense high-pressure shear treatment
(IHPST) at elevated temperatures in special dispersers
is being actively developed today [5, 6]. Under
IHPST, various chemical reactions can proceed in
polymers: change of supramolecular structure, disin-
tegration, and increase in specific surface area of the
material treated with formation of a superfine powder.

The goal of this work is to perform solid-phase
synthesis of certain metal carboxylates and to study
polyvinyl chloride (PVC) stabilization with these car-
boxylates under IHPST.

EXPERIMENTAL

The solid-phase synthesis of metal carboxylates
and processing of polyvinyl chloride compositions
under IHPST were performed in a rotary disperser
designed at the Institute of Chemical Physics, Russian

Academy of Sciences [6]. The yield of metal car-
boxylates was determined analytically in accordance
with TU (Technical Specifications) 6-09-4104�87
from the residual content of carboxylic acids in the
reaction mixture and by IR spectrometry on a Bruker
IFS-88 spectrometer from the intensity of the absorp-
tion bands within the 1400�1650 cm�1 range depend-
ing on metal. Pure grade stearic, lauric, and palmitic
acids and calcium, barium, cadmium(II), lead(II), and
zinc(II) oxides or their binary mixtures, and sodium
and potassium carbonates were used. The method of
determination of the PVC dehydrochlorination rate
was similar to that described in [7]. The thermal sta-
bility time of polymeric compositions was determined
in accordance with GOST (State Standard) 14041�91.

The IHPST method has no disadvantages character-
istic for other methods of metal carboxylate synthesis
and provides high yield of the reaction products and
short reaction time; no catalysts are required. The
specific feature of solid-phase reactions with IHPST is
that the combined effect of high pressure and shear
strain brings solid substances to the plastic flow state.
In the process, a great amount of structural defects
is formed in the substance, electronic properties of
molecules change, and the activation barrier of reac-
tions decreases [8].

The solid-phase synthesis of metal carboxylates
proceeds by the reactions

MO + 2RCO2H � M(RCO2)2 + H2O,

M�2CO3 + 2RCO2H � 2M�(RCO2) + H2O + CO2,

where M = Ca, Ba, Zn, Cd, Pb; M� = K, Na; R =
C11H23, C15H31, C17H35.
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The reaction products are formed during passing of
the reaction mixture through the rotary disperser for
3�5 min at a single IHPST effect on the reactants.
The yield of the target product, which is obtained as
a dry superfine powder, was 96�99% of the calculated
amount (Table 1). The method allows preparation in
the same device of a wide assortment of individual
metal carboxylates and their mixtures (including syn-
ergistic mixtures).

Estimation of the stabilizing performance of salts
of saturated monocarboxylic acids with respect to
vinyl chloride polymers (PVC; copolymer of vinyl
chloride with 4 wt % propylene, VCPR-4; copolymer
of vinyl chloride with 15 wt % vinyl acetate, VCVA-
15) showed that, with respect to the �thermal stability
time� index, it is not inferior to the performance of
stabilizers prepared by the industrial method (Table 2).

The solid-phase method of obtaining metal car-
boxylates under IHPST has substantial advantages as
compared to the industrial synthesis method: it is
continuous and single-stage, synthesis can proceed
in one apparatus at a high rate without heating, the
process is characterized by elevated environmental
safety, and the chemical modification of stabilizers
and preparation of synergistic mixtures on their base
are possible.

The synthesis of metal carboxylates is also possible
directly in a polymer matrix, when a mixture of PVC
with a metal oxide (or another base) and an equiv-
alent amount of a carboxylic acid is processed in
a rotary disperser. The high stabilizing performance of
the components under IHPST is apparently due to
solid-phase synthesis of metal carboxylates from the
initial reactants. It should be noted, however, that,
with the carboxylates prepared in situ, the thermal
stability time is shorter than when PVC is stabilized
with the corresponding metal carboxylates prepared
in advance (Table 3).

To improve PVC grinding under IHPST, various
components, in particular, metal carboxylates can be
used as process additives. Joint grinding of PVC mix-
tures with metal carboxylates under IHPST substan-
tially improves the process efficiency and increases
the degree of dispersion of the powder formed.

Joint grinding of PVC with metal carboxylates
under IHPST substantially enhances stabilizing per-
formance of additives with respect to thermal stability
time index as compared to usual mechanical mixing
(Table 3). The stabilizing performance of additives
also increases with respect to the �dehydrochlorination
rate� index when coordination-unsaturated metal

Table 1. Solid-phase synthesis of metal carboxylates under
IHPST
����������������������������������������

Reactants used �
Molar ratio

�
Product���������������������� �

acid
� metal oxide, � acid : metal � yield,

� salt � oxide (salt) � %

����������������������������������������
C17H35CO2H � CaO � 2 : 1 � 99

� CaO � 2 : 1 � 98
� CaO � 2 : 1 � 98
� CaO � 2 : 1 � 99
� BaO � 2 : 1 � 96
� ZnO � 2 : 1 � 97
� PbO � 2 : 1 � 96
� CdO � 2 : 1 � 98

C11H23CO2H � CaO � 2 : 1 � 98
� CdO � 2 : 1 � 97

C15H31CO2H � BaO � 2 : 1 � 97
� PbO � 2 : 1 � 96

C17H35CO2H � K2CO3 � 2 : 1 � 96
� Na2CO3 � 2 : 1 � 97
� BaO + CaO � 4 : 1 : 1 � 96
� CaO + ZnO � 4 : 1 : 1 � 97

����������������������������������������

Table 2. Effect of metal carboxylates synthesized under
IHPST conditions (2 wt parts per 100 wt parts of polymer)
on the thermal stability time of vinyl chloride polymers
����������������������������������������

Metal carboxylate
� Thermal stability time, min
�������������������������
� PVC � VCPR-4 � VCVA-15

����������������������������������������
� � 4 � 4 � 3

Stearate of: � � �
calcium � 21(22)*� 20(19) � 17(18)
barium � 57(56) � 55(54) � 51(52)
zinc � 5(5) � 4(4) � 3(4)
lead � 76(75) � 72(73) � 68(70)
cadmium � 31(32) � 29(29) � 26(27)

Laurate of: � � �
calcium � 25(26) � 23(22) � 20(19)
cadmium � 36(35) � 33(34) � 29(27)

Palmitate of: � � �
barium � 61(61) � 59(58) � 55(54)
lead � 79(79) � 74(72) � 70(69)

Stearate of: � � �
potassium � 58(57) � 55(56) � 52(50)
sodium � 62(63) � 58(60) � 55(56)

Mixture of stearates: � � �
barium and calcium� 46(44) � 44(45) � 41(42)
calcium and zinc � 19(20) � 18(18) � 15(15)

����������������������������������������
* The thermal stability time of vinyl chloride polymers (175�C)

in the presence of metal carboxylates synthesized by the
industrial method is given in parentheses.
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Table 3. Change in thermal stability time and rate of PVC dehydrochlorination in the presence of additives after IHPST*
������������������������������������������������������������������������������������

Component
� Composition, wt %, for indicated sample
���������������������������������������������������������������������
� 1 � 2 � 3 � 4 � 5 � 6 � 7 � 8 � 9 � 10 � 11 � 12 � 13

������������������������������������������������������������������������������������
PVC � 100 � 100 � 100 � 100 � 100 � 100 � 100 � 100 � 100 � 100 � 100 � 100 � 100
(C17H19CO2)2Ba � 5 � � � � � � � � � � � � � � � � � � � � � � � �

(C17H19CO2)2Ca � � � 3 � 5 � � � � � � � � � � � � � � � � � � � �

C17H19CO2Na � � � � � � � 5 � � � � � � � � � � � � � � � � �
(C17H19CO2)2Pb � � � � � � � � � 3 � 5 � � � � � � � � � � � � �
(C17H19CO2)2Cd** � � � � � � � � � � � � � 5 � � � � � � � � � � � �

(C15H17CO2)2Ba � � � � � � � � � � � � � � � 3 � � � � � � � � � �

BaO � � � � � � � � � � � � � � � � � 1.08 � � � � � � � �

CaO � � � � � � � � � � � � � � � � � � � 0.46 � � � � � �

NaOH � � � � � � � � � � � � � � � � � � � � � 0.64 � � � �

PbO � � � � � � � � � � � � � � � � � � � � � � � 1.44 � �

CdO** � � � � � � � � � � � � � � � � � � � � � � � � � 0.94
C17H19CO2H � � � � � � � � � � � � � � � � � 4.04 � 4.70 � 4.64 � 3.67 � 4.20
������������������������������������������������������������������������������������
Thermal stability � � � � � � � � � � � � �
time at 175�C, min: � � � � � � � � � � � � �

before IHPST � 97 � 24 � 50 � 153 � 64 � 274 � 105 � 74 � 48 � 18 � 115 � 75 � 50
after IHPST � 109 � 32 � 58 � 171 � 73 � 282 � 118 � 85 � 84 � 43 � 143 � 181 � 88

VHCl �106 at 175�C, � � � � � � � � � � � � �
mol HCl : mol PVC*:� � � � � � � � � � � � �

before IHPST � 1.20 � 1.20 � 1.20 � 1.21 � 0.32 � 0.30 � 0.32 � 1.19 � 1.33 � 1.46 � 1.70 � 0.85 � 1.06
after IHPST � 1.21 � 1.19 � 1.20 � 1.22 � 0.21 � 0.18 � 0.24 � 1.18 � 1.26 � 1.28 � 1.31 � 0.39 � 0.52

������������������������������������������������������������������������������������
* Temperature in disperser at IHPST: in compression chamber 115�C and in grinding chamber 60�C; speed of screw rotation

35 min�1.
** Dehydrochlorination rates in the initial period of degradation.

�, min

cHCl � 103, mol mol�1 PVC

Kinetics of dehydrochlorination (175�C, air) of PVC sta-
bilized (5 wt parts per 100 wt parts of PVC) with (1, 2) bari-
um stearate and (3, 4) lead stearate (1, 3) before and
(2, 4) after intense high-pressure shear treatment in a
rotary disperser; (cHCl) hydrogen chloride concentration
and (�) time.

[Cd(II) and Pb(II)] stearates are used, which, in addi-
tion to HCl scavenging, inhibit PVC dehydrochlorina-
tion due to chemical deactivation of the labile groups
[7] (Table 3).

The physical and chemical processes occuring
under IHPST are characterized by high rate of mass
transfer (apparent diffusion coefficient becomes sev-
eral times higher [8]). In this case, increased stabiliz-
ing performance of metal carboxylates can be ex-
plained by more uniform distribution of the thermal
stabilizer in the polymer and by better accessibility of
labile groups in reaction with stabilizing additives.

CONCLUSION

The method of intense high-pressure shear treat-
ment shows promise in solid-phase synthesis of metal
carboxylates. It also enhances their stabilizing per-
formance in processing of polymeric compositions
based on polyvinyl chloride.
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Abstract�The sorption properties of montmorillonite modified with Fe(III) and Al(III) polyhydroxo com-
plexes and with Fe(III)�Zr(IV), Fe(II)�Ni(II), and Fe(III)�Al(III) heteronuclear polyhydroxo complexes with
respect to ammonia and sulfur dioxide were examined.

Synthetic sorbents such as activated carbons, zeo-
lites, and ion exchangers used in the majority of ad-
sorption processes can be replaced with inexpensive
mineral sorbents based on smectite minerals. Of spe-
cific interest are clay minerals with expandable cell,
whose layers are intercalated with polyhydroxo com-
plexes (PHCs) of multiply charged metals. After cal-
cination, the above PHCs transform into the oxide
clusters, which support certain spacing between clay
layers.

In this study, the sorptive properties of montmoril-
lonite (MM) intercalated with PHCs of metals of vari-
ous origin with respect to acid and base gases were
considered by an example of ammonia and sulfur
dioxide.

The initial material was montmorillonite clay of
Askanskoe deposit (Georgia) containing (wt %) 53.3
SiO2, 18.1 Al2O3, 0.84 Fe2O3, 4.9 MgO, 1.65 CaO,
1.1 Na2O, 0.32 K2O, and 7.98 H2O.

The PHCs of metals were prepared and montmoril-
lonite was modified according to the methods pro-
posed in [1�3]. The specific surface area Ssp of the
modified montmorillonite samples was determined by
low-temperature sorption of nitrogen on a Micro-
meritics 2200 express analyzer. The parameters d001
for the first basal reflection from modified clays were
determined with a Siemens 5000 diffractometer after
drying samples at 120�C. The adsorption-structural
characteristics of the obtained samples were calculated
using data on the adsorption�desorption isotherms of
benzene vapor. The isotherms of ammonia and sulfur
dioxide sorption were taken gravimetrically at 20�C.

The table shows that the montmorillonite modifica-
tion makes the spacing between aluminosilicate layers

considerably larger, i.e., the d001 parameter for the
first basal reflection from the Fe�Ni�MM sample in-
creases to 2.42 nm, compared to the value of 0.95 nm
for the initial sample. Noteworthy, Ssp of the mont-
morillonite samples containing heteronuclear PHCs
amounts to 250�280 m2 g�1, which is somewhat
larger compared to montmorillonite modified with in-
dividual iron and aluminum individual complexes
(190 and 180 m2 g�1, respectively).

The presence of mesopores of radius larger than
20 nm in the pore structure of the modified samples
can be judged from the shape of the isotherms of ben-
zene vapor sorption [4]. Sharp rise of the isotherms in
the low-pressure range for the Al�MM and Fe�Al�
MM samples is an evidence for the considerable con-
tent of micropores.

The NH3 sorption isotherms in Fig. 1a show that
the maximal sorption capacity for NH3 is exhibited by
the Fe�MM sample and the minimal, by the Al�MM

Characteristics of natural and modified montmorillonites
����������������������������������������

Sample

�Amount of modifying�
d001,

�
Ssp,� metal � �

����������������� �
� Fe � Al, Ni, Zr �

nm
�

m2 g�1

����������������������������������������
Montmorillonite � � � � � 0.9 � 60
in Na+ form � � � �
Al�MM � � � 3.18 � 1.75 � 180
Fe�Al�MM � 0.48 � 3.4 � 1.63 � 250
Fe�Ni�MM � 0.82 � 0.14 � 2.42 � 270
Fe�Zr�MM � 1.26 � 0.11 � 1.65 � 280
Fe�MM � 1.23 � � � 1.59 � 190
����������������������������������������
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(a)a, mmol g�1

0.5 1.0
p/ps

(b)a, mmol g�1

Fig. 1. Isotherms of (a) ammonia and (b) sulfur dioxide sorption a on the montmorillonite samples modified with PHCs of
(1) Fe(III), (2) Fe(III)�Zr(IV), (3) Fe(III)�Ni(II), (4) Fe(III)�Al(III), and (5) Al(III). (p /ps) Relative pressure.

sample. Adsorption of gaseous NH3 is commonly
used as test method to compare the surface acidity and
catalytic activity of catalysts based on natural and
synthetic aluminosilicates [5, 6]. Thus, we can suggest
that the Fe�MM sample is the most acidic, and the
Al�MM sample, the least acidic.

An increase in the acidity of montmorillonite sam-
ples modified with metal PHCs, as compared to the
initial clay, is usually ascribed to an increase in the
interlayer spacing, which, in turn, makes accessible
the previously shielded internal acidic centers [7].
Therefore, samples with larger interlayer spacings,
i.e., those characterized by higher d001 values, should
be expected to exhibit higher acidity. However, d001
and the adsorption capacity of the samples for NH3 do
not correlate. These facts suggest that the high sorp-
tion capacity of the Fe�MM sample is due to the nature
of the modifier, rather than to the montmorillonite
properties. In such a case, a decrease in the sorption
capacity for NH3 of the Fe�Zr�MM and Fe�Ni�MM
samples can be due to a decrease in the amount of
intercalating iron agents (see table) and to introduction
of Ni(II) and Zr(IV) into the modifier.

The SO2 adsorption isotherms in Fig. 1b show that
all the modified montmorillonite samples as a whole
sorb SO2 worse than NH3, with the sorbents becom-
ing saturated even at p /ps ratios close to 0.2�0.3.
The best sorption properties with respect to SO2 are
shown by the Al�MM sample. This is quite consistent
with the observed trends in the surface acidity of
modified montmorillonite samples, i.e., an acid gas is
adsorbed to a greater extent by a less acid sample. For

SO2 adsorption, as for NH3 adsorption, the introduc-
tion of additional metal ions into modifying Fe(III)
PHC also impairs the sorption properties of modified
montmorillonite. This is consistent with the results of
[8], according to which catalyst samples containing Ni
oxides sorb SO2 worse than those containing Fe(III)
oxides.

To conclude, our study shows that montmorillonite
materials modified with iron(III) polyhydroxo com-
plexes are good sorbents for NH3.
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Abstract�The surface tension of aqueous solutions of the cationic surfactant dodecylethylaminocarbonyl-
dimethylbenzylammonium chloride is measured for the first time over a wide concentration range from
7.9�10�7 to 3.9�10�2 M at 20�35�C. The critical micelle concentration of DAEDMBAC as influenced by
temperature is determined.

Surfactants are intensively studied because of their
wide use in micellar catalysis, organic synthesis, as
detergents and components of lubricants, in dyeing,
dry cleaning, photographic processes, as models for
various biological and physiological objects, etc. [1].
Addition of surfactants to water and other liquids such
as oil and petroleum products decreases the expenses
for their pipeline transportation and pipeline steel
intensity. All these applications are based on the
ability of surfactants to decrease the surface tension
of solutions.

In this work we reported on the surface tension
of a new, practically unstudied surfactant, dodecyl-
ethylaminocarbonyldimethylbenzylammonium chlor-
ide (DEADMBAC), as influenced by the solution con-
centration and temperature, and also on the critical
micelle concentration (CMC) of the solutions and
adsorption of DEADMBAC.

EXPERIMENTAL

The structural formula of the surfactant studied is

CH3
�

C12H25�N�CO�N+�CH2�C6H5 Cl�.
� �
C2H5 CH3

The purity of this compound was confirmed by the
shape of the surface tension isotherm (no minimum
near CMC). Aqueous DEADMBAC solutions were
prepared using double-distilled water.

The surface tension was measured by the ring
detachment method with a Markada digital instrument
(St. Petersburg) [2]. Initially the instrument was cali-

brated by measuring the surface tension of hexane,
isopropanol, benzene, ethylene glycol, and double-
distilled water. The calibration curve (Fig. 1) is linear,
allowing determination of the surface tension to with-
in 0.5 mN m�1.

Measurements were conducted at 20, 25, 30, and
35�C and concentrations from 7.9 �10�7 to 3.9 �
10�2 M. The results are given in Fig. 2. Under the
experimental conditions, the surface tension � de-
creases by more than 33 mN m�1 as the concentration
increases, and by 2�3 mN m�1 with increasing tem-
perature. Such concentration and temperature depen-
dences are typical of surfactant solutions [1, 3].

From the measured surface tension we estimated
the adsorption � (mol m�2) by

1 ��
� = ���������, (1)

2RT �ln a

�, mN m�1

Fig. 1. Calibration curve for determination of the surface
tension. (�) Surface tension and (N) scale reading. (1) Hex-
ane, (2) isopropanol, (3) benzene, (4) ethylene glycol, and
(5) water.
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where R is the gas constant; T, absolute temperature;
a, activity (M) [a = cf, here c is the concentration (M)
and f, activity coefficient].

The mean activity coefficient can be estimated by
the Debye�H�uckel approximation [4] using Eq. (2).

AI1/2

log f
�

= ��������, (2)
1 + BI1/2

where the coefficients A and B are the functions of the
temperature (they were taken from [4]) and I is the
solution ionic strength.

The estimated activity coefficients were demon-
strated to be close to unity over the entire concentra-
tion and temperature ranges studied in this work,
ranging from 0.9990 at 7.9 �10�7 M to 0.9830 at
4 �10�3 M.

The experimental dependences � (lna) obtained at
20, 25, 30, and 35�C were, respectively, approximated
by the following relationships:

d�/d ln a = �17.79 � 1.1ln a,

d�/d ln a = �21.21 � 1.46ln a,

d�/d ln a = �22.82 � 1.56ln a,

d�/d ln a = �21.67 � 0.72ln a.

and then the adsorption was estimated by Eq. (1).

The estimated concentration and temperature de-
pendences of the adsorption are presented in Fig. 3.
The adsorption obtained for DEADMBAC (about
10�6 mol m�2) is well comparable with that of other
surfactants [3].

In parallel to the surface tension measurements we
determined CMC. It is 4.5 �10�4, 3.4 �10�4, 2.6 �
10�4, and 5.5 �10�4 M at 20, 25, 30, and 35�C,
respectively.

These values are plotted in Fig. 4, demonstrating
a clearly pronounced minimum near 30�C. It is known
that micelles are formed in aqueous surfactant solu-
tions through hydrophobic interactions with water,
resulting in displacement of surfactant molecules from
water. Study of the kinetic features of the cation
DEADMBAC+ in aqueous solutions of the chloride
salt showed that, at 30�35�C, the nature of interaction
of the cation with water changed. At temperatures
below 30�C, the presence of the surfactant decreases
the activation energy of translation motion of the
nearest water molecules (negative hydration by Sa-

�, mN m�1

ln c [M]
Fig. 2. Isotherms of the surface tension � in aqueous
DEADMBAC solutions. (c) Concentration. Tempera-
ture (�C): (1) 20, (2) 25, (3) 30, and (4) 35; the same for
Fig. 3.

� � 106, mol m�2

ln c [M]
Fig. 3. Adsorption � of DEADMBAC as a function of the
concentration c.

cCMC, mM

T, �C
Fig. 4. Critical micelle concentration cCMC as a function
of the temperature T.

moilov [5]), decreasing the degree of structurization
of water. Above 30�C, the surfactant increases the
activation energy and the degree of structurization
(positive hydration). Therefore, the temperature of
about 30�C corresponds to the minimal CMC. At
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lower and higher temperatures, higher surfactant con-
centration is required for micelles to be formed. Simi-
lar temperature dependence of CMC was observed for
other surfactants (see, e.g., [6]).

CONCLUSIONS

(1) For the first time the surface tension of
DEADMBAC is studied at 20, 25, 30, and 35�C over
a wide concentration range from 7.9 �10�7 to 3.9 �
10�2 M.

(2) The critical micelle concentration of
DAEDMBAC is determined at various temperatures.
The CMC is minimal at about 30�C.

(3) The equilibrium adsorption at 20�35�C is
estimated to be approximately 1 �10�6 mol m�2.
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Abstract�A new method was developed for one-pot synthesis of 2,3,5,10b-tetrahydrooxazolo[3,2-c][1,3]-
benzoxazine in 51% yield by successive reactions of monoethanolamine with salicylaldehyde and paraformal-
dehyde. The corrosion-protective properties of the title compound and intermediate N-(2-hydroxybenzylidene)-
2-aminoethanol were studied.

It is known that some oxazolidines exhibit corro-
sion-protective properties [1�4]. In this work, with the
aim to reveal corrosion-protective properties of com-
pounds containing oxazolidine and dihydrooxazine
rings, we prepared 2,3,5,10b-tetrahydrooxazolo[3,2-c]-
[1,3]benzoxazine II and studied its inhibiting perform-
ance in carbon dioxide and hydrogen sulfide acid cor-
rosion of steel.

2,3,5,10b-Tetrahydrooxazolo[3,2-c][1,3]benzoxa-
zine was prepared previously in 43% yield by conden-
sation of N-(2-hydroxybenzylidene)-2-aminoethanol I
with paraformaldehyde in benzene [5]. 2,3,5,10b-Tet-
rahydrooxazolo[3,2-c][1,3]benzoxazine derivatives
were prepared in 57�67% yields by condensation of
oxazolidines unsubstituted at the N atom with salicyl-
aldehyde [6]. Since the conditions for the synthesis of
II by both methods and for the synthesis of imino
alcohol I and oxazolidines are very similar [7], we
examined the possibility of one-pot synthesis of ox-
azolobenzoxazine II from monoethanolamine, salicyl-
aldehyde, and paraformaldehyde.

In developing the synthesis, we proceeded from the
conditions used for each separate step in [5�7]. As
solvent we used benzene. Condensation of monoeth-
anolamine with salicylaldehyde was performed by re-
fluxing an equimolar mixture of the reactants, with the
azeotropic distillation of water. After the release of
water ceased, a stoichiometric amount of paraformal-
dehyde was added, and the mixture was further re-
fluxed until the release of the new portion of water
ceased:

�
�

+NH2CH2CH2OH _H2O

�
�
�

OH

CHO

�
�

+NH2CH2CH2OH _H2O

�
�
�

OH
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�
�
�
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����_H2O

�
�
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�
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6a�
�
�
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�
�
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�
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10
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III

5

O
6 .

CH NCH2CH2OH�
+CH2O

6a

The yield of oxazolobenzoxazine II under these
conditions was 51.2%. When any of the reactants
was taken in a small (5�10%) molar excess, the yield
of II decreased by 5�12%.

Based on the procedure for preparing 2,3,5,10b-tet-
rahydrooxazolo[3,2-c][1,3]benzoxazine derivatives [6],
we tested another reaction sequence for one-pot syn-
thesis of II: initial preparation of oxazolidine from
monoethanolamine and paraformaldehyde, followed
by condensation of this oxazolidine with salicylalde-
hyde. However, in this case we obtained only traces
of II. This may be due to the fact that the simplest
oxazolidine formed in the first step readily isomerizes
into stable N, N �, N "-tris(2-hydroxyethyl)perhydro-
1,3,5-triazine [8], which does not react with salicyl-
aldehyde.

Also unsuccessful was our attempt to prepare II in
one step by mixing all the three components (salicyl-
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aldehyde, monoethanolamine, paraformaldehyde) sim-
ultaneously. In this case, monoethanolamine immedi-
ately reacts with paraformaldehyde with heat release
and formation of N, N �, N "-tris(2-hydroxyethyl)perhy-
dro-1,3,5-triazine.

To evaluate the inhibiting power of II, we exam-
ined its effect on the corrosion of steel under condi-
tions simulating the steel corrosion in oil production
[9]. For comparison, we also tested the reaction inter-
mediate, imino alcohol I.

The corrosion-protective activity was studied gravi-
metrically with 2 � 20 � 6-mm samples of St.3 steel
according to GOST (State Standard) 9.505�86 in 1%
NaCl saturated with CO2 in the presence of H2S at 20,
40, and 60�C and contact time of 3 h. When added in
a concentration of 10�3 M, the compounds showed the
following protective effect Z (%): 98.1 (20�C), 97.2
(40�C), and 58.5 (60�C) for II; 88.2 (20�C), 79.3
(40�C), and 50.1 (60�C) for I. Thus, 2,3,5,10b-tetra-
hydrooxazolo[3,2-c][1,3]benzoxazine derivatives show
promise as corrosion inhibitors.

EXPERIMENTAL

Paraform (99.3% pure), monoethanolamine, and
salicylaldehyde were commercial chemicals; the latter
two compounds were purified by fractional distillation
to no less than 99.8% purity.

2,3,5,10b-Tetrahydrooxazolo[3,2-c][1,3]benzoxa-
zine II. A mixture of 30.5 g (0.5 mol) of monoethan-
olamine, 61.1 g (0.5 mol) of salicylaldehyde, and
250 ml of benzene was refluxed with a Dean�Stark
trap until the release of water ceased. Then 15.1 g
(0.5 mol) of paraform was added, and the mixture was
refluxed until the release of water ceased. Then the
mixture was cooled and separated by fractional distil-
lation to obtain 90.7 g (51.2%) of II; bp 110�112�C
at 3 mm Hg; d4

20 = 1.2177; nD
20 = 1.5624. Published

data [5]: bp 111�113�C at 3 mm Hg; d4
20 = 1.2180;

nD
20 = 1.5631. 1H NMR spectrum (400 MHz, CDCl3,

HMDS), �, ppm (J, Hz): 3.08 (2H, m, NCH2), 3.81
(2H, m, OCH2), 4.67 (1H, d, NCH2O, 2J = 9.7), 4.79
(1H, d, NCH2O, 2J = 9.7), 5.58 (1H, s, NCHO), 6.84
(1H, d.d, C7H, J7,8 = 8.2, J7,9 = 1.2),
6.93 (1H, d.d.d, C9H, J9,10 = 7.6, J8,9 = 7.4, J7,9 =
1.2), 7.19 (1H, d.d.d, C8H, J7,8 = 8.2, J8,9 = 7.4,
J8,10 = 1.8), 7.24 (1H, d.d, C10H, J9,10 = 7.6, J8,10 =
1.8).

Found, %: C 67.66, H 6.21, N 7.73.
C10H10NO2. Calculated, %: C 67.78, H 6.26, N 7.90.

N(2-Hydroxybenzylidene)-2-aminoethanol I.
A mixture of 6.1 g (0.1 mol) of monoethanolamine,
12.2 g (0.1 mol) of salicylaldehyde, and 100 ml of
benzene was refluxed with a Dean�Stark trap until the
release of water ceased. Fractional distillation in a
vacuum gave 14.7 g (89%) of I, bp 161�163�C at
3 mm Hg; d4

30 = 1.1598; nD
30 = 1.5957. Published data

[7]: bp 137�139�C at 1 mm Hg; d4
30 = 1.1547; nD

30 =
1.5936.

CONCLUSIONS

(1) Conditions were found for one-pot synthesis of
2,3,5,10b-tetrahydrooxazolo[3,2-c][1,3]benzoxazine
from monoethanolamine, salicylaldehyde, and para-
formaldehyde in a higher yield based on the starting
reactants than in the two-step synthesis with the inter-
mediate isolation of N-(2-hydroxybenzylidene)-2-ami-
noethanol.

(2) The protective effect of 2,3,5,10b-tetrahydro-
oxazolo[3,2-c][1,3]benzoxazine in carbon dioxide and
hydrogen sulfide corrosion of steel reaches 98%.
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Abstract�The possibility of preparing condensed nitrofuroxanes using hydroxylamine was examined.

Benzofuroxanes exhibit biological activity and are
intermediates in synthesis of a number of effective
antimicrobial agents; 4,6-dinitrobenzofuroxane in the
form of salts is used in priming charges [1]. In this
connection, it is interesting to develop relatively safe
methods for preparing nitrofuroxanes without using
azides.

Previous studies concerning formation of the furox-
ane ring in synthesis of 4,6-dinitrobenzofuroxane by
reaction of picryl chloride, hydroxylamine hydrochlo-
ride, and sodium acetate showed that the intermediate
in this procedure is picrylhydroxylamine [2]. This
finding allowed preparation of 3-nitro[4,5-c]pyrido-
furoxane by the reaction of 4-hydroxylamino-3,5-di-
nitropyridine with picryl chloride [3]. Similarly, the
reaction of 2,4- or 2,6-dinitrophenylhydroxylamine or
its potassium salt with picryl chloride also yielded, re-
spectively, 4- or 6-nitrobenzofuroxane and picric acid:
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From compounds containing a labile nitro group,
4,6-dinitrobenzofuroxane derivatives are formed
also:
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EXPERIMENTAL

4- and 6-Nitrobenzofuroxanes were prepared by
adding 2.48 g (0.01 mol) of picryl chloride to a
suspension of 2.37 g (0.01 mol) of potassium salt of,
respectively, 2,6- and 2,4-dinitrophenylhydroxylamine
in 30 ml of MeOH at room temperature with stirring.
The mixture was left for 0.5 h and poured into 60 ml
of water. The precipitate of 4- or 6-nitrobenzofuroxane
was filtered off, washed with water, and dried. Yield
of 4-nitrobenzofuroxane 1.67 g (92%), mp 112�C
(from EtOH); yield of 6-nitrobenzofuroxane 1.59 g
(88%), mp 74�76�C (from EtOH).

4,6-Dinitrobenzofuroxane was prepared by gradual
addition of 5.16 g (0.02 mol) of 1,2,3,5-tetranitroben-
zene to a suspension of 1.39 g (0.02 mol) of hydroxyl-
amine hydrochloride and 3.28 g (0.04 mol) of sodium
acetate in 50 ml of MeOH at 45�50�C with stirring.
The mixture was stirred at this temperature for an
additional 1 h, after which it was cooled and diluted
with water; the precipitate was filtered off, washed
with water, and dried. Yield 2.1 g (93%), mp 172�C
(from MeOH).

5-Amino-4,6-dinitrobenzofuroxane was prepared
similarly by adding 5.46 g (0.02 mol) of 2,3,4,6-tetra-
nitroaniline to a suspension of 1.39 g (0.02 mol) of
hydroxylamine hydrochloride and 3.28 g (0.04 mol)
of sodium acetate in 50 ml of MeOH at 45�50�C. The
reaction mixture was kept at this temperature for an
additional 2 h, after which it was cooled, and the pre-
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cipitate was filtered off, washed with water, and dried.
Yield 2.0 g (83%), mp 265�266�C (from AcOH).

The physicochemical constants of the compounds
prepared coincide with those of the authentic samples
prepared by the azide method [4�6].

CONCLUSION

A procedure for preparing condensed nitrofurox-
anes in good yields using hydroxylamine was sug-
gested to replace the less safe azide method.
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Abstract�Fractionation of dihydric phenols from coal-tar chemical productions was studied, and various
fractions were tested as inhibitors of thermal polymerization of unsaturated components of pyrocondensates.

Modern pyrolysis production is impossible without
using inhibitors [1, 2]. Production of ethylene�propyl-
ene and benzene involves the use of such inhibitors
as phenols, amines, and various multicomponent for-
mulations in distillation of pyrolysis intermediates.
The cheapest and the most readily available inhibitors
are phenolic fractions from thermal processing of coal
and wood [3, 4]. The most effective phenolic inhibit-
ors are derivatives of dihydric phenols, alkylated
hydroquinones and pyrocatechols. Their high inhibit-
ing activity is due to the capability for conformational
transition into the corresponding quinones. Among
individual phenols, the most widely used polymeriza-
tion inhibitor is tert-butylpyrocatechol (TBPC) [5�7].
The inhibiting activity of FCh-16, an inhibitor widely
used in coal-tar chemical industry, and pyrocatechol
fraction (PCF) is specifically due to the presence of
mono- and dialkyl derivatives of pyrocatechols and
hydroquinones [3, 8, 9]. The PCF composition (see
table), determined with a Hewlett�Packard gas chro-
matograph�mass spectrometer using the relevant data
bases [8], shows that this fraction contains pyrocate-
chols, resorcinols, and hydroquinones, with insignifi-
cant (�5�6%) content of various monohydric phenols.

We performed fractionation of PCF to closer-cut
fractions with the aim to find what groups of dihydric
phenols exhibit stronger inhibiting power and to re-
veal the components (pyrocatechols, resorcinols, or
hydroquinones) that inhibit polymerization of pyro-
condensates most actively. For this purpose, the frac-
tion of dihydric phenols was subjected to finer frac-
tional distillation. Pyrocatechols and hydroquinones
(118�146�C fraction) comprise 84.1 wt % in total, and
resorcinols [resorcinol fraction, RF (146�160�C)],
15.9%.

The isolated fractions were tested as inhibitors. The
results for RF are shown in Fig. 1. The effect obtained
at 0.025�0.030 wt % content of RF was 52�54%, and
the maximal effect, 74%, was attained at 0.05 wt %
content of RF. The RF (see table) contains in approxi-
mately equal amounts unsubstituted resorcinol and
methylresorcinol in the form of two isomers with 5-
and 2-methyl groups. As for nonphenolic compo-
nents, RF contains a large set of mono-, di- and tri-
alkylbenzenes. As resorcinol and 3,5-dihydroxytolu-
ene are the major components of RF, they were tested
as individual inhibitors. Resorcinol showed poor per-
formance (�20% effect). The performance of 3,5-dihy-
droxytoluene (orcinol, 5-methylresorcinol) was stud-

Composition of pyrocatechol and resorcinol fractions
����������������������������������������

Components � Content, wt %
����������������������������������������
PCF: �

phenol � 2.5
cresols � 2.7
xylenols + ethylphenols � 0.9
pyrocatechol � 11.3
3-methylpyrocatechol � 7.6
4-methylpyrocatechol � 13.8
resorcinol + hydroquinone � 8.6
isomeric dimethylhydroquinones � 4.3
isomeric methylresorcinols � 14.8
dimethyl- and ethylresorcinols � 13.7

RF: �
resorcinol � 24.4
1,3-dihydroxy-2-methylbenzene � 5.2
3,5-dihydroxytoluene (orcinol) � 17.3
methylguaiacol � 3.4
2-naphthol � 0.1

����������������������������������������
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Fig. 1. Efficiency of inhibition of K-27 pyrocondensate �

as a function of the resorcinol fraction content c.

�, %

�, %

�, %

c, wt %

c, wt %

c, wt %

(a)

(b)

(c)

Fig. 2. Inhibiting activity of orcinol � in polymerization of
pyrocondensates as a function of its content c: (a) c 0�
0.05 wt %, K-27 pyrocondensate; (b) c 0.0005�0.001 wt %,
K-27 pyrocondensate; and (c) c 0�0.002 wt %, K-20 pyro-
condensate.

ied in the range of its content of 0.0�0.5 wt %; the
range 0.0006�0.01 wt % was studied in more detail.

The tests (Figs. 2a, 2b) revealed fairly high per-
formance of orcinol at its extremely low content rela-
tive to the weight of the K-27 column pyrocondensate.
A specific feature of orcinol is a drastic decrease in
the inhibiting activity beyond the range of optimal
concentrations; the maximal activity (66% effect) was
observed at 0.0009 wt % content or orcinol.

With the K-20 column pyrocondensate, orcinol
shows the highest inhibiting activity (45% effect)
in the different concentration range (Fig. 2c).

Thus, experiments on inhibition of thermal poly-
merization revealed extremely high inhibiting activity
of some phenolic compounds, comparable only with
inhibitors of the last generation, nitroxyl radicals [10].
The high inhibiting activity of resorcinol derivatives
in thermal polymerization was also revealed for the

first time [11]. As noted above, it was believed until
recently that, among dihydric phenols, only pyrocate-
chols and hydroquinones could show inhibiting activ-
ity due to their capability for phenol�quinone redox
transformations. Quinones form a well-known class of
effective inhibitors of radical processes [12]. The most
widely used polymerization inhibitor, TBPC, shows
high inhibiting performance at its content of 0.015�
0.017 wt %, which is by an order of magnitude higher
compared to the optimal content of orcinol. As the
TBPC content is decreased to 0.002� 0.004 wt %, its
activity drastically decreases, and in concentrations
comparable with the optimal concentration of orcinol
(0.0008�0.0012 wt %) its activity is as low as 2�3%
(against 45�66% for orcinol).

The high inhibiting activity of resorcinol deriva-
tives may be due to possible transformation of these
compounds into the diketo tautomer with active meth-
ylene group at high temperature. Such transformations
are known for 1,3-dihydroxy compounds, and their
occurrence depends on the solvent polarity, its acid�
base properties, temperature, and mutual location of
substituents [13]. The C2 atom in the 1,3-dioxo form
is CH-active, and the activity of such species differs
in the nature from the activity associated with the
phenol�quinone transformations: responsible for deac-
tivation of radical species are labile hydrogen atoms
of the CH2 groups. It should be noted that orcinol as
a methylene-active compound is used in organic anal-
ysis for determination of carbonyl groups, e.g., in
cellulose (orcinol method) [14].

CONCLUSIONS

(1) Resorcinols exhibit inhibiting activity in ther-
mal polymerization of unsaturated components of
pyrocondensates.

(2) Orcinol shows particularly high inhibiting
effect (�66%) at its extremely low content, 0.0009�
0.0012 wt %, considerably surpassing in the inhibiting
performance the widely used inhibitor, tert-butyl-
pyrocatechol (added in the same amount).
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Abstract�The possibility of using the reaction of nitric acid with lignosulfonates for their quantitative deter-
mination in aqueous solutions was studied.

For photometric determination of lignins, the Pearl-
Benson method based on their nitrosation [1] is used
most widely. Nitrosation is carried out for 15 min
in acidic medium, and the optical density of the solu-
tion is measured after alkalization of the reaction
medium.

Nitric acid is used in indirect determination of the
degree of delignification of lignocellulose materials
[2, 3]. The first procedure is based on release of nitro-
gen oxides in the reaction of a sample being analyzed
with HNO3. Nitrogen oxides are quantitatively col-
lected, and their amount is determined by titration
with KMnO4 [2]. In the second procedure, the ligno-
cellulose material after appropriate pretreatment is
heated with 14% HNO3 at 80�C for 15 min. The solid
residue is separated by filtration. The yellow filtrate is
analyzed photometrically at 425 nm to determine the
lignin content in the sample. It is suggested that,
under determination conditions, lignin macromole-
cules are nitrated and degrade, and lignin passes into
solution; the products of this process are intensely
colored [3].

The use of nitric acid for determination of lignosul-
fonates (LS) was not reported.

The aim of this work was to assess the possibility
of using HNO3 for photometric determination of LS
formed in sulfite cooking of cellulose.

EXPERIMENTAL

We used 14% HNO3 and a solution with LS con-
centration of 10 g l�1. The analysis was carried out
as follows: Into a 100-ml volumetric flask a certain
volume of LS solution and 10 ml of HNO3 were
added. The flask was placed into a boiling water bath
for a certain time, after with the solution volume
was brought to the mark and the optical density was

measured at 315 and 340 nm on a KFK-2MP photo-
colorimeter.

The UV spectra were recorded in the range 250�
400 nm on a Specord M-40 spectrophotometer (Lab-
oratory of Lignin, Institute of Environmental Prob-
lems of North, Russian Academy of Sciences, Ural
Division).

Upon heating of LS with HNO3, the color of the
reaction mixture significantly changes. To choose the
analytical absorption band, we recorded the electronic
spectra of a solution of LS prepared by dilution of the

(a)

(b)

�, nm

�, s

Fig. 1. (a) UV spectra and (b) dependence of optical density
D on duration of color reaction �. (�) Wavelength. Spec-
trum: (1) solution of the initial LS, (2) HNO3 solution,
(3) the mixture of the initial LS and HNO3 after thermal
treatment, and (4) difference spectrum obtained by subtrac-
tion of spectra (2+ 1) from spectrum 3.
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Table 1. Stability of optical density in determination
of LS*
����������������������������������������

�,
� � = 315 nm � � = 340 nm
����������������������������������

min � D �variation, % � D �variation, %
����������������������������������������

0 � 0.929 � 100.0 � 0.852 � 100.0
6 � 0.925 � 99.6 � 0.850 � 99.8

10 � 0.924 � 99.5 � 0.848 � 99.5
15 � 0.922 � 99.2 � 0.846 � 99.3
45 � 0.919 � 98.9 � 0.843 � 98.9
60 � 0.917 � 98.7 � 0.841 � 98.7

����������������������������������������
* (�) Duration of thermal treatment; (D315, D340) optical densi-

ties at 315 and 340 nm, respectively.

initial solution by a factor of 500 (�max = 280 nm),
HNO3 solution diluted with distilled water by a factor
of 50, and a solution prepared by mixing of 1 ml of
LS solution and 10 ml of the initial HNO3 solution
and heated on a boiling water bath for 60 s and then
diluted with distilled water to 500 ml (Fig. 1a). The

Table 2. Reproducibility of the results of photometric determination of optical density*
������������������������������������������������������������������������������������

cLS, mg l�1
� � = 315 nm � � = 340 nm
��������������������������������������������������������������������������
� Dav � n � �D �103 � V, % � Dav � n � �D �103 � V, %

������������������������������������������������������������������������������������
0.8 � 0.014 � 2 � 1.4 � 10.1 � 0.008 � 2 � 0.7 � 9.4

20 � 0.179 � 3 � 2.7 � 1.4 � 0.154 � 3 � 2.7 � 1.7
40 � 0.344 � 3 � 6.7 � 1.9 � 0.305 � 3 � 7.6 � 2.5
60 � 0.497 � 3 � 6.5 � 1.3 � 0.446 � 3 � 5.5 � 1.2
80 � 0.640 � 3 � 11.9 � 1.8 � 0.580 � 3 � 9.5 � 1.6

100 � 0.804 � 3 � 7.9 � 0.9 � 0.737 � 3 � 9.2 � 1.3
������������������������������������������������������������������������������������
* (cLS) Concentration of lignosulfonates in the solution subjected to photometric determination, (n) number of replicate measure-

ments, (�D) standard deviation, and (V) variation.

Table 3. Results of LS* determination
������������������������������������������������������������������������������������

� = 315 nm � � = 340 nm
������������������������������������������������������������������������������������

D1

�
D2

�
Dav

� cLS, mg l�1 �
S, %

�
D1

�
D2

�
Dav

� cLS, mg l�1 �
S, %� � ����������������� � � � ������������������

� � � given � found � � � � � given � found �
������������������������������������������������������������������������������������

0.025 � 0.026 � 0.026 � 2 � 1.5 � 24.0 � 0.017 � 0.019 � 0.018 � 2 � 1.8 � 10.2
0.05 � 0.048 � 0.049 � 4.8 � 4.5 � 6.7 � 0.038 � 0.037 � 0.038 � 4.8 � 4.5 � 6.9
0.077 � 0.075 � 0.076 � 8 � 7.9 � 1.5 � 0.061 � 0.059 � 0.060 � 8 � 7.6 � 5.5
0.432 � 0.422 � 0.427 � 50 � 52.1 � �4.1 � 0.382 � 0.373 � 0.378 � 50 � 51.1 � �2.2
0.548 � 0.555 � 0.552 � 70 � 67.7 � 3.2 � 0.493 � 0.497 � 0.495 � 70 � 67.2 � 3.9
0.718 � 0.685 � 0.702 � 90 � 86.6 � 3.7 � 0.65 � 0.634 � 0.642 � 90 � 87.4 � 2.9
0.911 � 0.929 � 0.920 � 120 � 114 � 4.9 � 0.837 � 0.852 � 0.845 � 120 � 115 � 4.0

������������������������������������������������������������������������������������
* (S) mean relative deviation.

spectrum of the reaction products differs essentially
from the additive spectrum by increased intensity of
absorption at 310 nm (Fig. 1a, spectrum 4).

In further studies we used the wavelengths of 315
and 340 nm. The band at 340 nm has the advantage
that nitric acid does not noteceably absorb at this
wavelength. During photometric reaction, the optical
density of the solution at 315 nm increases by a factor
of 2.44, and at 340 nm, by a factor of 3.5 as compared
to the initial LS.

To determine the minimum reaction duration, this
parameter was varied from 10 to 75 s in various runs
(Fig. 1b). It was found that the maximal optical den-
sity is attained within 60 s. The color of the reaction
products is stable for a long time (Table 1).

The results listed in Table 2 show that the color
reaction is well reproducible. As expected, the coef-
ficient of variation decreases with increasing optical
density.

From data listed in Tables 2 and 3, using least-
squares technique, we evaluated the coefficients of
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calibration plots for the analytical bands at 315 and
340 nm:

D315 = 0.007942cLS + 0.013431 (R2 = 0.9992),

D340 = 0.007289cLS + 0.005916 (R2 = 0.9996).

The large coefficients of pair correlation R2 suggest
that the system in hand obeys the Bouguer�Lambert�
Beer law. The possibility of determining the concen-
tration of lignosulfonates was assessed in the experi-
ments; the results are given in Table 3. In a wide
range of LS concentrations, a good accuracy of deter-
mination was reached. The measurements performed
at 340 nm allow determination of LS content with a
better accuracy (mean relative deviation 4.5%) than
at 315 nm (mean relative deviation 5.7%).

CONCLUSION

Reaction of lignosulfonates with HNO3 can be
used for proximate quantitative analysis of LS. This
procedure consists in short thermal treatment of the
solution with a nitric acid solution and subsequent
photometry at 315�340 nm.

REFERENCES

1. Leithe, W., Die Analyse der organischen Verunreini-
gungen in Trink-, Brauch-, und Abwassern, Stuttgart:
Wissenschaftliche, 1972.

2. Fuchs, W., Die Chemie des Lignins, Berlin: Springer,
1926.

3. Henriksen, A. and Kesier, R.B., TAPPI, 1970, vol. 53,
no. 6, pp. 1131�1140.



1070-4272/04/7705-0861�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 5, 2004, pp. 861�862. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 5,
2004, pp. 866 �867.
Original Russian Text Copyright � 2004 by Petrova, Burinskaya, Kotetskii.

BRIEF
������������������������������� �������������������������������

COMMUNICATIONS

Sorption Kinetics of Acid and Reactive Dyes on Wool Fiber
in the Presence of Redox Systems

O. V. Petrova, A. A. Burinskaya, and V. V. Kotetskii

St. Petersburg State University of Technology and Design, St. Petersburg, Russia

Received October 28, 2003

Abstract�Low-temperature dyeing with Acid Bordeaux and Reactive Brilliant Red 5CX is studied.

Wool dyeing with acid and reactive dyes is conven-
tionally performed at the boiling temperature of the
solution, which may cause unpractical use of expen-
sive raw materials and high energy consumption.
Therefore, low-temperature dyeing (at temperature by
15�20�C below the boiling point) is of great practical
interest, as allowing minimization of the damage of
fiber and decrease in the hydrolysis of reactive dyes,
pollution of the environment, and power consumption.

Previously it was demonstrated that addition of
redox systems in a dye bath facilitates low-tempera-
ture dyeing of wool with acid and reactive dyes [1].

As a substrate we used wool rove with a surface
density of 1.32 g cm�2. Dyeing was performed accord-
ing to the standard procedure [2].

As redox systems we used hydrogen peroxide in a
mixture with various reducing agents such as glycerol,
glucose, polyoxymethylene, and hexamethylenetetr-
amine.

As demonstrated in [1, 3], the use of redox systems
(0.0075�0.015 M) considerably increases the sorption
of acid and reactive dyes in the course of low-tem-
perature dyeing. To determine the performance of
redox systems in dyeing, we studied the sorption
kinetics of acid and reactive dyes on wool fiber. The
contact time of the substrate with a dye varied from
15 to 90 min. The sorption was monitored by the re-
sidual concentration of dyes in the dye bath. The ki-
netic curves of Acid Bordeaux and Reactive Brilliant
Red 5CX in the presence of various redox systems are
given in Figs. 1a and 1b.

In the presence of redox systems, the maximal
sorption is observed in the first 60 min. With further
increase in the dyeing time, the sorption remains prac-
tically unchanged. Thus, the use of any of the redox
systems studied facilitates sorption more strongly than

does increase in the dyeing temperature from 80�C to
the boiling point. To characterize quantitatively the
effect of addition of redox systems, we estimated the
dyeing rate constants. For this purpose, we plotted the
logarithm of the concentration change of a dye against
the dyeing time (Figs. 2a, 2b). The observed linearity
of the dependence logc�� suggests the first-order
kinetics of dyeing. The rate constants were then esti-
mated by the Stirling’s equation [4]. The results are
given in the table.

(a)

�, min

c, g l�1

(b)c, g l�1

�, min

Fig. 1. Kinetic curves of (a) Acid Bordeaux and (b) Reac-
tive Brilliant Red 5CX in the presence of various redox
systems: (1) no redox system, (2) H2O2�polyoxymethylene,
(3) H2O2�hexamethyleletetramine, (4) H2O2�glucose,
(5) H2O2�glycerol; the same for Fig. 2. (c) Dye concentra-
tion and (�) dyeing time; the same for Fig. 2. Dyeing tem-
perature (�C): (1) 100 and (2�5) 80; the same for Fig. 2.
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Rate constants of dyeing of wool rove with Acid Bordeaux and Reactive Brilliant Red 5CX
������������������������������������������������������������������������������������

Dyeing conditions
� Acid Bordeaux � Reactive Brilliant Red 5CX
������������������������������������������������������
� K � 103, min�1 � Ea, kJ mol�1 � K � 103, min�1 � Ea, kJ mol�1

������������������������������������������������������������������������������������
At bp without redox additive � 27.80 � 133 � 22.14 � 119
At 80�C with redox additive: � � � �

H2O2�glucose � 49.12 � 116 � 39.82 � 106
H2O2�glycerol � 51.27 � 113 � 40.57 � 86
H2O2�hexamethylenetetramine � 32.23 � 123 � 30.82 � 113
H2O2�polyoxymethylene � 46.81 � 119 � 32.60 � 106

������������������������������������������������������������������������������������

2.303
K = ����� log (c1/c2),

�2 � �1

where K is the rate constant (min�1); �1 and �2 are the
times of the start and end of dyeing (min); and c1 and
c2 are the initial and final dye concentrations in the
bath (g l�1).

(a)�log c [g dl�1]

�, min

(b)�log c [g dl�1]

�, min
Fig. 2. Concentration change of (a) Acid Bordeaux and
(b) Reactive Brilliant Red 5CX in the course of dyeing.

The results show (see table) that introduction of a
redox additive increases the sorption rates of the acid
and reactive dyes by factors of 1.2�1.9 and 1.5�1.7,
respectively, thus creating the necessary prerequisites
for reducing the dyeing time. This is also demon-
strated by the estimated activation energies.

To conclude, redox additives accelerate sorption of
dyes, allowing dyeing with acid and reactive dyes
at temperatures below the boiling point of a dyeing
liquor and also reduction of the dyeing time.
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AND CHEMICAL TECHNOLOGY

Vladimir Fedorovich Luginin
(to 170th Anniversary of His Birthday)

V.F. Luginin, an outstanding Russian thermo-
chemist, a talented experimenter, and a progressive
who created the first Russia’s Thermal Laboratory at
Moscow University at his own expense was the author
of quite a number of manuals of calorimetry and head
of a prominent scientific school.

Vladimir Fedorovich Luginin was born in Moscow
on May 20, 1834, into a rather wealthy nobleman’s
family. His father, Fedor Nikolaevich Luginin, a
former General Staff officer and a participant of the
war with Turkey (1825�1829), owned a large forest
estate in Vetluga uezd of Kostroma province, which
was inherited by his sons. Luginin received an ex-
cellent domiciliary education at home. His teacher
was H.A. Trautschold (1817�1902), formerly one of
Liebig’s assistants, later, a known scientist, professor
of geology at Petrovskaya (now Timiryazev) academy.
As mentioned in [1�3], Trautschold stimulated his
pupil’s interest in natural sciences and acquainted him
with prominent scientific centers, and primarily those
in France and Germany, during their trips to West
Europe.

In 1849, at the age of 15, Vladimir Luginin en-
tered, on his father’s advice, the Mikhail artillery
college in St. Petersburg, which was one of the best
Russia’s military colleges of that time. At that col-
lege, as well as at Mikhail artillery academy, taught
the most prominent Russian scientists: mathemati-
cian M.V. Ostrogradskii (1801�1862), physicist
H.F.E. Lenz (1804�1865), and known chemists
A.A. Fadeev (1810�1898) and L.N. Shishkov (1830�
1909).

In August 1853, Luginin graduated from the cadet
department of Mikhail college and was left there to
receive higher artillery education as one of the best
graduates. However, the war between Russia and
Turkey, which began in October 1853, interrupted
Luginin’s education, and he was assigned to the front-
line forces in February 1854. The young officer took
part in military action at the Danube River and in the
defense of Sevastopol. Only in May 1856, he returned
to St. Petersburg and continued his education at the
Artillery academy, wherefrom he successfully gradu-

ated in April 1858. In 1861, Luginin retired from mil-
itary service and could commence studies of natural
sciences at the best scientific centers of West Europe.
For a long time he attended lectures at Heidelberg
University (Germany), worked at the chemical labora-
tory of R.W. Bunsen (1811�1899), studied organic
synthesis at the laboratory of J. Wislizenus (1835�
1902) in Zurich, attended lectures delivered by Clau-
sius (1828�1888), perfected himself in organic chem-
istry at the laboratory of C.A. Wurtz (1817�1884) in
Paris. In 1866�1867, Luginin published his first
studies in organic chemistry. However, his scientific
interests switched by that time to physical chemistry,
and primarily to thermochemistry. This was favored
by scientist’s work at the laboratories of H.V. Reg-
nault (1810�1878) and M. Berthelot (1827�1907) in
Paris. At Regnault’s laboratory, Luginin studied the
applicability of the Henry�Dalton law to the solubility
of CO2 in water at various pressures, determined the
density of hydrocarbons of the homologous series of
benzene in a wide range of temperatures. Further
scientist’s attention was focused on studies of thermo-
chemical nature. He preserved friendly relationships
with M. Berthelot for many years.
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In 1873, Luginin returned to Russia and organized
in St. Petersburg a small private laboratory, where he
commenced calorimetric measurements. Later, a spe-
cial laboratory was organized in St. Petersburg, at
Luginin’s expense and on his initiative, for determin-
ing the calorific value of combustible materials.

Beginning in 1882, Luginin worked in Paris.
A laboratory aimed to carry out thermochemical
studies was organized at the house where his family
lived.

At the end of 1888, Luginin again returned to Rus-
sia. V.V. Markownikoff (1837�1904), a professor
of Moscow University, allowed him to work at his
laboratory. In 1889, a group of professors of Moscow
University submitted a petition for conferring on
Luginin �the degree of a doctor of chemistry without
examinations for master’s degree and without submit-
ting a dissertation,� in acknowledgment of Luginin’s
achievements in the field of thermochemistry. In
January 1890, this move was satisfied. Having re-
ceived the degree of a doctor of chemistry, Luginin
decided to transfer his thermal laboratory from Paris
to Moscow, to Moscow University. As mentioned in
his memoirs by I.A. Kablukov (1857�1942, honorary
member of the Academy of Sciences of the USSR
since 1932), a Luginin’s disciple and a professor of
Moscow State University, Luginin’s thermal labora-
tory �took the first place among thermal laboratories
of not only Russia, but West Europe as well� [4]. At
that same time, Luginin started to deliver to students
of the physicomathematical faculty of Moscow Uni-
versity lectures on thermochemistry, thermometry, and
calorimetry. In 1891, Luginin was elected a privat-
docent, and in June 1899, he was appointed a super-
numerary extraordinary professor of Moscow Univer-
sity by the initiative of a large group of professors.

In 1897, Luginin donated to Moscow University
his personal library, which included journals on
chemistry and physics, both domestic and foreign,
published during several decades, rare publications by
foreign scientists, domestic scientific literature, and
books on history, philosophy, and agriculture. Luginin
had a perfect command of four European languages
and was interested in a wide variety of problems.
Up to 8000 of books from the �Luginin library� are
kept at the library of Moscow University [4].

In 1903, Luginin decided to hand over to Moscow
University the whole equipment of the thermal labora-
tory, purchased by him. The laboratory was named
�Professor Luginin thermal laboratory.� In recognition
of the scientist’s services, he was given the rank of
an honorary member of Moscow University.

Because of the deterioration of his health, Luginin
had to go abroad more and more frequently. He was at
his laboratory for the last time in 1906.

Luginin occupied himself with experimental ther-
mochemistry for about forty years and became a prom-
inent specialist in this field; his experimental data
were considered highly reliable for that time and cited
in world’s reference literature. The main Luginin’s
studies in this field were considered in a monograph
by Yu.I. Solov’ev and P.I. Starosel’skii [5] and in
quite a number of other review publications [6�8] and
in separate communications [9�11].

The first Luginin’s communication, carried out
in cooperation with M. Berthelot and reporting the
results of a thermochemical study of the decomposi-
tion of fatty acid halides, was published in France
in 1869. Seven more joint studies of these scientists
were carried out and published in French journals
during the period from 1870 to 1875. The first study
carried out independently by Luginin in Russia was
aimed to determine the heat effects of formation of
potassium and sodium trichloroacetates (1873). Begin-
ning in 1880, the main attention was paid by the
scientist to determining the heats of combustion of
various organic acids. Using a combustion chamber
modified by him, he studied organic compounds of
various classes and types. V.F. Luginin described his
experimental methods in a paper �On Measurement of
the Heats of Combustion of Organic Compounds,�
published by him first in France (1882) and then in
Russia (1884). A series of studies carried out by
him together with I.A. Kablukov were concerned with
determining the heat of bromine addition to un-
saturated compounds.

Luginin wrote a number of textbooks on calorim-
etry, of which the most important is Opisanie razlich-
nykh metodov opredeleniya teplot goreniya organi-
cheskikh soedinenii (Description of Various Methods
for Determining the Heats of Combustion of Organic
Compounds, 1894). In this textbook, the newest ex-
perimental techniques for determining the heats of
combustion were considered. As a supplement to the
book, Luginin presented tabulated heats of combus-
tion for about 1000 substances.

In the 1890s, V.F. Luginin carried out extensive
studies of the specific heats and the heats of vaporiza-
tion of various liquid organic substances: alcohols,
ketones, esters of dibasic acids, and saturated hydro-
carbons. In the process, the scientist used a rather per-
fect method for determining the heats of vaporization,
developed by him. Based on his own experimental
data, Luginin came to a conclusion that the known
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�Trouton’s rule� is not universal and is observed to
some extent only for organic compounds of the same
class, or, even better so, within the same homologous
series of one or another class. Already at the end of
his scientific activities, Luginin carried out, together
with A.N. Schchukarev (1864�1926), thermochemical
studies of copper and magnesium alloys with alumi-
num (1906).

Together with his scientific activities, Luginin was
actively engaged in Russia’s public life. Among his
close friends were N.G. Chernyshevskii (1828�1889),
A.I. Herzen (1812�1870), and N.P. Ogarev (1813�
1877). V.F. Luginin and his younger brother Stanislav
Fedorovich Luginin (1837�1866), marshal of the
nobility of Vetluga uezd, also paid much attention
to solution of zemstvo’s problems and published a
number of papers concerned with this issue.

An honorary doctor of chemistry of Moscow Uni-
versity, Vladimir Fedorovich Luginin died on October
13 (26) in Paris after a severe prolonged illness. To
his memory were devoted spacious obituaries written
by Kablukov [4] and K.A. Timiryazev [12], and
memoirs by professors of Kharkov University Shchu-
karev and I.P. Osipov [13]. Owing to the scientist’s
daughter (married name princess M.V. Volkonskaya),
V.F. Luginin’s works were published in 1917 under
the editorship of Kablukov [14]. She also supported
financially the publication of the catalog of the library
donated by Luginin to Moscow University [15].

Such known thermochemists as Kablukov, Shchu-
karev, Osipov, P.V. Zubov, V.V. Swietoslawski,
M.M. Popov, and others worked at the Luginin Ther-
mal laboratory at Moscow University at different
times [8]. To the history of the Luginin laboratory
from the time of its foundation till the middle of the
1980s was devoted a publication by G.L. Gal’chenko
[10]. The evidence concerning Luginin’s life and
scientific and public activities is included in all the
main Russian encyclopedias and world’s biographic
reference books [16, 17].
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REVIEWS

Blinov, L.N., Khimiya i fizika khal’kogenidnykh,
galogenkhal’kogenidnykh i fullerenkhal’kogenidnykh
stekloobraznykh materialov (Chemistry and Physics

of Chalcogenide, Halochalcogenide, and Fullerene�Chalcogenide
Glassy Materials)

St. Petersburg: Sankt-Peterb. Gos. Univ., 2003, 210 pp.

A small original monograph by L.N. Blinov, a
known specialist in solid-state chemistry, is concerned
with properties of a number of chalcogenide glassy
materials. Also, preparation techniques and applica-
tion fields of some types of chalcogenide glasses are
considered.

The book comprises eight chapters and a supple-
ment. Bibliographic lists are given separately for each
chapter, which makes a total of 493 references to
studies of domestic and foreign authors for the entire
monograph. Chapter 1 (pp. 5�33) presents general
concepts of glass formation in chalcogenide systems.
Emphasizing the importance of disordered systems for
modern science and technology, the author of the
monograph regards the chemistry of glass as a new
independent branch of chemical science, which is con-
cerned with a purposeful search for glassy materials
and with their preparation and study. The relationship
between the glass-forming ability of substances and
the position of their constituent elements in the period-
ic table is discussed.

Chapter 2 (pp. 34�56) is devoted to magnetic prop-
erties of chalcogenide glasses. A major part of chalco-
genide glassy formulations exhibit semiconducting
properties. The importance of studying the magnetic
properties of systems of this kind was mentioned by
professor R.L. Myuller more than 40 years ago. The
author of the monograph analyzes the results obtained
in studying the magnetochemistry of chalcogenide
glasses.

Chapter 3 (pp. 57�103) demonstrates the possibili-
ties of ESR spectroscopy in studying various chalco-
genide glassy semiconductors. Studies mostly carried
out with the author’s participation revealed that the
ESR spectroscopy is highly informative as applied
to objects discussed in the book. Small Chapter 4
(pp. 104�119) describes the results obtained in analy-
sis of how the magnetic susceptibility of glasses
depends on temperature.

Chapter 5 (pp. 120�139) includes evidence con-

cerning the preparation methods and properties of
chalcogenide dielectric glassy materials and the pos-
sibilities of their application. By varying the relative
content of the main components and the concentra-
tions of the additives introduced, one can change the
properties of chalcogenide glasses in a required direc-
tion and, in particular, improve their dielectric proper-
ties. Chapter 6 (pp. 140�155) is devoted to synthesis
and properties of fluorine-containing chalcogenide
glasses. It is shown that the type of a fluoride intro-
duced affects the nature of conduction in glasses based
on chalcogenides. Chapter 7 (pp. 156�175) discusses
bromo- and iodochalcogenide glasses. The author of
the monograph developed methods, devices, and ap-
proaches that provide synthesis of materials of these
classes and considers promising fields of their applica-
tion. The final Chapter 8 (pp. 176�202) summarizes
evidence concerning chalcogenide fullerene-containing
chalcogenide materials. It is noted that the class of
chalcogenide glasses that contain fullerenes may be
rather wide. The fact that the structure of fullerenes is
preserved in the chalcogenide glass matrices opens up
opportunities for obtaining disordered materials with
high-temperature superconductivity on their base.

The monograph is largely based on studies of its
author, Blinov, and a number of his coworkers. The
supplement to the monograph (pp. 203�206) presents
in concise form the most important conclusions of
these investigations: application fields and main tech-
nical characteristics of chalcogenide glasses belonging
to the classes studied; main-group elements in the
periodic table, which form chalcogenide, halochalco-
genide, and fullerene�chalcogenide glassy materials;
and a list of binary, ternary, quaternary, and quinary
chalcogenide systems analyzed in these studies.

Blinov’s book is of indubitable interest for a wide
audience of specialists working in the field of inorgan-
ic materials science.

A. G. Morachevskii
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BOOK
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REVIEWS

Flottmann, D., Forst, D., and Roßwag, H.,
Chemie f�ur Ingenieure, Grundlagen und Praxisbeispiele

Berlin: Springer, 2004, Zweite v�ollig �uberarbeitete und verbesserte Auflage, 434 pp.

The course of chemistry for engineers, written by
three German professors from Fachhochschule Aalen,
Fachbereich Chemie, Aalen, Germany, may be, as
regards its content and structure, of interest for a wide
audience of chemistry teachers at higher school insti-
tutions and colleges, specialized schools, and lyceums.
The book presents in a concise and well understand-
able manner the main sections of the conventional
general chemistry, with considerable attention given
to the most important chemical and related production
facilities and environment protection.

The book comprises 12 sections (chapters) and
contains a well-compiled illustrative material and
numerous examples of calculations.

Chapter 1 (pp. 1�17) includes basic evidence con-
cerning the atomic structure and elementary particles
and gives notion of the radioactivity and nuclear fis-
sion. Chapter 2 (pp. 18�65) discusses various kinds of
chemical bonds and the crystal structure. Chapter 3
(pp. 66�113) is devoted to water and aqueous solu-
tions, describes specific features of water as a liquid,
dissolution processes, and methods for expressing the
concentration, and gives notion of the water hardness
and water treatment. The same chapter includes evid-
ence concerning ionic equilibria, the most important
acids and bases, buffer solutions, pH measurements,
and redox reactions in aqueous solutions.

Chapter 4 (pp. 114�143) briefly reviews the period-
ic system. It considers the following elements: alkali
and alkaline-earth metals; elements that belong to
groups of boron, carbon, and nitrogen; chalcogens and
halogens; and transition metals. Special attention is
paid in this chapter to complexation processes involv-
ing transition metals, gives typical examples, and dis-
cusses chelate complexes. Chapter 5 (pp. 144�161)
presents basic concepts of thermodynamics and kinet-
ics of chemical reactions. In this chapter, the thermo-
dynamic characteristics of reactants and of the process
as a whole: the enthalpy and Gibbs energy of com-
pound formation (the authors uses instead of the
Gibbs energy the term �free enthalpy�) and the en-

thalpy, entropy, and Gibbs energy of a reaction are
considered in sufficient detail, the directions and
boundaries of occurrence of the chemical reaction are
determined, and examples of necessary calculations
are given. The dependence of the reaction rate on
the concentrations of the reactants and the influence
exerted by temperature and presence of catalysts on
the process rate are discussed.

Chapter 6 (pp. 162�198) presents evidence con-
cerning the main classes of organic compounds:
saturated and unsaturated hydrocarbons, benzene and
its derivatives, alcohols, ethers, esters, organic acids,
organochlorine compounds, and also oil, gasoline,
inflammable liquids and ignition temperatures of these
substances.

Chapter 7 (pp. 199�249) is devoted to fundament-
als of electrochemistry. The concepts of electrolysis as
a redox process that occurs under external influence,
voltaic cells, Nernst equation, and pH measurements
with the use of a glass electrode are given. Consider-
able attention is paid by the authors to various primary
and secondary chemical power cells, including lithium
batteries.

Chapter 8 (pp. 250�281) discusses problems of
corrosion and corrosion protection: theory of the
phenomenon, chemical and electrochemical corrosion,
types of corrosion, practical examples, and various
methods of corrosion protection. Chapter 9 (pp. 282�
320) contains evidence concerning the most important
products of chemical industry: ammonia (synthesis
and use); manufacture of chlorine, alkali, and hydro-
gen by electrolysis; glasses; and semiconductors.
The same chapter describes the manufacture of metals,
with the production of iron, steel, and aluminum con-
sidered as examples. Chapter 10 (pp. 321�366) is
devoted to problems of industrial processing of organ-
ic raw materials: oil, natural gas, biomass, and other
substances. The authors also review in sufficient detail
the chemistry of polymers.

Chapter 11 (pp. 367�393) gives notion of chemical
processes that occur in the environment, the ozone
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layer and the hazard of its destruction, and the green-
house effect. Chapter 12 briefly reviews the biotech-
nology, its topical tasks, biological foundations, and
related industrial processes.

The book luckily combines the diversity of the
material presented and the simplicity of presentation.
In each chapter, the main body of the material is
preceded by a very brief (15�20 lines) introduction
containing some interesting evidence of mainly his-

torical nature, which enlivens the presentation. The
assimilation of the material is favored by detailed
division of each chapter into sections and subsections.
The book is very well published and equipped with
subject and author indexes. Translation of the book
into Russian would be of interest primarily for its use
as an additional textbook by college teachers.

A. G. Morachevskii
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Abstract�The precipitation of CaCO3 from Ca(NO3)2 solutions with gaseous CO2 and NH3 was investigated.
Different variants of purification of Ca(NO3)2 solutions on hydrated aluminum oxide (collector) were
considered.

Special-purity calcium carbonate is used in produc-
tion of optical glass, fiber-optical materials, lumi-
nophores, ferromagnetic ferroelectrics, oxide cathodes,
etc. In these cases, stringent requirements are imposed
on the content of certain admixtures (10�4

�10�6 wt %).

Commercial CaCO3 of reagent grade [GOST (State
Standard 4530�76)] and special-purity grade 16-2
[TU (Technical Specification) 6-09-895�77] [1] fails
to meet the requirements of modern industries.

The known procedures for manufacture of CaCO3
yield technical- and reagent-grade products and can
be conditionally divided into the following groups:
reactions of Ca(OH)2 with gaseous CO2 or sodium,
potassium, and ammonium carbonates; decomposition
of calcium formate, acetate, or oxalate upon heating;
precipitation of calcium salts from solutions under
the action of gaseous CO2 and NH3 (or of their
aqueous solutions); and exchange reactions of solu-
tions of calcium salts with sodium, potassium, or am-
monium carbonates.

The reaction of Ca(OH)2 (solution or aqueous sus-
pension) with gaseous CO2 [2, 3] or with Na2CO3 so-
lution [4] and the decomposition of calcium formate,
acetate, or oxalate in a vacuum or in air at 300�600�C
[5] are not promising for obtaining a special-purity
product, as the technological processes include no
purification stages and sufficiently pure compounds
involved in the processes are not manufactured in-
dustrially [1].

The last two procedures for obtaining CaCO3 from
solutions of calcium salts under the action of gaseous
CO2 and NH3 or solutions of Na2CO3, K2CO3, and
(NH4)2CO3 are widely used in industry to produce

technical- or reagent-grade products [6�9]. The tech-
nological scheme of the processes can be supple-
mented with a stage of preliminary purification of
the starting reagents.

In liquid conversion of calcium salts under the ac-
tion of solutions of sodium, potassium, or ammonium
carbonates into CaCO3, the process is rather fast; how-
ever, the volume of dilute mother liquors that contain
the corresponding nitrates or chlorides increases [9�11].

In gaseous conversion of calcium salts (with gas-
eous CO2 and NH3), the consumption of the starting
compounds increases and complete precipitation of
CaCO3 is not achieved. Therefore, it has been sug-
gested to carry out the process in two stages with gas-
eous CO2 and NH3 and with a solution of (NH4)2CO3
successively [12].

Despite the considerable number of publications
devoted to the precipitation of CaCO3 with gaseous
CO2 and NH3 from solutions of calcium salts, the
process has been investigated insufficiently. Data
on selection of technological parameters (relative
amounts and feed rates of reagents, concentration of
a calcium salt solution, temperature, and pH), on
the mechanism and kinetics of the reactions, and on
the behavior of admixtures are lacking.

The aim of this study was to develop a technolog-
ical process for manufacture of special-purity CaCO3.

EXPERIMENTAL

With account of published data, the reaction of a
preliminarily purified Ca(NO3)2 solution with gaseous
CO2 and NH3, followed by filtration of the result-
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Fig. 1. CaCO3 yield A vs. the excess B of CO2 and NH3.

Fig. 2. Kinetics of CaCO3 precipitation from Ca(NO3)2
solutions. (c) Ca(NO3)2 concentration and (�) time.
(1�3) Calculation, (4�6) experiment. CO2 feed rate
(l min�1): (1, 4) 0.75, (2, 5) 0.55, and (3, 6) 0.35.

ing suspension and washing of the CaCO3 paste with
water and its drying, was chosen for experimental
verification:

Ca(NO3)2(sol) + 2NH3(g) + CO2(g) + H2O

= �CaCO3 + 2NH4NO3.

The reactions that occur in the precipitation of
CaCO3 with gaseous CO2 and NH3 point to a com-
plicated character of the process [13, 14]. In addition,
the formation of ammonium carbamate NH4COONH2
and its hydrolysis proceed in the solution [13, 15�17].

One of the main stages of the technological pro-
cess, which determines the chemical and granulometric
composition of the final product, its quality, and the
output capacity of the equipment used, is the stage of
CaCO3 precipitation.

In the continuous variant of CaCO3 precipitation,
the feed rates of Ca(NO3)2 solutions and gaseous
CO2 and NH3 should be selected so that the precipita-

tion is complete at the reactor outlet and the consump-
tion of gaseous precipitants is at a minimum. The out-
put capacity of the stage depends on the concentration
of the Ca(NO3)2 solution. Theoretically, it is prefer-
able to use a concentrated Ca(NO3)2 solution; how-
ever, this would hinder the absorption of gaseous CO2
and NH3 by this solution, raise the capture by the
CaCO3 solution of the forming NH4NO3 at its high
concentration in the mother liquor, and, consequently,
make more complicated the following stage of wash-
ing of the paste. With account of the results of pre-
vious studies of purification of Ca(NO3)2 solutions
[18], its concentration was taken to be about 20 wt %.

The effect of the relative amounts and feed rates
of the starting reagents and temperature on the yield
of the final product was studied experimentally.
The installation and the experimental procedure used
were described in [19]. The main unit of the installa-
tion was a 1.0-l titanium or plexiglass reactor equipped
with a stirrer and an external jacket. The feed rates of
gaseous CO2 and NH3 and the Ca(NO3)2 solution
were measured with rheometers and a rotameter, re-
spectively. The pH values of solutions were deter-
mined with a pH-262 instrument, and the Ca(NO3)2
concentration in the mother liquor, by complexometric
titration with trilon B. The feed rates of the gaseous
reagents, CO2 and NH3, were varied in all the ex-
periments at a constant feed rate of a Ca(NO3)2 so-
lution.

Introduction of stoichiometric amounts of gaseous
reagents (according to the reaction the molar ratio is
NH3 : CO2 = 2 : 1) (Fig. 1) does not lead to complete
precipitation of CaCO3, in a satisfactory agreement
with published data [12]. A theoretical calculation of
the height of a gas-liquid layer in the reactor, which
would provide a complete absorption of CO2 in the
reaction, demonstrated that it is necessary to develop
rather high bubble-type apparatus (or a cascade) [20],
which is not always possible. To achieve a complete
precipitation of CaCO3 under real conditions, it is
advisable to use a certain excess of CO2 and NH3,
which is due not only to incomplete dissolution of
CO2 under these conditions, but also to the occurrence
of side reactions and the formation of a small constant
(NH4)2CO3 concentration in solution. Raising the
feed rate of CO2 and NH3 by more than 35% of
the stoichiometry results in an increase in the rates of
side reactions and in a certain reduction of the CaCO3
yield (Fig. 1).

Comparison of the calculated and experimental
values for three feed rates of CO2 (Fig. 2) shows that,
at a feed rate of 0.35 l min�1, CO3

2� ions are accumu-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 6 2004

STUDY AND DEVELOPMENT OF A TECHNOLOGY FOR MANUFACTURE OF CALCIUM CARBONATE 871

Table 1. Purification of aqueous solutions of Ca(NO3)2 to remove admixtures of 3d elements on a HAO (hydrated
aluminum oxides) collector
������������������������������������������������������������������������������������

Purifica- � Coefficient of removal of ions, Kp
����������������������������������������������������������������������������tion �

variant � Fe � Cr � Cu � Mn � Co � Ni
������������������������������������������������������������������������������������

1 � 800�1000 � 3000�3100 � 50�60 � 20�30 � 40�50 � 40�50
2 � 1000�1200 � 150�200 � 120�130 � 70�80 � 160�180 � 80�90
3 � 800�1000 � 3000�3100 � 1000�1100 � 150�170 � 150�170 � 150�170

������������������������������������������������������������������������������������

lated in solution and CaCO3 gradually precipitates
(Fig. 2, curve 6), whereas at a rate of 0.75 l min�1

(Fig. 2, curve 2), a partial breakthrough of the gas is
observed. The results obtained show that the best CO2
feed rate for precipitation of CaCO3 is 0.55 l min�1.

Temperature affects the reactions occurring in so-
lution in the case of CaCO3 precipitation with gaseous
CO2 and NH3 in different ways: as the temperature
increases to 40�45�C, the formation of ammonium
carbamate is considerably retarded and the hydrolysis
is accelerated [15, 17]; the solubility of CO2 and NH3
decreases.

It was established experimentally that the tempera-
ture of the reaction medium increases to 40�45�C at
a CO2 feed rate of 0.55 l min�1 (Fig. 2) under the
conditions of CaCO3 precipitation, which is due to
a noticeable exothermic heat effect of the main reac-
tion. This accelerates the hydrolysis of NH4COONH2
formed and leads to a more complete precipitation of
CaCO3 (Fig. 2).

An analysis of published data on the precipitation
of CaCO3 with gaseous CO2 and NH3, made with
account of the results of this study, demonstrated
that the rate-determining reactions are dissolution of
CO2 [13�15, 17, 21], formation of CaCO3 nuclei and
their growth [13, 22�24], and hydrolysis of am-
monium carbamate [15, 21].

To estimate preliminarily the limiting stages of
the technological process, a qualitative theoretical
analysis of kinetic equations of the reactions [13�15,
17, 21�24] has been carried out. It has been shown
that the rates of all the known reactions considerably
exceed the rates of CO2 dissolution and growth of
the CaCO3 crystal [25]. A mathematical model has
been developed for describing the CaCO3 precipita-
tion from Ca(NO3)2 solutions with gaseous CO2 and
NH3, with the optimization of the total time required
for the stages of precipitation, filtration of the result-
ing suspension, and washing of the CaCO3 paste [20].

To obtain a special-purity product, a preliminary
purification of the starting raw materials [Ca(NO3)2
solution, gaseous CO2 and NH3] is necessary.

Earlier studies of the author [18, 26] have shown
a high efficiency of inorganic collectors [hydrated
aluminum (HAO) or zirconium oxides (HZO) for the
purification of Ca(NO3)2 solutions]. The influence
exerted by a number of parameters (weight of the col-
lector, time of contact with the solution, pH of the
medium, concentrations of the solution and the ad-
mixtures, addition of an oxidizer, and the nature of
a collector precipitator) on the efficiency of purifica-
tion of Ca(NO3)2 solutions with HAO or HZO has
been investigated [18, 26].

On the basis of the investigation performed, three
variants of purification of Ca(NO3)2 solutions on
HAO can be considered: (1) precipitation of the col-
lector (HAO) with aqueous ammonia; (2) precipitation
of HAO with aqueous ammonia, with preliminary ad-
dition of H2O2; and (3) precipitation of the collector
(HAO) with a NaOH solution (Table 1). The data in
Table 1 point to a high efficiency of purification of
Ca(NO3)2 solutions to remove admixtures of 3d ele-
ments. The precipitation of HAO with aqueous am-
monia (variant 1) provides a high efficiency of solu-
tion purification to remove admixtures of iron and
chromium ions and a considerably lower efficiency
for copper, manganese, nickel, and cobalt ions, be-
cause of the formation of readily soluble ammino or
hydroxoammino complexes with these ions. Addition
of H2O2 (variant 2) improves the removal of copper,
manganese, iron, nickel, and cobalt admixtures, but
impairs that of chromium(III) owing to its oxidation
to chromium(VI), which coprecipitates with HAO to a
much lesser extent in the pH range 7.5�8.0. Precipita-
tion of HAO with an alkali solution (variant 3) results
in the highest efficiency of removal of all the ad-
mixtures under study. This is due to the formation of
hydroxo complexes of 3d elements, which rather ef-
fectively coprecipitate on the collector, in contrast to
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Table 2. Microfiltration of Ca(NO3)2 solutions across a PVC-0.25 membrane
������������������������������������������������������������������������������������

� � Granulometric composition of particles, �m
� �������������������������������������������������������������������Solution � Number �
� � 0.5�0.6 � 0.6�0.7 � 0.7�0.85 � 0.85�1.00 � 1.0�5.0 � 5.0

������������������������������������������������������������������������������������
Initial � 13402 � 749 � 2302 � 1727 � 1714 � 6683 � 227
Purified � 60 � 11 � 22 � 10 � 5 � 12 � 0
Initial � 12923 � 1470 � 4365 � 2446 � 1697 � 2639 � 306
Purified � 64 � 12 � 35 � 9 � 4 � 4 � 0
������������������������������������������������������������������������������������

Table 3. Quality of laboratory CaCO3 samples of special purity and of the best foreign analogues (according to
catalogues)
������������������������������������������������������������������������������������

Sample
� Content of ions c � 106, wt %
������������������������������������������������
� Fe � Mn � Cu � Cr � Ni � Co

������������������������������������������������������������������������������������
Laboratory: � � � � � �

HAO � 5 � 1 � 1 � 2 � 1 � 0.5
purified on HZO and PVC-0.25 membrane � 4 � 0.5 � <1 � <1 � <1 � <0.5

E.Merek, Germany: � � � � � �
Suprapur � 5 � 5 � 1 � � 1 � 1
Optipur FO � 5 � 1 � 5 � 1 � 1 � 1

USA: � � � � � �
Ultrapure, Ventron � 5 � 10 � 5 � � 1 � 5
Ultrex, Baker � 3 � 8 � 2 � 3 � 1 � 0.6

Great Britain, Optran � <200 � <200 � 30 � <200 � <500 � <20
������������������������������������������������������������������������������������

the readily soluble and rather stable ammino or hy-
droxoammino complexes.

The efficiency of purification of Ca(NO3)2 solu-
ions on HZO is somewhat lower [26], which seems to
be caused by the difficulty of careful separation of
the amorphous superfine precipitate of the collector.

For better separation of the collector, such mem-
branes as SPA, PVC, MFF were used, differing in
the supporting material and porosity [27]. A study of
the microfiltration of a 20% Ca(NO3)2 solution pur-
ified using HZO [collector weight 2.0% in terms of
Ca(NO3)2, time of contact with the solution 2 h, so-
lution pH 8.0, and temperature 50�C] was carried out
in a laboratory cell of diameter 47 mm under a pres-
sure of 0.5 kg cm�3, with the size and number of
particles monitored (LAM instrument with a flow-
through cell). The data obtained with a preliminary
separation of the HZO precipitate on a �blue band�
filter and with filtration across a PVC-0.25 membrane
are listed in Tables 2 and 3.

Thus, the high efficiency of purification of solu-
tions on a collector (HZO), combined with the mem-

brane technology, was experimentally established. Use
of membranes in purification ensures a complete
separation of microscopic particles of the collector,
which contains certain admixtures at a level of 10�1

�

10�3 wt %. Use of membranes in the final stage of
purification of solutions in the technological scheme
for obtaining special-purity inorganic substances
somewhat complicates the process and decreases its
output capacity, but makes it possible to improve
dramatically the quality of the products.

The experimental data on the fine separation of
the collector, obtained in this study, enable a wider
use in technological practice of such effective inor-
ganic collectors as hydrated oxides of manganese(IV),
titanium(IV), tin(IV), iron(III), chromium(III), co-
balt(III), etc.

Special-purity grade CO2 and NH3 required for
production of special-purity CaCO3 are not manufac-
tured industrially, but the domestic industry produces
in large amounts these products of technical grade,
with high content of the main substances (liquefied
CO2 � 98.0 vol %, and liquefied NH3 � 99.6 vol %).
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Fig. 3. Technological scheme for manufacture of special-purity CaCO3. (1) Reactor for dissolution and purification of
the Ca(NO3)2 solution, (2) sedimentation columns, (3) filter for collector separation, (4) frame fluoroplastic filter, (5) reactor
for precipitation of CaCO3, (6) unit for filtering and washing of the CaCO3 paste, (7) fluidized-bed apparatus, and (8) cyclone
separator.

These products are rather pure as regards the con-
tent of admixtures whose content in CaCO3 of spe-
cial-purity grade is to be limited. For a prelimi-
nary purification, gaseous CO2 and NH3 are bubbled
through a layer of distilled water and an FP filter
[28].

The choice of a variant to be used for Ca(NO3)2
purification is governed by the quality of the starting
raw materials and the target product.

Systematic analysis of reagent-grade Ca(NO3)2
(analytically pure and chemically pure grades, GOST
4142�77) shows a rather low level of 3d-element ad-
mixtures (10�3

�10�5 wt %) [26]. If the purification
coefficients (Table 1) are taken into account, ingress
of impurities into the target product is ruled out,
and Ca(NO3)2 of the above quality and preliminarily
purified CO2 and NH3 are used, a special-purity
CaCO3 containing admixtures at a level of 10�5

�

10�7 wt % can be obtained.

On the basis of the investigation performed, a tech-
nological scheme for manufacture of special-purity
CaCO3 from preliminarily purified solutions of calci-
um nitrate (analytically pure and chemically pure
grades) and gaseous CO2 and NH3 (technical grade)
was developed (Fig. 3). The main stages of the tech-
nological process are the following: dissolution of

Ca(NO3)2 in distilled water and purification of the so-
lution on a collector (HAO); separation of the collector
precipitate; precipitation of CaCO3 with gaseous CO2
and NH3; filtering and washing of the precipitate; and
drying of the paste. A 20�25% aqueous solution of
Ca(NO3)2 was purified on a collector (HAO), which
was precipitated at pH 7.5�8.0 with aqueous ammonia
or NaOH. As a collector-forming agent was used ana-
lytically pure Al(NO3)3 (GOST 3757�75) in an amount
of 2 g of Al(NO3)3 �9H2O per 100 g of Ca(NO3)2. To
achieve a deep separation of the resulting HAO gel,
which contained 10�2

�10�3 wt % admixtures of 3d
elements, and the purified Ca(NO3)2 solution, the sus-
pension was subjected to aging and settling. The lower
condensed layer of the suspension was twice filtered
on an ordinary Nutsch filter across two layers of �blue-
band� filters, combined with the clarified part of the
solution, and filtered on a frame-type microfilter with
fluoroplastic filtrating partitions [29]. The rate of
filtration of the condensed part of the suspension on
a Nutsch filter rapidly decreases, and mechanical re-
moval of the gel-like precipitate of the collector from
the filter surface at regular intervals of time is neces-
sary. The precipitation of CaCO3 was carried out in
an apparatus, into which purified Ca(NO3)2 solution
and gaseous CO2 and NH3 were continuously fed. The
suspension of CaCO3 was continuously discharged on-
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to a Nutsch filter, where the accumulated and squeezed
paste was washed with special-purity water to remove
nitrate ions. The washed paste was delivered into a
�fluidized-bed� apparatus.

The quality parameters of the resulting special-pur-
ity CaCO3 [30] and of the best foreign samples are
listed in Table 3.

Comparison of these products shows that the tech-
nology developed enables manufacture of special-pur-
ity CaCO3, which is comparable in its main charac-
teristics with the best foreign analogues.

CONCLUSIONS

(1) The precipitation of CaCO3 from Ca(NO3)2
solutions with gaseous CO2 and NH3 was studied and
the parameters of the process were determined.

(2) A technological scheme was developed for
manufacture of special-purity CaCO3 from prelim-
inarily purified Ca(NO3)2 solutions and gaseous CO2
and NH3.
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Abstract�A procedure for synthesizing high-purity calcium hydride in high yield was suggested.
The admixture composition of the resulting CaH2 was determined by laser mass spectrometry.

CaH2 is used in laboratory practice as a desiccant
that can take away water from crystal hydrates [1]. It
is highly efficient in drying of hydrocarbons, ethers,
and other solvents. Calcium hydride has found wide
application as a reducing agent in preparing powders
of certain metals (Ti, Zr, Nb, Ta, Mo, and W) from
their oxides and halides [2, 3]. A method is known for
converting silicon halide compounds (silicon tetra-
chloride, trichlorosilane, and silicon tetrafluoride) into
silane by their reaction with CaH2 [4]. In this case,
admixtures of F2, H2O, O2, N2, AsH3, and PH3 are
removed from SiH4 via their adsorption on a metal
hydride [5]. In [6], calcium hydride was used as
a reducing agent to obtain high-purity hydrides of
monoisotopic silicon (28SiH4,

29SiH4, and 30SiH4)
from monoisotopic SiF4 by the reaction

SiF4 + 2CaH2 � SiH4 + 2CaF2. (1)

The choice of CaH2 was determined by the fact
that, unlike NaF in the reaction with NaH, CaF2 does
not react with monoisotopic SiF4 to give CaSiF6 in
synthesis of silane [7, 8]. Moreover, CaF2 reacts with
a BF3 admixture in silicon fluoride to give a stable
Ca(BF4)2 complex [4], which favors purification of
the resulting SiH4 to remove boron-containing ad-
mixtures. At the same time, CaH2 is the safest in
handling, compared with other hydrides and metal
aluminum hydrides.

The compound CaH2 is a light gray crystalline
substance that does not react with oxygen up to 400�
500�C [9] and reacts with water to give CaO,
Ca(OH)2, and hydrogen [10]. In synthesizing SiH4
from SiF4, the reactions of SiF4 with the products of
CaH2 hydrolysis are thermodynamically allowed [11].
It has been established experimentally that presence of
several percent CaO in calcium hydride substantially

decreases the yield of SiH4, and, therefore, there is
no point in using commercial-grade CaH2. Moreover,
an admixture of metal calcium in CaH2 may result
in thermal reduction of SiF4 to give monoisotopic
elementary silicon [12]. Therefore, development of
a procedure for synthesizing active CaH2 in high yield
is a matter of current interest.

The reaction of Ca with H2 becomes noticeable at
170�250oC [10], �Hf

298(CaH2) = �45.1 kcal mol�1

[13]. For practical use, temperatures in the range from
250 to 700�C are recommended [14]. The hydrogena-
tion of solid Ca to give a solid product is a topochem-
ical process. Kinetic studies [15] revealed three stages
of the reaction: formation of centers of CaH2 crystal-
lization on the surface of a sample (induction period),
formation of a CaH2 surface layer precluding a direct
contact of H2 with Ca, and diffusion of H2 with the
subsequent reaction at the Ca�CaH2 interface (dis-
solution or formation of a chemical bond). The rate of
Ca hydrogenation depends on temperature, H2 pres-
sure, linear dimensions of a sample, internal structure
of the metal, and admixtures present in calcium and
hydrogen [15�17].

The admixtures of O2 and H2O in hydrogen de-
crease the hydrogenation rate, because CaO formed on
the surface of calcium hinders the diffusion of H2. It
was shown in [18] that 0.5% oxygen decelerates the
reaction by a factor of 2.5, and 0.5% H2O, by a factor
of 6.

EXPERIMENTAL

To obtain high-purity CaH2, we used distilled Ca
in the form of 1.5-mm-thick shavings [TU (Technical
Specifications) 95.768�80, manufactured by Mashino-
stroitel’nyi zavod Open Joint-Stock Company (Elekt-
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Results of analysis by laser mass-spectrometry
����������������������������������������

Element
� Content, at. %
�����������������������������
� Ca � CaH2

����������������������������������������
B � <8 � 10�6 � <1 � 10�4

C � <3 � 10�2 � �8 � 10�2

P � <1 � 10�5 � 1 � 10�4

F � 7 � 10�3 � �1 � 10�3

Mg � 1 � 10�3 � 1 � 10�3

Al � 5 � 10�5 � 4 � 10�5

Si � 2 � 10�3 � 2 � 10�4

Cl � 0.12 � 2 � 10�2

Fe � 1 � 10�3 � 5 � 10�4

Mn � 1 � 10�3 � 7 � 10�4

Cu � 6 � 10�4 � 3 � 10�3

Zn � 2 � 10�4 � <1 � 10�4

Sr � 3 � 10�2 � 5 � 10�3

S � 1 � 10�3 � 3 � 10�4

����������������������������������������

rostal’)] and H2 purified by diffusion across a pal-
ladium membrane. The content of admixtures in cal-
cium, as determined by laser mass spectrometry, is
listed in the table.

The content of O2 and H2O admixtures in purified
hydrogen does not exceed 10�4 mol %.

We synthesized CaH2 on an installation shown
schematically in the figure. The main units of the in-
stallation are a cylinder with H2 1, a H2 purification
unit 2, and a flange reactor 3. We controlled the pres-
sure of H2 during the process with vacuum gages 4
and 5. The temperature of the resistance furnace 6
was set with an R-133 temperature control unit and
monitored with a Chromel�Copel thermocouple 7.

Schematic of the installation for synthesis of CaH2.
(1�7) For explanations, see text; (8) receiver.

We synthesized CaH2 by the following procedure.
A stainless-steel flange reactor was charged with 350�
400 g of Ca, connected it to the installation, evacuated
to 10�1 mm Hg, and heated to 360�C within 0.5 h.
According to [16], melted Ca in the form of shavings
starts to react with H2 at 400�C; hence, we hydro-
genated Ca in the temperature range 400�450�C. We
filled the reactor with purified H2 to a pressure of
5 atm and kept it for about 5 min. During this time,
the pressure of H2 in the reactor decreased first grad-
ually and then abruptly to 0.05�0.1 atm. The increase
in the rate of H2 absorption is accounted for by the
high rate of the hydrogenation reaction on the surface
of Ca. In this stage of hydrogenation, we controlled
the flow of H2 into the reactor in such a manner that
the pressure of H2 in the reactor did not exceed 1 atm,
since an elevated pressure of H2 results in a rise in
temperature.

A rise in temperature may lead to caking of CaH2,
which impedes its withdrawal from the reactor. After
a layer of CaH2 is formed on the surface of Ca, dif-
fusion of H2 to the Ca�CaH2 interface begins, and
the rate of H2 absorption decreases. To complete
the hydrogenation, we raised the H2 pressure in
the reactor to 10 atm, and the temperature to 480�C.
We judged the completion of the hydrogenation reac-
tion from the cessation of the H2 absorption.

The yield of CaH2 was calculated as the ratio of
the weight of CaH2 obtained in the experiment to its
theoretical value. The yield of CaH2 was 99.6 � 0.1%,
i.e., the synthesis procedure results in an almost com-
plete hydrogenation of Ca. The output capacity of
the pilot installation for CaH2 synthesis is 150 g of
CaH2 per hour.

The resulting CaH2 was analyzed by laser mass
spectrometry for the content of admixtures. The re-
sults obtained are listed in the table. It can be seen
that the main admixtures in CaH2 are C and Cl,
whereas the content of metal admixtures is at the level
of 10�3 at.%.

After the process was complete, we placed the
cooled reactor in a box purged with dried nitrogen
and then ground the CaH2 obtained to powder with
particle size of less than 0.6 mm. The powdered
CaH2 was charged into the reactor in a flow of puri-
fied H2 in order to obtain silane.

An effective procedure for removal of carbon from
metals [19] is their �washing� with purified H2.
The admixtures of hydrocarbons can be formed in
the reaction of H2 with admixtures of metal carbides
present in calcium:
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MnCm(solid) + 2mH2 = nM(solid) + mCH4(gas). (2)

In [20], CaH2 was obtained in the reaction of
calcium carbide with H2 at 100�1000oC under an
elevated pressure (up to 100 atm):

CaC2 + 5H2 � CaH2 + 2CH4. (3)

Therefore, side reactions of hydrogenation of car-
bon and its compounds to give hydrocarbons can
occur under the conditions of CaH2 synthesis.

In this study, we blew CaH2 with a flow of purified
H2 at 250�C for 8 h in order to diminish the content of
carbon admixtures. It was shown that, after contact
with CaH2, the content of hydrocarbon admixtures in
H2 increases by two orders of magnitude, which
allowed us to diminish the content of the most dif-
ficultly removable admixture of ethylene in silane by
an order of magnitude.

CONCLUSIONS

(1) High-purity calcium hydride was obtained by
hydrogenation of distilled metallic calcium with
purified hydrogen.

(2) The main admixtures in CaH2 are C and Cl,
whereas the content of metal admixtures is at the
level of 10�3 at.%. The procedure of �washing� of
CaH2 was used to decrease the content of carbon
admixture in it.
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Abstract�Prospects for application of a modular technology in manufacture of high-purity hydrofluoric
acid to perform automated control of the production process and further improve the quality of the high-
purity product are considered.

At present, the existing industrial production of
hydrofluoric acids of special purity 27-5 and special-
purity 20-6 grades1 satisfies the demands of widely
diverse fields of technology. The technology for man-
ufacture of special-purity hydrofluoric acid, which
employs a block-module installation made of fluoro-
plastic-4 (of the Proton type) makes it possible to ob-
tain a higher-quality product that satisfies the require-
ments of leading companies, such as Merk, Canto
chemical, etc., to the content of the main impurities
and particles in conformity with regulations [1].

The modular installation comprises the following
units: unit for chemical treatment of the acid with
a potassium permanganate solution (to convert micro-
scopic admixtures of volatile compounds of arsenic,
phosphorus, sulfur, etc. into nonvolatile compounds);
unit for separation of a concentrated acid into the gas
(hydrogen fluoride) and liquid (azeotropic solution of
HF) phases with a unit for purification of hydrogen
fluoride by filtration on a sprinkled self-cleaning filter
made of Ftorlon fiber; unit for reactive purification
of the azeotropic solution; unit for absorption of puri-
fied hydrogen fluoride with a purified azeotropic so-
lution (to give a product with a prescribed concentra-
tion of hydrogen fluoride); unit for microfiltration of
the acid to remove suspended microparticles; unit for
collection and agitation of the finished product; and
unit for feeding the high-purity product into the trans-
port unit (with supply of filtered air into the working
zone).
����������

1 Created in accordance with the design by the Institute of
Chemical Reagents and Special-Purity Substances at Galogen
Production Association.

However, the advances of modern science and tech-
nology impose even more stringent requirements on
the quality of high-purity hydrofluoric acid. In view
of the aforesaid, the existing technology is being fur-
ther modified in the following scientific and techno-
logical areas.

(1) Development and creation of computer sys-
tems for optimization of technological units and the
whole computerized automated control system.

(2) Development of a new unit for chemical treat-
ment of hydrofluoric acid to oxidize volatile microim-
purities to convert them into nonvolatile compounds
in order to ensure continuity and closed nature of
the entire process.

(3) Development of a new additional unit for fin-
ishing purification of the azeotropic solution to re-
move dissolved impurities (electrolytes).

(4) Creation of a unit for storage and transporta-
tion of the finished product.

Let us consider in more detail the chemical and
technological aspects of these areas of research. To
purify HFaq to remove volatile impurities that possess
reducing properties, it was suggested to generate O3
in solution from dissolved oxygen. The process occurs
in accordance with the equation

3H2O � 2HF + 3O2 ���
h�, T �C

2H2O + 2HF + 2O3�.

UV photons are produced using ultraviolet quartz
mercury sources of light with wavelengths of 180�
360 nm.
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In contrast to the existing method, a new technique
associated with the above photochemical reaction was
suggested for oxidation of an arsenic microimpurity.

The process suggested is based on the mainly
homogeneous reaction of oxygen dissolved in hydro-
fluoric acid with molecules of water in azeotropic
clusters at a temperature of about �10�C. The ozone
formed in the acid solution oxidizes the arsenic(III)
microimpurity by the reaction

AsF3 + O3 + H2O � AsOF3 � H2O + O2,

with As(III) converted into a nonvolatile compound.
Simultaneously are oxidized other volatile microim-
purities, such as compounds of phosphorus, sulfur, etc.

A most important issue of the technique is its op-
timization. To achieve this goal, the following prob-
lems are to be solved: it is necessary to select a con-
struction material that would be chemically stable and
transparent to ultraviolet light. As demonstrated by
the studies performed, these requirements are satisfied
by fluoropolymers F-4, F-4MB, and F-50, whose
transparency to UV light exceeds that of quartz (in
the wavelength range 150�380 nm). However, irradi-
ation of the hydrofluoric acid solution is complicated
by strong scattering and absorption of UV light by
this solution. Therefore, the hydrofluoric acid satu-
rated with oxygen at the optimal temperature should
be in the form of a thin layer, which can be accom-
plished by using a special apparatus. One of the pos-
sible variants is shown in Figs. 1, 2. In addition, it
was necessary to use an appropriate power of the light
source and find the optimal temperature of the process
that includes chemical reactions of ozone formation
and oxidation of arsenic(III) microimpurities.

Figure 3 shows how the optimal yield of O3 and
oxidation of the arsenic(III) microimpurity depend
on the process temperature. The optimal time of ir-
radiation of the liquid reaction medium with UV light
depends on the apparatus height and the number of
cycles of liquid recycling, and also on the velocity
of the liquid flow in the reaction zone.

To determine the time dependence of the concen-
tration of O3 formed, experiments were carried out
and the type of the functional dependence cO3

= f (�)
was found. It was shown that the adequate expression
for the differential equation has the following form:

����

dcO3

d�
= b � ac,

where cO3
is the concentration of ozone; a, the coef-

ficient describing the rate at which the concentration
of O3 increases; and b, the limiting concentration of
O3, which depends on the solubility of oxygen, cO2

.

Fig. 1. Apparatus for saturation of hydrofluoric acid with
oxygen gas at the optimal temperature.

Fig. 2. Apparatus for performing the photochemical reac-
tion of ozone formation with the subsequent oxidation of
the arsenic(III) microimpurity.

Fig. 3. Concentration of ozone formed in a hydrofluoric
acid solution vs. temperature T.

Fig. 4. Graphical optimization of the photochemical process
of ozone synthesis.

The integral expression has the form

cO3
= b(1 � e�a� ).

Figure 4 illustrates the graphical procedure for
kinetic optimization of the photochemical process of
ozone synthesis.
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Fig. 5.Optimization of the hydroion convection with respect
to temperature.

The necessity for additional purification of the
azeotropic solution of hydrofluoric acid to remove
admixtures of compounds-electrolytes to a level below
10�7�10�8% is due to the fact that, even in slow boil-
ing or evaporation without boiling, the HF vapor is
contaminated with these compounds. This process
can be accounted for in its simplest form by ionic
carry-over [2, 3]. In solution, ions of microimpurities
form hydrates (clusters). These formations are rather
stable (binding energy of about 1000 cal mol�1),
whereas their binding to other dipoles in the solution
is considerably weaker (100 cal mol�1).

In evaporation of the surface layer of the liquid,
clusters of impurity ions are the first to evaporate.
In this context, another problem arises: how can
ionic clusters be supplied to the surface layer of the
liquid film flowing down over the inner surface of,
e.g., a cylindrical apparatus. For this purpose, two
more effects are used in addition to carry-over: ion-
ic repulsion (occurs because of the poor wettability
of the fluoropolymeric surface with the liquid) and
thermodiffusion transfer. Thus, the total internal work
done by the system in the process, �E, is constituted
by the effects of cluster formation (�E1), ionic repul-
sion (�E2), and thermodiffusion transfer (�E3): �E =
�E1 + �E2 + �E3. The driving force of the thermodif-
fusion transfer is the temperature gradient � between
the inner (adjacent to the apparatus) and outer surface
of the downflowing liquid film.

The evaporation of ionic clusters from the surface
of the acid solution requires a heat Q, supplied from
the outside. The entire process, which is named ionic
convection and is associated with a change in the ion
concentration in the liquid (azeotropic mixture) being
purified can be represented as an exponential

c = c0exp (��E � Q) or ln � = ���� ,
c0 �E � Q
c RT

where c0 is the concentration of ions in the initial
mixture, and c is the running concentration of ions.

It is known [6] that

�E1 = K1�	 ,

where � is the ion charge; �, the degree of ion hydra-
tion; and K1, the constant of cluster formation;

�E = K2 (1 + cos 
a) / (1 + cos 
w),

where �a and �w are the contact angles between the
fluoropolymeric surface and acid or water, and K2
is the ionic repulsion constant;

�E3 = K3�T /�,

where �T/� is the temperature gradient across the
thickness of the liquid film, and K3 is thermodiffusion
constant.

Thus,

ln � = � K1� 	K2���� K3�T/� .
c0

RT
1

c
�



1 + cos 
a

1 + cos 
w

�
�

The constants of cluster formation (K1), hydroionic
repulsion (K2), and diffusion transfer (K3) are found
experimentally.

It was demonstrated that, in the overall process
under study, ln (c0 /c) takes values in the range from
1.5 to 2. This means that the total decrease in the con-
centration of ion impurities is as high as two orders
of magnitude. The total concentration of ion micro-
impurities in the purified azeotropic mixture is as low
as 10�8�10�10 wt %.

The optimization of the process performed in the
unit in question can be done, as can be seen from
the process equation, by choosing the average optimal
temperature T and temperature gradient �T/� (Fig. 5)
and by selecting a construction fluoropolymer with
a contact angle �a. For hydrofluoric acid, T = 70�C
and �T/� � 30�50�C. The height of a vertical ap-
paratus at a liquid motion velocity of 20�30 cm s�1 is
about 100 cm. Thus, the residence time of the fluid
in the evaporation zone is 3�5 s. At an average thick-
ness of the liquid film of up to 1 mm and diameter
of the cylindrical apparatus of 30 mm, the output ca-
pacity of a single element of the unit is as high as
2�3 cm3 s�1, or 30�50 tons year�1. With a multiple-el-
ement apparatus used, the output capacity can be
raised to the required level.

Using the results of the study performed makes
it possible to achieve a sufficiently high (by present
standards) quality of high-purity hydrofluoric acid,
surpassing the best world’s analogues.
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Abstract�Binary and ternary parameters of the Pitzer equation and also the thermodynamic potentials of
solid phases and the solubility diagrams of ternary aqueous-salt systems Na+, K+ ||Cl��H2O and Na+, K+ ||Cl�,
H2PO�

4�H2O in the temperature range 0�100�C, which corresponds to the technological conditions of brine
formation, were calculated.

The previously developed thermodynamic model
[1�3] makes it possible to quantitatively describe the
processes of concentration of natural water and brines,
precipitation of salts, interaction of salts with water
and brines (congruent and incongruent dissolution),
and formation of secondary salts. However, the con-
sideration has been restricted to description of the
behavior of macrocomponents of natural water (Na+,
K+, Mg2+, Ca2+, Cl�, SO4

2�, etc.) because it is their
content that determines the hydrochemical type of
a brine, as well as the composition and mass of the
crystallizing salt minerals.

The aim of this study was to determine the param-
eters of the thermodynamic model that makes it pos-
sible to take into account the presence of such a com-
ponent as the H2PO�

4 ion in natural brines.

The model is thermodynamically based on the con-
ditions for phase and chemical equilibria [4]. Let us
consider these conditions for the example of the ter-
nary system M, N ||X�H2O. The liquid phase in such
a system is a solution that contains cations M and N
and anion X, and the solid phases may be in the form
of anhydrous salts MX and NX, their crystal hydrates,
and compounds on their base. The general formula of
the solid phase whose crystallization is possible in
the given system, can be represented as l1MX � l2NX �
l3H2O, where li is the stoichiometric coefficient of ith
component (salt or water) in the solid phase. Accord-
ing to the conditions for a phase or chemical equilib-

rium for any solution saturated with respect to a given
compound in the system M, N ||X�H2O, the linear
combination of the logarithms of activities of the com-
ponents of the system, multiplied by the respective
stoichiometric coefficients (l1ln aMX + l2ln aNX +
l3ln aw), must be constant at a given temperature and
pressure, because it characterizes the logarithm of the
solubility product, ln SP, of this compound with ac-
count of the activity coefficients of all the components.

The dependences of the excess thermodynamic
functions (activity coefficients of electrolytes and os-
motic coefficient of water) on the solution composi-
tion were approximated using Pitzer equations [5].
These equations, as well as the algorithm for calcu-
lating the solubility diagrams and evaluating the sat-
uration of brines, were reported in [1�3].

A description of a binary system by means of the
Pitzer method requires no less than four parameters:
�(0), �(1), �(2), and C (�), which are independent of the
ionic strength and characterize binary (�(0), �(1), �(2) )
and ternary (C (�) ) short-range interactions between
ions in an electrolyte. They can be determined from
experimental values of the activity of water or the ac-
tivity coefficients of electrolytes in binary systems.
The parameters � and � correspond to binary and ter-
nary short-range interactions between ions of different
electrolytes and are calculated on the basis of exper-
imental data for ternary systems. On passing to sys-
tems with more than three components, no additional
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Table 1. Parameters of the Pitzer equations for binary systems
������������������������������������������������������������������������������������

System � �(0) � �(1) � �(2) � C (�) � �1 � �2 � Reference
������������������������������������������������������������������������������������
NaCl�H2O � 0.0765 � 0.2664 � 0 � 0.00124 � 2 � � � [5]
KCl�H2O � 0.0484 � 0.2122 � 0 � �0.00084 � 2 � � � [5]
NaH2PO4�H2O � 0.0158 � 0.4681 � �0.3338 � 0.00040 � 2 � 1 � [6]
KH2PO4�H2O � �0.1141 � 0.0690 � 0 � 0.02069 � 2 � I � [7]
������������������������������������������������������������������������������������

parameters appear and, in the overwhelming majority
of cases, all calculations are performed using data
for binary and ternary subsystems. The only exception
are the cases when solid phases that were not present
in any of the ternary subsystems crystallize in multi-
component systems. This circumstance is an advan-
tage of the Pitzer method over other methods for cal-
culation of the activity coefficients in electrolyte so-
lutions.

Thus, the database for constructing the thermody-
namic model of a multicomponent aqueous-salt sys-
tem with the use of the Pitzer equations includes a set
of parameters of the binary and ternary subsystems

Table 2. Parameters of the Pitzer equations for ternary
systems*

����������������������������������������
Ion � �(0) � �(1) � �(0) � �(1)

����������������������������������������
Cl, H2PO4 � 0 � 0 � � � �

K, Cl, H2PO4 � � � � � 0.038 � �0.00040
Na, K � 0 � 0 � � � �

Na, K, Cl � � � � � �0.004 � �0.00001
����������������������������������������
* Par = Par(0) + Par(1) T; T is temperature, �C.

Table 3. Values of ln SP for solid phases that contain
sodium and potassium chlorides and dihydrophosphates*

����������������������������������������
Solid phase � ln SPD

(0) � ln SP0
(1) � T, �C

����������������������������������������
NaCl � 2H2O � 3.04 � 0.017 � �20�0
NaCl � 3.58 � 0.004 � 0�100
KCl � 1.71 � 0.016 � 0�+100
NaH2PO4 � 2H2O� 0.34 � 0.027 � �10�+41
NaH2O4 � H2O � 0.86 � 0.024 � +41�+58
NaH2PO4 � 0.81 � 0.032 � +58�+100
�-KH2PO4 � �1.68 � 0.025 � �3�+65
�-KH2PO4 � �2.71 � 0.040 � +65�+90
H2O (ice) � 0.00 � 0.011 � �20�0
����������������������������������������
* lnSP = (lnSP)0

(0) + (lnSP)0
(1) T; T is temperature, �C.

of the system under study, as well as a set of thermo-
dynamic potentials (ln SP) of solid phases that crystal-
lize in the system.

As shown previously [1�3], the solubility diagrams
of multicomponent systems that model natural brines
are described with a satisfactory precision in the tem-
perature range 0�100�C by a set of parameters of bi-
nary systems for 25�C. As for the parameters of ter-
nary systems and the values of ln SP for solid phases,
it was sufficient, in most cases, to introduce a linear
temperature dependence in accordance with the for-
mula Par (T ) = Par (T0) + (dPar/dT ) (T � T0), where
T0 = 25�C.

This study is devoted to calculation of the set of
parameters that is necessary for constructing a thermo-
dynamic model of the aqueous-salt system in the tem-
perature range 0�100�C. Tables 1�3 list values of
parameters of the binary and ternary subsystems and
of lnSP of the solid phases that crystallize in the sys-
tem, with part of the binary parameters taken from
the literature [5�7]. The calculation was performed
on the basis of published data on how the activity
coefficients of the salt components and the osmotic
coefficient of water depend on the composition of
binary solutions and data on solubility in three-com-
ponent aqueous-salt systems Na+, K+ ||Cl��H2O and
Na+, K+ ||Cl�, H2PO�

4�H2O. The calculation included
processing of a sufficiently large body of experimental
data for different temperatures (in the range from 0 to
100�C). The procedure for finding the parameters of
the Pitzer equations from data on solubility was de-
scribed in [8]. The volume of calculation strongly
varied between different systems because of the un-
equal extents to which these systems were studied.
The calculation was based on experimental data on
solubilities in three-component systems for two or
three markedly different temperatures, so that the tem-
perature range under study was covered sufficiently
completely. Preference was given to those tempera-
tures, for which an as complete body of experimental
data as possible could be found in the literature.
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Fig. 1. Thermodynamic potentials of the solid phases, lnSP, vs. temperature T. Solid phase: (a) (1) NaCl and (2) NaCl � 2H2O;
(b) KCL; (c) (1) NaH2PO4, (2) NaH2PO4 � H2O, and (3) NaH2PO4 � 2H2O; (d) (1) �-KH2PO4 and (2) �-KH2PO4. Lines, calcu-
lation; points, experimental data for binary subsystems.

The binary Pitzer parameters are listed in Table 1.
The binary parameters of the system KH2PO4�H2O,
which could not be found in the literature, were cal-
culated by the authors of this study on the basis of ex-
perimental data on how the osmotic coefficient of
water depends on the composition of the binary solu-
tion [9]. The root-mean-square deviations �� of the
calculated � from the experimental values were 0.005.

Table 2 lists the parameters of the Pitzer equations
for three-component systems, and also their tempera-
ture dependence. To achieve a better agreement be-
tween these parameters in the quaternary mutual sys-
tem Na+, K+ ||Cl�, H2PO�

4�H2O, all parameters of the
� type are set zero.

Table 3 lists values of lnSP for the solid phases
that crystallize in the systems under consideration in
the temperature range 0�100�C, as well as the quan-
tities that characterize their derivative with respect to
temperature. The accuracy of the linear approximation
of the function lnSP(T ) is illustrated in Fig. 1.

The solubility isotherms calculated using the result-
ing set of Pitzer equation parameters and values of
lnSP for three-component systems containing sodium
and potassium chlorides and dihydrophosphates are
presented in Figs. 2, 3 and Tables 4, 5. The solution

compositions are expressed in molalities of salts. Also
given are published experimental data on solubility.
As can be seen in Figs. 2, 3, an, on the whole, con-
vincing agreement is observed between the results of
calculation and experimental values.

In all the figures, nonvariant points are designated
in accordance with the terminology introduced in
[12, 13]. Letter E denotes ternary eutonics, and letter
O, transfer points corresponding to an equilibrium of
a three-component solution with two crystal hydrates
of the same salt composition. No ternary peritonics P
were found in the systems in question in the temper-
ature range under study (0�100�C).

Figures 2a�2e show the solubility diagrams of the
system NaCl�KCl�H2O at 0, 25, 50, 75, and 100�C.
In the same figures are plotted the experimental data
of [10, 11] for 0, 25, 50, 75, and 100�C. As can be
seen from Fig. 2, at all temperatures except 0�C the
solubility diagram of the system NaCl�KCl�H2O is
simple eutonic, comprises two branches corresponding
to crystallization of NaCl and KCl, and contains one
nonvariant eutonic point. At 0�C there appears an ad-
ditional, very short branch corresponding to crystal-
lization of hydrogalite NaCl � 2H2O, and an additional
nonvariant point O corresponding to joint crystalliza-
tion of NaCl � 2H2O and NaCl.
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Fig. 2. Solubility diagrams for the system Na+, K+ || Cl��H2O at (a) 0, (b) 25, (c) 50, (d) 75, and (e) 100�C. Lines, calculation
by the Pitzer method; points, experimental data of [10, 11]; the same for Fig. 3. (m) Molal concentration of salts; the same
for Fig. 3.

Fig. 3. Solubility diagrams of the system K+ || Cl�, H2PO4
��H2O at (a) 0, (b) 25, (c) 50, (d) 75, and (e) 100�C.

Figures 3a�3e show the solubility diagrams of
the system KCl�KH2PO4�H2O at 0, 25, 50, 75, and
100�C. In the same figures are plotted experimental

data of [10, 11] for 25 and 50�C. It can be seen in
Fig. 3 that, at all the temperatures, the solubility
diagram of the system KCl�KH2PO4�H2O is simple
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Table 4. Solubility diagram of the system KH2PO4�KCl�
H2O
����������������������������������������

� mKCl � mKH2PO4
� �

��������������� �T �C � � aw � Solid phase
�mol kg�1 of H2O� �

����������������������������������������
0 � 0 � 1.03 � 0.973 � �-KH2PO4

� 0.07 � 1 � 0.9718 � 	
� 0.69 � 0.75 � 0.9586 � 	
� 1.76 � 0.5 � 0.9301 � 	
� 3.61 � 0.25 � 0.8728 � 	
� 3.89 � 0.23 � 0.8642 � �-KH2PO4 + KCl
� 3.91 � 0.2 � 0.8645 � KCl
� 3.99 � 0.1 � 0.8661 � 	
� 4.07 � 0 � 0.8676 � KCl

25 � 4.56 � 0.36 � 0.8348 � �-KH2PO4 + KCl
� 3.69 � 0.5 � 0.8619 � �-KH2PO4
� 1.59 � 1 � 0.9229 � 	
� 0.42 � 1.5 � 0.9506 � 	
� 0 � 1.76 � 0.9583 � 	
� 4.74 � 0.15 � 0.8379 � KCl
� 4.87 � 0 � 0.8401 � 	

50 � 0 � 3.05 � 0.9331 � �-KH2PO4
� 0.33 � 2.75 � 0.9273 � 	
� 0 � 3.05 � 0.9331 � 	
� 0.33 � 2.75 � 0.9273 � 	
� 0.64 � 2.5 � 0.9215 � 	
� 0.99 � 2.25 � 0.9146 � 	
� 1.38 � 2 � 0.906 � 	
� 1.84 � 2.75 � 0.8952 � 	
� 2.37 � 1.5 � 0.8817 � 	
� 3 � 1.25 � 0.8647 � 	
� 3.76 � 1 � 0.8472 � 	
� 4.7 � 0.75 � 0.8159 � 	
� 5.24 � 0.63 � 0.7996 � �-KH2PO4 + KCl
� 5.39 � 0.45 � 0.8021 � KCl
� 5.52 � 0.3 � 0.8042 � 	
� 5.65 � 0.15 � 0.8064 � 	
� 5.79 � 0 � 0.8085 � 	

75 � 0 � 4.80 � 0.8865 � �-KH2PO4
� 0.71 � 4 � 0.8751 � 	
� 1.79 � 3 � 0.8558 � 	
� 3.25 � 2 � 0.8246 � 	
� 5.53 � 1 � 0.7686 � 	
� 5.83 � 0.90 � 0.7607 � �-KH2PO4 + KCl
� 6.14 � 0.6 � 0.7646 � KCl
� 6.47 � 0.3 � 0.7686 � 	
� 6.81 � 0 � 0.7727 � 	

100 � 5.77 � 1.74 � 0.7127 � �-KH2PO4 + KCl
� 5.30 � 2 � 0.7210 � �-KH2PO4
� 3.77 � 3 � 0.7459 � 	
� 2.56 � 4 � 0.7637 � 	
� 1.53 � 5 � 0.7777 � 	
� 0.63 � 6 � 0,7897 � 	
� 0 � 6.75 � 0.7980 � 	
� 6.03 � 1.5 � 0.7153 � KCl
� 6.61 � 1 � 0.7208 � 	
� 7.24 � 0.5 � 0.7265 � 	
� 7.95 � 0 � 0.7328 � 	

����������������������������������������

Table 5. Solubility diagram of the system NaCl�KCl�H2O
����������������������������������������

� mNaCl � mKCl � �
��������������� �T �C� � aw � Solid phase
�mol kg�1 of H2O� �

����������������������������������������
0 � 5.31 � 1.6 � 0.7347 � NaCl + KCl� � � �
� 5.57 � 1 � 0.7434 � NaCl� � � �
� 6.05 � 0 � 0.7574 � 	� � � �
� 4.15 � 2 � 0.7729 � KCl� � � �
� 1.92 � 3 � 0.8317 � 	� � � �
� 0.12 � 4 � 0.8657 � 	� � � �
� 0 � 4.07 � 0.8660 � 	� � � �

25 � 5.23 � 2.18 � 0.7180 � NaCl + KCl� � � �
� 5.30 � 2 � 0.7207 � NaCl� � � �
� 5.75 � 1 � 0.7353 � 	� � � �
� 6.14 � 0.1 � 0.7477 �NaCl �2H2O + NaCl� � � �
� 6.21 � 0 � 0.7491 � NaCl �2H2O� � � �
� 3.35 � 3 � 0.7726 � KCl� � � �
� 1.47 � 4 � 0.8150 � 	� � � �
� 0 � 4.88 � 0.8400 � 	� � � �

50 � 5.08 � 2.94 � 0.6984 � NaCl + KCl� � � �
� 5.48 � 2 � 0.7126 � NaCl� � � �
� 5.92 � 1 � 0.7270 � 	� � � �
� 6.39 � 0 � 0.7476 � 	� � � �
� 4.96 � 3 � 0.7021 � KCl� � � �
� 2.99 � 4 � 0.7533 � 	� � � �
� 1.26 � 5 � 0.7882 � 	� � � �
� 0 � 5.79 � 0.8085 � 	� � � �

75 � 4.87 � 3.90 � 0.6754 � NaCl + KCl� � � �
� 5.23 � 3 � 0.6895 � NaCl� � � �
� 5.66 � 2 � 0.7044 � 	� � � �
� 6.10 � 1 � 0.7186 � 	� � � �
� 6.56 � 0 � 0.7320 � 	� � � �
� 4.69 � 4 � 0.6802 � KCl� � � �
� 2.91 � 5 � 0.7223 � 	� � � �
� 1.27 � 6 � 0.7533 � 	� � � �
� 0 � 6.81 � 0.7727 � 	� � � �

100 � 4.60 � 5.08 � 0.6484 � NaCl + KCl� � � �
� 5.01 � 4 � 0.6660 � NaCl� � � �
� 5.41 � 3 � 0.6814 � 	� � � �
� 5.83 � 2 � 0.6961 � 	� � � �
� 6.28 � 1 � 0.7100 � 	� � � �
� 6.74 � 0 � 0.7233 � 	� � � �
� 3.06 � 6 � 0.6823 � KCl� � � �
� 1.47 � 7 � 0.7112 � 	� � � �
� 0 � 7.95 � 0.7327 � 	

����������������������������������������
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eutonic, with two branches corresponding to crystal-
lization of KCl and KH2PO4 and a single nonvariant
eutonic point. However, �-KH2PO4 crystallizes at
temperatures of 0, 25, and 50�C, and the �-modifica-
tion at 75 and 100�C.

CONCLUSION

The binary and ternary Pitzer parameters and ther-
modynamic potentials of solid phases of the binary
and ternary subsystems of the quaternary mutual sys-
tem Na+, K+ ||Cl�, H2PO4

��H2O in the temperature
range 0�100�C were calculated, which made it pos-
sible to construct the solubility diagrams of the sub-
systems. The results of the thermodynamic calculation
are in a good agreement with the available published
experimental data.
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Abstract�Equilibrium constants of the reactions of reduction of Ti, Zr, and Hf chlorides with metallic
Li, Na, K, Rb, and Cs in their molten chlorides were calculated from published data.

Metallic sodium finds use as a reducing agent in
manufacture of some metals, and primarily titanium.
Both in the domestic and in the foreign literature there
exhibit monographs devoted to production, properties,
and use of alkali metals [1�8], and also to descrip-
tion of the method based on reduction with sodium for
manufacture of titanium. Sodium and titanium are
virtually mutually insoluble [1�12]. Rather exten-
sive studies have been performed in order to analyze
the behavior of alkali metals, determine the redox
potentials, and measure the vapor pressure of alkali
metals [13�19].

TiCl4 is reduced by sodium in accordance with
the equation

TiCl4 + 4Na = Ti + 4NaCl.

Theoretically, obtaining 1 kg of titanium requires
1.92 kg of sodium, and the theoretical consumption of
magnesium in production of titanium is 1.01 kg [1].
The reduction occurs in the range 1074�1156 K,
which is delimited by the melting point of sodium
chloride (1074 K) and the boiling point of sodium
(1156.3 K). The melting point of sodium is 370.98 K
(97.83�C). The working range of the reduction of ti-
tanium chlorides with sodium to the metal is 1123�
1193 K. TiCl4 can be reduced in a single- or double-
stage mode. In the single-stage scheme, titanium tetra-
chloride is reduced directly to the metal.

In manufacture of spongy titanium, sodium has
a number of advantages as a reducing agent over
magnesium. It is more active and the ?extent of its
utilization is as high as 98�99.5% at high reaction
rates and lower temperatures; below 880�C it does not

react with iron. However, the power consumption for
manufacture of sodium exceeds by 25% that for mag-
nesium. The amount of reduction products formed ex-
ceeds that in the case of reduction with magnesium.
During the process, reactions of incomplete reduction
also occur, i.e., TiCl3 and TiCl2 are formed and dis-
solve in molten chlorides of alkali metals to give com-
pounds of the types MTiCl4, MTiCl3, M2TiCl4, and
M3TiCl6. This makes necessary the double-stage
method, in which a melt of lower titanium chlorides
is obtained in the first stage, and these chlorides are
reduced to titanium in the second stage. The initial
stage is performed in the first reactor and then the
melt with lower chlorides is transferred to the second
reactor. The final stage consists in reduction of TiCl2
and TiCl3 to metal.

Large-scale use of sodium requires serious safety
precautions and a high production efficiency. Several
characteristic features of reduction with sodium should
be pointed out. The considerably stronger heat release
in reduction reactions complicates heat removal from
the reactor. Magnesium chloride formed reduction
with magnesium can serve as a raw material for man-
ufacture of metallic magnesium. In a production pro-
cess combining manufacture of titanium with electro-
lysis of magnesium, the latter is recycled, whereas
obtaining sodium by electrolysis of its chloride is
a more complicated task. However, a simple charging
and additional charging in the course of reduction
and the quality of titanium obtained eliminate these
disadvantages [1�12].

In this communication, a procedure for calculating
conditional equilibrium constants of reactions in which
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Table 1. Standard potentials of metals in molten chlorides
of alkali metals relative to a chloride reference electrode
[20]
����������������������������������������

System � E *
Mn+/M , V, in a melt

����������������������������������������
LiCl

Ti(II) / Ti � �2.25 + 4.4 � 10�4 T � 0.01
Ti(III) / Ti � �2.04 + 3.0 � 10�4 T � 0.01
Ti(IV) / Ti � �

Zr(II) / Zr � �2.36 + 6.3 � 10�4 T � 0.01
Zr(IV) / Zr � �2.4 + 6.0 � 10�4 T � 0.02
Hf(II) / Hf � �2.43 + 6.2 � 10�4 T � 0.01
Hf(IV) / Hf � �

NaCl
Ti(II) / Ti � �2.42 + 5.1 � 10�4 T � 0.01
Ti(III) / Ti � �2.19 + 3.4 � 10�4 T � 0.01
Ti(IV) / Ti � �2.02 + 4.6 � 10�4 T � 0.01
Zr(II) / Zr � �2.54 + 7.1 � 10�4 T � 0.01
Zr(IV) / Zr � �2.58 + 6.7 � 10�4 T � 0.01
Hf(II) / Hf � �2.55 + 6.6 � 10�4 T � 0.01
Hf(IV) / Hf � �2.67 + 7.3 � 10�4 T � 0.02

KCl
Ti(II) / Ti � �2.60 + 6.0 � 10�4 T � 0.01
Ti(III) / Ti � �2.33 + 3.7 � 10�4 T � 0.01
Ti(IV) / Ti � �2.09 + 3.8 � 10�4 T � 0.01
Zr(II) / Zr � �2.77 + 8.1 � 10�4 T � 0.02
Zr(IV) / Zr � �2.82 + 7.7 � 10�4 T � 0.02
Hf(II) / Hf � �2.77 + 7.9 � 10�4 T � 0.01
Hf(IV) / Hf � �2.9 + 8.1 � 10�4 T � 0.02

RbCl
Ti(II) / Ti � �2.64 + 6.1 � 10�4 T � 0.01
Ti(III) / Ti � �2.39 + 3.9 � 10�4 T � 0.01
Ti(IV) / Ti � �2.11 + 4.7 � 10�4 T � 0.02
Zr(II) / Zr � �2.80 + 8.1 � 10�4 T � 0.01
Zr(IV) / Zr � �2.86 + 7.7 � 10�4 T � 0.02
Hf(II) / Hf � �2.82 + 8.1 � 10�4 T � 0.01
Hf(IV) / Hf � �3.01 + 8.6 � 10�4 T � 0.02

CsCl
Ti(II) / Ti � �2.67 + 6.2 � 10�4 T � 0.01
Ti(III) / Ti � �2.43 + 3.9 � 10�4 T � 0.01
Ti(IV) / Ti � �2.12 + 3.5 � 10�4 T � 0.02
Zr(II) / Zr � �2.83 + 8.2 � 10�4 T � 0.01
Zr(IV) / Zr � �2.88 + 7.7 � 10�4 T � 0.02
Hf(II) / Hf � �2.84 + 8.0 � 10�4 T � 0.01
Hf(IV) / Hf � �2.99 + 8.3 � 10�4 T � 0.02
����������������������������������������

Table 2. Published values of the decomposition voltage
of molten chlorides of alkali metals
����������������������������������������

Salt � mp, �
�
0
decomp, V

� Refer-
medium � K � � ence
����������������������������������������
LiCl � 883 � 3.962�5.43 � 10�4 T � [21]
NaCl � 1074 � 4.247�8.9 � 10�4 T � [16]
KCl � 1043 � 4.507�9.0 � 10�4 T � [16]
RbCl � 992 � 4.194�6.66 � 10�4 T � [21]
CsCl � 918 � 4.247�6.40 � 10�4 T � [21]
����������������������������������������

titanium, zirconium, and hafnium chlorides are re-
duced by metallic lithium, sodium, potassium, rubid-
ium, and cesium in molten chlorides of these alkali
metals. The equations describing how the conditional
values of the standard electrode potentials of the me-
tals depend on temperature, taken from [20], are listed
in Table 1. Table 2 presents temperature dependences
of the decomposition voltages of lithium, sodium,
potassium, rubidium, and cesium chlorides. The data
in Tables 1, 2 were used to calculate temperature de-
pendences of the conditional equilibrium constants
log Kn

* for the processes represented in Table 3.
The calculation procedure was described in detail in
[22, 23].

Of particular interest are reactions in which tita-
nium, zirconium, and hafnium chlorides are reduced
by sodium and potassium. The conditional equilib-
rium constants Kn

* of reactions (1)�(7) for different
temperatures in NaCl and KCl melts, which are of
practical interest, are listed in Table 4. Table 4 also
gives for reactions (1)�(7) the values of Kn

* at 1150 K
in relation to the nature of a metal and a cation of the
solvent-salt. Reduction of TiCl2, ZrCl2, and HfCl2
by alkali metals [reactions (1), (4), (6)] occurs less
intensively than that of the tetrachlorides TiCl4, ZrCl4,
and HfCl4 [reactions (3), (5), (7)]. The conditional
constant Kn

* increases by approximately 44�50 orders
of magnitude (Tables 3, 4).

It should be noted that the final stage of titanium
reduction in a NaCl melt occurs by reactions (1)�(3)
(Table 3). At 1150 K, the conditional equilibrium
constant of these reactions (Table 4) has the following
values: K1

* = 2.13 � 1044, K2
* = 1.10 � 1066, and K3

* =
4.49 �1082. The equlibrium of these reactions is deep-
ly sheefteed to the target products. Titanium tetrachlo-
ride forms complexes of the types TiCl5

2� and TiCl4
2�

[20]. K2 exceeds K1 by 22 orders of magnitude.

The values of Kn
* for reactions (1)�(3), (6), and (7)

at 1150 K in a potassium chloride melt are listed in
Table 4. It is of interest to compare the values of the
conditional equilibrium constants for the processes in
which titanium and hafnium chlorides are reduced
by molten magnesium, which are 1.1 �106, 9.7 �1019,
and 5.4 �1017, respectively for reactions (1)�(3) at
1150 K in a KCl melt [24], and 1.09 � 107 and 1.6 �

1012 for processes (6) and (7) under the same condi-
tions [25]. The difference in the values of Kn

* is 40 to
80 orders of magnitude.

Use of metallic lithium, rubidium, and cesium as
reducing agents is economically unfeasible.
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Table 3. Conditional equilibrium constants log Kn of reactions (1)�(7) in molten chlorides of alkaline metals in the tem-
perature range 1000�1250 K
������������������������������������������������������������������������������������
Reaction no. � Reaction � Salt medium � log Kn

*

������������������������������������������������������������������������������������
(1) � TiCl2(melt) + 2M(l)=2MCl(melt) + Ti(s) � LiCl � �9.909 + 62621/T

� � NaCl � �14.113 + 67208/T
� log K * = [2 � 104/(1.984 T )][�0

decomp � E *
Ti(II)/Ti] � KCl � �15.121 + 71643/T

� � RbCl � �12.863 + 68891/T
� � CsCl � �12.702 + 69728/T

(2) � TiCl3(melt) + 3M(l) = 3MCl(melt) + Ti(s) � LiCl � �12.747 + 90756/T
� � NaCl � �18.599 + 97334/T
� log K * = [3 � 104/(1.984 T )][�0

decomp � E *
Ti(III)/Ti ] � KCl � �19.204 + 103382/T

� � RbCl � �15.968 + 99557/T
� � CsCl � �15.575 + 100963/T

(3) � TiCl4(melt) + 4M(l) = 4MCl(melt) + Ti(s) � NaCl � �27.218 + 126351/T
� � KCl � �25.806 + 133004/T
� log K * = [4 � 104/(1.984 T )][�0

decomp � E *
Ti(IV)/Ti ] � RbCl � �22.903 + 127097/T

� � CsCl � �19.960 + 128367/T
(4) � ZrCl2(melt) + 2M(l) = 2MCl(melt) + Zr(s) � LiCl � �11.825 + 63730/T

� � NaCl � �16.129 + 68417/T
� log K * = [(2 � 104/(1.984 T )][�0

decomp � E *
Zr(II)/Zr ] � KCl � �17.238 + 73357/T

� � RbCl � �14.879 + 70504/T
� � CsCl � �14.718 + 71341/T

(5) � ZrCl4(melt) + 4M(l) = 4MCl(melt) + Zr(s) � LiCl � �23.044 + 128266/T
� � NaCl � �31.452 + 137641/T
� log K * = [4 � 104/(1.984 T )][�0

decomp � E *
Zr(IV)/Zr ] � KCl � �33.669 + 147722/T

� � RbCl � �28.952 + 142218/T
� � CsCl � �28.427 + 143690/T

(6) � 2HfCl2(melt) + 2M(l) = 2MCl(melt) + Hf(s) � LiCl � �11.724 + 64436/T
� � NaCl � �15.625 + 68518/T
� log K * = [2 � 104/(1.984 T )][�0

decomp � E *
Hf(II)/Hf ] � KCl � �17.036 + 73357/T

� � RbCl � �14.879 + 70706/T
� � CsCl � �14.516 + 71442/T

(7) � 2HfCl4(melt) + 4M(l) = 4MCl(melt) + Hf(s) � NaCl � �32.661 + 139456/T
� � KCl � �34.476 + 149335/T
� log K * = [4 � 104/(1.984 T )][�0

decomp � E *
Hf(IV)/Hf ] � RbCl � �30.766 + 145242/T

� � CsCl � �29.637 + 145907/T
������������������������������������������������������������������������������������

Table 4. Conditional equilibrium constants Kn
* of reactions (1)�(7) in molten chlorides of alkaline metals at different

temperatures
������������������������������������������������������������������������������������

Salt � T, K � K *
1

� K *
2

� K *
3

� K *
4

� K *
5

� K *
6

� K *
7medium� � � � � � � �

������������������������������������������������������������������������������������
LiCl � 1150 � 3.5 � 1044 � 1.48 � 1066 � � � 3.91 � 1043 � 3.1 � 1088 � 2.03 � 1044 � �

NaCl � 1100 � 9.66 � 1046 �7.699 � 1069 � 4.43 � 1087 � 1.17 � 1046 � 4.74 � 1093 � 4.61 � 1046 � 1.31 � 1094

� 1150 � 2.13 � 1044 �1.095 � 1066 � 4.49 � 1082 � 2.31 � 1043 � 1.72 � 1088 � 9.03 � 1043 � 4.03 � 1088

� 1200 �7.828 � 1041 � 3.26 � 1062 � 1.19 � 1078 � 7.68 � 1040 � 1.77 � 1083 � 2.97 � 1041 � 3.57 � 1083

KCl � 1100 � 1.02 � 1050 � 6.02 � 1074 � 1.28 � 1095 � 2.82 � 1049 � 4.2 � 10100� 4.49 � 1049 � 1.92 � 10101

� 1150 � 1.50 � 1047 � 4.94 � 1070 � 7.07 � 1089 � 3.55 � 1046 � 6.09 � 1094 � 5.66 � 1046 � 2.40 � 1095

� 1200 � 3.82 � 1044 � 8.87 � 1066 � 1.07 � 1085 � 7.81 � 1043 � 2.71 � 1089 � 1.24 � 1044 � 9.33 � 1089

RbCl � 1150 � 1.10 � 1047 � 4.01 � 1070 � 4.13 � 1087 � 2.68 � 1046 � 5.20 � 1094 � 4.02 � 1046 � 3.40 � 1095

CsCl � 1150 � 8.53 � 1047 � 1.66 � 1072 � 4.61 � 1091 � 2.08 � 1047 � 3.32 � 1096 � 4.05 � 1047 � 1.73 � 1097

������������������������������������������������������������������������������������
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CONCLUSIONS

(1) Conditional equilibrium constants of the reac-
tions of titanium, zirconium, and hafnium chlorides
with molten metallic lithium, sodium, potassium, ru-
bidium, and cesium in molten chlorides of these al-
kali metals were calculated using published data. Their
values of these constants are rather high.

(2) Titanium, zirconium, and hafnium tetrachlo-
rides react with alkaline metals more vigorously than
dichlorides of the same metals do. The value of Kn

*

increases by approximately 44�50 orders of magni-
tude.

(3) Use of metallic lithium, rubidium, and cesium
as reducing agents is economically unfeasible.
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Abstract�A new method for assessment of the thermodynamic consistency of binary isothermal data on
the liquid�vapor equilibrium by calculating the Redlich�Kiester integral with account of how the pressure
of phase coexistence depends on the vapor composition is suggested. The Maple 8 software is used to compare
the values of the integral and other characteristics calculated for systems with varied nature of departures
from the Raoult law.

The thermodynamic consistency of experimental
data on the liquid�vapor equilibrium in binary sys-
tems is frequently assessed using the value of the
Redlich�Kiester integral I defined by

I = �
�

�
ln � dx,�

2

�
1

0

1

(1)

in which �1 and �2 are the activity coefficients of com-
ponents 1 and 2, and x is the mole fraction of a com-
ponent (let, for definiteness, this be the first compo-
nent) in solution.

Strictly speaking, the equality I = 0, as also the
Gibbs�Duheme equation used to establish it, are va-
lid under isothermal�isobaric conditions (see, e.g.,
[1]). As a rule, the experimental data presented in ref-
erence books of the type [2, 3] refer to isothermal
or isobaric conditions. In discussing isothermal data
(and just this type of data is considered in the present
study), it is commonly believed that the effect of pres-
sure on the state of the condensed phase can be dis-
regarded. In other words, the contribution from the
�nonisobaricity� of isothermal data, which is due to
the small (but still nonzero) excess molar volume of
the solution, transforms the equality I = 0 into an ex-
pression I � 0.0001. A conclusion has been made on
the basis of the results of measurements for a num-
ber of binary systems that the accuracy of data is sat-
isfactory if I < 0.02 and that the deviations in com-
position by 3�5 mol % strongly affect the value of
the integral [1]. It is recommended by the manual [3]

that the dimensional (J mol�1) criterion RTI � |RTI |,
where R is the universal gas constant and T is temper-
ature (K), should be used to assess the thermodynamic
consistency of isothermal data. It is also stated that
data show a very good thermodynamic consistency at
RTI � 12, good consistency at RTI � 40, and lack
of consistency at RTI > 40.

The value of I can be found from different data
sets. This is commonly done by calculating the activ-
ity coefficients, determining the concentration depen-
dence of the logarithm of their ratio, ln (�1/�2), and
performing �direct� integration over the entire range
of solution compositions [1]. The limiting values of
this ratio (for x = 0 and x = 1) cannot be calculated
from experimental data. These values are different
if different parametric approximating equations (like
Redlich�Kiester, Margules, Van Laar, Wilson, NRTL,
etc. equations) are used for the concentration depen-
dence of the activity coefficients of a component.
Moreover, in the case of such a �direct� calculation
of integral I, only the compositions of the coexisting
liquid and vapor phases are analyzed for thermody-
namic consistency, whereas the question as to whether
or not experimental data are consistent as regards the
concentration dependence of the phase coexistence
pressure remains unsolved. The known Van Ness
method [1, 5] is aimed to study the thermodynamic
consistency of complete data (x�y�T�P) on phase
equilibria. An opinion has been expressed that, even
if the composition of the vapor phase is known, it is
possible to do without these data and it is only neces-
sary that the dependence of the pressure P on the so-
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lution composition x should be known. Then, the
composition of the vapor phase can be calculated after
the parameters of the concentration dependences of
the activity coefficients of the components are found
by minimizing the discrepancy between the calculated
and experimental data on pressure and using thermo-
dynamically compatible equations for the above de-
pendences [5].

Presently, various kinds of new equipment have
become available (various vapor-phase analyzing at-
tachments to gas chromatographs) and the composi-
tion of the vapor phase can be determined with a suf-
ficiently high accuracy. Therefore, it is well justified
to verify the thermodynamic consistency of incom-
plete data on phase equilibria and, in particular, of
isothermal data on saturated vapor pressure and com-
position of the vapor phase. It turns out in this case
that information about the composition of the liquid
phase (which may be even heterogeneous) is not quite
necessary. If integral (I ) is transformed in such a way
that the mole fraction y of the first component in
the vapor phase is under the differential sign, then,
as shown below, it becomes possible to analyze this
issue too. It should be noted that, for thermodynam-
ically consistent data (compositions and coexistence
pressure of phases), the values of integral I and RTI
criterion should be independent of the set of data used
to calculate the integral. However, the thermodynamic
consistency of the phase compositions does not mean
yet in practice that they are consistent with the values
of pressure. Hence follows the known statement that
the closeness of integral I to zero is a necessary, but
not sufficient condition for consistency of data. To
establish the sufficiency, it is, apparently, necessary
to use some additional equation that is a consequence
of the conditions for isothermal interphase equilib-
rium. As an equation of this kind can serve the pre-
viously obtained expression [6], which relates the
pressure P and the compositions of the coexisting
solution (x) and ideal vapor (y):

x = y 1 � �(1 � y)�� ,
d y

d ln P-

-
�
�

�
�
�

�

-

-
(2)

where � is the ratio of the difference between the
molar volumes of the vapor and liquid phases to the
molar volume of the vapor phase at the temperature of
the experiment (at � = 1, this expression can also be
derived from the conventional form of the Duheme�
Margules equation [1]).

Let us introduce the following designations

� (y) = ��� , 	 = ����d ln P
dy

y(1 _ x )
x(1 _ y)

and use the apparent identity

� = x + ���1 � x
	

x
y

to bring the relative volatility � to the form

	 = �������� .
1 � �(1 � y)�(y)

1 + y�(y)
(3)

As (�1/�2) = �(P2
0/P1

0), the Redlich�Kiester integral
I can be expressed as

I = � ln	 + ln �� � dy,
�
�
0

1



�
�

d x
d y



�

�

P0
2

P0
1

(4)

where P2
0 and P1

0 are the vapor pressures of the in-
dividual components 1 and 2 at the phase coexistence
temperature under study.

Using relations (2)�(4) and taking into account that
� = 1, we can write the following calculation formula
for integral I:

I = �ln �����������
[1 � (1 � y)�(y)]P2

[1 + y�(y)]P2
0�

��

�

��

�

�

1

0

0

+ y �(y) � (1 � y) ���d[�(y)]
dy

-

-

�
�

�

�
��

�
� �

�
1 � (1 � y)�( y)
�

�
� �

�

�

�

-

-

�

�
� dy.�

(5)

If the dependence of lnP on y is, e.g., a third-order
polynomial

ln P = a + by + cy2 + dy3, (6)

then the functions 	(y) and d[	(y)]/dy in the right-
hand part of relation (5), expressed in terms of the co-
efficients b, c, and d, will apparently have the form

�(y) = b + 2cy + 3dy3,

d[�(y)] / dy = 2c + 6dy.

On substituting the last two expressions with the
coefficients b, c, and d found by the least-squares
procedure into (5), we can calculate the values of in-
tegral I and RTI criterion. The basic equations were
derived [and, in particular, Eq. (5)], their adequacy
was verified, and all the calculations [determining
the polynomial coefficients in relation (6), with sub-
sequent integration] were carried out using Maple 8
software, which is applicable both to symbol trans-
formations and to mathematical calculations. The dis-
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crepancy between the calculated and experimental
data was evaluated by the quantity

�z = ��� � |zi � zi|,
^1

(n � k)

in which the pressure Pi and mole fraction xi of ith
experimental point are regarded as a property zi; n is
the total number of (points) sets (x, y, P); k, the num-
ber of parameters (k = 4 in this study) in the polyno-
mial regression equation lnP(y); and ẑi, the value of
the property zi for ith experimental point, calculated
using a regression equation of the type (6) for
the value of P^i or expression (2) for the value of x̂i
at a value yi.

Let us present as an example the calculation of the
Redlich�Kiester integral for the acetone�benzene sys-
tem with the use of data on the liquid�vapor equilib-
rium at a temperature of 50
C. Let us consider the
main stages of a calculation using Maple 8 software.
The lines with sign > are commands, and those with-
out this symbol, comments (ignored in the course
of calculation).

(1) Pre-starting procedure, calling of necessary
procedures.

> restart:
> with(stats):with(student):

(2) Input of experimental data {x1, y1, P} and their
transformation to the necessary form. The figures in
square brackets, with a sign := on the left and desig-
nated as P, x1, and y1 are, respectively, ordered �lists�
of values of pressure and mole fractions of the first
component in solution and in vapor. They are easily
replaced in passing from one system to another.

>x1:=[0,.1564,.1787,.1975,.2218,.2358,.2536,.2732,.3553,
.4183,.4552,.4714,.4924,.5388,.5546,.5976,.6635,.7174,
.7446,.7564,.7811,.7987,.817,.8402,1]:y1:=[0,.3535,.3847,
.409,.4391,.4557,.4785,.4963,.5725,.6224,.6512,.6606,
.6765,.7084,.7197,.7467,.7899,.8234,.84,.8483,.8621,
.8727,.8841,.899,1]:n:=describe[count](x1):P:=[271.238,
362.131,373.059,381.16,391.571,397.991,405.964,413.18,
443.408,464.192,476.11,480.131,486.709,500.06,504.8,
516.299,534.638,547.509,553.622,557.702,563.62,567.468,
572.194,578.119,613.815]:P02:=P[1]:P01:=P[n]:
lP:=map(x->ln(x),P):T:=50+273.2:

(3) As approximating dependence of lnP on y1
was taken a third-order polynomial,

>fit[leastsquare[[y,z],z=a+b*y+c*y^2+d*y^3,{a,b,c,d}]]
([y1,lP]):f(y):=unapply(exp(rhs(%)),y):g(y):=exp(rhs
(%%)):dg(y):=diff(ln(g(y)),y):h(y):=unapply(dg(y),y):
k:=4:

(4) Calculation of numerical characteristics.

(a) Average deviation (in magnitude) of the calcu-
lated pressure from its experimental value.

>Pcalc:=map(f(y),y1):zip((x,y)->abs(x-y),Pcalc,P):
Digits:=2:Delta[’P’]:=sqrt(add(i^2,i=%%)/(n-k));

�P = 0.36

(b) Average deviation (in absolute value) of the
calculated mole fraction of the first component in so-
lution from the experimental value.

>Digits:=10:phi:=map(h(y),y1):xc:=zip((x,y)->x*(1-(1-
x)*y),y1,phi):zip((x,y)->abs(x-y),x1,xc):Digits:=2:
Delta[’x’]:=sqrt(add(i^2,i=%%)/(n-k));

�x = 0.0069

(c) Values of the Redlich�Kiester integral, dimen-
sional RTI criterion, and azeotropic compositions.

>middlesum(ln((dg(y)*y+1)/(1-dg(y)+dg(y)*y)*
P02/P01)*(1-(1-y)*dg(y)+y*(dg(y)-(1-y)*diff(dg(y),y))),
y=0..1,100): Digits:=2:‘Redlich-Kister integral‘:=evalf
(%%);‘RTI‘:=abs(%)*8.314472*T;
Redlich�Kister integral :=�0.000045

RTI = 0.12

The above �listing� of the main stages is to be re-
garded as a finished template for calculating �P, �x,
Redlich�Kiester integral I, and RTI criterion; the re-
sults of calculations, presented below, can serve as
�test examples.�

Table 1 compares the procedure suggested for as-
sessment of the thermodynamic consistency of data
with the previously known method for some systems
represented in the monograph [1]. Data on phase equi-
libria in the systems represented in Table 1, taken
from the known reference book [2], were obtained
in studies published before 1965. On the whole, the
new method for calculating the Redlich�Kiester inte-
gral is in an agreement with the results obtained using
the conventional technique. However, these systems
are characterized by noticeable errors in determining
the composition of the vapor phase. There is good
reason to believe that these errors are smaller in more
recent data because of the use of modernized equip-
ment for experimental studies of phase equilibria.
Therefore, it was worthwhile to used data published
after 1965. An information of this kind for vapor�li-
quid equilibria in binary mixtures can be found in
the reference book [3].

Table 2 lists the results of data processing for some
systems represented in this reference book by the
method we suggested. In particular, it was found by
comparing different-order polynomials that the depen-
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Table 1. Results of calculation of the Redlich�Kiester integral I and a number of accompanying characteristics by
the conventional method and that suggested in this study
������������������������������������������������������������������������������������

System, �
T, �C

� Data of [1] � Data of this study
� �������������������������������������������������������number of points � � I � �y*

av � �P � �x � L
������������������������������������������������������������������������������������
n-C3H8�i-C5H10, 9�10 � 0 � 0.043 � 0.014 � 0.14 � 0.093 � �0.057

� 25 � 0.030 � 0.011 � 0.17 � 0.066 � �0.29
� 50 � �0.018 � 0.003 � 0.15 � 0.077 � �0.016
� 75 � 0.036 � 0.003 � 0.13 � 0.11 � 0.0063

n-C6H14�n-C7H16, 10 � 30 � 0.066 � 0.012 � 1.2 � 0.013 � �0.0052
� 50 � 0.001 � 0.008 � 3.6 � 0.018 � 0.0013

CH3OH�n-C6H14, 11 � 45 � 0.002 � 0.004 � 5.2 � � 0.00065
n-C6H14�C2H5OH, 21 � �10 � 0.033 � 0.012 � 1.0 � � �0.040

� 10 � �0.010 � 0.006 � 4.6 � � �0.036
� 20 � 0.003 � 0.007 � 8.4 � � �0.016

C2H5OH�C6H6, 13�15 � 20 � 0.070 � 0.021 � 2.6 � � 0.0092
� 40 � �0.010 � 0.008** � 8.6 � � 0.043
� 60 � 0.147 � 0.032 � 20 � � 0.0084

������������������������������������������������������������������������������������
*
�yav is the average modulus of the difference between the experimental and calculated values of y.

** Systematic errors in the data are observed; values considerably exceeding 0.15 are not presented.

Table 2. Results of calculation of �P, �x, Redlich�Kiester integral I, and RTI criterion for a number of systems mentioned
in the reference book [2]
������������������������������������������������������������������������������������

System* � T, �C � System no. � Number of points � �P � �x � I � RTI
������������������������������������������������������������������������������������
HCl�N2O � �90.83 � 1 � 11 � 1.2 � 0.0033 � 0.00076 � 1.2
H2O�CH3COOH � 80 � 36 � 12 � 3.3 � 0.022 � �0.0025 � 7.3
CCl4�1,2-C2H4Cl2 � 30 � 144 � 12 � 0.69 � 0.010 � 0.0032 � 8.0
CCl4�n-C6H14 � 25 � 155 � 12 � 0.15 � 0.0015 � 0.00057 � 1.4
CCl4�n-C7H16 � 25 � 156 � 14 � 0.30 � 0.0047 � 0.0033 � 8.2
CHCl3�n-C6H14 � 25 � 170 � 14 � 0.54 � 0.0042 � �0.0016 � 4.2
C2H5OH�CH3COC2H5 � 55 � 332 � 7 � 2.8 � 0.022 � 0.0013 � 3.6
C2H5OH�C6H6 � 55 � 339 � 8 � 7.2 � 0.076 � �0.0067 � 20
CH3COCH3�C6H6 � 50 � 441 � 25 � 0.36 � 0.0069 � �0.000045 � 0.12
i-C3H7OH�C5H5N � 40 � 477 � 14 � 0.30 � 0.0041 � �0.0014 � 3.6
CH3COC2H5�C6H6 � 50 � 544 � 35 � 0.13 � 0.0024 � �0.00071 � 2.0
C4H9Br�C6H6 � 70 � 576 � 29 � 0.28 � 0.0039 � �0.0012 � 3.4
(C2H5)2O�C6F6 � 24.981 � 597 � 31 � 2.0 � 0.010 � 0.013 � 32
C6H6�C6F6 � 50 � 699 � 13 � 0.76 � 0.0054 � 0.0027 � 7.1
C6H6�C6H12 � 39.95 � 702 � 19 � 0.15 � 0.0026 � �0.00059 � 1.5
������������������������������������������������������������������������������������
* For all the systems, the dimension of pressure is mm Hg.

dence lnP(y) is, as a rule, well described by a third-
order interpolation polynomial.

The results listed in Table 2 suggest that, at a num-
ber of experimental points of no less than 10, the cu-
bic dependence of the logarithm of the pressure on
the vapor composition well describes the experimental
data, and small deviations (0.01 mole fraction and
less) of the calculated solution composition from that
found experimentally are in a full agreement with
the small value of the Redlich�Kiester integral. This

indicates the thermodynamic consistency of the exper-
imental data. It is more difficult to analyze data with
a number of points less than 10; in these cases, the de-
viation �x may be frequently rather pronounced,
whereas the value of integral I may indicate a thermo-
dynamic consistency of the data on P(y).

The benzene�cyclohexane system has an azeotrope
of an equimolar composition, which corresponds to
the highest pressure. If the range of the vapor phase
compositions is represented as two concentration
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intervals, before and after the azeotrope, and, e.g.,
second-order interpolation dependences are found,
we obtain the following equations:

ln P = 5.200 + 0.50641y � 0.503 y2 (7)

for the interval y � [0�0.4979] and, with the coeffi-
cient of determination equal to 0.9997,

ln P = 5.211 + 0.48641y � 0.500 y2 (8)

for y � [0.5239�1], with the coefficient of determina-
tion equal to 0.99994. Let us represent expression (5),
which is the Redlich�Kiester integral, as a sum of
two integrals with changes in the composition of the
vapor phases before and after the azeotrope. With
account of Eqs. (7) and (8), their values are 0.1289
and �0.1300, and the integral itself, which is a sum
of these two values, equals �0.0011, which points
to a good thermodynamic consistency of the experi-
mental data on the pressure and composition of the
vapor phase. Calculation of the liquid phase compo-
sition with the use of equations of the type (2) and
expressions (7) and (8) for the equimolar composi-
tion (0.5) of the vapor phase gives values of 0.4993
and 0.5035, which indicates the coincidence, within
the experimental error, of the compositions of the li-
quid and vapor phases. The above example shows that
the approach of this kind can be also extended to sys-
tems with limited mutual solubility of components.
Similarly performed calculations for systems of this
kind make it possible both to assess the thermody-
namic consistency of data and to specify the compos-

itions of the liquid phases into which decomposes
in condensation the vapor phase of a heteroazeotropic
composition.

CONCLUSION

It was shown that the Redlich�Kiester integral ex-
pressed in terms of pressure and vapor phase compos-
ition, combined with additional parameters, can char-
acterize the thermodynamic consistency of data on
phase equilibria and can be applied to systems with
a heteroazeotrope.
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Abstract�Spherically granulated titanium(IV) phosphate modified with Fe(III) hexacyanoferrate(II) was
prepared by the improved sol�gel procedure, and its physicochemical and sorption characteristics were studied
in comparison with those of the unmodified Ti(IV) phosphate.

This paper continues the series of publications
[1�4] aimed at preparing radionuclide sorbents by
depositing ferrocyanides(II) of heavy metals onto
various supports.

It is known, owing to their structural features, that
several poorly soluble heavy metal hexacyanofer-
rates(II) exhibit high affinity for toxic metals and
especially for 137Cs radionuclide [5�19].

Preparation of granulated hexacyanoferrates(II) suit-
able for sorption of metals from aqueous solutions un-
der dynamic conditions is power-consuming. The sor-
bents based on finely dispersed hexacyanoferrate(II)
are more available, but, due to their high hydrodi-
namic resistance, they are unsuitable for purification
of contaminated solutions. Depending on the kind
of problem, either granulated or gel-like hexacyano-
ferrate(II) sorbents are used [20]. Numerous attempts
have been made to develop effective sorbent con-
venient for use and suitable for sorption of radio-
nuclides, in particular 137Cs. These attempts involved
application of heavy metal hexacyanoferrate(II) to
various supports: ion-exchange resins [5], fibrous ac-
tivated carbon [12], cellulose [14�16], silica gel
[18], aluminum oxide [19], natural aluminosilicates
[15, 16, 21], sawdust [22], etc. In order to develop
a new effective sorbent of this kind, an appropriate
inexpensive support must be found.

Our approach to preparation of improved hexacya-
noferrate(II) sorbents is based on the use of spherically
granulated Fe(III)-containing titanium(IV) phosphate
as support. This kind of titanium(IV) phosphate can
be prepared by a sol�gel technique from aqueous so-
lution of TiOSO4 used for production of commercial
TiO2. The use of granulated support with required

grain size in preparing the sorbent modified with
hexacyanoferrate(II) is very advantageous, since in
this case the granulometric composition of the mod-
ified sorbent is determined by the grain size of the ini-
tial titanium(IV) phosphate. Under these conditions,
a nearly 100% yield of the desired modified sorbent
is achieved.

As a rule, in all studies except [21], a support is
sequentially treated in preparing sorbents modified
with hexacyanoferrate(II), with aqueous solutions of
an appropriate heavy metal salt and potassium hexa-
cyanoferrate(II) K4[Fe(CN)6] (K�HCF). In prepar-
ing our modified sorbent, a spherically granulated
titanium phosphate (TiP) containing 2.0 to 3.2 wt %
Fe(III) [23] was used as a support. By modification
of these grains with aqueous potassium hexacyanofer-
rate(II), spherically granulated sorbents [24] contain-
ing from 40 to 120 mg g�1 Fe(III) hexacyanoferrate(II)
Fe4[Fe(CN)6]3 (Fe(III)�HCF) were prepared; these sor-
bents were used in our experiments.

The procedures used for titanium phosphate mod-
ification were optimized by varying the Fe(III) content
in the initial TiP, pH, the modifier (K�HCF) concen-
tration at constant TiP : K�HCF solution ratio, TiP
grain size, and impregnation time. The sorption power
of the initial TiP and its modified forms for radio-
nuclide ions 137Cs, 90Sr, and some ions of heavy me-
tals (Cu2+, Cd2+) was studied.

EXPERIMENTAL

A fresh spherically granulated titanium phosphate
hydrogel in the H forms prepared by a sol�gel tech-
nique, was modified with Fe(III) hexacyanoferrate(II)
under static conditions as follows. A granulated
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Table 1. Physicochemical characteristics of the initial granulated titanium phosphate
������������������������������������������������������������������������������������

Content, wt % �
P/Ti

� Ssp, � Vs, cm3 g�1

��������������������������������������������� � ���������������������
Fe2O3 � TiO2 � P2O5 � SO3 � H2O � � m2 g�1

� for H2O � for C6H6
������������������������������������������������������������������������������������

3.7 � 21.2 � 20.7 � 0.09 � 49.8 � 1.0 � 230.1 � 0.28 � 0.73
3.1 � 33.2 � 30.4 � 0.15 � 26.5 � 1.0 � 165.7 � 0.23 � 0.41
1.8 � 11.2 � 10.5 � 0.05 � 73.6 � 1.1 � 205.3 � 0.58 � 0.69

������������������������������������������������������������������������������������

Table 2. Influence of pH of aqueous modifying solution on fixation of Fe(III)�HCF by titanium phosphate
������������������������������������������������������������������������������������
pH of aqueous K�HCF � Fe(III)�HCF � Fe(III) 	pH of aqueous K�HCF � Fe(III)�HCF � Fe(III)
������������������� � 
������������������� ��content in MTiP,� bound to 	 �content in MTiP,� bound to

initial � equilibrium � mg g�1 � modifier, % 	 initial � equilibrium � mg g�1 �modifier, %
������������������������������������������������������������������������������������

1.2 � 1.2 � 49.6 � 44.7 	 3.0 � 2.4 � 42.2 � 40.6
2.2 � 2.2 � 57.2 � 55.0 	 4.2 � 2.7 � 41.8 � 40.2

������������������������������������������������������������������������������������

TiP hydrogel (5�20 g) was kept in 0.2 M aqueous
K4[Fe(CN)6] (7�67 cm3) at pH 1.2�4.2 with stirring
for 24 h at 19�20�C. Upon contact, the solid phase
was separated and washed with distilled water to re-
move K4[Fe(CN)6]. The resulting modified TiP was
airdried for 2 days and analyzed for [Fe(CN)6]

4�.
The initial TiP was analyzed for phosphorus, titanium,
and iron. All the analyses were carried out by the con-
ventional techniques [25, 26].

The sorption power of modified titanium phosphate
for metal ions was determined upon its contact with
a solution of the metal nitrate in 0.1 M NaNO3 (sup-
porting electrolyte) or in water. In the case of sorption
of radionuclides, the Ringer solution (mM: NaCl
136.9, KCl 5.6, CaCl2 2.2 and NaHCO3 1.2) [27] was
used as a supporting electrolyte. This supporting elec-
trolyte was chosen taking into account that the deac-
tivation of biological liquid media is a problem of
current interest.

The static sorption experiments were carried out at
the ratio of solid and liquid phases, s : l = 1 : (200�
1000) with their stirring for 24 h. Under these con-
ditions, the sorption equilibrium was attained upon
contact for 10�24 h. The sorption of heavy metals was
determined as the difference between their concentra-
tions in the initial and equilibrium solutions. Similar-
ly, the sorption of 137Cs was determined as the dif-
ference between its activity in the initial and equilib-
rium solutions. The sorption kinetics of 137Cs was
studied under limited-volume conditions [28]. The
specific surface area Ssp of sorbents was determined
by gas�chromatography from the thermal desorption
of argon. The volume of the sorptive pores Vs was
determined with a desiccator technique [29] by sorp-
tion of benzene and water vapors.

The physicochemical characteristics of the initial
granulated titanium phosphate are listed in Table 1.

Table 2 shows that, all other factors being the same,
the maximal Fe(III) HCF fixation by titanium phos-
phate is reached at pH 2.2 of aqueous K�HCF. We
found that deviation from this pH deteriorates the mod-
ifier accumulation in TiP. Therefore, all further ex-
periments were carried out at pH 2.2.

It should be noted that, in the course of modifica-
tion of titanium phosphate with Fe(III)�HCF, the pH
of aqueous solutions of K�HCF somewhat decreases
(from 2.9�3.0 to 1.2�2.7). We found that, in dilution
of aqueous modifier, its fixation by titanium phos-
phate decreases. For example, at pH 2.2 and identical
weighed portions and aqueous phase volumes, the con-
tent of Fe(III)�HCF in titanium phosphate decreases
from 78.8 to 65.6 mg g�1 with the initial modifier
concentration decreasing from 0.168 to 0.038 M.

It was found (Table 3) that, although the degree of
modification somewhat grows with increasing Fe(III)

Table 3. Influence of Fetot content in TiP on the degree
of Fe(III) fixation
����������������������������������������

Fetot � Fe(III)�HCF content in MTiP, � Fe(III),
content � mg g�1 � bound

��������������������������in TiP, � � to mod-
mg g�1 � analysis �calculated from Fetot � ifier, %

����������������������������������������
36.1 � 57.2 � 139.0 � 41.2
53.5 � 80.5 � 206.0 � 39.2
64.0 � 121.2 � 246.4 � 49.2

����������������������������������������
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Fig. 1. X-ray diffraction pattern of (1) Fe(III) hexacyano-
ferrate(II), (2) titanium phosphate modified with Fe(III)
hexacyanoferrate(II), and (3) initial titanium phosphate.
(2�) Bragg angle.

Fig. 2. Kinetic curves of 137Cs sorption A on (1) MTiP
and (2) TiP from a Ringer solution containing 59.6 Bq cm�3
137Cs. (�) time.

Fig. 3. Sorption A of 137Cs from the Ringer solution on
(1) MTiP and (2) initial TiP vs. activity of the equilibrium
liquid phase C.

content in the initial TiP, the fraction of Fe(III) bound
to K�HCF does not exceed 50%. We believe that
the low efficiency of Fe(III) binding with the modifier
is caused by formation of a dense Fe(III)�HCF sur-
face film on the surface of TiP granules, hindering

the penetration of [Fe(CN)6]
4� into the grain bulk.

This effect was confirmed by a decrease in the inten-
ity of the Fe(III)�HCF color from the grain surface
to the center, observed visually in crushing coarse
grains (2 mm).

The effect of grain size on the efficiency of titani-
um phosphate modification was studied with granulaed
titanium phosphate hydrogel containing 2.56 wt %
Fe(III). In these experiments, 0.1�0.3, 0.3�0.5,
0.5�1.0, and 1.0�2.0 mm fractions of TiP grains
were used. With the grain size increasing in this
series, the specific content of Fe4[Fe(CN)6]3 in MTiP
(mg g�1) decreases: 50.5, 41.2, 30.0 and 15.6, mg g�1,
respectively. These data are consistent with our hy-
pothesis about formation of a Fe4[Fe(CN)6]3 surface
layer hindering the penetration of hexacyanoferrate(II)
anions into the grain bulk.

Our kinetic experiments showed that TiP grains
became saturated with the modifier after no less than
2 days, i.e. the modification is a slow process. Data
on the kinetics of Fe(III)�HCF accumulation in TiP
grains (0.3�0.5 mm) are given below.

Fe(III)�HCF, mg g�1 30.1 58.7 79.7 80.5
�, h 5 10 24 48

The X-ray diffraction pattern in (Fig. 1) shows that
modified TiP contains the Fe(III)�HCF phase with
the interlayer spacings identical to those of the in-
dividual Fe(III)�HCF. This means that Fe(III)�HCF
is not chemically bound to the TiP matrix. Figure 2
shows kinetic curves of 137Cs sorption from the Ringer
solution on the initial and modified TiP. In going
from the initial TiP to its modified form MTiP, all
other factors being the same, the degree of 137Cs sorp-
tion increases from 28 to 98%. The sorption rate of
137Cs on the modified sor bent also substantially in-
creases. For example, within the first 0.5 h, radiocesi-
um is sorbed by MTiP and TiP to 38% and 4% of
the equilibrium amount, respectively. These data show
that the sorbents based on granulated titanium phos-
phate are characterized by slow sorption kinetics;
the sorption equilibrium is attained within 22�24 h.
Therefore, all the sorption experiments were carried
out for 24 h.

The comparison of sorption isotherms of 137Cs on
the initial and modified titanium phosphate (Fig. 3)
shows that introduction of Fe(III)�HCF into the sor-
bent raises the cesium sorption by a factor of 5�6.
However, there is no proportionality between the
modifier content in the sorbent and its sorption power;
the increase in the sorption power is substantially
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Fig. 4. Sorption isotherms of (1) Cu2+ and (2) Cd2+ on
MTiP and (3) Cu2+ on the initial TiP from aqueous chlo-
ride solutions. (A) Sorption and (ceq) equilibrium metal
concentration.

weaker than that in the modifier content. A similar
effect was found by us in [4]. The distribution factor
Kd of 137Cs between modified titanium phosphates
and the Ringer solution, calculated from the sorption
isotherms, is (20�60) � 103 cm3 g�1.

We found that the sorption of 90Sr on titanium
phosphate modified with Fe(III) hexacyanoferrate(II)
is significantly lower than that of 137Cs (Kd = 30�
40 cm3 g�1). These results are consistent with the data
reported in [30, 31].

We also studied the sorption power of MTiP for
several heavy metals. Figure 4 shows the sorption
isotherms of copper and cadmium on the initial and
modified titanium phosphate from their aqueous chlo-
ride solutions. These data show that, in going from
the initial titanium phosphate to its modified form, the
sorption of the heavy metals increases, but this effect
is smaller than for radiocesium. Our experimental res-
ults show that titanium phosphate modified with
Fe(III) hexacyanoferrate(II) is an effective sorbent for
radiocesium and can be used for decontamination of
aqueous solutions to remove this radionuclide under
both dynamic and static conditions. These results can
also be used for optimization of procedures for prepar-
ing titanium phosphate modified with metal hexacy-
anoferrate(II).

CONCLUSIONS

(1) Granulated titanium phosphate modified with
Fe(III) hexacyanoferrate(II) (40�120 mg g�1) was
prepared from an initial granulated titanium phosphate
containing 2�3.2 wt % Fe(III).

(2) The distribution factors of 137Cs and 90Sr be-
tween titanium phosphate modified with Fe(III) hexa-
cyanoferrate(II) and aqueous solution are (20�60) �
103 and 30�40 cm3 g�1, respectively.

(3) Granulated titanium phosphate modified with
Fe(III) hexacyanoferrate(II) can be used for efficient
decontamination of aqueous solutions to remove radio-
cesium.
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Abstract�Sorption of Fe(III), Al(III), and Cr(III) on monocarboxy cellulose at various pH, concentrations
of metal chloride or sulfate in solution, and time was studied. The effect of type and amount of the cation
sorbed on the physicomechanical properties, swelling, and stability in phosphate buffer of monocarboxy
cellulose fibers was considered.

Multicharged Fe(III), Al(III), or Cr(III) cations in-
troduced into carboxyl-containing cation exchangers
form intermolecular bonds, which affect the exchanger
properties: swelling decreases, mechanical strength
and stability with respect to chemical reagents in-
crease, etc. [1, 2].

Among medical polymers that can coordinate with
the above cations, monocarboxy cellulose (MCC),
which is the product of cellulose oxidation with nitro-
gen(IV) oxide, is of special interest. Monocarboxy
cellulose is biocompatible with a living body, exhib-
its hemostatic effect, and can resolve in the organism
without toxic reaction. These properties of MCC
threads and the physicomechanical parameters of the
initial cellulose fibers make them applicable as a re-
solving surgical sutures. However, along with the pos-
itive properties, MCC has substantial disadvantages:
high swelling, low stability in alkaline media, and
high rate of biodegradation.

In this study, we examined effect of Fe(III), Al(III),
and Cr(III) sorption conditions on the content of cat-
ion sorbed, swelling, mechanical properties, and stab-
ility in vitro of MCC salt forms.

EXPERIMENTAL

Viscose cord threads (184 tex) oxidized with a 5%
solution of nitrogen(IV) oxide in carbon tetrachloride
[3] were used. The content of carboxy groups (CC) in
MCC samples, determined by the Ca acetate method,
[4] was 0.3�1.4 mmol g�1. Sorption of Fe(III), Al(III),
and Cr(III) with H form of MCC was performed under
static conditions at 20 � 1�C from chloride and sul-

fate solutions for various times (from 1 min to 24 h).
The cation exchanger sample weight was 1 g, and
the solution volume, 40 ml. In the initial solutions,
the salt concentration was 0.07�0.11 (Cr3+), 0.02�
0.17 (Fe3+), and 0.02�0.14 M (Al3+), pH of Cr(III)
and Al(III) sulfate solutions was varied by addition of
Ba(OH)2. The relationship between pH and the amount
of Ba(OH)2 added is shown in Fig. 1. The pH limits
are determined by instability of chromium and alumi-
num salts in alkaline media. The degree of swelling,
Q, of MCC salt in water was determined by centrifu-
gation [5]. The mechanical strength of fibers in dry
and wet state and as a knot: Pd, Pw, and Pk, respec-
tively, was determined by the method described in [6].

The Al(III), Cr(III), and Fe(III) content in the MCC
phase was determined (after breakdown of an MCC
sample in sulfuric acid, with hydrogen peroxide added)

Fig. 1. pH of freshly prepared 0.1 M solutions of (1) alu-
minum sulfate and (2) chromium sulfate solutions vs. the
amount of hydroxide added barium, mBa(OH)2

.
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Fig. 2. Isotherms of sorption of cations (1, 2, 6) Fe3+,
(3) Al3+, and (4, 5) Cr3+ with MCC with ECCOOH
(2�6) 0.7 and (1) 1.4 mmol g�1 from (1, 2, 5) chloride and
(3, 4, 6) sulfate solutions. Sorption time 24 h. ( c�M) Metal
cation concentration in MCC and (cin) initial metal cation
concentration.

Fig. 3. Effect of pH on the amount of (1, 2) Cr3+ and
(3, 4) Al3+ sorbed from 0.1 M metal(III) sulfate solution
with cellulose threads. Content of carboxy groups in
MCC (mmol g�1): (1) 0.5, (2, 4) 0.8, and (3) 0.7.

complexometrically with Dithizone as an indicator,
chromatometrically, and colorimetrically in the pres-
ence of sulfosalicylic acid, respectively [7].

The isotherms of Fe3+, Cr3+, and Al3+ sorption
from chloride and sulfate solutions on MCC samples
with various contents of carboxy groups are shown in
Fig. 2. It can be seen that the maximum exchange ca-
pacity (EC) of the cation exchanger at the equilibrium
cation concentration of 0.03�0.1 M amounts to 0.21
(Fe3+), 0.15 (Al3+), and 0.12 mmol g�1 (Cr3+), i.e.,
with respect to the maximal sorption, the metal ions
are ranked in the order Fe3+ > Al3+ > Cr3+.

Probably, the observed differences in the filling of
the MCC phase with cations Fe3+, Al3+, and Cr3+

depend on the energy of their coordination interac-
tion with fixed carboxy groups and denticity of
ligands with respect to various cations. It was shown
by potentiometric titration that complexes with the
M:COO ratio of 1 : 2 prevail in the Fe(III)�MCC
and Cr(III)�MCC systems, and 1 : 1 complexes, in

the Al(III)�MCC system [8]. These results show that
the fraction of carboxy groups that can be involved in
formation of polymeric complexes is 51�57% (Fe3+

�

MCC system with EC = 0.7 and 1.4 mmol g�1),
20�28% (Cr3+

�MCC system with EC = 0.5 and
0.8 mmol g�1), and 19% (Al3+

�MCC system with
EC = 0.8 mmol g�1). It should be noted that the de-
gree of MCC filling with metal cations somewhat in-
creases with decreasing exchange capacity of the cat-
ion exchanger.

It is well known that the degree of MCC filling
with cations strongly depends of pH.

Figure 3 shows that Al(III) sorption with MCC
fibers increases with pH and reaches a maximum at
pH 3.2�3.7. The chromium(III) sorption is substan-
tially lower and becomes the strongest at pH 2.6�2.8;
it remains unchanged as the pH grows further.

The rise in metal sorption with MCC with increas-
ing pH can be caused by the following factors: an in-
crease in the content of chromium(III) and alumi-
num(III) hydroxo complexes, which form with car-
boxy groups stable six-membered rings [2]

(H2O)5M�
OH��O
�O

�
����C R

where R is the cellulose radical; an increase in the con-
tent of dissociated carboxy groups in the MCC phase;
and an increase in the size of chromium(III) and alu-
minum(III) complexes because of their olation.

A well-defined maximum of Al(III) sorption is
characteristic not only of the system studied but also
of aluminum fixation on collagen [2]. In accordance
with published data, a decrease in aluminum(III) sorp-
tion at pH > 3.7 is caused by substitution of carboxy
groups in the inner coordination sphere of aluminum-
containing complexes by OH groups and formation
of aluminum hydroxide, which can precipitate in
the sorbent phase. The absence of a similar maximum
in the Cr3+

�MCC system at pH � 3.5 indicates that
the bonds between this cation and carboxy group are
more stable in this case [2].

Figure 3 shows that maximum content of Al3+ ions
fixed on MCC exceeds by more than a factor of two
the content of Cr3+ ions. However, the degrees of
binding of MCC carboxy groups with Al3+ and Cr3+

ions are similar, amounting to 60% of the total ex-
change capacity at the maximum sorption.
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Influence of the amount of metal cations on mechanical properties and stability with respect to phosphate buffer of
oxidized viscose threads with various exchange capacities
������������������������������������������������������������������������������������

� Pd
� Pk

� Pw
� � � � Loss of strength, %,

Thread type and � � � � Q, � �cM, � pHeq
� in indicated time, days

������������������������� � � ��������������������treatment conditions
� kg cm2 �

g g�1

�
mmol g�1

� � 3 � 10 � 14
������������������������������������������������������������������������������������
Viscose cord thread � 2390 � 1260 � 1450 � � � � � � � 17 � 18 � 20
(d = 0.62 � 0.02 mm) � � � � � � � � �

EC = 0.3 mmol g�1

MCC � 2300 � 1240 � 1360 � 0.75 � � � � � 30 � 44 � 49
MCC + FeCl3 � 2080 � 1260 � 1130 � 0.76 � 0.14 � 1.73 � 29 � 61 � 57
MCC + CrCl3 � 2140 � 1150 � 1440 � 0.73 � 0.10 � 2.44 � 31 � 44 � 50
MCC + Cr2(SO4)3 � 1880 � 1270 � 1340 � 0.67 � 0.18 � 2.85 � 14 � 36 � 45
MCC + AlCl3 � 2180 � 1220 � 1350 � 0.77 � 0.16 � 3.18 � 33 � 48 � 49
MCC + Al2(SO4)3 � 2140 � 1210 � 1130 � 0.81 � 0.20 � 3.64 � 37 � 53 � 58

EC = 0.4 mmol g�1

MCC � 2120 � 1210 � 1460 � 0.75 � � � � � 31 � 42 � 50
MCC + FeCl3 � 2190 � 1220 � 710 � 0.68 � 0.16 � 1.75 � 47 � 61 � 71
MCC + CrCl3 � 2050 � 1240 � 1500 � 0.74 � 0.11 � 2.45 � 29 � 46 � 42
MCC + Cr2(SO4)3 � 1950 � 1180 � 1510 � 0.70 � 0.18 � 2.89 � 20 � 37 � 42
MCC + AlCl3 � 2180 � 1220 � 1350 � 0.76 � 0.17 � 3.22 � 35 � 64 � 68
MCC + Al2(SO4)3 � 2250 � 1230 � 1380 � 0.77 � 0.21 � 3.66 � 33 � 52 � 40

EC = 0.5 mmol g�1

MCC � 2180 � 1310 � 1300 � 0.77 � � � � � 40 � 60 � 71
MCC + FeCl3 � 2110 � 1190 � 1250 � 0.71 � 0.21 � 1.71 � 42 � 59 � 65
MCC + CrCl3 � 2140 � 1140 � 1420 � 0.65 � 0.14 � 2.44 � 32 � 56 � 56
MCC + Cr2(SO4)3 � 1958 � 1060 � 1430 � 0.62 � 0.266 � 3.06 � 36 � 58 � 52
MCC + AlCl3 � 2280 � 1200 � 1360 � 0.80 � 0.20 � 2.73 � 50 � 77 � 80
MCC + Al2(SO4)3 � 2140 � 1110 � 1440 � 0.79 � 0.385 � 3.65 � 42 � 65 � 68
������������������������������������������������������������������������������������

It follows from Fig. 4 that the sorption equilibrium
is attained within 60 min for Fe3+ and Al3+ and within
10 min for Cr3+.

Figure 5 and the table illustrate the effect of cation
sorption on MCC thread swelling and mechanical prop-

Fig. 4. Amount of cations cM sorbed with MCC (ECCOOH =
0.7 mmol g�1) vs. time �. Cation: (1) Fe3+, (2) Al3+, and
(3, 4) Cr3+. Solution, cin = 0.1 M: (1, 3) chloride and
(2, 4) sulfate.

erties. As seen, swelling decreases from 0.75 g g�1 for
oxidized MCC fibers containing no metal to 0.62 g g�1

(by approximately 20%) for iron- and chromium-con-
taining MCC, which can be a measure of increased
cross-linking. By contrast, the water sorption with

Fig. 5. Dependence of the degree of swelling, Q, of MCC
salt species (ECCOOH = 0.7 mmol g�1) on the amount of
cation sorbed cM. Cation: (1) Al3+ and (2) Cr3+, Fe3+.
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aluminum-containing MCC increases relative to
sorption with the initial oxidized cellulose. These re-
sults agree with published data that swelling depends
on the composition and density of the complexes
formed [1].

It follows from Fig. 5 that the minimum swelling
of MCC with the 0.7 mmol g�1 content of carboxy
groups is observed for samples containing 0.15�
0.20 mmol g�1 metal salt sorbed and then remains un-
changed with the further metal sorption. This can be
accounted for by the fact that the further increase in
the metal sorption is achieved by raising pH. In this
case, the hydrolysis products are formed in the cation
exchanger bulk. As a result, each cross-link involves
several metal cations, which increases the metal con-
sumption for formation of the network of the same
density.

The table shows that a decrease in swelling of chro-
mium-containing MCC is accompanied by preserva-
tion of the thread strength in vitro for a longer time.
At the same time, we can see that the lowest stability
toward the action of a phosphate buffer is character-
istic of iron-containing MCC fibers. This effect can
be accounted for by catalysis of the alkaline-oxidative
degradation of carboxyl-containing cellulose with iron
salts [9]. We can suggest that this property of iron(III)
salts in preparing Occelon resolving retention sutures
(MCC�Fe�tannin complex) [10] is masked by cation
complex formation not only with oxidized cellulose
but also with tannin.

It should be noted that there is no correlation be-
tween the composition, concentration, and stability of
polycomplexes and mechanical properties of the salt
forms of low-substituted MCC. The table shows that
the value of sorption of multicharged cations does not
affect noticeably the thread in both dry and wet states
and as a knot. In accordance with published data [11],
this can be caused by two reasons. Firstly, bridging
bonds formed by metal ions are rigid and do not pro-
vide a sufficient segmental mobility of macromolec-
ules. Secondly, the formation of small amounts of
cross-links between macromolecules of oxidized cel-
lulose is accompanied by partial rupture of H bonds
that existed before metal sorption.

CONCLUSION

Iron(III), aluminum(III), and chromium(III) cations
sorbed with monocarboxy cellulose from chloride and
sulfate solutions do not affect noticeably the cellulose

mechanical properties. The degree of swelling of mo-
nocarboxy cellulose salt form, compared to its H form,
depends on the type and content of the metal cation
and, at the same composition of the polycomplex, is
independent of preparation conditions (pH of the ini-
tial solution 1.6�4.0; salt concentration 0.02�0.17 M;
sorption time no more than 24 h).
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Abstract�Proximate procedures for quantitative analysis of amino acids using high-performance thin-layer
chromatography were developed.

Amino acids (hereinafter, natural L-amino acids)
are the main building material in synthesis of specific
tissue proteins, enzymes, peptide hormones, and other
physiologically active compounds [1�5].

Analysis of amino acids in medicine, biochemistry,
molecular genetics, etc. is problem of current unterest.
Modern procedures for analysis of amino acid deriv-
atives in albumin hydrolyzates, peptides, and bio-
medical samples are based on high-performance liquid
chromatography. However, data on application of
high-performance quantitative thin-layer chromatog-
raphy (HPTLC) to separation of multicomponent mix-
tures of free amino acids (including 20 natural acids)
are lacking.

In this study we developed chromatographic proce-
dures for separation and quantitative determination of
free amino acids in culture broths (CBs) of certain
producer cultures. The main analytical method was
HPTLC, and high-performance liquid chromatography
(HPLC) was used for comparison [6�8]. In some spe-
cific cases, an amino acid analyzer (AA) was used.

It should be noted that the requirements to the re-
liability and adequacy of chromatographic procedures
in biochemistry and biotechnology are essentially
different. For example, procedures providing exper-
imental error of no more than 15% and reproducibility
of 90% are acceptable in biochemistry [9].

Similar requirements are imposed upon analytical
chromatographic procedures in biotechnology at the
stage of development of the producer cultures of
amino acids. However, at the stage of optimization of
the fermentation procedure the analysis error should

not exceed 5%. The same requirement is imposed
upon the chromatographic analysis in recovery and
purification of the desired amino acid, because the
error of 10�15% may cause either production of the
preparation of insufficient purity or a significant loss
unacceptable in the large-scale production.

EXPERIMENTAL

In our study we used densitometers (Shimadzu,
Japan), a High Speed TLC Scanner CS-920 (Shima-
dzu, Japan), a TLC-Scanner-II (Camag, Switzerland),
a DenSkan-01 video system (Lenkhrom, Russia),
a DenSkan-04 video system (Lenkhrom, Russia), and
a Delta Prep 3000 liquid chromatograph equipped
with a Lambda Max 481 spectrophotometric detector
and a 4.6 � 250-mm stainless steel column packed
with �-Bondapak C18 sorbent (5 �m, Waters, USA).
The eluent was 10�3 M solution of copper(II) sulfate
in 20% aqueous acetonitrile (0.5 ml min�1 flow rate,
� 235 nm).

The concentrations of some amino acids in CBs
were measured using a Biocal amino acid analyzer
(USA).

The tests were carried out using the following chro-
matographic plates: Sorbfil PTSKh-P-V (Institute of
Macromolecular Compounds, Russian Academy of
Sciences, Sorbpolymer Company, St. Petersburg, Rus-
sia) and Kieselgel 60 (Merck, Germany).

Mixtures of 1-propanol, 2-propanol, ethanol, ethyl
acetate, chloroform, acetone, acetic acid, 25% aqueous
ammonia, and water were taken as mobile phases.
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Fig. 1. Ratios S/N as influenced by (a) time t of the chro-
matogram exposure to the NH solution, (b) time � of
the color reaction, and (c) temperature T of the color
reaction; system B as eluent. (a) Conditions of the color
reaction: T = 50�C, � = 30 min. (1) Lysine, (2) serine and
valine, (3) glutamic acid, and (4) phenylalanine. (b) Ex-
posure of the chromatogram to the NH solution for 20 s,
T = 50�C. (1) Lysine; (2) serine, valine, and glutamic acid;
and (3) phenylalanine. (c) Exposure of the chromatogram
to the NH solution for 20 s, � = 30 min. (1) Lysine;
(2) serine, valine, and glutamic acid; and (3) phenylalanine.

Fig. 2. Densimetric signal A of the spots of amino acids
vs. time after completion of the color reaction on the chro-
matographic plate; system B as eluent, T = 21�C. (1) Lysine,
(2) serine and valine, (3) glutamic acid, and (4) phenyl-
alanine.

Organic solvents of ultrapure and chemically pure
grades were used without additional treatment; water
for analysis was prepared on a Super Q apparatus
(Millipore, USA).

Free amino acids were separated on Sorbfil-P-V
HPTLC plates based on silica gel with silica sol bind-
er, which is an essential distinction of this chromatog-

raphic material from Silufol and Kieselgel 60 plates
used previously in separation of free amino acids; this,
in most cases hinders direct use of available data con-
cerning mobile phases. Therefore, it was necessary to
modify these mobile phases or develop new elution
systems.

Amino acids (excluding tryptophan) were visual-
ized in the chromatograms with ninhydrin (NH) so-
lution, which was deposited on a chromatographic
plate not by common spraying, but by immersion of
the plate in a solution. This is due to the fact that
the metrological characteristics of the results of quan-
titative analysis of some compounds (densitometry)
with immersion were better than those obtained using
the spraying procedure [12�15]. There are no data
on the conditions for applying the ninhydrin reagent
(immersion method) and performing the color reac-
tion for amino acids. Therefore, we made special
experiments to determine the optimal conditions of
the color reaction on the chromatograms after their
immersion in the ninhydrin solution (0.3% solution
of ninhydrin in acetone containing 3% glacial acetic
acid).

Using model mixtures of amino acids belonging to
various classes (phenylalanine, lysine, glutamic acid,
serine, and valine), we studied the dependences of
the densimetric signal1/noise ratio (S/N ) on the time
of the exposure of a chromatogram to the NG solution
(Fig. 1a), time of the color reaction (Fig. 1b), and
temperature at which the color reaction was performed
(Fig 1c).

These data showed that the optimal conditions for
visualization of the spots of amino acid belonging to
various classes are as follows: exposure of the chro-
matogram to the NH solution for 17�20 s; color re-
action for 30�40 min at 45�50�C. Above 50�C, a light
crimson background appears on the chromatogram
surface owing to the thermal oxidation or condensa-
tion of the NH molecules.

In accordance with validation regulations of the
planar chromatography (PC) [16] and for quantitative
densimetric analysis, it was advisable to evaluate
the coloration stability of the spots of the ninhydrin
complexes on the chromatograms after completion of
the color reaction.

We studied changes in the densimetric signals
of some amino acids with time (Fig. 2). It can be seen
����������
1 The �densimetric signal� is the difference between the in-

tensities of light of a certain wavelength reflected from
the plate surface without and with a spot of a compound to be
determined.
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Table 1. Content of serine, homoserine, and threonine in the CB samples determined by HPTLC (DenSkan-01) and
HPLC* procedures
������������������������������������������������������������������������������������

Sample
� HPLC �

HPTLC
�

Sample
� HPLC �

HPTLC
����������������������������� � �����������������������������

no.
� X, g l�1 � ��X, g l�1 � �, % �

X, g l�1
�

no.
� X, g l�1 � ��X, g l�1 � �, % �

X, g l�1

������������������������������������������	�����������������������������������������
Serine n = 5, P = 0.95, r = 0.9949 � Homoserine n = 5, P = 0.95, r = 0.9843

��1 � 9.8 � 0.32 � 3.3 � 10.8
2 � 6.8 � 0.31 � 4.6 � 5.8
3 � 12.8 � 0.24 � 1.9 � 12.8
4 � 11.4 � 0.52 � 4.6 � 9.3
5 � 12.0 � 0.26 � 2.2 � 12.1
6 � 12.4 � 0.62 � 5.0 � 12.5
7 � 12.2 � 0.48 � 3.9 � 12.4
8 � 11,0 � 0.29 � 2.6 � 10.3
9 � 13.6 � 0.64 � 4.7 � 13.8

10 � 18.4 � 0.66 � 3.6 � 18.9

� � � � � 1 � 23.5 � 0.71 � 3.0 � 22.8
� � � � � 2 � 40.1 � 1.72 � 4.3 � 40.0
� � � � � 3 � 43.2 � 1.21 � 2.8 � 44.0
� � � � � 4 � 35.7 � 1.03 � 2.9 � 36.0
� � � � � 5 � 31.9 � 1.18 � 3.7 � 32.6�
� � � � � Threonine n = 5, P = 0.95, r = 0.9831�
� � � � � 1 � 9.8 � 0.32 � 3.3 � 10.8
� � � � � 2 � 6.8 � 0.31 � 4.6 � 5.8
� � � � � 3 � 12.8 � 0.24 � 1.9 � 12.8
� � � � � 4 � 11.4 � 0.52 � 4.6 � 9.3
� � � � � 5 � 12.0 � 0.26 � 2.2 � 12.1

������������������������������������������
�����������������������������������������
* X is the average value; ��X, standard deviation; �, variation coefficient; n, number of independent measurement; P, confidence

level; and r, correlation coefficient.

that the coloration of the spots of amino acids is stable
in 0.5�7.0-h storage of the chromatograms in the dark
at 21�C. These results were used in our experiments
on visualization and quantitative analysis of amino
acids.

Quantitative determination of serine, homo-
serine, and threonine. The CB of the serine producer
culture often contains proline, glutamic acid, glycine,
alanine, threonine, lysine, and, in rare cases, �-amino-
butyric acid. This mixture was separated using mo-
bile phase A (designed with a PRIZMA model [17]):
2-propanol�acetone�ethyl acetate�25% aqueous am-
monia�water (20 : 15 : 7 : 9 : 5 volume ratio); binary
elution, l1 = 75 and l2 = 85 mm); Rf

2 of the serine spot
was 0.40 (Fig. 3).

As a rule, the CB of the homoserine producer cul-
ture contains alanine, glutamic acid, lysine, glycine,
isoleucine, and threonine. These amino acids were
separated from homoserine using the same mobile
phase A (binary elution, l1 = 70 and l2 = 80 mm);
Rf of homoserine, alanine, and valine was 0.31, 0.25,
and 0.38, respectively. Under these experimental con-
ditions, threonine had Rf = 0.75 (Fig. 3).

As for CB of the threonine producer culture, it was
treated using system B (2-propanol�ethyl acetate�25%
����������
2 The retention factor Rf characterizes the spot location on

the plate and is determined as the ratio of the distances from
the start to the center of the spot and from the start to the
eluent front.

aqueous ammonia�water, 20 : 20 : 1.5 : 25 volume ratio),
which provided separation of threonine (Rf = 0.40)
from the concomitant glutamic acid, lysine, glycine,
and alanine. The content of the target amino acids
in CB was determined on a DenSkan-01 video den-
sitometer (Table 1). It was found that the concentra-
tion dependence of the densimetric signals of serine,
homoserine, and threonine is linear in the 0.03�0.3 �g
range, and the detection limit of these amino acids
is 0.015 �g [18�22].

Fig. 3. Separation of amino acids in the CB of the serine
producer culture; system A eluent, T = 20�C. (1) �-Amino-
butyric acid, (2) alanine, (3) glycine, (4) glutamic acid,
(5) lysine, (6) serine, (7) threonine, (8) mixture of the
above amino acids, and (9) CB of the serine producer
culture.
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Table 2. Response factor a of amino acids present in the CB of the serine producer (� = 500 nm, Sorbfil HPTLC plates,
Shimadzu CS-920 densitometer, n = 5, P = 0.95)
������������������������������������������������������������������������������������

Amino acid � a � �, % � Amino acid � a � �, %
�����������������������������������������	������������������������������������������
Serine � 1.0 � 2.9 � Alanine � 0.96 � 1.0
Proline � 0.49 � 1.8 � Threonine � 1.10 � 4.3
Glutamic acid � 0.87 � 1.7 � Lysine � 2.02 � 2.4
Glycine � 0.43 � 2.0 � � �
�����������������������������������������
������������������������������������������

Table 3. Metrological characteristics of the chromatographic densimetric analysis of tryptophan in reference solutions
and CB samples
������������������������������������������������������������������������������������

� �Shimadzu CS-920,� Shimadzu CS-920 � DenSkan-01
� � ��������������������������������������������������������� �direct densimetric�
� � measurement � method of spot detection on Sorbfil plates
� � ��������������������������������������������������������Sample � � of Kieselgel �
� � 60 plates � II � I � II � I
� ����������������������������������������������������������������������
� ���X, g l�1� �, % ���X, g l�1� �, % ���X, g l�1� �, % ���X, g l�1� �, % ���X, g l�1� �, %

������������������������������������������������������������������������������������
Reference � 1.0 � 0.051 � 5.1 � 0.08 � 8.0 � 0.051 � 5.1 � 0.051 � 5.1 � 0.028 � 2.8
solutions � 2.0 � 0.146 � 7.6 � 0.17 � 8.5 � 0.090 � 4.5 � 0.080 � 4.0 � 0.096 � 4.8

� 3.0 � 0.117 � 3.9 � 0.22 � 7.3 � 0.190 � 6.3 � 0.160 � 5.5 � 0.110 � 3.8
CB sam- � 9.8 � 0.490 � 5.0 � 0.92 � 9.4 � 0.600 � 6.1 � 0.410 � 4.2 � 0.340 � 3.5
ples (AA) � 11.4 � 0.710 � 6.2 � 0.83 � 7.3 � 0.460 � 4.0 � 0.440 � 3.9 � 0.380 � 3.3

� 13.6 � 0.770 � 5.7 � 1.33 � 9.8 � 0.760 � 5.3 � 0.860 � 6.3 � 0.370 � 2.7
� 5.6 � 0.460 � 8.3 � 0.43 � 7.7 � 0.270 � 4.9 � 0.300 � 5.4 � 0.170 � 3.0

������������������������������������������������������������������������������������

We determined the densimetric signals of the spots
of amino acids accompanying serine (� = 500 nm, con-
tent of each amino acid in the sample was 0.2 �g) and
evaluated the correcting normalization coefficients (re-
sponse factor); the magnitude of the densimetric signal
of the serine spot was taken as unity (Table 2) [18�22].

Working with the serine producer culture required
data not only on the content of the desired product,
but also on the content of amino acids present in CB.
This problem was solved with the use of the response
factor; this parameter is widely used in liquid chro-
matography with spectrophotometric detection.

Quantitative determination of aromatic amino
acids. Analysis of a tryptophan-containing CB, per-
formed on the amino acid analyzer, showed that it
also contained phenylalanine, tyrosine, leucine, iso-
leucine, threonine, valine, histidine, serine, lysine,
glutamic acid, and asparagine. Such an amount of im-
purities significantly hindered complete separation of
four aromatic amino acids: phenylalanine, tryptophan,
and leucine-isoleucine mixture. Mobile system C
(2-propanol�25% aqueous ammonia, 7 : 3 volume

ratio) provided formation of compact tryptophan spots
suitable for scanning (Rf = 0.54) and their separation
from the spots of phenylalanine (Rf = 0.65) and valine
(Rf = 0.47); however, the retention factors of leucine
and isoleucine were very close (Rf = 0.57).

The selective quantitative determination of tryp-
tophan in CB was provided using the modified Ehrlich
reagent (0.5% ethanolic solution of p-dimethylamino-
benzaldehyde containing 5% concentrated sulfuric
acid) [19�21]. The quantitative analysis of chromatog-
rams was performed by two procedures: (1) direct
densimetric measurements of the tryptophan spots at
� = 276 nm and (2) immersion of the chromatograms
in the detecting solution (I) and their spraying accord-
ing to the Waldi procedure (II) [23], with subsequent
heating at 110�C for 7�10 min (Table 3).

It was found that the spot color on the chromatog-
rams is stable for at least a year of storage in the dark,
and the concentration dependence of the densimetric
signal magnitude is linear at the tryptophan content
of 0.1 to 0.6 �g; the detection limit is 0.05 �g.
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Table 4. Content of tryptophan in the CB, determined
using DenSkan-01 unit and amino acid analyzer*

����������������������������������������
Sam-� X, g l�1 �Sam-� X, g l�1

����������������� ���������������ple � � ple �
no. �DenSkan-01� AA � no. �DenSkan-01� AA
��������������������	�������������������

1 � 7.5 � 7.4 � 9 � 4.5 � 4.7
2 � 12.7 � 12.1 � 10 � 6.2 � 6.0
3 � 11.2 � 11.2 � 11 � 15.0 � 14.7
4 � 14.4 � 14.3 � 12 � 2.6 � 2.9
5 � 13.6 � 14.0 � 13 � 1.8 � 1.5
6 � 5.5 � 5.1 � 14 � 1.7 � 2.4
7 � 5.6 � 5.2 � 15 � 6.6 � 7.2
8 � 5.0 � 5.4 � 16 � 9.8 � 11.0

� � � 17 � 6.6 � 6.2
��������������������
�������������������
* r = 0.9920, y = 0.98x + 0.15.

The quantitative analysis was performed simulta-
neously on Shimadzu CS-920 and DenSkan-01 den-
sitometers. A comparison of the metrological charac-
teristics of Shimadzu CS-920 (� = 8�9%) and Den-
Skan-01 (� = 3�5%) showed that the latter is prefer-
able for immersion procedures [24, 25] (Table 3).

The reliability of the tryptophan CB analysis per-
formed by procedure I (DenSkan-01 unit) was ad-
ditionally checked using the amino acid analyzer
(Table 4) [26�28].

An analysis of a series of CBs on the amino acid
analyzer showed that phenylalanine is often accom-
panied by the following by-products: glycine, alanine,
glutamic acid, threonine, valine, leucine, tyrosine,
tryptophan, tyramine, and tryptamine. Phenylalanine
was separated from the mixture of amino acids occurr-
ing in CB using mobile phase D (designed with
a PRIZMA model [29]): chloroform�ethanol (96%)�
glacial acetic acid�water, (19.0�27.0) : (20.0�26.0) :
(13.5�16.0) : (1.3�3.5) volume ratio [28]. This system
allowed separation of phenylalanine from concomitant
amino acids and gave individual chromatograms of
valine, leucine, tryptophan, and tyrosine. Thus, the
problem of separation of the �critical triad� of phenyl-
alanine, tyrosine, and tryptophan was solved for the
first time using domestic Sorbfil plates in the onedi-
mensional mode [28]. The chromatogram development
(treatment with ninhydrin reagent and color reaction)
was performed similarly to the case of serine; phenyl-
alanine had Rf = 0.73 	 0.03 (Fig. 4).

It was found that the output signal of the densito-
meter is a linear function in the 0.1�1.0 �g concen-
tration range of phenylalanine; the detection limit is
0.05 �g.

Table 5. Content of phenylalanine in various CB
samples and metrological characteristics of the HPTLC
(DenSkan-01) and HPLC* procedures
����������������������������������������

Sample
� HPTLC �

HPLC
���������������������������

no.
� X, g l�1 � ��X, g l�1 � �, % �

X, g l�1

����������������������������������������
1 � 6.1 � 0.15 � 2.5 � 6.9
2 � 5.2 � 0.17 � 3.3 � 4.8
3 � 6.5 � 0.19 � 3.1 � 6.4
4 � 3.7 � 0.07 � 2.1 � 4.0
5 � 6.0 � 0.14 � 2.4 � 5.8
6 � 4.4 � 0.12 � 2.7 � 4.6
7 � 5.9 � 0.23 � 3.9 � 6.2

����������������������������������������
* n = 5, P = 0.95, r = 0.9910, y = 0.96x 	 0.21.

The results of phenylalanine analysis in various CB
series with the DenSkan-01 densitometer well agree
with HPLC data (r = 0.991; Table 5) [28, 30, 31].

Quantitative determination of the main amino
acids (lysine, ornithine, and arginine). In CB, lysine
is accompanied by glutamic acid, alanine, valine,
leucine (isoleucine), and homoserine. These amino
acids were separated with eluent E (2-propanol�25%
aqueous ammonia, 55 : 45 volume ratio), which pro-
vides separation of lysine (Rf = 0.40) from the con-
comitant amino acids. The content of lysine in the CB
samples was measured on a DenSkan-01 densitometer
(the concentration dependence of the densimetric sig-
nal intensity is linear in the 0.015�0.2 �g range; de-

Fig. 4. Separation of amino acids in the CB of the phenyl-
alanine producer culture; binary elution, l1 = 60 and l2 =
65 mm, system D as eluent, T = 22�C. (1) Glycine,
(2) alanine, (3) glutamic acid, (4) threonine, (5) valine,
(6) leucine, (7) tyrosine, (8) tryptophan, (9) phenylalanine,
(10) phenylethylamine, (11) tyramine, (12) mixture of
the above amino acids, and (13) CB of the phenylalanine
producer culture.
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Table 6. Content of lysine in the CB samples, determined by chromatographic densitometry and HPLC*

������������������������������������������������������������������������������������
� Chromatographic densitometry � � � Chromatographic densitometry �

Sample � (DenSkan-01) � HPLC, � Sample � (DenSkan-01) � HPLC,
���������������������������� � ����������������������������no. � � X, g l�1 � no. � � X, g l�1

� X, g l�1 ���X, g l�1� �, % � � � X, g l�1 ���X, g l�1� �, % �
�����������������������������������������	������������������������������������������

1 � 44.3 � 1.20 � 2.7 � 46.2 � 4 � 66.0 � 1.58 � 2.4 � 66.2
2 � 51.3 � 1.07 � 2.1 � 52.1 � 5 � 32.3 � 1.19 � 3.7 � 33.6
3 � 59.9 � 2.04 � 3.4 � 60.5 � � � � �

�����������������������������������������
������������������������������������������
* n = 5, P = 0.95, r = 0.9907, y = 0.88x 	 0.19.

Table 7. Content of arginine and ornithine in various CB samples determined by HPTLC (DenSkan-04) and HPLC
procedures
������������������������������������������������������������������������������������

Sample
� Chromatographic densitometry �

HPLC
�

Sample
� Chromatographic densitometry �

HPLC
���������������������������� � ����������������������������

no.
� X, g l�1 ���X, g l�1� �, % �

X, g l�1
�

no.
� X, g l�1 ���X, g l�1� �, % �

X, g l�1

�����������������������������������������	������������������������������������������
Arginine n = 5, P = 0.95, r = 0.9795, y = 0.76x � 0.13 � Ornithine n = 5, P = 0.95, r = 0.9807, y = 0.82x � 0.04

� � � � � � � � �
1 � 12.3 � 0.39 � 3.2 � 12.5 � 1 � 5.2 � 0.08 � 1.6 � 5.4
2 � 14.5 � 0.46 � 3.2 � 14.7 � 2 � 3.8 � 0.095 � 2.5 � 3.5
3 � 11.4 � 0.21 � 1.8 � 11.4 � 3 � 4.4 � 0.088 � 2.0 � 4.1
4 � 13.3 � 0.54 � 4.1 � 13.0 � 4 � 6.3 � 0.18 � 2.9 � 6.4
5 � 16.0 � 0.72 � 4.5 � 16.2 � 5 � 6.0 � 0.22 � 3.7 � 5.7
6 � 11.9 � 0.44 � 3.7 � 11.6 � 6 � 5.8 � 0.18 � 3.2 � 5.9
7 � 10.3 � 0.26 � 2.5 � 10.0 � 7 � 4.1 � 0.18 � 4.4 � 4.3

�����������������������������������������
������������������������������������������

tection limit 0.009 �g) and using an HPLC device
(Table 6, r = 0.9907).

The CBs of arginine and ornithine contain lysine,
citrulline (arginine precursor), glutamic acid, alanine,
valine, and leucine. Arginine (Rf = 0.40) and ornithine
(Rf = 0.62) were separated from the above amino

Fig. 5. Separation of amino acids in the CB of the arginine
producer culture; system G as eluent, T = 20�C. (1) Gly-
cine, (2) alanine, (3) glutamic acid, (4) valine, (5) ornithine,
(6) lysine, (7) arginine, (8) citrulline, (9) mixture of the
above amino acids, and (10) CB of the arginine producer
culture.

acids, using mobile phase G: 2-propanol�25% aqueous
ammonia�water, (3.5�4.1) : (0.9�1.5) : (7.5�9.0) vol-
ume ratio [28] (Fig. 5). The quantitative analysis of
the chromatograms was carried out on a DenSkan-04
densitometer.

It was found that the concentration dependences of
the magnitudes of the densimetric signals of arginine
and ornithine are linear in the 0.05�0.4 and 0.02�
0.25 �g ranges for arginine and ornithine, respective-
ly. The data on the content of these amino acids in
various CB batches in comparison with HPLC results
are listed in Table 7.

Quantitative determination of saturated amino
acids (valine and leucine). The CB samples of the
industrial valine and leucine producer cultures often
contain homoleucine, lysine, glycine, alanine, glu-
tamic acid, and isoleucine. Among these compounds,
homoleucine is an especially undesirable impurity, be-
cause it significantly complicates purification of valine
and leucine, cocrystallizing with them in the course
of their recovery [32, 34]. The homoleucine content
should not exceed 0.1%. At such a low content of this
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Table 8. Content of valine and homoleucine in CB samples, determined by chromatographic densitometry (DenSkan-04)
and HPLC
������������������������������������������������������������������������������������
Sam- � Valine,* chromatographic densitometry �

HPLC
�Homoleucine,** chromatographic densitometry�

HPLC������������������������������� ����������������������������������ple � � � �
no. � X, g l�1 � ��X, g l�1 � �, % �

X, g l�1
� X, mg l�1 � ��X, mg l�1 � �, % �

X, mg l�1

������������������������������������������������������������������������������������
1 � 57.3 � 1.48 � 2.6 � 58.6 � 4.8 � 0.21 � 4.4 � 4.6
2 � 49.4 � 1.18 � 2.4 � 48.4 � 5.2 � 0.2 � 3.9 � 5.0
3 � 51.5 � 0.57 � 1.1 � 50.8 � 4.5 � 0.21 � 4.6 � 4.7
4 � 64.0 � 1.21 � 1.9 � 65.7 � 5.0 � 0.26 � 5.2 � 5.0
5 � 73.5 � 2.49 � 3.4 � 75.1 � 4.4 � 0.22 � 4.9 � 4.6
6 � 61.3 � 2.72 � 4.3 � 60.2 � 3.8 � 0.18 � 3.1 � 4.0
7 � 54.5 � 1.69 � 3.1 � 53.9 � 6.2 � 0.29 � 4.6 � 6.5

������������������������������������������������������������������������������������
* n = 5, P = 0.95.

** n = 5, P = 0.95, r = 0.9818, y = 0.90x 	 0.07.

Table 9. Content of leucine* and homoleucine** in CB samples determined by chromatographic densitometry
(DenSkan-04) and HPLC
������������������������������������������������������������������������������������

Sample

�
Leucine,

� Homoleucine
� ��������������������������������������������

no.
�

chromatographic densitometry
� chromatographic densitometry �

HPLC,�������������������������������������������������������������������
� X, g l�1 � ��X, g l�1 � �, % � X, mg l�1 � ��X, mg l�1 � �, % �

X, mg l�1

������������������������������������������������������������������������������������
1 � 12.6 � 0.31 � 2.5 � 2.7 � 0.11 � 3.9 � 2.6
2 � 15.2 � 0.29 � 1.9 � 2.0 � 0.09 � 4.6 � 2.4
3 � 11.4 � 0.35 � 3.1 � 1.0 � 0.03 � 2.9 � 1.1
4 � 20.3 � 0.37 � 1.8 � 1.3 � 0.025 � 1.9 � 1.5
5 � 13.4 � 0.31 � 1.6 � 2.2 � 0.06 � 2.7 � 2.0
6 � 18.1 � 0.43 � 2.4 � 2.9 � 0.07 � 2.3 � 3.1
7 � 13.2 � 0.26 � 2.0 � 3.3 � 0.1 � 2.9 � 3.4

������������������������������������������������������������������������������������
* n = 5, P = 0.95.

** n = 5, P = 0.95, r = 0.9854, y = 0.79x + 0.09.

impurity, whose properties are similar to those of the
desired products, only expensive amino acid analysis
is an alternative to the planar chromatography.

Amino acids were separated with eluent D (binary
elution, l1 = 60 and l2 = 65 mm). After elution, we
observed round compact spots of valine (Rf = 0.49),
leucine (Rf = 0.64), and homoleucine (Rf = 0.71) in
the chromatograms. The concentration range of the
linear dependence of the densimetric signal is 0.04�
0.4 �g (detection limit 0.02 �g).

The results of valine + homoleucine and leucine +
homoleucine analysis are listed in Tables 8 and 9, re-
spectively.

As can be seen from these data, only in six out of
14 CB samples the content of homoleucine is less
than 0.1% with respect to the desired product.

This example confirms once again that planar
chromatography allows a fast and reliable analysis
of the content of impurities in the final product even
when the impurity/product ratio is less than 1/1000. In
this case, the time of the analysis is a decisive factor,
because the accumulation of homoleucine (to 0.1%
with respect to valine and leucine) proceeds, as a rule,
in 3�5 h and prompt detection of this impurity in-
dicates that the fermentation process should be termi-
nated, which is especially important in the large-scale
industrial production.

To suppress the biosynthesis of homoleucine, new
producer cultures with greater degrees of leucine ac-
cumulation due to transaminase activation were de-
signed by genetic engineering. However, an analysis
of the fermentation solutions of these producer cul-
tures indicated the presence of an unknown compound
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Fig. 6. Chromatogram of the CB of the leucine recombinant
producer culture. (a) Keiselgel 60 HPTLC plates, system D
as eluent, T = 20�C, single-step elution l = 55 mm; (b) ten-
step elution (l1 = 55, :, l10 = 85 mm, �l = 3.0 mm).
(1) Phenylalanine, (2) homoleucine, and (3) CB of the leu-
cine produce culture.

whose Rf was greater than that of leucine, but smaller
than that of homoleucine (Fig. 6a), and its mobility
was similar to that of phenylalanine. Since accumula-
tion of phenylalanine is untypical of the producer
cultures used previously, this compound required ad-
ditional identification. Homoleucine and unknown
compound were separated by multiple elution under
the isocratic conditions. They were separated after 10
elution steps (l1 = 55, 
, l10 = 85 mm, �l = 3.0 mm)
(Fig. 6b). The separation was performed on the Kiesel-
gel 60 HPTLC plates with in situ spectrophotometric
detection of the absorption spectra of the unknown
compound and phenylalanine reference (Camag TLC
Scanner II densitometer). It was found that the UV
spectrum of this compound is similar to that of phenyl-
alanine.

For additional identification, we recovered this
compound from the CB by column chromatography
and recorded its 1H NMR spectrum, which was similar
to that of the phenylalanine reference [35].

This example shows that the chromatographic pro-
cedures provide not only identification and quanti-
tative analysis of the desired products and impurities,
but also allow determination of the ways for improve-
ment of the producer cultures and the conditions of
their cultivation.

Quantitative determination of Schiff bases in
CBs of industrial amino acid producer cultures.
Schiff bases may cause loss in industrial biosyn-
thesis of amino acids. At biosynthesis the pH of the
fermentation solutions varies within 6.3�7.2. These
conditions are favorable for formation of Schiff bases,
i.e., the condensation products of amino groups in
amino acidswith carbonyl groups of sugars, which are

present in CBs and act as sources of carbon. It is
known that Schiff bases are stable in aqueous solu-
tions at pH 5.5�7.5 [36]; therefore, acidification of
CB and use of eluents and detecting solutions con-
taining acid or base reagents should cause decomposi-
tion of Schiff bases both in CBs and on the chromato-
graphic plates. To verify this assumption, model solu-
tions (equimolar mixtures) containing D-glucose and
four amino acids (valine, phenylalanine, lysine, and
serine) were incubated in a fermenter for 3 days at
35�37�C. Then, aliquot samples were deposited on
plates (in the presence of references of D-glucose and
amino acids, two replicate samples) and eluted using
elution systems H (propanol�water, 70 : 30 volume
ratio). The resulting chromatograms were treated with
1-butanol saturated with hydrochloric acid, dried, and
then treated with a solution of ninhydrin and phospho-
molybdic acid.

The ninhydrin reagent revealed the presence of a
free amino acid and the same amino acid in the un-
known product, and phosphomolybdic acid provided
visualization of free glucose and glucose in the un-
known product. To confirm the fact that this com-
pound is the condensation product of amino acid and
glucose, we determined the glucose:amino acid ratio
in the unidentified products occurring after incuba-
tion in the four model systems. It was found that the
glucose : amino acid ratio was 0.95 : 1.03 (except
lysine), which confirmed the occurrence of condensa-
tion. Moreover, it was found that certain fractions of
valine (6.3 	 0.4%), phenylalanine (6.4 	 0.4%), serine
(5.8 	 0.5%), and lysine (10.6 	 0.4%) (n = 6, P =
0.95) were bound with sugar after incubation.

Based on the data for several drained CBs of
the valine producer cultures grown on the media con-
taining glucose, we found that 3.5 to 6.5% of the
target product occurred in the form of Schiff bases by
the end of the fermentation process (n = 5, P = 0.95)
[37, 38].

Sample no. Content of Schiff Base, %

1 4.3 � 0.4
2 3.5 � 0.4
3 6.5 � 0.3
4 6.3 � 0.4
5 4.1 � 0.4

These results indicate that the drained CBs of
the amino acid producer cultures should be acidified
before recovery. We recommended to include acidifi-
cation in the flowsheets of the amino acid production.
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CONCLUSIONS

(1) The optimal conditions of the color reaction on
the chromatograms in the course of the quantitative
analysis of amino acids were determined. Chromatog-
rams were immersed in the ninhydrin solution for
17�20 s, the color reaction was performed for 30�
40 min at 45�50�C. The color of the spots of the re-
action products of ninhydrin and amino acids is stable
at 21�C for 0.5�7.0 h in the dark.

(2) Procedures were developed for quantitative anal-
ysis of aromatic, basic, saturated, and hydroxy amino
acids in culture broths of the producer cultures: serine,
threonine, homoserine, tryptophan, phenylalanine, ly-
sine, ornithine, arginine, valine, and leucine. The un-
desirable admixtures of homoleucine and phenylal-
anine in the cultural broths of the valine and leucine
producer cultures can be determined at their content
less than 0.1% with respect to the desired products.

(3) The possibility of formation of the condensation
products of amino acids with carbohydrates (Schiff
bases) was confirmed experimentally. It was found for
the example of the drained cultural broth of the valine
producer culture that the content of Schiff base may
be as high as 6% with respect to the target product. It
is recommended to include in the flowsheet the stage
of acidifying of the cultural broth of the amino acid
producer cultures before recovery in order to improve
the yield of the desired product.
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Abstract�Solid electrolytes were synthesized in the systems Li2O�Al2O3�TiO2�P2O5 and Li2O�Al2O3�

TiO2�P2O5�H2O�H2O2. Their ionic conductivities were studied and compared. The possibility of obtaining
a film of Li1.3Al0.3Ti1.7(PO4)3 solid electrolyte on a sapphire substrate from an aqueous peroxide solution
of a precursor was analyzed.

To be suitable for practical application in chemical
power cells or secondary batteries, a solid electrolyte
must primarily have the maximum ionic conductivity,
so that potential drop across the internal resistance
of a cell be much lower than its working voltage.
Presently, only few lithium-based solid electrolytes
with a room-temperature ionic conductivity on the
order of 10�3 Cm cm�1 are known [1]. These are, in
the first place, lithium analogues of nasicons, com-
pounds based on double lithium and titanium phos-
phates, in which some Ti4+ cations are replaced with
In3+, Sc3+ or Al3+ cations.

An important requirement to the solid electrolytes
of lithium power cells is their high chemical stability
when in contact with cathode and anode materials.
In this case, it is necessary to take into account that
metallic lithium or lithium alloys used as anode are
rather chemically active. The known solid electrolytes
based on double lithium and titanium phosphates are
chemically unstable at elevated temperatures because
of the interaction of metallic lithium with titanium
phosphate [2]. Hence follows that, to enhance the
chemical stability of this type of solid electrolytes,
it is necessary to decrease the content of titanium and
phosphate groups in them.

Previously [3], Li1.3Al0.3Ti1.7(PO4)3 solid electro-
lytes have been synthesized by the ceramic method.
However, this technique has some drawbacks limiting
its application in the cases of increased requirements
to the stability and reproducibility of properties of

the materials. These drawbacks are due to the mech-
anism of solid-state reactions, which occur originally
at the interface and then continue owing to the dif-
fusion of atoms across a layer of the products formed.
In the course of a reaction, the diffusion length in-
creases and the reaction rate decreases. The ceramic
process can commonly come to sufficiently full com-
pletion only in the case of an intermediate multiple
grinding of the reaction mass. But even then, the re-
quired chemical and structural homogeneity of the
product cannot be always achieved. To overcome the
above difficulties, various modifications of the ceram-
ic method, based on a number of procedures for pre-
liminary homogenization down to the molecular level
of the solid-phase reaction mixture, have been sug-
gested. These are coprecipitation of components from
solutions, drying of solutions by spraying, pulveriza-
tion of the solutions into liquid nitrogen (cryochem-
ical method), or sol�gel procedure. The sol�gel meth-
od shows promise for synthesis of lithium-based solid
electrolytes [4].

The goal of this study was to search for ways to
raise the ionic conductivity and chemical stability
of phosphate lithium-conducting solid electrolytes
in the solid-phase and sol�gel syntheses.

EXPERIMENTAL

As starting reagents were used Li2CO3 (special
purity); LiNO3 (analytically pure); Al(NO)3 � 9H2O,
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Fig. 1. Ionic conductivity �25 of double lithium and tita-
nium phosphates vs. Li2O : TiO2 molar ratio N.

Al2O3, and (NH4)2HPO4 (all chemically pure); TiO2
(special purity); and (NH4)2TiO(SO4)2 � H2O (chem-
ically pure). Freshly precipitated titanium(IV) hydrox-
ide was obtained by dissolving a weighed portion
of titanium(IV) oxide of the anatase modification in
hydrofluoric acid. The resulting acid fluoride solution
was heated to 50�60�C and added in small portions
to a 25% solution of ammonium hydroxide under
vigorous agitation. The precipitated amorphous tita-
nium(IV) hydroxide was washed with a 5% NH4OH
solution to remove fluoride ions by repulping. The
content of the F�1 ions was controlled potentiometri-
cally using a Kh-F-001 fluoride-selective electrode.
The content of the F�1 ions in the washing water from
the final repulping was 10 mg l�1 and less.

The method for determining the ionic conductivity
�25 (at 25�C) of the samples of lithium-conducting
solid electrolytes has been described in detail previ-
ously [5]. The measurements were done on an E7-12

Table 1. Ionic conductivity of Li2 + x AlxTi1 � x (PO4)2 and
Li2 � 3x AlxTi1 � x (PO4)2 solid solutions
����������������������������������������
Solution � Composition � �25, Cm cm�1

����������������������������������������
(I) � Li2Ti(PO4)2 � 2.7 � 10�5

� Li2.1Al0.1Ti0.9(PO4)2 � 1.3 � 10�4

� Li2.2Al0.2Ti0.8(PO4)2 � 3 � 10�5

� Li2.3Al0.3Ti0.7(PO4)2 � 2.3 � 10�5

(II) � Li2Ti(PO4)2 � 2.7 � 10�5

� Li1.7Al0.1Ti(PO4)2 � 2.7 � 10�4

� Li1.4Al0.2Ti(PO4)2 � 5.4 � 10�4

� Li1.1Al0.3Ti(PO4)2 � 5.6 � 10�4

� Li0.8Al0.4Ti(PO4)2 � 2.5 � 10�4

����������������������������������������

digital LCR-meter at a frequency of 1 MHz in a cell
with graphite electrodes on several pellets of different
heights. For samples of the same composition, the �25
values were reproduced to within �5%.

The electronic conductivity �e was determined by
the polarization Wagner method in a cell with irre-
versible graphite electrodes. A voltage lower than the
voltage of electrolyte decomposition was applied to
the measuring cell and the current in the circuit was
measured with a U5-11 charge amplifier [6].

The phase composition of the products synthesized
was studied by X-ray phase analysis (DRON-2 dif-
fractometer, CuK

�

radiation, graphite monochroma-
tor).

The base component of the known lithium-con-
ducting solid electrolyte Li1.3Al0.3Ti1.7(PO4)3 is dou-
ble phosphate LiTi2(PO4)3 with the molar ratio Li2O :
TiO2 = 1 : 4. No data for double lithium and titani-
um(IV) phosphates with other molar ratios are avail-
able.

The synthesis of double lithium and titanium(IV)
phosphates and the measurement of their ionic con-
ductivity were performed at the Li2O : TiO2 ratio in
the range from 1 : 4 to 4 : 1. These compounds were
synthesized by the ceramic method [3] at the temper-
ature of the final sintering stage equal to 800�1000�C,
depending on composition. The results obtained in
a study of �25 of the samples obtained are presented
in Fig. 1. It can be seen that the optimal composition
is obtained at Li2O : TiO2 = 1 : 1 and corresponds to
chemical formula Li2Ti(PO4)2. The generally accepted
composition LiTi2(PO4)3 is unremarkable.

To study the influence exerted on the ionic conduc-
tivity by the Ti4+� Al3+ +Li+ heterocharge substitution,
experiments on the synthesis of Li2 + xAlxTi1 � x(PO4)2
solid solutions were performed. The results pres-
ented in Table 1 show that such a substitution re-
sults in an increase in the ionic conductivity only at
x = 0.1.

Because the composition Li2Ti(PO4)2 is charac-
terized by relatively high concentration of lithium
ions, it was appropriate to perform the heterocharge
substitution 3Li+ � Al3+. The data of Table 1 show
that this type of heterocharge substitution consider-
ably increases the ionic conductivity in the range
0.1 � x � 0.4, with the ionic conductivity of the com-
position Li1.1Al0.3Ti(PO4)2 being the highest.

The results of experiments with mixed heterocharge
substitution, i.e, with joint occurrence of Ti4+� Al3+ +
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Li+ and 3Li+ � Al3+ processes, are listed in Table 2.
It can be seen that the composition Li1.4Al0.2Ti(PO4)2,
in which the Ti : Li and PO4

�3 ratios are 0.71 and
1.43, respectively, is the most promising from the
standpoint of chemical stability. At the same time, for
the generally accepted composition Li1.3Al0.3Ti(PO4)2,
these ratios are 1.3 and 2.31.

The room-temperature electronic conductivity of
Li1.4Al0.2Ti(PO4)2 is 3 � 10�8 Cm cm�1. Its ionic con-
ductivity linearly increases in the range 25�100�C
from 5.4 � 10�4 to 8.1 � 10�4 Cm cm�1.

Scheme of the sol�gel process.

The sol�gel synthesis of lithium-conducting phos-
phate solid electrolytes was performed using 1 M
aqueous solutions of the starting reagents, LiNO3,
Al(NO3)3, (NH4)2HPO4, and (NH4)2TiO(SO4)2 � H2O,
taken in stoichiometric amounts in accordance with
the formula Li1.3Al0.3Ti1.7(PO4)3. The process by
which the solid electrolyte was synthesized is illus-
trated by the scheme. A neutral solution of LiNO3
(pH 6) and a weakly alkaline solution of (NH4)2HPO4
(pH 8) were poured together, and the acidity of the
resulting solution was adjusted to pH 2�3 with a
20% solution of HNO3. Then, Al(NO3)3 (pH 3) and
(NH4)2TiO(SO4)2 (pH 1) solutions were successively
poured-in under vigorous agitation. As a result, a
white suspension was formed. The necessary condi-
tion was that the pH value was preliminarily adjusted

Table 2. Ionic conductivity of Li2Ti(PO4)2-based solid
solutions with a mixed heterocharge substitution
����������������������������������������

Composition � �25, Cm cm�1

����������������������������������������
Li0.9Al0.1Ti1.2(PO4)2 � 1.4 � 10�4

Li1.0Al0.2Ti1.1(PO4)2 � 6.2 � 10�4

Li1.1Al0.3Ti(PO4)2 � 5.6 � 10�4

Li1.2Al0.4Ti0.9(PO4)2 � 2.4 � 10�4

Li1.3Al0.1Ti1.1(PO4)2 � 4.2 � 10�4

Li1.4Al0.2Ti(PO4)2 � 5.4 � 10�4

Li1.5Al0.3Ti0.9(PO4)2 � 1.4 � 10�4

Li1.8Al0.2Ti0.9(PO4)2 � 1.1 � 10�4

����������������������������������������

to pH 2�3. Otherwise, crystalline quick-settling pre-
cipitate appeared in the solution instead of a suspen-
sion. The suspension obtained was poured onto a fluo-
roplastic pan, evaporated, and dried at 100�110�C
for 8 h. As a result, a precursor of the solid electrolyte
was formed as a loose bulky powder.

To obtain the final product, the precursor was cal-
cined. The temperature mode and calcination time
were determined from the results of thermal and X-ray
phase analyses. According to the thermal analysis,
the weak endothermic effects exhibited by the elec-
trolyte precursor (Fig. 2) at temperatures of up to
158�C are due to removal of water. The exothermic
effect at 254�293�C is associated with the interaction
of LiNO3 and (NH4)2HPO4, with evolution of nitro-
gen oxides and NH3 � (NH4)2TiO(SO4)2 decomposes
within the range 400�700�C. At higher temperatures,
no thermal effects or mass loss was observed. There-

Fig 2. Thermogram for a precursor of lithium-conducting
solid electrolyte Li1.3Al0.3Ti1.7(PO4)3. (T ) Temperature.
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Fig. 3. Diffraction patterns of (a) lithium-conducting solid
electrolyte Li1.3Al0.3Ti1.7(PO4)3, (b) product of a synthesis
of solid electrolyte with a 1.5-fold excess of H3PO4, and
(c) Li1.3Al0.3Ti1.7(PO4)3 film on a sapphire substrate.
(1) LiTi2(PO4)3 and (2) TiP2O7.

fore, the temperature was raised stepwise to 700�C.
The precursor powder was kept at 250�C for 1 h (till
gas evolution stopped) in the first stage and at 700�C
for 2 h in the second. The product obtained (bulky,

loose, and easily disintegrating) was compacted into
pellets 12 mm in diameter and 2�3 mm thick and sin-
tered at 800�1000�C. The sintered pellets frequently
separated into layers, cracked, and deformed. To im-
prove sintering and avoid deformation of the pellets,
a C2H5OH binder was introduced into the powder
before compaction. The diffraction patterns of the
electrolyte samples sintered at T > 800�C contain only
reflections associated with LiTi2(PO4)3 (Fig. 3a). As
follows from Table 3, the highest ionic conductivity
�25 = 5 � 10�4 Cm cm�1 is observed for the electrolyte
sample sintered at 1000�C for a long time (7h).

In preliminary studies, we established that freshly
precipitated titanium(IV) hydroxide satisfactorily dis-
solves in the form of a peroxide complex in an acid
medium. To synthesize lithium-conducting solid elec-
trolyte Li1.3Al0.3Ti1.7(PO4)3, a freshly precipitated ti-
tanium(IV) hydroxide was dissolved in initial exper-
iments in a mixture containing 40 vol % H3PO4 (acid
concentration 85 wt %) and 60 vol % H2O2 (peroxide
concentration 30 wt %). After stoichiometric amounts
of aqueous solutions of LiNO3 and Al(NO3)3 were
added to the resulting titanium(IV) peroxide solution,
a transparent solution (pH 0.7) of intense ruby color
was formed. After evaporation of this solution at 150�
160�C and subsequent drying of the precipitate at
300�C, a white powder was formed. The powder
was compacted into pellets and sintered at 900�C for
1 h, with a mass loss of 35%. The sintered pellets
were porous and could be easily broken. To obtain
high-density pellets, sintering was performed at
1000�C for 1 h. It was found that the ionic conduc-
tivity is about 1 � 10�7 Cm cm�1, i.e., is lower by
three orders of magnitude than the predicted value.
Additional sintering at 1200�C did not affect �. Ac-
cording to XPA, the diffraction pattern of the product
synthesized contains no reflections corresponding to
Li1.3Al0.3Ti1.7(PO4)3 (Fig. 3b), with the main reflec-
tions belonging to titanium diphosphate TiP2O7. Ap-
parently, titanium(IV) polyphosphates, which do not
decompose even at high temperature, are formed ow-
ing to excess content of H3PO4 in the initial solution.

In this connection, HNO3 was used for obtaining
an acid medium in dissolution of a freshly precipi-
tated titanium(IV) hydroxide. The freshly precipitated
titanium(IV) hydroxide was dissolved in a mixture
containing 70 vol % HNO3 (65 wt % concentration)
and 30 vol % H2O2 (30 wt % concentration). To the
resulting solution, stoichiometric amounts of aqueous
solutions of LiNO3, Al(NO3)3, and H3PO4 were added
under agitation. The resulting aqueous peroxide solu-
tion of ruby color was transparent and contained 160�
170 g l�1 of the final product. Evaporating the solution
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in a desiccator at 150�160�C yielded a white powder,
which was sintered at 900�C for 1 h with a mass loss
of 31%. The powder was compacted into pellets and
sintered at 1000�C for 1 h. The ionic conductivity of
the sintered pellets was 6 � 10�4 Cm cm�1, which co-
incides with the conductivity of Li1.3Al0.3Ti1.7(PO4)3
samples obtained by the solid-phase synthesis. The elec-
tronic conductivity did not exceed 2 � 10�8 Cm cm�1.

The scheme described was used to synthesize
Li2Ti(PO4)2 solid electrolyte and a number of elec-
trolytes on its basis. The ionic conductivities of the
samples synthesized are listed in Table 4.

It can be seen that the ionic conductivities of the
samples obtained by two methods are virtually the
same.

The main advantage of the method developed for
preparing stable aqueous peroxide solutions in the
Li2O�Al2O3�TiO2�P2O5�H2O�H2O2 system consists
in the possibility of using such solutions for obtaining
thin films of solid electrolytes. Aqueous peroxide so-
lution of a precursor of the Li1.3Al0.3Ti1.7(PO4)3 elec-
trolyte, which contained glycerol as a film-forming
agent, was used to deposit films onto substrates by
�dipping	 method.

A solution containing (per 100 ml) 12 g of a pre-
cursor of the Li1.3Al0.3Ti1.7(PO4)3 solid electrolyte and
5 ml of glycerol was stable (i.e., retained transparency
and homogeneity) for seven days. To apply a film, the
substrate was dipped into a solution and then with-
drawn at a rate of 0.6 cm min�1, dried in air, annealed
at 450�C for 15 min, and cooled to room temperature.
Then the solution was applied to the substrate again,
only with the sample annealed at 850�C for 30 min
this time. The existence of the film was confirmed
by visual observation under a Neophot-2 microscope
(magnification 200). An X-ray phase analysis showed
that four relatively weak reflections (6.04, 4.26, 3.63,
and 3.02 
), which are characteristic of a powder-
like electrolyte, are present in the diffraction pattern
of the film obtained (Fig. 3c). The study performed
demonstrated that dipping is a suitable method for
obtaining on appropriate substrates films of lithium-
conducting titanium phosphate solid electrolytes,
which are promising for fabrication of thin-film chem-
ical power cells.

CONCLUSIONS

(1) A study of the ionic conductivity of solid
electrolytes obtained by the solid-phase method in
the Li3PO4�Ti3(PO4)4 system established that the
maximum conductivity (�25 = 2.7 � 10�5 Cm cm�1)

Table 3. Ionic conductivity of Li1.3Al0.3Ti1.7(PO4)3 at
different conditions of pellet sintering
����������������������������������������
Tsin, �C � �sin, h � htab, cm � �25, Cm cm�1

����������������������������������������
800 � 2 � 0.227 � 4 � 10�5

� 4 � 0.181 � 1.1 � 10�4

900 � 2 � 0.130 � 3.9 � 10�4

� 7 � 0.118 � 3.8 � 10�4

1000 � 2 � 0.428 � 3.8 � 10�4

� 7 � 0.427 � 5.0 � 10�4

����������������������������������������

Table 4. Ionic conductivity of Li2Ti(PO4)2-based solid
electrolytes
����������������������������������������

Composition � �25,* Cm cm�1

����������������������������������������
Li1.1Al0.3Ti(PO4)2 � 4.8 � 10�4 (5.6 � 10�4)*

Li1.4Al0.2Ti(PO4)2 � 4.5 � 10�4 (5.4 � 10�4)
Li1.6Al0.2Ti(PO4)2 � 2 � 10�4

Li2Ti(PO4)2 � 1 � 10�4 (1 � 10�4)
����������������������������������������
* The �25 values for samples obtained by solid-phase method

are given in parentheses.

is observed for the composition Li2Ti(PO4)2. The
Li1.4Al0.2Ti(PO4)2 solid electrolyte with �25 =
5.4 � 10�4 Cm cm�1 and the Ti : Li and PO4

3� : Li mo-
lar ratios of 0.71 and 1.43, respectively, was obtained
upon heterocharge substitution of some Li+ ions for
Al3+ ions in this compound. The same ratios for the
generally accepted composition Li1.3Al0.3Ti1.7(PO4)3
are 1.3 and 2.31.

(2) A method for obtaining stable aqueous perox-
ide solutions of precursors of solid electrolytes in the
Li2O�Al2O3�TiO2�P2O5�H2O�H2O2 system was de-
veloped. It was established that the solid electrolytes
obtained from these solutions compare well in the
ionic conductivity with electrolytes synthesized by
the solid-phase method.

(3) It was shown that aqueous peroxide solutions
of precursors are suitable for obtaining films of lith-
ium-conducting titanium phosphate solid electrolytes
on appropriate supports, which are promising for fab-
rication of thin-film chemical power cells.
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Abstract�Linear voltammetry, X-ray phase and differential thermal analyses, diffuse reflection IR Fourier
spectroscopy, Raman spectroscopy, and scanning electron microscopy (SEM) were used to study the elec-
trochemical oxidation of galenite in carbonate electrolytes.

The current interest in studying the oxidation of sul-
fides contained in wastes formed in extraction and con-
centration of ores stems from the fact that this process
gives environmentally hazardous water-soluble salts
of non-ferrous metals and changes the technological
properties of mining wastes, part of which is presently
regarded as deposits of technological origin [1�4].

The part played by a particular mechanism of ox-
idation of sulfides is determined by the climatic, hy-
drologic, and geochemical conditions of storage of
mining wastes [5�7]. Frequently, electrochemical
processes govern the kinetics of oxidation of sulfide
mixtures both during storage of mining wastes and in
flotation [8�13].

In this study, we examined the electrochemical
oxidation of PbS in a 0.7 g l�1 solution of K2CO3
(pH 10.2). As shown previously [7], carbonate solu-
tions are formed in weathering of chemically active
nonmetalliferous minerals, such as dolomite, calcite,
and others. Therefore, a solution of K2CO3 was cho-
sen as a model solution. The results of the study could
also be useful for better understanding of flotation
processes. This study proceeds with investigation
[14�16] of the electrochemical oxidation of the sur-
face of sulfide minerals in carbonate solutions.

The electrochemical properties of PbS have been
described in a number of publications, mostly for the
case of flotation [8, 9, 17�24]. Anodic polarization
of PbS at pH 6.8�11 results in the formation of a layer
of PbO and S0, which inhibits further oxidation [9].
The authors emphasize that, in opinion of a number

of researchers, the thiosulfate ion is a major product
of PbS oxidation in alkaline solutions. The formation
of S2O3

2� was established in [18, 19]. The IR Fourier
spectroscopy of disturbed total internal reflection was
used to identify in situ the compounds formed on the
surface of galenite in the case of anodic polarization
at potentials of �0.5�+0.7 V relative to a standard
hydrogen electrode in a deoxygenated Na2B4O7 solu-
tion (pH 9.18) [21]. It was concluded that lead hy-
droxide is formed on the surface of PbS by the �salt-
film� mechanism. In the next stage of oxidation,
PbS2O3 and PbSO3 are formed [21]. In [22], the sur-
face of PbS was studied electrochemically in solutions
of various acids, and it was shown that the passivation
is not associated with shielding of the electrode sur-
face with sulfur, and lead salts and oxides, as well
as acid anions, are directly involved in the electro-
chemical reactions. It was of interest to verify this
assumption in the case carbonate alkaline solutions.

The following methods were used in the study: lin-
ear voltammetry with fast and slow potential sweep-
ing, potentiostatic electrolysis, X-ray phase and dif-
ferential thermal analyses, diffuse reflection IR Fourier
spectroscopy, Raman spectroscopy and SEM. Natural
galenite (Rudnyi Altai) was used, from which an edge
electrode with area of about 10 mm2, embedded in
epoxy resin, was fabricated. An insulated copper wire
served as a current lead. The electrode surface was
polished and washed with distilled water and ethanol
before each experiment. Silver chloride electrode
was used as reference, and a platinum mesh (surface
area of about 15 cm2), as auxiliary electrode.
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Fig. 1. Cyclic voltammogram of galenite at a potential
sweep rate of 0.2 V s�1.

Fig. 2. log [(Id � I ) /I ]�E dependence. Potential sweep rate
0.001 V s�1.

Fig. 3. Thermogram of the anodic products. Sample mass
6 mg, heating rate 15 deg min�1. (T ) Temperature.

The study was performed in argon atmosphere.
The electrodes were polarized using a PI-50.1 poten-
tiostatand a PR-8 programming unit. Voltammetric
curves were recorded with a PDA-1 potentiometer.

An X-ray phase analysis of the products of the elec-
trode reactions was done using an RKU-114 Debye
chamber (CuK

�

radiation). An IR spectroscopic anal-
ysis of the electrolysis products was performed with
a Perkin-Elmer 2000 IR Fourier spectrometer. Raman
spectra were recorded on a Renishaw 2000 Raman
microscope.

A microscopic study was done on a Hitachi-405
electron microscope, and the differential thermal ana-
lysis, on an installation described in [25].

The electrode was polarized starting from the station-
ary potential of galenite, which is equal to �0.225 V

relative to a silver chloride reference electrode. A typ-
ical cyclic voltammogram measured at a potential
sweep rate of 0.2 V s�1 is shown in Fig. 1. It can
be seen that the anodic polarization is characterized by
a current peak A, to which corresponds a cathodic
peak C. At potentials of +0.23�+0.54 V the voltam-
metric curve shows a plateau. The manner in which
the potential of peak A depends on the rate of elec-
trode polarization suggests that the anodic process is
controlled by charge-transfer (the potential is shifted
into the anodic region as the polarization rate in-
creases).

For a voltammogram with fast potential sweep rate,
the product �n� can be calculated using the Matsuda�
Ayabe equation [26]:

Ep � Ep/2 = 1.857RT /�n�F, (1)

where � is the transfer coefficient; n�, the number
of electrons; and Ep and Ep/2, the peak and half-peak
potentials, respectively.

Estimating the number of electrons involved in the
anode reaction at polarization rates in the range 0.2�
2 V s�1 yields an average value of 2.45 at � = 0.5.

For a steady-state voltammetric curve, the �n� prod-
uct can be calculated using the Frumkin�Bagotskii
equation [26]:

E = E1/2 + 2.303RT / (�n�F )log [(Id � I ) /I ], (2)

where E is potential (V); I, the current density; and
Id, the limiting current density (A m�2).

The log [(Id � I ) / I ]�E dependence measured for
process A at a potential sweep rate of 0.001 V c�1 is
shown in Fig. 2. The value obtained using Eq. (2) is
n� = 2.48 at � = 0.5.

Potentiostatic electrolyses at A-wave potentials of
+0.14 and +0.5 V were performed. The phases newly
formed on the surface of the mineral were carefully
detached and studied by X-ray phase analysis, IR and
Raman spectroscopies, differential thermal analysis,
crystal-optical method, and SEM.

The X-ray phase analysis revealed the formation
of basic lead carbonate Pb3(OH)2(CO3)2. The DTA
curve for the new formations shows endothermic peaks
at 102, 368, and 478�C and an exothermic peak at
256�C (Fig. 3). Probably, the first endothermic effect
corresponds to melting of sulfur, and the exothermic
effect, to its oxidation [27]. The second and third
endothermic effects can be assigned to dissociation
of Pb3(OH)2(CO3)2 to give PbCO3 and nPbO � PbCO3
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[27, 28]. Figure 4a shows a diffuse reflection IR
Fourier spectrum of the anodic products after the elec-
trolysis in the range of the A-wave potentials. It con-
tains bands at 680, 1046, 1104, 1435, 1734, 2413,
and 2922 cm�1. These bands are typical of basic lead
carbonate Pb3(OH)2(CO3)2 [29�31]. Figure 5 shows
the Raman spectrum of these products. The peaks
at 146, 216, 427, and 464 cm�1 are characteristic of
elementary sulfur [32]. The surface morphology of
the galenite electrode after the electrolysis is shown
in Fig. 6.

With account of the aforesaid, the electrode reac-
tion can be hypothetically represented as

3PbS + 2H2O + 2K2CO3 = Pb2(OH)2(CO3)2

+ 3S + 4K+ + 2H+ + 6e. (3)

Upon further polarization, S2� is oxidized to oxida-
tion numbers higher than S0. The anodic products
formed upon electrolysis at +0.5 V were studied by
IR Fourier spectroscopy of diffuse reflection. Their
typical spectrum is shown in Fig. 4b. Along with the
bands characteristic of basic lead carbonate, the spec-
trum contains bands at 982 and 1118 cm�1, probably
associated with lead thiosulfate [29�31]. Thus, at
potentials corresponding to the plateau, the sulfide
sulfur is oxidized to thiosulfate ions S2O3

2�. The reac-
tion can be represented as:

6PbS + 14H2O + CO3
2� = 3PbS2O3

+ Pb3(OH)2(CO3)2 + 26H+ + 28e. (4)

After grinding of the mineral in an alkaline medi-
um in air, Pb3(OH)2(CO3)2 and PbS2O3 are formed on
the surface of galenite [31]. In [33], a similar mechan-
ism of PbS oxidation was suggested to describe the
surface processes that occur on galenite in flotation.

2PbS + 2H2O + CO3
2� = Pb(OH)2 + PbCO3

+ 2S + 2H+ + 4e. (5)

CONCLUSION

The study of the electrochemical oxidation of ga-
lenite in a carbonate solution showed that the car-
bonate ion affects the formation of new phases on
the surface of the mineral. It was established that
Pb3(OH)2(CO3)2, PbS2O3, and S0 are formed.

Fig. 4. IR fourier spectra of the anodic products after
the electrolysis at a wave potential of (a) +0.14 V and
(b) +0.5 V. (T) Transmission and (�) wave number.
(1) Pb3(OH)2(CO3)2 and (2) PbS2O3.

Fig. 5. Raman spectrum of the anodic products after elec-
trolysis at a potential of +0.14 V. (I ) Intensity and (�) wave
number.

Fig. 6. SEM micrograph of the surface of the galenite elec-
trode after the electrolysis at a potential of +0.14 V.
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Abstract�The anodic behavior of aluminum of varied purity and the effect of scandium on the corrosion
resistance of AK1 alloy based on special-purity aluminum in NaCl electrolyte solutions was studied.

Aluminum and its alloys are used as construction
materials in a wide variety of fields of technology [1].
In a certain state and under severe working condi-
tions, aluminum alloys may suffer dangerous types
of corrosive destruction. Of particular interest is
the corrosion of aluminum is nearly neutral solutions
(6 < pH < 8). This is corrosion in natural media, such
as seawater and water in lakes and rivers, potable
water, and atmospheric precipitation. Under these
conditions at ordinary temperatures, the rate of alumi-
num reaction with H+ ions or H2O molecules with
evolution of hydrogen is negligible [2].

In this study, experiments were carried out in
neutral solutions that contained NaCl in various con-
centrations, in accordance with the recommendations
of GOST (State Standard) 9.017�74, i.e., in solutions
imitating seawater, in order to reveal the influence
exerted by chloride ions on the corrosion-electrochem-
ical behavior of aluminum of varied purity and of
AK1 alloy.

As is known, AK1 alloy is manufactured on the
basis of special-purity aluminum and used in micro-
electronics to obtain epitaxial layers in integrated

circuits [1]. Together with having a number of ad-
vantages, alloying of special-purity aluminum with
single-crystal silicon is characterized by disadvan-
tages, the main of which is a certain decrease in the
corrosion resistance of the metal. Hence, an extremely
important goal of modern materials science is to im-
prove the corrosion resistance of AK1 alloy.

To solve this problem, AK1 alloy was alloyed in
the present study with scandium, a metal of the same
group as aluminum. However, scandium differs from
aluminum in a lower electronegativity [3], stand-
ard potential E 0 [4], and high affinity for oxygen.
The choice of scandium as the alloying element was
also based on previous studies carried out by the
author with pure aluminum [5] and on results of other
researchers [6].

EXPERIMENTAL

Alloys were prepared using aluminum of varied
purity (Table 1), single-crystal silicon, and (Al +
2.5% Sc) alloying additive with a total content of im-
purities of 0.13% (0.017% Fe, 0.11% Si, 7 � 10�4% Cu,
and 3.7 � 10�3% Ti).

Table 1. Content of impurities in aluminum of various brands
������������������������������������������������������������������������������������

� Total content � Content of indicated impurity, wt %
� �����������������������������������������������������������������Brand � of impurities, �
� wt % � Fe � Cu � Si � Zn � Ti

������������������������������������������������������������������������������������
A6NO � 1 � 10�4 � 1 � 10�5 � 5 � 10�4 � 1 � 10�4 � 1 � 10�6 � �

A995 � 5 � 10�4 � 1.5 � 10�3 � 1 � 10�3 � 1.5 � 10�3 � 1 � 10�3 � 1 � 10�3

A6 � 0.4 � 0.25 � 0.03 � 0.20 � 0.06 � 0.03
������������������������������������������������������������������������������������
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Table 2. Corrosion-electrochemical parameters of aluminum of varied purity in a NaCl solution
������������������������������������������������������������������������������������

Al brand
�

cNaCl, %
� �Efr.cor � �Ept � �Erp � �Ecor � �Epr � Corrosion rate

� ����������������������������������������������������������
� � V � A m�2 � g m�2 h�1

������������������������������������������������������������������������������������
A6 (99.6% Al) � 3 � 0.730 � 0.625 � 0.700 � 0.760 � 0.105 � 0.024 � 8.04 � 10�3

A995 (99.9995% Al) � 3 � 0.950 � 0.680 � 0.750 � 0.960 � 0.270 � 0.003 � 1.01 � 10�3

� 0.3 � 0.850 � 0.620 � 0.680 � 1.120 � 0.230 � 0.006 � 2.01 � 10�3

� 0.03 � 0.760 � 0.540 � 0.600 � 1.160 � 0.220 � 0.009 � 3.01 � 10�3

A6NO (99.9999% Al) � 3 � 0.955 � 0.740 � � � 1.180 � 0.215 � 0.00048 � 1.65 � 10�4

������������������������������������������������������������������������������������

The content of scandium in AK1 alloy was 0.005,
0.05, and 0.1 wt %. AK1 and aluminum�scandium
alloys were obtained in an SNV vacuum resistance
furnace in graphite crucibles. The alloy was alloyed
with the alloying additive in SShOL open shaft lab-
oratory furnaces. The resulting alloys and aluminum
were cast in graphite molds to obtain cylindrical rods
8�10 mm in diameter and 80�100 mm long. The lat-
eral surfaces of these rods were covered with a lacquer
and the working edge was ground and polished with
fine emery paper, washed with distilled water and
ethanol, and, on being dried in a desiccator, used
as the working electrode.

The study was carried out with a PI-50-1.1 poten-
tiostat and LKD-4-002 recorder in a 3% NaCl solu-
tion. Some experiments were performed in 0.3 and
0.03% NaCl solutions. A silver chloride electrode
served as reference, and platinum, as an auxiliary
electrode. The potential sweep rate was 1 mV s�1.

The electrodes were potentiodynamically anodical-
ly polarized from the stationary potential till a steep
rise in current (to a constant value of 2 A) and then in
the opposite direction to a potential of �1.5��1.6 V,
at which the oxide film is reduced. Then the samples
were again polarized in the positive direction to the
pitting potential. The thus obtained potentiodynamic
curves were used to determine the basic electrochem-
ical characteristics of the alloys: corrosion potential
Ecor, corrosion current icor, and pitting (Ept ) and re-
passivation (Erp ) potentials.

The value of Erp was found graphically as the po-
tential at which a first inflection is observed in the
back run of the anodic curve, or as the potential at
which the forward and back runs of the anodic polar-
ization curve intersect [7]. The interval of potentials
Epas of the passive region was determined as the dif-
ference between the potential at which passivation
begins (after cathodic polarization) and the pitting
potential. The corrosion current, the main electro-

chemical characteristic of the corrosion process, was
calculated from the cathodic curve with account of
the Tafel constant bc = 0.12 V, because the pitting
corrosion of aluminum and its alloys in neutral media
is governed by the cathodic reaction of oxygen ion-
ization. The rate of corrosion was found from the cor-
rosion current by the formula

K = icor K 1,

where K 1 = 0.335 g A�1 h�1 for aluminum.

The results of a corrosion-electrochemical study of
aluminum of varied purity are summarized in Table 2.
The influence exerted by chloride ions on the corro-
sion rate was studied for the example of aluminum of
A995 brand. It can be seen that the corrosion rate
grows as the dilution of the NaCl solution becomes
higher. The pitting and repassivation potentials are
shifted to more positive values. The free corrosion
potential Efr.cor is also shifted in the positive direction
with dilution of the electrolyte. In this case, the cor-
rosion potential of the activated electrode is shifted
to more negative values. All the above-mentioned
changes in the electrochemical parameters of alumi-
num in a NaCl solutions of various concentrations
point to different dynamics of formation of a protec-
tive oxide film.

A study of the behavior of aluminum of varied
purity in a 3% NaCl solution demonstrated the fol-
lowing. Such electrochemical parameters as Ept, Erp,
and Ecor depend on the purity of the metal rather
strongly, with their values widely varying (e.g., Ept
varies from �0.625 for aluminum of A6 brand to
�0.740 for A6NO, and Ecor, from �0.760 to �1.180 V,
respectively) and can be used to roughly estimate the
purity of the metal. The free corrosion potential was
the least sensitive to changes in metal purity. Of
primary importance in corrosion of aluminum is, ir-
respective of the purity of the metal, the structure and
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state of the initial surface oxide film, and it is this
film that determines the further behavior of the metal.

As is known [8], the difference between the pitting
potential and the free corrosion potential of the metal
(pitting-resistance base �Epr) is used as a compara-
tive criterion of its susceptibility to pitting corrosion
in a given medium. If the experimental data obtained
are analyzed with regard to this parameter, it can be
seen that the pitting-resistance base �Epr grows to
the greatest extent on passing from aluminum of
A6 brand to A995, whereas further increase in metal
purity to A6NO has virtually no effect on the Epr.
The corrosion rate of aluminum in a neutral medium
containing chloride ions strongly depends on the pu-
rity of the metal. For example, on passing from tech-
nical-grade aluminum to special-purity aluminum, the
corrosion current decreases by approximately a factor
of 200 (from 0.024 to 0.00048 A m�2), and on passing
from aluminum of A995 brand to A6, the corrosion
rate increases 8-fold. This is in an agreement with
the data of [1], where it was shown that the corrosion
rate in a 5% HCl solution increases by a factor of
3�15 in the above case. Analysis of the impurity com-
position of aluminum and the available published data
indicates that the corrosion rate is strongly affected
by such impurities as iron and copper, and to a lesser
extent, by silicon.

According to [2], the passivation oxide formed on
aluminum in neutral media has a low electrical con-
ductivity. It hinders virtually completely not only the
anodic reaction of metal dissolution, but also the con-
jugated cathodic reduction of oxygen dissolved in the
electrolyte. The conductivity of oxide films formed
on technical-grade aluminum and its alloys is higher.
This accounts for the pronounced increase in the rate
of oxygen reduction and, consequently, that of cor-
rosion of technical-grade aluminum, too, compared
with its high- and special-purity brands. In neutral
solutions, oxide films formed on special-purity alu-
minum exhibit strongly protective properties and the
corrosion occurs uniformly, at a minimum rate, and
mainly at separate defects of the oxide film. In tech-
nical-grade aluminum, in which the total impurities
(especially iron and silicon) amount to 1.0�1.5%, and
the impurities are mainly contained in the form of an-
odic inclusions of intermetallic compounds, the cor-
rosion occurs by the pitting mechanism and the rate
of corrosion in a 3% NaCl solution occasionally
reaches catastrophic values.

Thus, one of efficient methods to improve the cor-
rosion resistance of aluminum is to raise its purity
(which primarily refers to more electropositive im-
purities).

Table 3. Variation of the free-corrosion potential of
A6NO aluminum and AK1 alloy alloyed with scandium
with time of keeping in a 3% NaCl solution
����������������������������������������

� �Efr.cor, V
�����������������������������������

�, min�
A6NO

� AK1 + Sc, wt %
� ����������������������������
� � 0 � 0.005 � 0.05 � 0.1

����������������������������������������
0.15 � 1.360 � 1.145 � 0.920 � 0.900 � 0.890
0.25 � 1.320 � 1.135 � 0.905 � 0.890 � 0.885
0.5 � 1.285 � 1.130 � 0.895 � 0.880 � 0.870
0.75 � 1.245 � 1.125 � 0.885 � 0.870 � 0.865
1 � 1.235 � 1.115 � 0.880 � 0.860 � 0.850
2 � 1.210 � 1.095 � 0.870 � 0.850 � 0.845
3 � 1.195 � 1.080 � 0.865 � 0.845 � 0.840
4 � 1.180 � 1.060 � 0.860 � 0.840 � 0.840
5 � 1.160 � 1.040 � 0.855 � 0.840 � 0.830

10 � 1.125 � 1.025 � 0.850 � 0.825 � 0.820
15 � 1.095 � 1.005 � 0.840 � 0.815 � 0.800
20 � 1.050 � 0.985 � 0.840 � 0.800 � 0.785
30 � 1.015 � 0.975 � 0.835 � 0.785 � 0.775
40 � 0.975 � 0.950 � 0.835 � 0.780 � 0.765
50 � 0.960 � 0.940 � 0.830 � 0.775 � 0.765
60 � 0.955 � 0.935 � 0.830 � 0.775 � 0.765
����������������������������������������

The results of a study of AK1 alloy alloyed with
scandium are presented in Tables 3, 4. The dynamics
of variation of the free-corrosion potential with the
time of keeping in a 3% NaCl solution characterizes
the rate of formation of a protective oxide layer on
the alloy surface. For example, for special-purity alu-
minum and scandium-free AK1 alloy, Efr.cor stabilizes
in 1 h, whereas for alloys with scandium, this process
is complete in 30�40 min, which indicates that a pro-
tective oxide layer is formed on alloys with scandium
faster than on the scandium-free alloy. With special-
purity aluminum, AK1 alloy, and alloys with scan-
dium, the free-corrosion potential is shifted to more
positive values when the time of keeping increases.
The most positive potential (�0.765 V) is observed
for AK1 alloy with 0.1% Sc. Addition of scandium
increases, irrespective of the amount of scandium,
the free-corrosion potential. In this case, the shift of
the potential to more positive values is 160�190 mV
as compared with the scandium-free aluminum and
AK1 alloy. According to how the potential varies
with time, the protective oxide film is formed on the
electrode surface at the highest rate during the first
3�5 min after the electrode is submerged in the solu-
tion (Table 3).
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Table 4. Corrosion and electrochemical parameters of A6NO aluminum and AK1 alloy with scandium in a 3% NaCl
solution
������������������������������������������������������������������������������������

� � �Efr.cor � �Ecor � �Ept � �Epas �
icor ,

�
K � 10�4,

� ��������������������������������������������� �Brand � Sc, wt % � � �
� � V �

A m�2
�

g m�2 h�1

������������������������������������������������������������������������������������
A6N0 � � � 0.955 � 1.180 � 0.740 � 0.440 � 0.00048 � 1.61
AK1 � � � 0.935 � 1.170 � 0.750 � 0.420 � 0.00060 � 2.0
AK1 � 0.005 � 0.830 � 1.160 � 0.680 � 0.480 � 0.00036 � 1.21
AK1 � 0.05 � 0.775 � 1.150 � 0.660 � 0.490 � 0.00033 � 1.11
AK1 � 0.10 � 0.765 � 1.080 � 0.650 � 0.330 � 0.00029 � 0.97
������������������������������������������������������������������������������������

The corrosion and electrochemical characteristics
of the alloys studied, which are listed in Table 4, in-
dicate that alloying of special-purity aluminum with
silicon and of AK1 alloy with scandium shifts the
free-corrosion, pitting, and corrosion potentials in
the positive direction. The free-corrosion potentials of
all the alloys studied lie in the passive region, i.e.,
between the corrosion and pitting potentials. Alloying
of aluminum with silicon somewhat narrows the pas-
sivation region �Epas (from 440 to 420 mV), whereas
introduction of scandium into AK1 alloy, especially
that in an amount of 0.005�0.05%, markedly expands
it (from 420 to 490 mV) (Table 4). On the whole,
ternary alloys surpass the initial AK1 alloy both in
electrochemical characteristics and in corrosion re-
sistance. For example, alloys with 0.05 and 0.1%
scandium surpass the initial, scandium-free AK1 alloy
in corrosion resistance by a factor of 2.

The mechanism of corrosion of pure aluminum in
neutral media is described by the equations [2]

Al + 3OH� = Al(OH)3 + 3e, (1)

Al(OH)3 + OH� = Al(OH)4
�. (2)

The process is limited by the rate of supply of OH�

ions to the electrode surface. The role of a depolarizer
in aerated neutral solutions is played by oxygen. Its
reduction at the metal�solution interface proceeds in
accordance with the equation

O2 + 2H2O + 4e = 4OH�. (3)

The process is limited by diffusion of oxygen
dissolved in the electrolyte to the electrode, which, in
the end, determines the corrosion rate of the metal.
Hydrated oxide of general formula Al2O3 � nH2O is
deposited onto the surface as an intermediate formed
in the interaction of the metal with OH� ions. Various

modifications of aluminum oxide and hydroxide are
well soluble in alkaline and acid media, being virtual-
ly insoluble in neutral solutions. For this reason,
the application domain of aluminum and its alloys in
liquid media covers only nearly neutral solutions. In
solutions of this kind, oxide films on aluminum ex-
hibit good protective properties, and uniform corro-
sion of aluminum and its alloys is, as rule, weak
and proceeds at separate defects of the oxide film [2].
The dissolution mechanism of AK1 alloy alloyed with
scandium can be understood as follows [6]. When
the alloys are brought in contact with the solution,
scandium, being an electrochemically active com-
ponent [4], is in part selectively dissolved from the
solid solution and from finely dispersed particles of
the intermetallic compound Al3Sc, which leads to
an increase in the vacancy concentration in the surface
layer, and in part reacts with oxygen to give Sc2O3
accumulating on the surface. The thermodynamic ac-
tivity of aluminum increases in the defective surface
layer, which favors formation of a dense and less de-
fective layer of aluminum oxyhydroxides with good
protective properties [reactions (1), (2)]. The oxide
Sc2O3 is accumulated in the upper part of this layer,
whose density exceeds that of Al2O3 [4]. The corro-
sion potential of an alloy coated with a dense, only
slightly defective layer of aluminum oxyhydroxides
and with scandium oxide increases, whereas the re-
duction rate of the depolarizer and, accordingly, the
corrosion rate of the scandium-containing alloy de-
crease. Sc2O3, which is insoluble in aqueous solutions
and forms no mixed oxides with aluminum because
of the lattice mismatch, accumulates on the surface
and blocks it mechanically, thereby hindering both
the dissolution of the alloy in anodic polarization and
the pitting formation.

Thus, the studies performed resulted in that an al-
loying element was chosen, whose small additives
can substantially improve the corrosion resistance
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of AK1 alloy. The corrosion resistance of the alloy
developed exceeds in corrosion resistance special-pu-
rity aluminum presently used as the main material
for current leads in integrated circuits by nearly a fac-
tor of 2.

CONCLUSIONS

(1) It is shown that passing from technical-grade
to special-purity aluminum diminishes the corrosion
rate by approximately a factor of 200.

(2) Addition of scandium to AK1 alloy improves
its corrosion resistance by nearly a factor of 2.
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Abstract�The effect of various technological procedures for reconditioning with the use of ion-plasma-de-
posited titanium nitride coatings on the resistance of steel compressor blades to pitting corrosion was studied.

The main type of surface damage to compressor
blades of gas-turbine engines for gas-pumping units
and aircraft is the erosion- and corrosion-related wear.
The problem of improving the corrosion resistance of
the working surface of blades is presently solved by
using high-alloy steels and titanium alloys as the sub-
strate material and by depositing various protective
coatings. In this case, a coating must possess, together
with a high corrosion and erosion resistance, also a
high resistance to cyclic thermomechanical loads, suf-
ficient plasticity and crack resistance, and good ad-
hesion to the substrate. Promising in this regard are
titanium nitride coatings deposited by the ion-plasma
technique.

The present study is concerned with the corrosion
properties of these coatings. The aim of the investiga-
tions of applied nature was to tackle with a concrete
problem, i.e., to make longer the total service life of
blades of a Nuovo Pignone GTK25I axial-flow com-
pressor, which had exhausted their original durability
(�60000 h) and were subjected to reconditioning by
ion-plasma deposition of titanium nitride coatings.

In the course of their operation, steel compressor
blades are subjected to a strong attack by air flow
at elevated temperatures (up to 350�C). The presence
of noxious impurities in the industrial atmosphere,
and primarily that of activating chloride ions, leads
to nonuniform corrosion [1]. In the initial stage, pin-
point corrosion is observed, and semispherical pit-
tings of depth 50�150 �m with deposits of iron ox-
ides, from which pits are later formed, appear on
the working surface of blades. The action of varying

thermal and mechanical stresses leads to the formation
of corrosion-fatigue cracks. A physicochemical model-
ing of the corrosion process, which was carried out on
12Kh13 steel samples (in a 10% solution of FeCl3),
using the method described in [2], established that
corrosion occurs by the pitting mechanism and made
it possible to reproduce the patterns of corrosion dam-
age in different stages of the corrosion process [1].

EXPERIMENTAL

In the reconditioning cycle, the following proce-
dures were employed: mechanical treatment (MT),
spark-discharge polishing (SDP), reconditioning ther-
mal treatment (TT) at 700�C for 2 h, deposition of
ion-plasma TiN coatings by the method of condensa-
tion with ion bombardment on a VU-2MBS installa-
tion at a base voltage U = 180 V, arc current I =
160 A and a pressure P of the reaction gas in the
chamber varied within the range 0.04�0.1 Pa.

The corrosion resistance of materials was deter-
mined electrochemically from their resistance to pit-
ting corrosion in accordance with GOST (State Stand-
ard) 9.912�89 [3]. The experiments were performed
with a P 5848 potentiostat in a 0.5 M aqueous solu-
tion of NaCl by measuring cyclic potentiodynamic
curves at a potential sweep rate of 0.4 mV s�1, with
the pitting-resistance parameters determined after that:
free-corrosion potential Ecor, pitting potential Ept, re-
passivation potential Erep, and additional bases of
pitting resistance, �Ept and �Erep. The tests were per-
formed with samples cut directly from the working
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Table 1. Parameters of pitting resistance of 12Kh13 steel in the initial state and after various technological procedures
for reconditioning treatment
������������������������������������������������������������������������������������

Type of treatment
� Ecor � Ept � Erep � �Ept � �Erep
���������������������������������������������
� V

������������������������������������������������������������������������������������
Initial state

MT � �0.21 � �0.096 � �0.348 � 0.114 � �0.138
MT + SDP � �0.119 � 0.043 � �0.313 � 0.163 � �0.193

After operation

MT + SDP � �0.162 � 0.003 � �0.324 � 0.165 � �0.162
MT + SDP + TT + SDP � �0.150 � 0.030 � �0.146 � 0.180 � 0.004
MT + SDP + TT + SDP + TiN coating at P, Pa: � � � � �

0.04 � �0.010 � 0.069 � 0.010 � 0.070 � 0.011
0.06 � �0.138 � 0.025 � �0.090 � 0.163 � 0.152
0.08 � �0.076 � 0.180 � �0.067 � 0.256 � 0.010
0.1 � �0.360 � 0.533 � �0.300 � 0.893 � 0.060

������������������������������������������������������������������������������������

blades of the GTK-25I axial-flow compressor in their
initial state (before putting into operation) and after
exploitation for 60000 h.

In the initial state, after a mechanical polishing of
the blade surface to a roughness Ra < 63 �m, the sam-
ples exhibited stable negative values of the potentials
of pitting (Ept) and repassivation (Erep) (Table 1).

After treatment of the blade surface by spark-dis-
charge polishing, the pitting and repassivation poten-
tials shifted in the positive direction (Fig. 1, curve 2)
and the pitting-resistance base �Ept of the material
increased both in the initial and in the post-operation
states (Table 1). It is known [3] that, when the micro-
profile of the surface is smoothed and the surface het-
erogeneity is diminished by fine polishing, the suscep-
tibility of stainless steel to pitting corrosion becomes
lower. Therefore, the improvement of the pitting-re-
sistance parameters after spark-discharge polishing
is mainly due to better surface uniformity of the sam-
ples because of the decrease in their surface roughness
(from 0.55 to 0.44 �m for Ra).

The reconditioning thermal treatment used in the
technological cycle to relieve the accumulated micro-
stresses [4, 5] leads to a further improvement of all
the pitting-resistance parameters (Table 1). The pit-
ting-resistance base �Erep increases and becomes
positive. It may be assumed that, after the formation
of stable pittings, the repassivation state is reached
faster. The improvement of the corrosion resistance
is probably due to a more uniform distribution of
the carbide phase under the action of TT and to the
resulting increase in the structural homogeneity.

Photographs of the microstructure of blades before
and after exploitation (Figs. 2a, 2b) and after recon-
ditioning thermal treatment (Fig. 2c) confirm this
assumption. Moreover, thermal treatment may lead to
leveling of the concentrations of the alloying elements
and to the resulting decrease in the number of chro-
mium-deficient zones.

It is known that the properties of ion-plasma-depos-
ited coatings are determined by a set of technological
parameters (arc current, base voltage, substrate tem-
perature, etc.), the main of which is the partial pres-

Fig. 1. Anodic potentiodynamic curves obtained on 12Kh13
steel on applying various technological procedures for re-
conditioning treatment of compressor blades. 293 K,
0.5 NaCl solution, Vsw = 0.4 mV s�1. ( j ) Current density
and (E ) potential; the same for Fig. 3. (1) Initial state (MT);
state after operation: (2) MT + SDP, (3) MT + SDP + TT +
MT, and (4) MT + SDP + TT + SDP + TiN coating.
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Fig. 2. Surface microstructure of 12Kh13 steel (a) in
the initial state, (b) after exploitation, and (c) after recon-
ditioning thermal treatment (700�C, 2h).

sure of the reaction gas in the chamber. In order to
optimize the mode of formation of the anticorrosion
coating, the properties of titanium nitride obtained at
different gas pressures were studied. The phase com-
position and substructural parameters (microstrain �,
subgrain block size D) of TiN were determined by
means of X-ray diffraction analysis (�grazing beam�
method, probed depth of about 1 �m, CuK

�

radiation).
The mechanical properties of the coatings were stud-

Table 2. Substructural parameters and mechanical char-
acteristics of titanium nitride coatings obtained at different
partial pressures P of the reaction gas in the chamber
����������������������������������������
P, Pa � � � 0.00001 �D�2, nm � H��0.3, GPa � �H
����������������������������������������

0.04 � 0.00034 � 27 � 16.6 � 0.67
0.06 � 0.00008 � 27 � 8.2 � 0.84
0.08 � 0.00002 � 28 � 9.6 � 0.81
0.10 � 0.00002 � 25 � 8.4 � 0.83

����������������������������������������

ied by measuring the microhardness H� at a variable
load on the indenter. The experimental values of mi-
crohardness of the 12Kh13 steel + TiN compositions
were used to find the hardness of titanium nitride by
a method taking into account the influence of the sub-
strate [6]. On the basis of the resulting values of hard-
ness, the plasticity coefficient �H of the coatings was
calculated [7]. Table 2 lists the substructural param-
eters and mechanical characteristics of titanium ni-
tride coatings obtained at different gas pressures in
the chamber.

It was established that the coatings deposited in
the pressure range under study have a phase composi-
tion �-TiN + 	-Ti. As the gas pressure decreases,
an axial texture of the (001) type tends to appear. In
this case, the subgrain block size remains virtually
unchanged with pressure and equal to 25�28 nm
(Table 2). At a lower pressure of the reaction gas,
the coatings formed are characterized by a high level
of microstrain in TiN grains and, as a consequence,
have a higher microhardness (Table 2). In this case,
the coatings show no microbrittleness under indenta-
tion and have a high plasticity coefficient �H = 0.81�
0.84 in the pressure range 0.06�0.1 Pa. This favor-
ably distinguishes these coatings from electroplated
protective coatings composed of hard chromium (�H =
0.77 at the same hardness), which tend to undergo
cracking under alternating-sign load. Tests for abra-
sive wear (with quartz sand used as eroding substance
at a particle velocity of 200 m s�1) demonstrated that
depositing a titanium nitride coating improves the ero-
sion resistance of the steel surface of compressor
blades by 25%, on the average.

As regards the anticorrosion protection, the optimal
pressure for depositing a coating is 0.1 Pa. Ion-plas-
ma-deposition of a TiN coating onto the surface of
steel samples in this mode leads to a pronounced in-
crease in the pitting potential Ept and in the pitting-re-
sistance bases �Ept and �Erep (Table 1). Titanium
nitride deposited onto a steel substrate serves as a
cathodic coating.

Thus, application of an integrated reconditioning
technology with the use of ion-plasma TiN coatings
leads to a pronounced increase in the corrosion re-
sistance of the working surface of steel compressor
blades. The reconditioning treatment leads to a stable
increase in the pitting potential Ept and in the pit-
ting-resistance bases �Ept and �Erep (Table 1), even
with respect to the values in the initial state of the ma-
terial (before exploitation), and to a more pronounced
hysteresis in the forward and reverse runs of the polar-
ization curves (Fig. 1).
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Additionally, comparative studies of the behavior
of 12Kh18N10T stainless steel without a coating
and with Ti and TiN coatings in a 5% HCl solution
were carried out (Fig. 3). It can be seen that (i) the
corrosion potentials of the systems constituted by steel
and a Ti coating and by steel and TiN coating are
shifted in the positive direction and (ii) the corrosion
currents jcor found by extrapolation of the Tafel por-
tions to their intersection become lower. The most
pronounced decrease in jcor was observed on deposit-
ing a titanium nitride layer onto the surface of the
samples (curve 3), which reflects the higher corrosion
resistance of this coating, compared with that com-
posed of titanium [8].

To determine the corrosion resistance of optimized
titanium nitride coatings under conditions close to
those in which aircraft compressor blades are working,
tests were carried out in a salt-spray chamber (using
the ISO 9227 procedure: 35�C, NaCl solution with
a concentration of 47 g l�1) with finished articles
made of EP 866 alloy (15Kh16K5N2MVFAB). It
was found that no pitting corrosion developed during
2060 h under an undamaged TiN coating. At the same
time, blades without a coating showed corrosion de-
fects already after 94 h.

Thus, the results of climatic tests also demonstrated
the effectiveness of anticorrosion ion-plasma-depos-
ited titanium nitride coatings.

The reconditioning technology with the use of ion-
plasma-deposited TiN coatings, developed by the au-
thors, was introduced into practice at the Volgotrans-
gaz Ltd. in order to prolong the service life of com-
pressor blades of a GTK-25I gas-pumping unit. The
reconditioned blades have worked for more than
20000 h and are still in service now.

CONCLUSIONS

(1) A technology for reconditioning of steel com-
pressor blades of gas-pumping units was developed.
The application of this technology improves the cor-
rosion resistance of the working surface of the blades.

(2) It was established that, of all the procedures
for reconditioning treatment, the strongest positive
influence, with the most pronounced increase in the
resistance to pitting corrosion of 12Kh13 steel, is
exerted by titanium nitride coatings obtained by the
ion-plasma technique in certain modes.

Fig. 3. (1�3) Anodic and (1��3�) cathodic polarization
curves obtained on 12Kh18N10T steel (1, 1�) without
a coating and with (2, 2�) Ti and (3, 3�) TiN coatings in
a 5% HCl solution at 293 K.

(3) Titanium nitride coatings are recommended for
anticorrosion protection of compressor blades in air-
craft engines and gas-pumping units.
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Abstract�The composition and structure of films formed in etching of nickel in a Ni(NO3)2 solution in
the presence of Cl� and NO2

� ions was studied.

In fabrication of nickel oxide electrodes (NOE) on
a metal-ceramic (MC) support, the impregnation in
a solution of a nickel salt, mostly a Ni(NO3)2 solu-
tion, is the longest stage [1]. The impregnation time
necessary for obtaining a required amount of the ac-
tive substance in the pores is mainly determined by
the rate of the electrochemical process in which nickel
of the MC support is etched in the Ni(NO3)2 solu-
tion [2], and is associated with the hindrance to the
cathodic process [3]. In dissolution of nickel, a film
of the products is formed on its surface [4, 5], which,
shielding the surface, impedes the supply of the ox-
idant. This makes the etching rate lower, and the im-
pregnation time necessary for producing the active
substance, longer.

In [5], the composition of the basic salts formed in
Ni(NO3)2 solution at 60�C under an external cath-
odic polarization was determined to be 7.2Ni(OH)2 �
Ni(NO3)2. The impregnation of MC supports with
a Ni(NO3)2 solution without external polarization
results in the formation of basic salts of the type
Ni(OH)NO3 [4], which corresponds to the composi-
tion Ni(OH)2 � Ni(NO3)2.

In [3, 6], it was recommended to add NiCl2 to
a Ni(NO3)2 solution, and NaNO2 to a NiCl2 solu-
tion in order to raise the rate of nickel etching, but
the composition of the films formed was not anal-
yzed.

In this study, we determined the structure and com-
position of films formed by products of nickel etching
in a Ni(NO3)2 solution with NiCl2 and NaNO2 ad-
ditives.

EXPERIMENTAL

With account of the electrochemical nature of the
process of nickel etching, its characteristics were de-
termined in a model galvanic cell with relatively large
(S = 14 cm2) platinum cathode and anode made of nick-
el foil. The cathode and an anode compartments were
separated by a diaphragm. To localize the cathodic
process on Pt to a greater extent, a solution containing
an oxidant (NO3

�, NO2
� ions) was poured into the

cathode compartment, and a NiSO4 (cNi2+ = 200 g l�1)
or NiCl2 solution (cNi2+ = 320 g l�1), into the anode
compartment. The solutions were equal with respect
to the ionic strength. It was assumed that the cathodic
process is mainly localized on platinum, and the anodic
process, on nickel. The results obtained on a model
short-circuited galvanic cell Pt | solution |Ni are mainly
of qualitative nature. This is because the cathodic pro-
cess partly occurs on nickel, and, moreover, platinum
can have some other electrocatalytic effect on the re-
duction of the oxidant, compared with nickel. The ad-
equacy of the Pt�Ni model system suggested in im-
pregnating solutions was confirmed by comparing the
nickel etching process with that in a model system
Ni�solution�Ni. The study was performed at 80�C.

A film of sparingly soluble products intended for
X-ray diffraction analysis was formed on platinum.
For this purpose, platinum electrode was short-cir-
cuited with a nickel electrode and kept in a solution
for 1 h and then in air till the crystallization of
the products on the electrode surface was complete.
The X-ray diffraction patterns were measured on a
sample with crystals of salts formed on its surface
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and on the same sample upon dissolution of the
products in distilled water to give a monomolecular
layer [7].

The X-ray diffraction analysis was performed on
a DRON-2 diffractometer (Ag-radiation, �

�
= 0.58 �,

U = 32 kV, Ia = 0.8 mA, entrance and exit slits
1.8 mm). The composition was determined qualita-
tively by comparng the interplanar spacings of the
substance studied and the substances whose presence
in the film formed is expected [7]. The amount of
the solid phase was judged from the relative inten-
sities I of lines in an X-ray diffraction pattern. The lat-
tice constants were determined by the procedure de-
scribed in [2].

As reference served the X-ray diffraction pattern
of the film formed on platinum in a Ni(NO3)2 solution
without additives.

Only reflections corresponding to the Ni(NO3)2 �
6H2O � Ni(OH)2 complex (Table 1) are present in
the diffraction pattern, with the content of Ni(OH)2 in
the compound exceeding that of Ni(NO3)2 � 6H2O [7].
The film has a cubic crystal structure. Qualitatively,
the composition of the film is similar to that of basic
salts formed in a Ni(NO3)2 solution under the external
cathodic polarization [5]. Basic salts are commonly
unstable, their chemical composition and structure
may change in recovery from solution and in wash-
ing, drying, and storage. In addition, the polarization
potential, the density and amount of electricity passed
in operation of a Pt�Ni macrocouple in a Ni(NO3)2
solution, differed from the data of [4], and this cir-
cumstance could be responsible for a certain discrep-
ancy between the composition of the basic nickel(II)
compounds and the data reported in [4].

It should be noted that the interplanar spacings for
virtually all the compounds differ from the values
for individual substances [7], which indicates that
complexation is probable. The presence of the Ni
and Pt reflections with a changed interplanar spacing
shows that there occurs chemisorption of nickel ions
on the platinum surface [8].

It is known [9] that Cl� ions prevent formation of
a passivation film on nickel anodes in nickel plating.
The introduction of NiCl2 into the Ni(NO3)2 solution
did not affect the cubic structure of the film formed
on platinum.

The X-ray diffraction analysis showed that a film
of composition Ni(NO3)2 � NiCl2 � Ni(OH)2 � 6H2O is
formed on the surface of platinum kept under current
in a mixture of Ni(NO3)2 and NiCl2 solutions (volume
ratio 1 : 1) (Table 2). The intensities of reflection

Table 1. Results of an X-ray diffraction analysis of a film
formed on Pt in a Ni(NO3)2 solution (cNi2+ = 320 g l�1)
����������������������������������������
Re-� � � �
flec-� �, � d / n, �

Composition
�

I
tion � deg � � � �
no. � � � �
����������������������������������������

1 � 6.3 � 2.96 �Ni(NO3)2 �6H2O � 29� � � �
2 � 7.05 � 2.64 �Ni(NO3)2 �6H2O �Ni(OH)2 �100� � � �
3 � 8.17 � 2.26 �Ni(NO3)2 �6H2O �Ni(OH)2 � 57.6� � � �
4 � 10.3 � 1.8 �Ni(NO3)2 �6H2O, Ni � 29� � � �
5 � 11.62 � 1.6 �Ni(NO3)2 �6H2O �Ni(OH)2 � 50� � � �
6 � 12.02 � 1.55 �Ni(OH)2, Ni � 26.3� � � �
7 � 13.72 � 1.35 �Ni�Pt � 71� � � �
8 � 14.2 � 1.31 �Ni�Pt � 18� � � �
9 � 16.1 � 1.16 �Pt � 16� � � �

10 � 16.5 � 1.13 �Pt � 23.7� � � �
11 � 18.12 � 1.03 �Ni�Pt � 23.6� � � �
12 � 18.65 � 1.01 �Pt�Ni � 31.5� � � �
13 � 20.47 � 0.92 �Pt�Ni � 26.3� � � �
14 � 21.75 � 0.86 �Pt�Ni � 21� � � �
15 � 24.95 � 0.76 �Pt�Ni � 23.6
����������������������������������������

Table 2. Results of an X-ray diffraction analysis of a film
formed on Pt in a Ni(NO3)2 solution containing NiCl2
(cNi2+ = 193 g l�1)
����������������������������������������
Re- � � � �
flec- � �, � d / n, �

Composition
�

I
tion � deg � � � �
no. � � � �
����������������������������������������

1 � 6.25 � 2.96 �Ni(NO3)2 �NiCl2 �6H2O � 16� � � �
2 � 7.12 � 2.61 �Ni(NO3)2 �NiCl2 � � 100

� � �Ni(OH)2 �6H2O �� � � �
3 � 8.12 � 2.28 �Ni(NO3)2 �NiCl2 � � 53

� � �Ni(OH)2 �6H2O �� � � �
4 � 10.25 � 1.81 �Ni(NO3)2 �6H2O, Ni � 26.3� � � �
5 � 11.62 � 1.6 �Ni(NO3)2 �NiCl2 � � 47

� � �Ni(OH)2 �6H2O �� � � �
6 � 12.05 � 1.54 �NiCl2 �Ni(OH)2 �6H2O � 16� � � �
7 � 13.75 � 1.35 �Ni�Pt � 63� � � �
8 � 14.25 � 1.31 �Ni�Pt � 23.6� � � �
9 � 16.55 � 1.13 �Pt � 21� � � �

10 � 18.2 � 1.03 �Ni�Pt � 26.3� � � �
11 � 18.62 � 1.01 �Pt�Ni � 29� � � �
12 � 20.37 � 0.92 �Pt�Ni � 18� � � �
13 � 21.25 � 0.886�Pt�Ni � 16� � � �
14 � 25.27 � 0.75 �Pt�Ni � 17

����������������������������������������
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Table 3. Lattice constant a of a film formed on platinum
in various solutions
����������������������������������������

Solution � a, � �(� �a�3) �10, � [7]
����������������������������������������
Ni(NO3)2 � 5 � 8
Ni(NO3)2 containing: � �

NiCl2 (cCl� = 193 g l�1) � 5.6 � 5.7
NaNO2 � � 1.9

����������������������������������������

Table 4. Results of an X-ray diffraction analysis of a film
formed on Pt in a Ni(NO3)2 solution containing 10 g l�1

NaNO2
����������������������������������������
Re-� � � �
flec-� �, � d / n, �

Composition
�

I
tion� deg � � � �
no. � � � �
����������������������������������������

1 � 6.25 � 2.5 �Ni(NO3)2 �6H2O � �-NiOOH �28.3
2 � 7.1 � 2.28 �Ni(NO3)2 �6H2O �Ni(OH)2 � �84
� � ��-NiOOH �

3 � 8.1 � 2 �NaNO2 �41.5
4 � 10.25 � 1.55 �NaNO2 �Ni(OH)2 �12.7
5 � 11.26 � 1.39 �NaNO2�Pt �56.5
6 � 12.1 � 1.33 �Ni�Pt �25.2
7 � 13.25 � 1.22 �Ni�Pt �47.1
8 � 16.5 � 0.98 �Pt �12.7
9 � 18.1 � 0.9 �Pt �22

10 � 18.5 � 0.88 �Pt�Ni �22
11 � 20.5 � 0.8 �Ni�Pt �23
12 � 21.9 � 0.75 �Pt �16
13 � 23.9 � 0.69 �Ni�Pt �12.7
����������������������������������������

nos. 2, 3, and 5 show that Ni(OH)2 is also present in
the film as a major component, but its crystal struc-
ture is changed. The intensities of virtually all the
reflections in the X-ray diffraction pattern are lower
than those for a film formed from a Ni(NO3)2 solu-
tion, which indicates that the amount of the solid
phase is lower. The X-ray diffraction pattern of a film
obtained from a mixture of Ni(NO3)2 and NiCl2 so-
lutions contains an additional reflection corresponding
to the composition NiCl2 � Ni(OH)2 � 6H2O.

The deposit formed in a Ni(NO3)2 solution con-
taining a NiCl2 additive has a larger lattice constant
(Table 3), which indicates that its structure is less
densely packed. The theoretically calculated density of
a deposit formed in a mixture of solutions is lower by
40% than that of the deposit formed in a Ni(NO3)2
solution [7].

The results obtained made it possible to explain
the fact that, after keeping a Pt�Ni short-circuited pair
in a mixture of Ni(NO3)2 and NiCl2 solutions, the cur-
rent density in the system remained virtually un-
changed and the etching process did not decay in time.

In [6], a method for MC NOE fabrication was sug-
gested, which makes shorter the time necessary for
impregnation of MC supports when a NiCl2 solution
with a NaNO2 additive is used for impregnation.

Nitrite ions may undergo disproportionation at
elevated temperatures in an acid medium [8], which
may yield nitrogen(IV) oxide, a stronger oxidant than
nitrite and nitrate ions [10]. This must, undoubtedly,
change the structure and composition of a solid film
also in a Ni(NO3)2 solution.

The introduction of NaNO2 resulted in the ap-
pearance of reflections corresponding to a complex of
Pt with NaNO2 and to the Ni(OH)2 � NaNO2 complex
(Table 4). The film formed in a Ni(NO3)2 solution
containing NaNO2 has a composition Ni(NO3)2 �
6H2O � Ni(OH)2 � �-NiOOH and a cubic structure with
a lattice constant of 8� (Table 3). Nitrogen(IV) oxide
can oxidize the components of the film (E 0

NiO2/N2
=

1.35, E 0
NO2/Ni2+ = 0.6�1 V, depending on the structure

of higher oxides [2]). Therefore, reflections corre-
sponding to �-NiOOH are present in the X-ray dif-
fraction pattern (Table 4). The intensity of virtually
all reflections decreases (Tables 1, 4), which points to
a lower amount of the solid phase. The theoretically
calculated density is four times lower than that of
the deposit formed in a Ni(NO3)2 solution (Table 3),
which is due to the less densely packed structure of
the deposit formed in a Ni(NO3)2 solution with a
NaNO2 additive.

The film formed on platinum in a Ni(NO3)2 so-
lution with a NaNO2 additive is nonuniform across
its thickness, which is indicated by the difference
in the reflection intensities measured on a sample
with salt crystals and that after their dissolution
(Tables 4, 5). According to the reflection intensities
(Tables 4, 5), the amount of Ni(OH)2 � NaNO2 on the
surface of platinum covered with a monomolecular
solid layer is approximately twice that inside the film.
This indicates that NO2

� ions are consumed in the
course of time in a Ni(NO3)2 solution with a NaNO2
additive. The amount of nickel(III) oxide decreases
across the thickness of the solid film, since the reflec-
tion intensity corresponding to �-NiOOH is higher by
30% on Pt covered with a monomolecular film, com-
pared with Pt with salt crystals (Tables 4, 5). This
shows that the oxidizing capacity of the solution de-
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Table 5. Results of an X-ray diffraction analysis of a monomolecular layer on the film formed on Pt in Ni(NO3)2 solution
containing 10 g l�1 NaNO2
������������������������������������������������������������������������������������
Re- � � � � � Re- � � � �
flec- � �, � d / n, �

Composition
�

I
� flec- � �, � d / n, � Compo- �

I
tion � deg � � � � � tion � deg � � � sition �
no. � � � � � no. � � � �
������������������������������������������������������������������������������������

1 � 6.25 � 2.5 � Ni(NO3)2 �6H2O � �-NiOOH � 31.5 � 9 � 16 � 1.02 � Ni�Pt � 19
2 � 7.1 � 2.28 � Ni(NO3)2 �6H2O �Ni(OH)2 � �-NiOOH � 84 � 10 � 16.5 � 0.98 � Pt � 16
3 � 8.25 � 1.94 � NaNO2�Pt � 62.75 � 11 � 18.1 � 0.9 � Pt�Ni � 22
4 � 10.4 � 1.55 � NaNO2 �Ni(OH)2 � 25.2 � 12 � 18.6 � 0.875 � Pt � 19
5 � 11.6 � 1.39 � NaNO2�Pt � 59.6 � 13 � 20.5 � 0.8 � Pt�Ni � 19
6 � 12.15 � 1.32 � Ni�Pt � 12.7 � 14 � 21.9 � 0.75 � Pt � 19
7 � 12.75 � 1.27 � Ni�Pt � 15.8 � 15 � 23.9 � 0.69 � Ni�Pt � 11.5
8 � 13.7 � 1.18 � Pt�Ni � 75.2 � 16 � 25.25 � 0.65 � Pt�Ni � 12.7

����������������������������������������������������	�������������������������������

creases with time (ENO2/N2
= 1.1 and 0.7 V before

and after the solution is kept for 1 h, respectively).

The results of an X-ray diffraction analysis of
the films formed in a Ni(NO3)2 solution with and
without NaNO2 suggest that the basic salts formed
in etching of the metal undergo oxidation.

CONCLUSIONS

(1) The chemical composition and lattice constants
of the films formed by etching products depend on
the solution composition: Cl� ions decrease the den-
sity of the deposit, the composition of the film is
Ni(NO3)2 � NiCl2 � Ni(OH)2 � 6H2O (cubic structure,
lattice constant 5.6 �); NO2

� ions oxidize the com-
ponents of a solid film to higher nickel oxides (oxida-
tion state Ni3+) and cause a decrease in the deposit
density, the composition of the film is Ni(NO3)2 �
6H2O � Ni(OH)2 � �-NiOOH (cubic structure, lattice
constant 8 �).

(2) The presence of a NaNO2 additive in a Ni(NO3)2
solution makes solid films nonuniform across their
thickness.
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Abstract�The total content of carbon, chlorine, bromine, and oxygen in partly volatile organic impurities
in potable water was determined by gas chromatography with atomic emission detection.

Disinfection of potable water with chlorine yields
halogenated organic compounds, including those
whose concentration in water is subject to hygienic
regulations [1, 2]. In particular, chlorination of water
containing natural humic compounds yields a large
amount of the so-called volatile halohydrocarbons
mostly composed of mixtures of chloro- and bromo-
methanes [3�5]. Halogenated organic compounds with
higher molecular weights were studied less exten-
sively. Nevertheless, it is known [6�8] that they can
contain haloacetic acids, aldehydes, and aliphatic hy-
drocarbons. Supposedly, water contaminants of tech-
nologicalorigin can also be chlorinated [9, 10] to yield
a broader spectrum of compounds. Thus, the mixtures
of organic compounds in water from different water
sources significantly differ, which makes identifica-
tion of the chlorination products in each specific case
a matter of current interest.

In this regard, much promise is offered by gas
chromatography with atomic emission detection (AED)
[11�13]. Although unsuitable for identification of all
the compounds subjected to chromatographic analysis,
this method yields information about the effect of
chlorination from variation of the total elemental com-
position of the impurities.

In this study, we examined how the integrated in-
dices of the elemental composition of partly volatile
organic compounds (PVOCs) in water from various
water sources are influenced by chlorination.

We studied water samples taken from two large
water intakes in the city of Ufa, namely, the Northern

open (NO) and Southern infiltration (SI) water intakes.
The water source for the former intake is the Ufa river,
and for the latter, water from wells situated on bank
of the Ufa river.

EXPERIMENTAL

The impurities from the initial and chlorinated wa-
ter were isolated by extraction with methylene chlo-
ride at pH 2, whereupon they were concentrated on
a Kuderna-Danish apparatus and analyzed on an HP
6890 (HP G2350A AED) chromatograph (a 30 m �
0.25 mm column coated with 0.32 �m of DV-5; with
the column heated at a rate of 20 deg min�1 from 35
to 60�C and at a rate of 6 deg min�1 from 60 to
280�C). This made it possible to determine the con-
tent in water of PVOCs with a molecular weight of
up to 500, boiling away within 150� 500�C. Using
the chromatograms recorded at the carbon emission
wavelength of 193 nm, we determined the total car-
bon content in the components eluted from the chro-
matographic column under the actual conditions,
which is referred to as the organic carbon of techno-
logical origin (OCT) [14]. Based on the chromatog-
rams recorded at 181, 178, 174, 479, and 478 nm,
we estimated the total content of hydrogen H, phos-
phorus P, nitrogen N, oxygen O, chlorine Cl, and
bromine Br in the PVOC components. Also, for all
the samples we determined the total content of dis-
solved organic carbon (DOC) [15] characterizing the
carbon content in organic compounds of primarily
natural origin. Although not manifested in chromatog-
rams recorded under the actual conditions, these com-
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Table 1. Annual average total content of the elements in PVOCs for the water from the water sources and for potable
water
������������������������������������������������������������������������������������

Ele-

� NO � SI
��������������������������������������������������������������������������������

ment
� water from the Ufa river � CWR* � well water � CWR*

��������������������������������������������������������������������������������
� mg dm�3 � % � mg dm�3 � % � mg dm�3 � % � mg dm�3 � %

������������������������������������������������������������������������������������
C � 0.006400 � 80.59 � 0.009400 � 22.26 � 0.004172 � 66.59 � 0.009900 � 44.28
H � 0.000550 � 6.93 � 0.001700 � 4.03 � 0.001002 � 15.99 � 0.001600 � 7.16
Cl � 0.000011 � 0.14 � 0.013400 � 31.73 � 0.000078 � 1.24 � 0.002500 � 11.18
Br � 0.000002 � 0.03 � 0.015700 � 37.18 � 0.000021 � 0.33 � 0.003900 � 17.44
O � 0.000880 � 11.08 � 0.001900 � 4.49 � 0.000573 � 9.15 � 0.003900 � 17.44
P � 0.000011 � 0.14 � 0.000006 � 0.01 � 0.000006 � 0.09 � 0.000010 � 0.04
N � 0.000005 � 0.06 � � � � � 0.000006 � 0.09 � � � �

S � 0.000080 � 1.00 � 0.000110 � 0.26 � 0.000379 � 6.04 � 0.000510 � 2.28
������������������������������������������������������������������������������������
� � 0.007941 � 100 � 0.042217 � 100 � 0.006265 � 100 � 0.022360 � 100
������������������������������������������������������������������������������������
DOC � 3.07 � � 3.14 � � 1.55 � � 1.99 �
������������������������������������������������������������������������������������
* Clean water reservoir.

pounds are responsible for the formation of additional
impurities in water being disinfected with chlorine.

Table 1 presents the previously determined annual
average elemental composition of PVOCs for water
samples from the Ufa river and SI wells.

Notably, the well water contains, on the whole, a
smaller amount of organic substances from the group
of interest. For example, the total content of impurities
in the river water exceeds that in the well water by
a factor of nearly 1.3. The PVOC components of the
river water exhibit increased content, of OCT and ox-
ygen while chlorine and bromine are virtually lacking
in the PVOC components of the initial water.

The fact that the PVOC content in the well water
is lower by a factor of ca. 1.3 than that in the river
water is, evidently, due to removal of high-molecular-
weight humic compounds (which can form side chlo-
rination products) from the river water upon passing
the filtration layers. This is indirectly evidenced by
the fact that the DOC content in the well water is also
smaller (by a factor of nearly 2) than that in the river
water (Table 1).

The total PVOC content in the potable water orig-
inating from both water intakes tends to increase upon
chlorination, namely, by factors of 5.3 and 3.6 for NO
and SI, respectively. Along with a major increase in
the content of chlorine and bromine in PVOCs, this

is also accompanied by an increase in the content of
carbon and oxygen by factors of 1.5, 2.4 and 2.2, 6.8,
respectively (Table 1). Notably, bromine is the heavi-
est element in chlorinated water, and its relative con-
tent reaches 37% of the total concentration of the ele-
ments in the NO water.

Published data suggest that brominated organic
compounds can originate both from inorganic bro-
mides activated by water treatment with chlorine
and from bromine impurities in the initial chlorine
[8, 16, 17]. Also, a certain role is played by the dif-
ferences in the process parameters of chlorination at
NO and SI, namely, the contact time and number of
chlorination runs (two runs at NO).

We carried out a comparative study of impurities
in the initial water and in water chlorinated at the
laboratory (Table 2). As initial water served that sup-
plied from the river (NO) and that from the collecting
reservoir of wells (SI). These experiments were carried
out during a period of time when the river water was
rather heavily contaminated, as evidenced by an en-
hanced DOC content of 4.8 mg dm�3. We applied dif-
ferent chlorine doses; the chlorine�water contact time
was close to that under the process conditions, name-
ly, 4 h for the river water and 2 h for the well water.
The fact that the total content of carbon, chlorine,
bromine, and oxygen in the components tend to grow
with increasing chlorine dose is, evidently, due to
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Table 2. Elemental composition of PVOCs in the initial and chlorinated water from the Ufa river (NO) and wells (SI)
������������������������������������������������������������������������������������

Ele-

� Water �

Ele-

� Water
������������������������������������	 ������������������������������������

ment
� initial � chlorinated �

ment
� initial � chlorinated

������������������������������������	 ������������������������������������
� mg dm�3 � % � mg dm�3 � % � � mg dm�3 � % � mg dm�3 � %

�����������������������������������������
������������������������������������������
Ufa river water � SI well water

� � � � � � � � �
C � 0.01400 � 67.80 � 0.02275 � 36.72 � C � 0.00880 � 69.24 � 0.02300 � 20.57
H � 0.00367 � 17.77 � 0.00454 � 7.33 � H � 0.00220 � 17.31 � 0.00540 � 4.83
Cl � 0.000087 � 0.42 � 0.00870 � 14.04 � Cl � 0.00013 � 1.02 � 0.002500 � 22.36
Br � 0.00008 � 0.39 � 0.01495 � 24.13 � Br � � � � � 0.04500 � 40.24
O � 0.00245 � 11.87 � 0.01078 � 17.40 � O � 0.00110 � 8.65 � 0.01300 � 11.62
P � 0.00002 � 0.10 � 0.00001 � 0.02 � P � 0.00002 � 0.16 � 0.00002 � 0.02
S � 0.00034 � 1.65 � 0.00022 � 0.36 � S � 0.00046 � 3.62 � 0.00041 � 0.37
�����������������������������������������
������������������������������������������
� � 0.02065 � 100 � 0.06195 � 100 � � � 0.01271 � 100 � 0.11183 � 100
������������������������������������������������������������������������������������

oxidative degradation of high-molecular-weight natu-
ral contaminants of water into PVOCs, on the one
hand, and by direct halogenation of the available and
newly formed impurities, on the other (Figs. 1a
and 1b). Interestingly, the content of the major ele-
ments in PVOCs passes through a maximum, as clear-
ly demonstrated for the well water. The same pattern
is, most probably, characteristic of the river water,
but the necessary amount of chlorine is never used in
the actual water treatment processes both for the river
and well waters.

Table 2 compares the elemental compositions of
the organic compounds eluted in chromatographic
analysis at the chlorine dose of 2.5 mg dm�3. The re-
sidual chlorine concentration was estimated by GOST
(State Standard) 18190�72 at 0.8 and 1.9 mg dm�3 for
the NO and SI water, respectively, which corresponds
to 1.7 and 0.6 mg dm�3 of spent chlorine. This is a
conditional parameter which does not incorporate the
amount of the chlorine spent in the formation of vola-
tile compounds, chlorination of humus into compounds
heavier than PVOCs, and other possible reactions.

Variation of the content c of elements in partly volatile components under chlorination of the river water at (a) NO and
(b) SI water intakes (c�) Content of spent chlorine.
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A common finding of all our experiments is the
sharply increased content of chlorine and bromine in
PVOCs contained in the chlorinated water. However,
the distributions of these compounds in water from
the two water intakes are different. For example,
the proportion of chlorine increases from 0.4 to 14%
for the river water and from 1 to 22% for the well
water. This increase in the proportion of chlorine can
be accounted for by degradative chlorination of humic
compounds, and primarily of their low-molecular-
weight fragments [18]. An increase in the proportion
of bromine in PVOCs is even more prominent. For
example, the proportion of bromine in the river water
and the well water increased from 0.4 to 24 and to
40%, respectively. This is, evidently, due to a higher
content of bromides in the well water, compared to
the river water. This is accounted for, in turn, by
the local hydrochemical features, namely, by the oc-
currence of halogen-containing rocks (rock salt, anhy-
drites, gypsums). Bromine contained in these rocks as
an impurity can be activated during chlorination and
be converted to organic compounds [8].

Water chlorination leads to an increase in the ox-
ygen content in the PVOCs in NO and SI water by
factors of 4.4 and 12, respectively. The increase in
the concentration of oxygen-containing compounds
after chlorination of water from both water intakes
suggests that high-molecular-weight compounds de-
grade into low-molecular-weight compounds, in agree-
ment with published data [19].

The percentage of chlorine spent was estimated at
68 and 24 for the river water and well water, respec-
tively. However, the PVOC content in the well water
increases upon chlorination by a factor of 8.8, which
almost threefold exceeds the factor of 3 in the case
of the river water. This suggests that formation of
PVOCs in the case of SI water intake is a more rapid
process requiring less chlorine, compared to NO water
intake, which is accounted for by the difference in
the initial water matrices for these water intakes.

CONCLUSIONS

(1) Water chlorination is a complex multifactor
process requiring adjustment of the chlorine dose to
the initial water quality.

(2) In the context of the increasingly stringent reg-
ulations concerning the content of halogenated organic
compounds in water, it is essential to estimate by ex-
press analysis such integrated indices as the total car-
bon, total chlorine, bromine, and oxygen contents in
partly volatile organic compounds contained in water.
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Abstract�Main ways to diminish the power consumption in grinding of materials are considered, and
their practical implementation in newly developed designs of impact-centrifugal mills with flow-through
classification is suggested. Data obtained in experimental studies and industrial tests of the developed
designs are presented.

The process of fine grinding of materials is widely
used not only in chemical industry, but also in a wide
variety of other industries, and, at the same time, is
rather power consuming. Therefore, much attention is
being paid to a search for ways to diminish the pow-
er consumption in grinding. For this purpose, many
specialists in grinding suggest [1�3]: (a) to carry
out grinding mainly via impact load, (b) to prevent
accumulation of a ground material in the working
chamber of a grinding apparatus by continuously re-
moving the product from this zone, and (c) to per-
form classification when removing the ground prod-
ucts from the grinding zone in order to separate the
coarse fraction and return it into the mill for addition-
al grinding.

All these requirements can be satisfied with the
highest probability in impact-centrifugal mills with
a flow-through classification. Three designs of im-
pact-centrifugal mills, which are the most widely used
in the industry, are shown in Figs. 1a�1c [4�6].

All the three mills comprise a vertical cylindrical
casing 1 with a flat bottom 2 and a removable cov-
er 3. Within the casing 1 rotates a working disc 4 with
blades 5. In the first two variants of mills (Figs. 1a,
1b) the disc is mounted directly on the shaft of the
electric motor 6, and in the third design, there is a
shaft 7 at the center of the vessel 1, on which two
discs 4 with blades 5 are mounted; the shaft is driven
by the electric motor 6 by means of a V-belt drive 8.

In all the three designs, baffle rods 9 are mounted
annularly at a small distance from the outer edges
of blades 5. In all the designs, the material is ground
by its impact loading. For this purpose, the starting
material is fed, through a pipe 10, into the central

part of the mill, wherefrom it is transported by the
air flow to blades 5 and further, moving along these
blades, is accelerated to high velocities. The particles
of the material break loose from the blades 5, strike
the baffle rods 9, and are ground by this impact. It
should be noted that, in all the mills, the continuous
medium is set in motion in a similar way, by a cen-
trifugal ventilator, which makes it possible to use the
motion of the air flow to transport the material.

The difference in the designs is in the following.
In the first design (Fig. 1a), the baffle rods 9 have a
rectangular cross-section and are mounted with a cer-
tain spacing in between. After the material strikes the
rods, ground particles pass through the clearings under
the action of a centrifugal force and the air flow and
then, moving together with air in the space between
the rods and the apparatus casing, arrive via a tangen-
tial discharging pipe 11 into a cyclone and filter for
separation. Because of the swirling motion of air in
the chamber and an oblique impact of the material
against the rods, the ground particles approach the
slits at a certain angle. Consequently, only particles
that are much smaller than the slits between the rods
can pass through these slits, which rules out slit clog-
ging. Calculations and experimental studies demon-
strated that only particles whose size is 2�3 times
smaller than the slit width can pass through the clear-
ings. By selecting a necessary rotation rate of the disc
with blades and mounting rods with a certain clearing
width, it is possible to achieve the required grinding
fineness.

In the second mill design (Fig. 1b), the baffle rods
have a circular cross-section and are mounted close
to one another. In this case, grinding products are



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 6 2004

A STUDY OF NEW DESIGNS OF IMPACT-CENTRIFUGAL MILLS 943

carried away from the working zone by the ascend-
ing air flow and pass through an annular window of
the cover into the spiral channel and further, through
the discharging pipe 11, into the cyclone and filter for
separation. Baffle plates 12 mounted obliquely form
a flow-through classifier. The flow of a gas and sol-
id particles, which ascends from the grinding zone,
passes through the clearing between the classifier
blades and executes a zigzag motion. In the process,
coarser particles, which have higher inertia, strike the
oblique blades, rebound, and fall down on the blades,
to be again ground there. Fine particles, which have
lower inertia, pass together with air through the clear-
ings and are removed from the mill. In this mill de-
sign, the material being ground may suffer multiple
impact and, consequently, this mill can be used to
ground harder materials.

The third mill design (Fig. 1c) has two stages,
with two discs with blades mounted on the common
shaft. The material is initially ground in the first stage
of the mill, with insufficiently ground coarse particles
finally milled in the second stage. The design of the
first stage is similar to that of the first variant of the
mill (Fig. 1a), and the design of the second stage, to
that of the second variant (Fig. 1b). In this mill de-
sign, the material does not stay long in the grinding
zone, but passes successively both stages and is dis-
charged into the cyclone through an annular window
in the bottom part and a tangential pipe. The mill can
operate successfully in grinding of medium-strength
materials.

The main grinding efficiency criteria for any mill
design are the specific power consumption and the
quality of the product obtained. The energy consump-
tion is most commonly evaluated by the ratio of the
energy expenditure to the amount of ground material
(kW h ton�1). The most comprehensive characteristic
of the quality of the product obtained is its granulo-
metric (fraction) composition (particle size distribu-
tion).

The power consumption and the grinding quality
are affected both by parameters of the grinding pro-
cess itself and by characteristics of a material be-
ing ground. The parameters of impact grinding are
the following: impact velocity, number of impacts,
impact angle, specific load, geometric dimensions
of mill units and elements. To the characteristics
of the material being ground should be referred its
geometric dimensions, physicochemical parameters
(hardness, elasticity modulus, ultimate strength), and
moisture content. It is virtually impossible to take
into account all the parameters of the grinding process

Fig. 1. Schematic of impact-centrifugal mills. Design:
(a) with a tangential discharge, (b) with a top discharge,
and (c) two-stage with a bottom discharge of a ground
material. (13) cone, for other explanations, see text.

and of the material being ground in constructing the
theoretical model of the impact disintegration of the
material. Therefore, the efficiency of grinding in mills
of the designs developed was determined experimen-
tally. First, the extent of impact grinding of the ma-
terial upon its single pass through the mill was studied
for the mill design (Fig. 1b) in which baffle rods 9
with circular or rectangular cross-section are mounted
close to one another (without any clearing). In order
to exclude a repeated grinding of the material, the
ground material was discharged through an annular
window and a tangential pipe in the bottom part, as
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Fig. 2. Fraction composition of the products formed in
impact grinding of various materials. (D) of the mass
of particles (smaller than � in size) to the total mass of
particles and (�) particle size; the same for Figs. 3�5.
Substance being ground: (1) lime (grain size 4�8 mm),
(2) chalk (particle size 4�8 mm), (3) gypsum stone, (4) syl-
vinite (particle size 3�10 mm), and (5) barley grain.

Fig. 3. Fraction composition of the products formed in im-
pact grinding of sylvinite at different output capacities G.
G (kg s�1): (1) 0.061 (220 kg h�1), (2) 0.133 (480 kg h�1),
(3) 0.211 (760 kg h�1), and (4) 0.333 (1200 kg h�1).

Fig. 4. Fraction composition of the products formed in im-
pact grinding of sylvinite at different rates of rotor rotation
(n) and linear velocities of the tips of the rotor blades (w).
w (m s�1): (1) 62.8, (2) 33, (3) 21, and (4) 16. n (rpm):
(1) 3000, (2) 1500, (3) 1000, and (4) 750.

it is dome in the mill of design shown in Fig. 1c,
rather than through the cover. The study was carried
out on a mill with a rotor diameter of 400 mm (at
blade tips), with the rate of rotation varied from 750
to 2900 rpm.

The results obtained in studying a single-pass im-
pact grinding of materials are shown in Figs. 2�4 in
the form of distribution functions in which the particle
size � is plotted along the abscissa axis, and the ratio
D of the mass of particles with diameter less than �

to the total mass of the grinding product, along the
ordinate axis. The curves of the fraction distribution
of the products formed in impact grinding (Fig. 2)
were obtained at a rotor rotation rate of 2900 rpm for
various materials (lime, chalk, gypsum stone, sylvi-
nite, barley grain). In all the experiments, the rate of
substance supply was 460�520 kg h�1, and the initial
particle size, 4�8 mm. It can be seen that the finest
grinding is achieved in the single-pass impact grind-
ing for grains of lime and particles of chalk. As shown
by analysis of the grinding products under a micro-
scope, these grains and particles virtually disintegrate
into fine crystallites. The worst results are obtained
for barley grain, and primarily for its elastic sheath.

Figure 3 shows the fraction composition of prod-
ucts formed in grinding of sylvinite at a load by the
starting material varied from 0.061 to 0.333 kg s�1

(220�1200 kg h�1), and Fig. 4, the fraction composi-
tion of the products of its grinding at different rotor
rotation rates.

A mathematical processing of the experimental
data with the use of the Rosin�Rammler formula
made it possible to obtain an empirical relation for de-
scribing the fraction composition of products formed
in a single-pass impact grinding of materials in im-
pact-centrifugal mills (Figs. 1a�1c):

D = 100{1 � exp[�0.68(�/�50)0.75]}, (1)

where D is the ratio of the mass of particles (smaller
than � in size) to the total mass of particles (%); �,
the particle size (m); and �50, the particle size for
which the mass of smaller particles is 50%.

For determining the �50 particle size, an empirical
relation was obtained that took into account the char-
acteristics of a material being ground, the load on the
mill by the material being ground, and the linear ve-
locity of the tips of the rotor blades:

�50 = 2.71cw�1.42G, (2)

where c is a coefficient that takes into account
the physicomechanical properties of the material and
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the size of its initial particles (c = 0.05 for lime
and chalk, 0.12 for gypsum stone, 0.2 for sylvinite
and 0.25 for barley grain); w, the linear velocity of
the tips of the rotor blades (m s�1); and G, the amount
of material fed into the mill (kg s�1).

Analysis of the coarsest particles in grinding prod-
ucts shows that, even in grinding of barley grain and
gypsum stone, their size is smaller than that in the
starting materials by a factor of 2.5�3. When baffle
rods with rectangular or circular cross-section were
used in experiments, no noticeable influence of the
rod shape on the fraction composition of the grinding
products was observed. The process of grinding with
a simultaneous classification was studied with a mill
of the design shown in Fig. 1a. In this case, the baffle
rods had a rectangular (14 � 14 mm) cross-section and
the distance between the rods was varied from 0.5 to
4 mm. First, sylvinite and then other materials were
ground at a rotor rotation rates of 2300 and 1450 rpm
and load by material of 0.133 kg s�1. In the course of
the experiments, the fraction composition of the grind-
ing products that passed through slits between the
rods was constantly monitored. The experiments,
whose results are shown in Fig. 5, demonstrated that
the main factor that determines the fraction composi-
tion of grinding products is the width of the slits be-
tween the rods. The maximum size of the particles
that passed through the slits was, in all the experi-
ments with various materials, as follows:

�max = (0.5 � 0.75)b, (3)

where b is the width of the slits between the rods.

The fraction composition of the grinding products
that passed through the slits between the baffle rods
can also be described, with an accuracy sufficient for
engineering calculations, using the Rosin�Rammler
formula

D = 100[1 � exp (�45.38 b�2.3
�

2.5)]. (4)

In all the experiments, the power consumption by
the mill drive was measured. Figure 6 shows how the
power consumed by the mill depends on the load by
material. It can be seen from the plot that, even in
an idle run, the mills consume 1.8 to 3 kW of electric
power. Most part of this energy goes to operation of
a mill as a ventilator. Curves 1�3 in Fig. 6 were ob-
tained in studying a mill of design shown in Fig. 1a,
in which a continuous flow-through classification
is effected by baffle rods mounted at a distance of
1 mm from one another. In grinding of lime (curve 1),
grains are disintegrated by the impact into fine crys-

Fig. 5. Fraction composition of the products formed in
grinding of sylvinite in the mill of design shown in Fig. 1a
at different slit widths b. b (mm): (1) 0.5, (2) 1, (3) 2,
and (4) 3.

Fig. 6. Consumed power N vs. the load G by material.
Ground substance: (1) lime, (2) gypsum stone, and
(3, 4) barley grain. Mill design: (1�3) first (Fig. 1a) and
(4) third (Fig. 1c).

tals of size less than 0.5 mm (which is well seen in
Fig. 2) and these crystals are carried by the air flow
and easily pass through the slits between the rods,
leaving the grinding zone without delay. Therefore,
energy is consumed in this case only for acceleration
of particles. Curves 2 and 3 were obtained in grinding
gypsum stone and barley grain in the same mill.
These materials do not completely ground upon im-
pact into particles of less than 0.5 mm in size and
accumulate in the grinding zone. Therefore, additi-
onal grinding occurs because of the wear in this zone,
and, consequently, the loss of power substantially in-
creases, especially at high loads.

Consequently, mills of the first and second designs
(Figs. 1a, 1b) can be recommended for grinding of such
materials as lime, chalk, lumps of dry clay, grains and
crystals of salts. At small loads of up to 200 kg h�1

and mill rotor diameter of 400 mm, mills can be used
to grind harder materials. For example, several mills
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of second design (Fig. 1b) have long been used to
grind roots and herbs in production of medicines and
food additives.

Curve 4 shows an increase in the power consump-
tion in grinding of barley grain in a mill of the third
design (Fig. 1c). There are no dead zones in this mill
and the material is ground under two-stage impact
load; therefore, the power consumption gradually
grows as the load on the mill increases.

CONCLUSION

The quality of grinding of materials with low
and medium strength in impact-centrifugal mills
substantially exceeds that in hammer mills, which
are widely used for this purpose. At the same time,
the specific electric power consumption by the im-
pact-centrifugal mills is 20�30% lower. It is advis-

able to replace hammer mills with impact-centrifugal
mills.
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Abstract�A mathematical model of convective mass exchange between flows of finely dispersed media
in a valve-pulsatory apparatus is developed with account of the mass exchange between the dispersed and
continuous phase at Sh � Fo � 1.

The rate of technological processes carried out in
solid�liquid and solid�gas systems increases as the
size of dispersed particles of the solid phase becomes
smaller, and the relative velocity of counterflowing
phases, higher. However, in the known methods of
phase interaction, the maximum possible velocity of
counterflowing phases is limited and becomes slower
as the particle size and the difference of phase den-
sities decrease.

These limitations are overcome in the new method
of phase interaction, suggested by the authors. In this
method, a dispersed solid phase is mixed with a part
of the liquid (or gas) phase to form a suspension (or
an aerosol) and a counterflow convective mass ex-
change between the flows of the resulting suspension
and the liquid is carried out in an apparatus with long
channels separated by a convectively permeable parti-
tion, by creating multiple alternating-sign pressure
differences between the channels [1�3].

The new method of phase interaction is used to
perform mass and heat exchange between flows of
hydro- and gas-dispersed systems in technological
processes of extraction and sorption, chemical reac-
tions that yield a solid dispersed phase, phase-selec-
tive heating, and cooling of dispersed media [4�7].

In [8], the authors of the present study analyzed the
convective mass exchange between flows of finely
dispersed media with an inert solid phase in a valve-
pulsatory mass-exchange apparatus (VPMEA) [1�3],
which is used to carry out effective processes of heat
and mass exchange in hydro- and gas-dispersed sys-
tems [4�7].

The aim of this study was to construct a mathe-
matical model of the convective mass exchange in

VPMEA with account of the interphase mass transfer
for the case when the intensity of this mass transfer
is so high that the continuous and dispersed phases
can be considered to be in equilibrium at any point
of the VPMEA at any instant of time. This is the case
for a number of the above-mentioned processes, which
are carried out effectively in the kinetically advanta-
geous conditions of finely dispersed media, when the
characteristic time of the interphase mass exchange
is negligible as compared with the residence time tR
of a suspension in the VPME apparatus. Moreover,
this situation, being a limiting case, makes it possible
to estimate the maximum possible result of a convec-
tive mass exchange in a VPMEA and, in this sense,
is of a certain practical importance.

First, let us describe in brief the design and opera-
tion mode of a VPMEA [8]. The finely dispersed
medium is composed of a continuous and a dispersed
phases; VPMEA contains two neighboring channels
separated by a partition that is permeable to the contin-
uous phases and impermeable to the dispersed phases
of the flows (Fig. 1). Each phase contains a compo-
nent that can pass from one phase into the other as
a result of sorption, extraction, etc. The finely dis-
persed media move within the VPMEA channels in
a counterflow. The operation of the VPMEA consists

Fig. 1. Schematic of a valve-pulsatory mass-exchange ap-
paratus: (1, 2) VPMEA channels, (3) permeable partition,
(4�7) valves, (8) valve control unit, and (9, 10) pumps.
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in two alternating time steps of length tts, deter-
mined by the positions of valves at channel inlets
and outlets.

In the first time step, the inlet valve of the first
channel and the outlet valve of the second are open,
whereas the inlet valve of the second channel and
the outlet valve of the first are closed. The first finely
dispersed medium with an initial concentration of the
component c1(0, t) = c1in and porosity �1(0, t) = �1in
is fed into the first channel and filtered through the
permeable partition. This creates a flow in the second
channel, which exits the second channel with a con-
centration c2(0, t) = c2out(t) and porosity �2(0, t) =
�2out(t).

In the second time step, the inlet valve of the first
channel and the outlet valve of the second are closed,
whereas the inlet valve of the second channel and
the outlet valve of the first are open. The second fine-
ly dispersed medium with an initial concentration
c2(l0, t) = c2in and porosity �2(l0, t) = �2in is fed into
the second channel and filtered through the partition
to create in the first channel a flow with a concentra-
tion c1(l0, t) = c1out(t) and porosity �1(l0, t) = �1out(t)
leaves the first channel. Here t is time, and l0,
the channel length. Thus, sign-alternating pressure dif-
ferences are created between the channel spaces. Dur-
ing their residence within a VPMEA in the case of
such a pulsatory motion, the first and second finely
dispersed phases repeatedly exchange portions of con-
tinuous phases, without mixing of their dispersed
phases. Owing to this circumstance, there occurs
a counter flow convective mass exchange between
the flows of the first and second media. As a result,
the concentration c2out(t) at the outlet of the second
channel becomes close to the initial concentration c1in,
and the concentration c1out(t) approaches the con-
centration c2in at the inlet of the second channel. As
the dispersed phase cannot pass from one channel into
the other, �1out(t) = �1in and �2out(t) = �2in in the sta-
tionary case of VPMEA operation.

In [8], it was assumed that the mass exchange be-
tween the solid and liquid phases within a VPMEA
is low as compared with the convective transfer of
the component in the flows. However, in many solid�
liquid and solid�gas systems used in industrially im-
portant technological processes, there occurs an inter-
phase mass transfer, and, therefore, it is a matter of
current interest to determine the influence exerted
by this process on the convective mass exchange in
VPMEA.

If the interphase transfer of the component is taken
into account, then terms responsible the interphase

mass transfer appear in the equations that describe
the convective mass exchange in VPMEA, derived in
[8]. Let us consider the case when the interphase equi-
librium in both channels of a VPMEA is described by
the equation cS = HcL

*, where cS is the concentration
of the component being transferred in the particles of
the dispersed phase; cL

*, the corresponding equilibrium
concentration of the component being transferred in
the continuous phase; and H, the interphase equilib-
rium constant, which is common to both the VPMEA
channels. Then the system of equations describing
the mass exchange in VPMEA can be written as fol-
lows {see system (5) in [8]}:
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i fi
H

(6)

where the index i takes the values 1 or 2 (channel
number); X = x/l0; Ui(X ) = ui(x)/u01; T = t/t0; t0 =
l0 /u01; CL i(X, T ) = [cL i(x, t) � cLmin]/(cLmax � cLmin)
and CSi(X, T ) = [cSi(x, t) � cSmin]/(cSmax � cSmin) are
the dimensionless concentrations of the component
in the continuous and dispersed phases; cL i(x, t) and
cSi(x, t), the component concentrations in the contin-
uous and dispersed phases; cLmin and cLmax, the min-
imum and maximum concentrations among cL1in,
cS1in /H, cL2in, and cS2in /H; cSmin, cSmax, the minimum
and maximum concentrations among cS1in, HcL1in,
cS2in and HcL2in; cL1in, cS1in, cL2in, cS2in, the con-
centrations at the inlet of the first and second chan-
nels of VPMEA; l0, the length of VPMEA; Eu (X ) =
[p1(x) � p2(x)]/(�Lu0

2
1); �i = �i + (1 � �i )�Si /�Li ; �Li ,

and �Si, the densities of the continuous and dispersed
phases; Ref = s1ref /��1; eui = ui /�ui�; x, the longi-
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tudinal coordinate; t, time; Re01 = u01de1�L1/�1; ��i,
the permeable part of the perimeter of ith channel;
ui(x), the average, over the cross-section of ith chan-
nel, longitudinal velocity; u01 = u1(0); �i(X, T ), the po-
rosity in ith channel; pi (x), the pressure in ith channel;
si, the cross-section of ith channel; ref, the filtration
resistance; dei, the equivalent diameter of ith channel;
�i and �i, the coefficients of friction and momentum
flux in ith channel; �i, the interphase mass-transfer
coefficient in ith channel; fi, the ratio between the area
of the outer surface of a particle belonging to the dis-
persed phase and its volume in ith channel; �i,
the viscosity of the continuous phase; and Sr = tts /t0.

The value of j depends on the direction of filtration
of the continuous phase in the VPMEA. In the case
of filtration from the first channel of the VPMEA
into the second (first time step), j = 1, and in back
filtration (second time step), j = 2. The dimensionless
concentrations CLi(X, T ) and CSi(X, T ) are chosen in
such a way that CLi(X, T ) = CSi(X, T ) under the con-
ditions of interphase equilibrium.

Exact calculation of the change in the concentra-
tion of the component being transferred in the dis-
persed phase in a VPMEA is rather difficult. How-
ever, this change can be roughly estimated on the
basis of the relative values of the characteristic time
tD 	 dS

2/DL of molecular diffusion of the component
in the continuous phase [9], characteristic time
t� 	 1/(� f ) 	 dS/� of a change in the concentration
of the component being transferred in particles of
the dispersed phase through interphase mass transfer,
and time step duration tts. Here, DL is the diffusion
coefficient of the component within particles of
the dispersed phase, and dS is the equivalent diameter
of these particles. Let us consider the following
ratios: tD/t� 	 �dS/DL = Sh, the Sherwood number;
tts/tD 	 DLtts/dS

2 = Fo, the Fourier number; and
tts/t� 	 �tts/dS = Sh 
Fo. Let tts 	 1 s. Then we ob-
tain for aqueous suspensions (DL 	 10�9 m2 s�1) at
dS 	 10�5 m Fo 	 10, and, because Sh � 2, then
tts/t� 	 Sh 
Fo >> 1. Similarly, for air aerosols
(DL 	 10�6 m2 s�1) at dS 	 10�4 m, we have Fo 	 100
and tts/t� 	 Sh 
Fo >> 1.

Thus, for technological mass-exchange processes
(sorption, extraction) in finely dispersed media (dS 	
10�5�10�4 m), the time t� of interphase exchange is
negligible as compared with the time step duration
tts, and the more so, compared with the residence time
tR of the suspension in the VPMEA. In this case,
the dispersed and continuous phases in the VPMEA
can be considered, to a first approximation, to be
in equilibrium, and the dimensionless concentrations

of the component being transferred in the respec-
tive phases, to be equal to each other: CLi(X, T ) =
CSi(X, T ) = Ci(X, T ). This equilibrium is itself dif-
ferent at different points of the VPMEA and time-
dependent. Then, Eqs. (5) and (6) can be transformed
to the form

�� + Ui�� � ���� �� (Cj � Ci ) = 0,
�Ci �Ci �mCi

L

�mCi
D

dUi

�T �X dX
� (7)

where �mCi
L/�mCi

D = 1/[�i + (1 � �i)H ] = (cLmax �
cLmin)/[�i(cLmax � cLmin) + (1 � �i)(cSmax � cSmin)] is
the ratio of the maximum possible change in the con-
centration of the component being transferred in the
continuous phase to the maximum possible change in
the concentration of the component being transferred
in the finely dispersed phase in ith channel of the
VPMEA.

Equation (7) is transformed into the corresponding
equations of the system (5) from [8] in the case
when (1 � �i)H/�i >> 1, i.e., the maximum possible
change of the component being transferred in the dis-
persed phase is considerably smaller in both channels
of the VPMEA than the maximum possible change in
the concentration of the component being transferred
in the continuous phase. This circumstance can be
regarded as inertness of the dispersed phase.

In what follows, we consider the case when a con-
tinuous phase (�1in = 1) is fed into the first channel of
the VPMEA, and a dispersed medium (�2in < 1), into
the second.

If a VPMEA is used for sorption, then, commonly,
cLmax = cL1in, cLmin = cL2in = cS2in /H, cSmax = HcL1in,
cSmin = cS2in = HcL2in. Then, the boundary conditions
in the dimensionless form are the following:

C1(0, T ) = C1in = [cL1(0, t) � cLmin]/(cLmax � cLmin)

= [cL1in � cL2in]/(cL1in � cL2in) = 1, (8)

C2(1, T ) = C2in = [cL2(l0, t) � cLmin]/(cLmax � cLmin)

= [cL2in � cL2in]/(cL1in � cL2in) = 0 (9)

or

C2(1, T ) = C2in = [cS2(l0, t) � cSmin]/(cSmax � cSmin)

= [cS2in � cS2in]/(HcL1in � cS2in) = 0. (10)

If a VPMEA is used for extraction, then, commonly,
cLmax = cL2in = cS2in /H, cLmin = cL1in, cSmax = cS2in =
HcL2in, cSmin = HcL1in. Then, the boundary conditions
in the dimensionless form are the following:
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Fig. 2. Calculated dependences U1(X ) of the velocity
along the length of the first channel in the (1, 2) first
and (3, 4) second time steps. Re01 = 5000, l0 /de = 500,
Ref1 = 106, Ref2 /Ref1 = 1.5, �w /de = 10�2, �2in = 0.97.
�S /�L: (1, 3) 0.1 and (2, 4) 10.

Fig. 3. Calculated dependences of the period-average dimen-
sionless concentrations (3, 4) C1out(T ) and (1, 2) C2out(T )
on dimensionless time T at the outlets of the first and sec-
ond VPMEA channels. Re01 = 5000, l0 /de = 500, Ref1 =
106, Ref2 /Ref1 = 1, �w /de = 10�5, �2in = 0.97, �S /�L = 1.
H: (1, 3) 0 and (2, 4) 10.

C1(0, T ) = C1in = [cL1(0, t) � cLmin]/(cLmax � cLmin)

= [cL1in � cL1in]/(cL2in � cL1in) = 0, (11)

C2(1, T ) = C2in = [cL2(l0, t) � cLmin]/(cLmax � cLmin)

= [cL2in � cL1in]/(cL2in � cL1in) = 1 (12)

or

C2(1, T ) = C2in = [cS2(l0, t) � cSmin]/(cSmax � cSmin)

= [cS2in � HcL1in]/(cS2in � HcL1in) = 1. (13)

Thus, the whole spectrum of boundary conditions
for the concentrations cL1(0, t) = cL1in, cL2(l0, t) = cL2in,

cS1(0, t) = cS1in, cS2(l0, t) = cS2in is reduced in the case
in question to two variants of dimensionless boundary
conditions: C1in = C1(0, T ) = 1, C2in = C2(1, T ) = 0
or C1in = 0, C2in = 1. Together with Eqs. (7), these
conditions form two possible boundary-value prob-
lems. It turns out that, with one of these boundary-
value problems solved, the solution to the other can
be readily obtained.

Let the functions C1(X, T ) and C2(X, T ) be a solu-
tion to the first boundary-value problem with bound-
ary conditions C1in = 1, C2in = 0. Let us consider the
functions C1(X, T ) = 1 � C1(X, T ) and C 2(X, T ) =
1 � C2(X, T ). Hence we can express C1 = 1 � C1 and
C2 = 1 � C 2. Substituting the resulting expressions
in Eq. (7), we make certain that C1 and C 2 are
solution to Eqs. (7). In addition, C1(0, T ) =
C1in = 1 � C1in = 0 and C 2(1, T ) = C 2in = 1 � C2in =
1. Thus, we found the functions C1(X, T ) and
C 2(X, T ), which are the solution to the second
boundary-value problem with boundary conditions
C1in = 0, C 2in = 1. The solution to the first boundary-
value problem can be found similarly if the solution
to the second problem is known.

In the calculations, the distributions U1(X ), U2(X ),
and Eu(X ) are first calculated using Eqs. (1)�(3).
Then �2(X, T ) is calculated using Eq. (4). Further,
C1(X, T ) and C2(X, T ) are calculated by Eqs. (7).
The calculations begin from T = 0 and continue till
the end of the first time step T = Sr with the boundary
conditions of the first time step. Then the calculations
are continued from T = Sr till the end of the second
time step T = 2Sr with the boundary conditions of
the second time step. This completes the first period
of pulsations. Then, the calculation is performed
with the boundary conditions of the first time step
in the time interval from T = 2Sr to T = 3Sr, with
the boundary conditions of the second time step in
the range from T = 3Sr to T = 4Sr, and so on. After
a certain time, the operation of the VPMEA reaches
the steady state. The steady operation mode is such
a mode at which the period-average concentrations
C1out(T ) and C2out(T ) at VPMEA outlets do not
vary between the periods: C1out(T ) = C1outst and
C2out(T ) = C2outst. Typical calculated dependences
U1(X ), C1out(T ), C2out(T ) are shown in Figs. 2, 3.
The corresponding boundary conditions are described
below.

The efficiency of the convective mass exchange
between the flows in the VPMEA is the higher, the
greater the average amount of the component trans-
ferred across the permeable partition during a period
(two time steps) of pulsations in the steady mode of
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VPMEA operation. The mass of the component trans-
ferred from one channel of the VPMEA into the other
can be characterized by the difference between the
concentrations cLin and cLoutst at the inlet and outlet of
one of the VPMEA channels. In the second channel,
the concentration of the component in the continuous
phase changes not only because of the flow between
the VPMEA channels, but also as a result of the in-
terphase transfer of the component. Therefore, the ef-
ficiency of the convective mass exchange between
the flows in the VPMEA should be determined from
the absolute value of the difference between the
concentrations cL1in and cL1outst at the inlet and
outlet of the first VPMEA channel. This difference
is to be related to the maximum possible difference
cLmax � cLmin:

E = �cL1outst � cL1in�/ (cLmax � cLmin)

= �CL1outst � CL1in� = �C1outst � C1in�. (14)

The quantity E is named the degree of mass ex-
change between the VPMEA channels. It is inde-
pendent of boundary conditions and determines the ef-
ficiency of the convective mass exchange between
the flows in the VPMEA [8].

The hydrodynamic and mass-exchange characteris-
tics of the VPMEA were calculated using Eqs. (1)�
(4), (7) with the following boundary conditions. In
the first time step, U1 (0) = 1, U2 (0) = �1, U1 (1) =
U2 (1) = 0, C1 (0, T ) = C1in, �1(0, T ) = �1in. In the sec-
ond time step, U1 (1) = 1, U2 (1) = �1, U2 (0) =
U1 (0) = 0, C2 (1, T ) = C2in, �2 (1, T ) = �2in. Initial
conditions: C1 (X, 0) = C01, �1 (X, 0) = �01, C2 (X,0) =
C02, �2 (X, 0) = �02. Here, Cj in is the dimensionless
concentration of the component in the finely dispersed
medium at the inlet of jth VPMEA channel, and
C0 j and �0 j are the dimensionless concentration and
the porosity at the initial instant of time in the jth
VPMEA channel. The parameters of the system being
calculated are the following: �1in = 1; �2in = 0.97,
0.98, 0.99; C1in = 1; C2in = 0; �01 = �1in; �02 = �2in;
C01 = C1in; C02 = C2in; �L1 = �L2 = �L; �S2 = �S;
�S/�L = 0.1, 1, 10; �1 = �2 = �; cL1 = cL2 = cL;
cS2 = cS; cS/cL = 0, 1, 10, 100, 1000; tts1 = tts2 = tts;
de1 = de2 = de; s1 = s2 = s; u01 = u02 = u0;
��1 = ��2 = ��; Sr = tts/t0 = 0.05; Re01 = 200, 400,
600, 800, 1000, 2000, 4000, 5000, 6000, 8000, 10000;
l0/de = 100, 200, 300, 400, 500, 600, 700; Ref1 = 106,
107, 108; Ref2/Ref1 = 1.0, 1.5; 
w/de = 10�5, 10�2; Ref1
and Ref2 are the effective dimensionless resistances to
filtration in the first and second time steps; and 
w is

Fig. 4. Calculated dependences of the degree E of mass
exchange between the flows in the VPMEA channels on
�U�X. Ref2/Ref1 = 1, �w/de = 10�5, �S/�L = 1. H: (1) 0,
(2) 10, (3) 100, (4) 1000. �2in: (I) 0.97, (II) 0.98, (III) 0.99;
the same for Fig. 5. Different values of �U�X are set by
varying Re01, l0/de, and Ref1 (Table 1).

Fig. 5. Calculated dependences of the degree E of mass
exchange between the flows in the VPMEA channels
on 	mCL/	mCD = 1/[�2in + (1 � �2in)H]. Re01 = 5000,
Ref2/Ref1 = 1, �w/de = 10�5, �S/�L = 1. Ref1: (1�7) 106

and (8) 108. l0 /de: (1) 700; (2) 600; (3, 8) 500; (4) 400;
(5) 300, (6) 200; and (7) 100. Different values of
	mCL/	mCD are set by varying H (Table 2).

the thickness of the permeable partition in the VPMEA.
Because �1in = 1, we have �mC1

L/�mC1
D = 1 and

�mC2
L/�mC2

D(X, T ) = {�2 (X, T ) + [1 � �2 (X, T )]H}�1

for the first and second channels, respectively.

The procedure for calculation of the hydrodynamic
and mass-exchange characteristics of the VPMEA was
described in detail in [8�18]. The results of calcula-
tions are presented in Figs. 2�6.

As can be seen from the above-mentioned calcula-
tion conditions, a continuous medium (continuous
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Fig. 6. Calculated dependences (1) k1 (	mCL/	mCD),
(2) k2 (	mCL/	mCD) and (3) k3(�U�X), (4) k4(�U�X).
Ref2/Ref1 = 1, �w/de = 10�5, �S/�L = 1. Different values
of �U�X are set by varying Re01, l0 /de, and Ref1 (Table 1);
and those of 	mCL/	mCD, by varying �2in and H (Table 2).

phase with a dimensionless concentration equal to
unity) is delivered at the inlet of the first channel,
and a finely dispersed medium with a dimensionless
concentration equal to zero, at the inlet of the second
channel.

In operation of a VPMEA, a continuous phase with
high concentration flows from the first channel into
the second during the first time step, and a continuous
phase with low concentration flows from the second
channel into the first during the second time step.
Because of the flow of portions of the continuous
phase between the VPMEA channels, the dimension-
less concentration decreases in the first channel, and
increases in the second. The changes in concentration
in the VPMEA channels, which are caused by the
flow, are described by the third term in Eq. (7). This
term contains the factors �mCi

L/�mCi
D and dUi /dX.

From Eqs. (1), (2) follows that �Eu� 	 �dUi /dX�.
The quantity �Eu� determines the rate of flow be-
tween the channels (filtration rate). The efficient work
of the VPMEA can be ensured in the following op-
eration mode of the VPMEA: in the first time step,
�Eu� should be large in the input part of the VPMEA
and small in its output part; in the second time step,
by contrast, �Eu� should be small in the input part
of the VPMEA and large in its output part. During
the first time step, the flow of the continuous phase
with a high concentration between the channels oc-
curs mainly in the input part of the VPMEA near the
outlet of the second channel, whereas in the second
time step, the flow of the continuous phase with a low
concentration between the channels occurs mainly
in the output part of the VPMEA near the outlet of
the first channel. In this way, a high concentration
of the component in the flow at the outlet of the sec-
ond channel is ensured in the first time step, and

a low concentration of the component in the flow at
the outlet of the first channel, in the second time step.

Consequently, the efficient operation of a VPMEA
requires that �dUi /dX� should be large at small X
and small at large X in the first time step, and large
at large X and small at small X in the second time
step. This can be achieved at a large curvature of
the curve describing the dependence Ui(X ) (Fig. 2).
The larger the curvature of the Ui(X ) curve, the higher
the efficiency of VPMEA operation. It has been shown
[8, 13�18] that the efficiency of VPMEA operation is
the higher, the greater Re01 and l0 /de and the smaller
Ref1. It is these three parameters that mainly determine
the hydrodynamic situation in the VPMEA channels.
In order to find out which combination of these three
parameters is the most advantageous, it is necessary
to determine, using Eqs. (1)�(3) the Ui(X ) distribu-
tions and to compare the curvatures of the Ui(X )
curves. The most advantageous is that combination of
the parameters Re01, l0 /de, Ref1 at which the curva-
ture of the Ui(X ) is the largest. However, the notions
�larger� and �smaller� curvature are insufficiently
exact. Instead, it is necessary to use a clearly defined
and readily calculable quantity that varies with the
curvature of the Ui(X ) curve. As a parameter of this
kind can serve the dimensionless longitudinal flow ve-
locity averaged over the length of ith channel, �Ui�X.

It is noteworthy that the extreme points of the de-
pendence Ui(X ) are always fixed (Fig. 2). This follows
from the boundary conditions presented above. It can
be seen from Fig. 2 that the larger the curvature of
the Ui(X ) dependence, the lower the dimensionless
longitudinal flow velocity averaged over the length
of ith channel �Ui �X:

�Ui�X = � �Ui�1X + �Ui�2X
1
2 �
� 


	

= � �Ui (X )dX + �Ui (X )dX ,1
2�
� (2)(1) 


	

1 1

0 0

(15)

where Ui
(1)(X ), Ui

(2)(X ), �Ui �1X, �Ui �2X are dimension-
less longitudinal velocities and their values averaged
over the length of ith channel in the first and second
time steps.

In the case of a counterflow, the absolute value
of �Ui �X coincides for the first and second chan-
nels, because U1 (X ) = �U2 (X ) at any instant of time.
Therefore:

�U �X = ��U1 �X� = ��U2 �X�. (16)

The smaller �U�X, the larger the value of �dEu/dX�.
Therefore, we can analyze, instead of the dependence
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Table 1. Dimensionless longitudinal flow velocity averaged over the VPMEA length, �U �X, in relation to the charac-
teristics of the VPMEA (Ref1, l0 /de, Re01) and to the porosity �2in of the finely dispersed medium Ref2/Ref1 = 1,
�S/�L = 1, �w/de = 10�5, Re01 = 5000, l0 /de = 500, Ref1 = 106

������������������������������������������������������������������������������������
� �U �X
������������������������������������������������������������������������Parameter* �
� �2in = 0.97 � �2in = 0.98 � �2in = 0.99 � average

������������������������������������������������������������������������������������
Ref1 = 108 � 0.49039 � 0.49041 � 0.49042 � 0.4904
l0/de = 100 � 0.46542 � 0.46555 � 0.46563 � 0.4655
Ref1 = 107 � 0.4262 � 0.4266 � 0.4270 � 0.4266
l0/de = 200 � 0.3959 � 0.3965 � 0.3971 � 0.3965
l0/de = 300 � 0.326 � 0.327 � 0.329 � 0.3275
l0/de = 400 � 0.269 � 0.270 � 0.271 � 0.2698
Re01 = 200 � 0.233 � 0.235 � 0.237 � 0.235
Re01 = 400 � 0.233 � 0.235 � 0.237 � 0.235
Re01 = 600 � 0.233 � 0.235 � 0.237 � 0.235
Re01 = 800 � 0.233 � 0.235 � 0.237 � 0.235
Re01 = 1000 � 0.233 � 0.235 � 0.237 � 0.235
Re01 = 2000 � 0.233 � 0.235 � 0.237 � 0.235
Re01 = 4000 � 0.230 � 0.232 � 0.234 � 0.232
l0/de = 500 � 0.224 � 0.225 � 0.227 � 0.2253
Re01 = 6000 � 0.216 � 0.217 � 0.218 � 0.217
Re01 = 8000 � 0.200 � 0.201 � 0.202 � 0.201
l0/de = 600 � 0.190 � 0.192 � 0.193 � 0.1915
Re01 = 10000 � 0.1877 � 0.1882 � 0.1886 � 0.1882
l0/de = 700 � 0.165 � 0.166 � 0.167 � 0.1659
������������������������������������������������������������������������������������
* For each particular calculation, those parameters are given, which differ from the prescribed conditions.

of E on �dEu/dX�, that of E on �U�X. Thus, the value
of �U�X is a parameter that determines the efficiency
of the convective mass exchange between the flows
in a VPMEA, and, in this regard, it replaces the quan-
tity �dEu/dX�. The advantage of the parameter �U�X
over �dEu/dX� consists in that it is more rigorously
defined and can be more easily calculated. Table 1
lists values of �U�X for different parameters of the
VPMEA. The value of �U�X decreases as Re01 and
l0 /de increase and Ref1 decreases. The data in Table 1
indicate that, at Re01 200�2000, �U�X remains in-
variable. This circumstance can be readily understood
if Eu is expressed in terms of Eq. (2) and substi-
tuted in Eq. (3), and account is taken of the fact that,
in the case of a laminar flow, � i 	 consti / [Re01Ui(X )]
and �1 = �2. At �S/�L = 1, we have �1 = �2 because
U1

2 = U2
2 for a counterflow. The remaining three terms

in Eq. (3) contain Re01 in their denominators. There-
fore, Re01 can be canceled, with Eq. (3) brought to
a form that is independent of Re01. Consequently, the
distributions of the x components of the dimension-
less flow velocities along the VPMEA channels are
independent of the Reynolds numbers at the cannel
inlets in the case of a laminar flow.

Another parameter determining the value of E is
the ratio �mC2

L/�mC2
D. The convenience of using

the parameters �U�X and �mC2
L/�mC2

D consists, among
other things, in that they have limited variation limits.
At H � � we have �mC2

L/�mC2
D � 0, and at H = 0,

�mC2
L/�mC2

D = 1/�2. The data in Table 1 demonstrate
that �U�X varies from 0 to 1/2.

Figure 3 shows the calculated dimensionless con-
centrations C1out(T ) and C2out(T ) at the outlet of
the first and second channels of the VPMEA at dif-
ferent values of H. It can be seen that, as the value
of H increases (in this case, the �mC2

L/�mC2
D ratio

decreases), the stationary values C1outst and C2outst of
the dimensioness concentrations C1out and C2out de-
crease. This fact is accounted for as follows. The con-
centration of the component being transferred in the
second channel of the VPMEA increases because of
the inflow of a continuous phase with a high con-
centration of this component from the first channel.
The higher H, the larger the mass of the component
that passes into the dispersed phase for an equilibrium
to be established and the lower equilibrium concen-
tration is attained in the second channel. This directly
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Table 2. �mCL/�mCD ratio of the maximum possible
change in the concentration of the component being trans-
ferred in the continuous medium, averaged over the length
of the second channel, to the similarly averaged maximum
possible change in the concentration of the component
being transferred in the finely dispersed medium at dif-
ferent interphase equilibrium constants H and porosities
�2in of the finely dispersed medium at the inlet of the sec-
ond channel of the VPMEA
����������������������������������������

H
� �mCL/�mCD at �2in
���������������������������������
� 0.97 � 0.98 � 0.99

����������������������������������������
0 � 1.03 � 1.02 � 1.01
1 � 1.0 � 1.0 � 1.0

10 � 0.787 � 0.847 � 0.917
100 � 0.252 � 0.336 � 0.503

1000 � 0.032 � 0.048 � 0.091
����������������������������������������

follows from Eq. (7). The increase in the mass of
the component being transferred in the second channel
of the VPMEA as a result of the inflow of a con-
tinuous phase from the first channel is described by
the last (third) term in Eq. (7). As H increases, this
term becomes less important (�mC2

L/�mC2
D ratio de-

creases), and the concentration in the second channel
increases to a lesser extent. The concentration in the
first channel decreases to a greater extent.

The dependence of the calculated degree E = 1 �
C1outst of mass exchange between the VPMEA chan-
nel on the parameters �U�X and �mC2

L/�mC2
D for

Ref2/Ref1 = 1, 
w/de = 10�5, �S/�L = 1 is generalized
in Figs. 4, 5. The calculations were carried out at
porosities �2in = 0.97, 0.98, 0.99 and interphase equi-
librium constants H = 0, 1, 10, 100, 1000. For each
pair of �2in and H, 19 calculations (19 values of �U�X;
Table 1) were performed by varying Re01, l0 /de, and
Ref1. Thus, a total of 285 calculations were performed
to give 285 values of E.

Figure 4 shows the dependence of E on �U�X. It
was found that the points for H = 1 differ only slight-
ly from the corresponding points for H = 0, and,
therefore, the points for H = 1 are not shown in the
figure. Thus, Fig. 4 reflects the results of 228 cal-
culations. It can be seen that the 19 points calculated
at different VPMEA parameters (different �U�X), but
at constant �2in and H fall approximately on the same
straight line. Thus, there are 12 straight lines in Fig. 4,
each of which is plotted using the least-squares meth-
od for 19 calculated points. As also can be seen from
Fig. 4, the smaller the parameter �U�X and the greater
the constant H, the larger the calculated value of E,

i.e., the higher the efficiency of the convective mass
transfer between the flows in the VPMEA. In the ab-
sence of an interphase transfer (H = 0), the efficiency
of the convective mass exchange between the flows in
the VPMEA is at a minimum.

Figure 5 shows the dependence of E on the ratio
�mCL/�mCD of �mC2

L and �mC2
D, averaged over the

length of the second channel: �mCL/�mCD = [��2�X +
(1 � ��2�X)H ]�1, where ��2�X is the porosity averaged
over the length of the second channel. The use of
the �mCL/�mCD ratio is due to the fact that the varia-
tion of the porosity along the channel was insignifi-
cant in all the calculations [8]. Therefore, it was ap-
proximately taken that ��2�X = �2in. The values of the
parameter �mCL/�mCD at different �2in and H are
listed in Table 2. In order not to overcharge Fig. 5, it
shows the results of calculations only for 8 out of 19
different variants of the characteristics Ref1, l0 /de,
Re01 of the VPMEA. Thus, Fig. 5 reflects the results
of 120 calculations. Because the quantity H does not
appear in the hydrodynamic equations (1)�(3), 24
different values of �U�X correspond to these 120 cal-
culations (Table 1). The data of Table 1 indicate that
changing �2in from 0.97 to 0.99 results in that the val-
ue of �U�X changes by less than 2%. At the same
time, changing the characteristics of the VPMEA
leads to a significant change in �U�X. Therefore, the
calculations performed at different �2in and H, but
constant VPMEA characteristics show how E varies
with �mCL/�mCD at a constant �U�X. Figure 5 shows
that the 15 points calculated at constant VPMEA
characteristics for three different values of �2in and
five different values of H fall approximately on the
same straight line. Thus, Fig. 5 shows eight straight
lines, each of which is plotted by the least-squares
method for 15 calculated points. Each of these eight
straight lines corresponds to a certain set of VPMEA
characteristics and, accordingly, to a certain value
of �U�X. The �U�X averaged over three values of po-
rosity are listed in Table 1. As can be seen in Fig. 5,
the smaller the parameter �mCL/�mCD, the higher
the value of E, i.e., the higher the efficiency of the
convective mass exchange between the flows in the
VPMEA.

According to Eqs. (7), the parameter �mCL/�mCD

directly affects the change in the concentration C2
in channel 2 of VPMEA when the continuous phase
flows from channel 1 into channel 2 (first time step).
When the continuous phase flows from channel 2 into
channel 1 (second time step), the last term in Eq. (7)
for C2 is zero. In Eq. (7) for C1, the last term is zero
during the first time step, and in the second, the coef-
ficient of this term is unity. Therefore, the smaller
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the parameter �mCL/�mCD, the weaker the influence
exerted by the flow of the component from channel 1
into channel 2 on the change in the concentration C2
in channel 2, i.e., the lower C2. Then, a continuous
phase with a lower dimensionless concentration ar-
rives at channel 1 in the second time step, and we
obtain a lower C1outst at the outlet of channel 1 of the
VPMEA and, accordingly, a higher degree E of mass
exchange between the flows in the VPMEA channels.

Let us now discuss the influence exerted by the
parameter �mCL/�mCD on the efficiency of a VPMEA
in terms of common dimensional concentrations. The
parameter �mCL/�mCD decreases when the constant
H becomes larger (Table 2). A higher value of H
means that, in passing from one equilibrium to anoth-
er, the change in the concentration cL2 of the compo-
nent in the continuous phase is considerably smaller
than the change in the concentration cS2 of the com-
ponent in the dispersed phase. The greater H, the
smaller the change in cL2 and the greater the change in
cL1. In the case of adsorption, a considerable change
in cL1 means that the initial continuous phase with
a high concentration of the component is delivered
to the inlet of channel 1, whereas at the outlet of this
channel we have a continuous phase with a low con-
centration of the component. In this case, a suspension
with small cL2 and cS2 is delivered to the inlet of chan-
nel 2. In the case of desorption, a substantial change
in cL1 means that the initial continuous phase with
a low concentration of the component is delivered to
the inlet of channel 1, and a continuous phase with
a high concentration of the component is obtained at
the outlet of channel 1. In this case, a suspension with
large cL2 and cS2 is delivered to the inlet of channel 2.
Thus, both in the case of adsorption and in desorption,
the greater H, the higher E, i.e., the better the effi-
ciency of the convective mass exchange between the
flows in the VPMEA.

Each straight line in Fig. 4 is plotted at a certain
value of �mCL/�mCD, and each straight line in
Fig. 5, at a certain value of �U�X. Therefore, the
family of straight lines in Fig. 4 can be described as

�U �X , ���� = k1 ����
�mC D
�mC L�
�
�



�
	

E
�mC D
�mC L�
�
�



�
	
�U �X + k2 ���� ,

�mC D
�mC L�
�
�



�
	

(17)

and the family of straight lines in Fig. 5, as

�U �X , ���� = k3
�mC D
�mC L�
�
�



�
	

E (�U �X )���� + k4
�mC D
�mC L

(�U �X ). (18)

The coefficients k1, k2 and k3, k4 were calculated
for each straight line in Figs. 4, 5 by the least-squares
method.

The dependences k1(�mCL/�mCD), k2(�mCL/�mCD),
k3(�U�X), and k4(�U�X) are shown in Fig. 6. It can
be seen that these dependences are linear. Each straight
line in Fig. 6 is plotted on the basis of the calculated
points, using the least-squares method:

���� = k11 ���� + k12 ,
�
�
�

k1
�mC D
�mC L

�
	 �mC D

�mC L

���� = k21 ���� + k22 ,
�
�
�

k2
�mC D
�mC L

�
	 �mC D

�mC L
(19)

k3(�U �X) = k31�U �X + k32,
(20)

k4(�U �X) = k41�U �X + k42,

where k11 = �0.3521, k12 = �0.9529, k21 = 4.0394 �
10�2, k22 = 1.0998, k31 = �0.3539, k32 = 4.140 � 10�2,
k41 = �0.9592, k42 = 1.1027.

Substituting Eq. (19) into (17) and Eq. (20) into
(18), we obtain

�U �X , ���� = k11 ����
�mC D
�mC L�
�
�



�
	

E
�mC D
�mC L

�U �X + k12 �U �X

+ k21 ���� + k22 ,
�mC D
�mC L

(21)

�U �X , ���� = k31
�mC D
�mC L�
�
�



�
	

E �U �X ���� + k32 ����

+ k41�U �X + k42 .

�mC D
�mC L

�mC D
�mC L

(22)

Thus, the dependence E(�U�X, �mCL/�mCD) can
be represented as

�U �X , ���� = a1
�mC D
�mC L�
�
�



�
	

E �U �X ���� + a2 ����
�mC D
�mC L

�mC D
�mC L

+ a3�U �X + a4, (23)

where the coefficients a1 = (k11 + k31)/2 = �0.3530,
a2 = (k21 + k32)/2 = 4.090 � 10�2, a3 = (k12 + k41)/2 =
�0.9560, a4 = (k22 + k42)/2 = 1.1012.

An important temporal characteristic of the convec-
tive mass exchange between the flows in the VPMEA
is the residence time tR 	 V/G 	 l0 /u01 of the finely
dispersed phase in the VPMEA. Here, V = l0(s1 + s2)
is the volume of the VPMEA; G = (u01s1tts1 +
u02 s2 tts2) /(tts1 + tts2), the average (in two time steps)
flow rate of dispersed flows; and tts1 and tts2, the dura-
tions of the first and second time steps. The residence
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time is directly related to the time in which a steady-
state operation of the VPMEA is attained. An exact
calculation of the residence time is only possible for
the dispersed phase. As particles of the dispersed
phase do not pass from one channel into the other,
the residence time of these particles in the VPMEA
is the time of their motion within a certain channel,
from inlet to outlet. A displacement dx along the
channel takes a time dx/u(x). Then, the residence time
is found by integration along the channel length

tR = � ��� or
u(x)
dx

0

l0

TR = �� = � ��� .
l0

dX

0

1
tR

U(X )
(24)

Exact calculation of the residence time for the con-
tinuous phase is impossible, because its different por-
tions may move within a channel from inlet to outlet
or may flow from one channel into the other, and such
an interchanell flow may occur at any point of the
permeable partition. At the same time, there is no
doubt that the characteristic time of flow motion with-
in the VPMEA is the l0 /u01 ratio, and the residence
time will be of the same order of magnitude as this
parameter. Therefore, if we are only interested in the
order of magnitude of the residence time, we can use
the l0 /u01 ratio. A more reliable estimate of the resi-
dence time is given by the V/G ratio. For the system
being calculated, V/G = 2l0 /u01. The corresponding
value of the dimensionless time T = 2. It should also
be noted that the parameter 1/�U�X can be regarded as
the dimensionless residence time. This assumption
is confirmed by the results of calculations. In Fig. 3,
curves 1 and 2 level off (reach the stationary concen-
trations) at T � 4, with 1/�U�X = 4.221. The discrep-
ancy between these values does not exceed 5�6%.

CONCLUSIONS

(1) Integral parameters determining the efficiency
of the convective mass exchange (degree of mass ex-
change) between flows of finely dispersed media
in a valve-pulsatory mass-exchange apparatus were
found for the case when the intensity of interphase
mass transfer is so high that the continuous and dis-
persed phases can be considered to be in equilibrium
(Sh 
Fo = � tts /dS >> 1) at any point of the apparatus
at any instant of time. These parameters are the fol-
lowing: (1) ratio �U�X of the longitudinal flow velocity
averaged over the channel length to the flow velocity
at the channel inlet and (2) ratio �mCL/�mCD =
1/[� + (1 � �)H ] of the maximum possible change in
the concentration of the component being transferred
in the continuous phase to the maximum possible
change in the concentration of the component being

transferred in the dispersed phase. Here � is the po-
rosity of the finely dispersed phase and H is the con-
stant characterizing the interphase equilibrium in
the finely dispersed phase.

(2) It was established that the efficiency of the
convective mass exchange (degree of mass exchange)
between the flows of the finely dispersed and contin-
uous media is the higher, the smaller the values of
�U�X and �mCL/�mCD = 1/[� + (1 � �)H ].

(3) It was shown that the parameters �U�X and
�mCL/�mCD = 1/[� + (1 � �)H ] can be used in
optimization of the design and operation modes of
a valve-pulsatory mass-exchange apparatus in the case
of a very strong interphase mass transfer (Sh 
Fo =
�tts /dS >> 1).
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Abstract�A system of equations of rheodynamics that describes the flow of a non-Newtonian fluid with
a free surface in a cylindrical-conical hydrocyclone was solved numerically. The fields of velocities and
pressure, as well as the dependence of the thickness of the fluid film on the axial coordinate, were calculated.
The influence exerted by the rheological properties of the fluid and by the defining similarity criteria on
the flow hydrodynamics was studied.

Cylindrical-conical hydrocyclones are the most
widely used industrial apparatus for separating inho-
mogeneous dispersed systems. The simplicity of their
design, small size, and high separation efficiency
ensure their preferential use as compared with cen-
trifuges and separators.

Suspensions separated in chemical industry are in
many cases non-Newtonian fluids whose effective
vscosity depends on the deformation rates. Suspen-
sions of this kind are separated in manufacture of
protein�vitamin concentrates (paprin, haprin, meprin),
in production of suspensions of biomass, glaze, and
SiC3, and in purification of wastewater to remove oil,
fats, and other substances. The lack of any adequate
model of the hydrodynamics of non-Newtonian fluids
in a cylindrical-conical hydrocyclone is still the main
obstacle on the way to development of a general pro-
cedure for calculating these apparatus.

The known studies devoted to a theoretical analysis
of the hydrodynamics of cylindrical-conical hydrocy-
clones [1�4] cannot be used in developing a proce-
dure for an engineering calculation of a hydrocyclone
because of the fact that the mathematical models of
the flow in a hydrocyclone most frequently do not
reflect the real process and lead to deviation of cal-
culated separation parameters from their true values.
In particular, the studies mentioned did not consider
the fluid flow in a hydrocyclone with a free surface,
which impairs the accuracy and applicability of cal-
culation formulas derived in these studies.

It was mentioned in [1] that, to construct an ade-
quate model of the flow in a cylindrical-conical hy-
drocyclone, it is necessary to use complete Navier�
Stokes equations, which are transformed into equa-
tions of rheodynamics in the case of separation of
non-Newtonian media. In [5, 6], a conclusion was
made that the rheological equation of state of a non-
Newtonian fluid, which is commonly written in the
form of a power-law Ostwald de Veille equation, is
applicable to suspensions.

In [7, 8], the author modeled the hydrodynamics
of a non-Newtonian fluid in a cylindrical straight-flow
hydrocyclone used to classify particles of the solid
phase of the suspension into fractions and to separate
and purify suspensions in a centrifugal field. Howev-
er, no solution of the complete equations of rheody-
namics of a non-Newtonian fluid for a swirling flow
in a cylindrical-conical hydrocyclone has been re-
ported in the literature.

The mathematical model of the process of devel-
opment of a rotatory flow of a film of a non-New
tonian fluid in a cylindrical-conical hydrocyclone is
a set of equations of rheodynamics, a continuity equa-
tion, boundary conditions, and an equation that ex-
presses the constancy of the fluid flow rate along
the axis of the hydrocyclone. The flow pattern is
shown schematically in Fig. 1.

The hydrocyclone comprises a cylindrical chamber,
into which a fluid is tangentially fed, and a conical
part. The fluid fed into the casing of the hydrocyclone
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Fig. 1. Scheme of the flow in a cylindrical-conical hy-
drocyclone.

flows down, swirling, along the walls under the ac-
tion of the gravity force and the pressure, being char-
acterized by radial (Vr ), circumferential (V� ), and
axial (Vz ) velocity components. It is assumed that
the velocity distribution is independent of the angular
coordinate and the flow has a rotation symmetry.
This assumption is well justified in practice [9],
when the centrifugal acceleration exceeds the gravita-
tional acceleration, which is characteristic of hydro-
cyclones of any design. It is also assumed that the
flow is laminar, the surface tension force and that
of friction of the film against the gas medium are
negligible, the fluid is incompressible, and the flow is
wave-free. The air pressure within the hydrocyclone
casing is constant and equal to the atmospheric pres-
sure P0.

It is assumed that the rheological properties of the
suspension are described by the generalized Ostwald
de Veille law

(1)�ij = k An � 1 �i j,

����������

2 �� +
�r� � 2 �� +

r� � 2 �� +
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where �ij are components of the stress tensor (Pa);
�ij, components of the deformation rate tensor (s�1);
A, the intensity of the deformation rates (s�1); n the
nonlinearity indicator for the flow curve; k, the con-
sistency index (Pa sn); and r, �, z, the radial, circum-
ferential, and axial coordinates, respectively.

The Navier�Stokes equations in terms of the com-
ponents of the stress tensor and the continuity equa-
tion, written in a cylindrical system of coordinates
[11], will have for the flow under consideration the
following form

Vr�� +
�r

Vz�� 	 ��

�z r

V�
2�Vr �Vz

= 	��� + � ��� + ��� + ������� ,
�r
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�Vr

r
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where P is the pressure in the fluid (Pa); �, the aver-
age fluid density (kg m�3); and g, the free fall accel-
eration (m s�2).

The system of equations (2)�(5) should be solved
with the following boundary conditions

z � zc ,

r = R, Vr = 0, V� = 0, Vz = 0,

r = R 	 w, �r� = 0, �rz = 0, Vr = Vz(�w/�z), P + �rr = P0;

z > zc ,

r = R 	 (z 	 zc) tan (�/2), Vr = 0, V� = 0, Vz = 0,

r = R 	 (z 	 zc) tan (�/2) 	 w, �r� = 0, �rz = 0,

Vr = Vz (�w/�z), P + �rr = P0;

z = 0,

V� = (2/h)U0(R 	 r),

(6)

Vz = [2U0(R � r)b]/[
h(2R 	 h)], Vr = 0, P = Pb(r);

�� = �� = �� = 0,
�z

�Vz

�z

�V� �Vr

�z

z = zc,
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where zc and R are the axial size and the radius of the
cylindrical chamber of the hydrocyclone casing (m);
�, the cone angle of the conical part of the hydrocy-
clone casing (deg); Pb (r) the pressure distribution
function over the radial cross-section at z = 0 (Pa);
ze , the coordinate of the discharge opening in the con-
ical part of the hydrocyclone casing (m); w, the thick-
ness of the fluid film (m); and h and b, the width and
height of the inlet pipe (m).

At the exit from the conical part of the hydrocy-
clone casing, a �soft� boundary condition is set [12]:
the derivatives of the velocity components along the
axial coordinates should be zero.

Substitution of the values of the stress tensor com-
ponents found using the rheological relation (1) into
the system of the Navier�Stokes and continuity equa-
tions (2)�(5) yields a system of rheodynamic equations
for the non-Newtonian fluid in the dimensionless form:
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After a transformation to the dimensionless form,
the boundary conditions (6) will look like

�z � �zc,

�r = 1, f = 0, � = 0, H = 0,

r = 1 	 �w�, ��/��r 	 �/ �r = 0, �H/��r + �f /��z = 0,

f = H��w�/��z, F = 	(2kU0
n � 2/
Rn)(A0

n � 1� f /��r);

�z > �zc ,

�r = 1 	 (�z 	 �zc) tan (�/2), f = 0, � = 0, H = 0,
�r = 1 	 (�z 	 �zc) tan (�/2) 	 �w�,

��/��r 	 �/ �r = 0, �H/��r + �f /��z = 0;
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Fr is the centrifugal Froude number (separation fac-
tor); Ren, an analogue of the Reynolds number for
power-law fluids;
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A0 is the dimensionless intensity of the deformation
rate.

The dimensionless and dimensional variables are
related by

�z = �z / R, �r = r / R, H(�r, �z ) = Vr / U0, f (�r, �z ) = Vz / U0,
�(�r, �z ) = V� / U0, F(�r, �z ) = (P 	 P0) / (
U0

2 ), �w� = w / R,
�
h = h / R, �b = b / R, U0 = Q / bh,

where
�
z,

�
r are the dimensionless axial and radial co-

ordinates, respectively; H(
�
r,

�
z ), f (

�
r,

�
z ), and �(

�
r,

�
z ),

the dimensionless axial, radial, and circumferential
components of the flow velocity; F(

�
r,

�
z ), the dimen-
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sionless pressure; Fb (
�
r ), the distribution function

of dimensionless pressure over the radial cross-section
at

�
z = 0

�
w
�
, the dimensionless thickness of the fluid

film;
�
h,

�
b, the dimensionless width and height of

the inlet pipe;
�
zc, the dimensionless axial size of the

cylindrical chamber of the hydrocyclone;
�
ze, the di-

mensionless coordinate of the discharge opening in
the conical part of the hydrocyclone casing; U0,
the average flow velocity in the inlet pipe of the hy-
drocyclone (m s�1); and Q, the flow rate of the fluid
(m3 s�1).

To determine the hydrodynamic parameters of the
flow, it is necessary to numerically integrate the sys-
tem of differential equations (7)�(10) in partial de-
rivatives at appropriate boundary conditions (11) with
account of the geometry of the working space of a
hydrocyclone. The integration of the system of dif-
ferential equations in partial derivatives was per-
formed by the finite-difference method. The finite-dif-
ference analogue of the rheodynamic and continuity
equations served as a basis for developing a calcula-
tion program written in the Compaq Visual Fortran
language. The software developed performed calcula-
tions by formulas constructed on the basis of a finite-
difference analogue of the mathematical model (7)�
(11), which is an implicit finite-difference scheme.
The solution was obtained on a computer by means
of a sequential (over grid nodes) cyclic procedure
based on the Zeidel method. At a grid node, the pres-
sure P was found from the finite-difference analogue
of Eq. (7); the axial component H of the flow velocity,
from an analogue of Eq. (8); the circumferential com-
ponent � of the flow velocity, from an analogue of
(9); and the radial component f of the flow velocity,
from an analogue of the continuity equation (10).
The calculated flow region was divided using a non-
uniform grid with 50 	 50 cells along the radial and
axial coordinates. The shape of the grid cells was de-
termined by the profile of the free surface of the film
and by the cone angle of the conical part of the hydro-
cyclone casing.

The thickness of the fluid film was found from
the integral continuity equation

Q = 2 rH (r, z )dr = const,
�� � � ��

�
R( z ) � w
�

� ��

R( z )
�

�

(12)

where
�
R(

�
z ) = R(z) /R is the nondimensional radius of

the hydrocyclone casing.

Equation (12) expresses the condition of a constant
flow rate in a hydrocyclone in the axial direction. In

expression (12), the profile of the axial component of
the velocity was integrated across the fluid film thick-
ness at a running value of the dimensionless radius�
R(

�
z ) of the apparatus casing, which is a piecewise-

linear function of
�
z and can be found from the relation�

R(
�
z ) = 1 for the cylindrical chamber of the hydrocy-

clone at
�
z 


�
zc and from the formula

	
R(�z ) = 1 	 (�z 	 �zc) tan (�/2).

for the conical part of the casing at z > zc.

The film thickness was calculated using the expres-
sion derived from Eq. (12):

w = R( z ) 	 � R( z ) 	 Q/Hav( z ),�� � � � � �� �
��������

(13)

where Hav(
�
z ) is the average value of the axial com-

ponent of the velocity in the radial cross-section at
z = const.

The value of Hav(
�
z ) was found by numerical inte-

gration of the resulting profile of the axial component
of the velocity, H(

�
r,

�
z ), in each radial cross-section

at
�
z = const.

The film thickness was found using Eq. (13) in
the direction of the

�
z axis as far as the point of con-

fluence of the fluid film into a continuous flow in
the bottom zone of the conical part of the hydro-
cyclone casing (Fig. 1, point K). This point was
named the critical point, on reaching which the cal-
culation was terminated and the control was trans-
ferred to the loop operator for calculating the next
approximation. In the case when no flow confluence
occurred, the calculation was performed as far as
the discharge opening in the conical part of the hy-
drocyclone casing.

The flow of a non-Newtonian fluid in a hydrocy-
clone is characterized by the nonlinearity indicator
n for the flow curve, centrifugal Froude number Fr
(separation factor), analogue of the Reynolds number
for non-Newtonian fluids Ren, and dimensionless
flow rate

�
Q.

The numerical modeling was carried out at the non-
linearity indicator for the flow curve varying in the
range n = 0.6�1.3, which corresponds to pseudo-
plastic (n < 1.0) and dilatant (n > 1.0) fluids, and also
to a Newtonian fluid at n = 1.0, for a cylindrical-con-
ical hydrocyclone in which the height of the cylindri-
cal chamber is equal to the apparatus diameter (zc = 2)
and the cone angle of the conical part of the apparatus
� = 10�.
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Figure 2 shows calculated dependences of the di-
mensionless thickness

�
w
�

of the film on the axial co-
ordinate

�
z at different nonlinearity indicators n for

the flow curve. Analysis of the dependences shows
that the dimensionless thickness of a film of a non-
Newtonian fluid in a cylindrical-conical hydrocyclone
first decreases and then starts to increase in the direc-
tion of the

�
z axis of the apparatus. This is due to

an steep rise in the axial component of the flow veloc-
ity in the initial region because of the influence ex-
erted on the flow by the gravity force and pressure
and to a decrease in the perimeter of the flow section
of the conical part of the apparatus casing in the direc-
tion of the

�
z axis. As the nonlinearity factor n for the

flow curve increases, the dimensionless thickness
�
w
�

of the film grows, and this rise is the most pro-
nounced near the discharge opening in the conical
part of the hydrocyclone casing, which is caused by
an increase in the effective viscosity of the non-New-
tonian fluid.

The calculated dependences of the dimensionless
thickness

�
w
�

of a film of a pseudoplastic liquid (n =
0.6) on the axial coordinate

�
z for different values of

the Froude number (separation factor) Fr are shown
in Fig. 3a, and the same dependences for a Newtonian
fluid (n = 1.0), in Fig. 3b. Analysis of the depen-
dences in Figs. 3a and 3b shows that, as the Fr num-
ber increases, the thickness of the film of a pseudo-
plastic fluid grows, which is accounted for by the in-
creasing influence of centrifugal forces on the flow
and by the decreasing influence of gravity, especially
in the bottom zone of the conical part of the cylindri-
cal-conical hydrocyclone casing, where the circum-
ferential component of the flow velocity increases
dramatically. For the Newtonian fluid, the film thick-
ness grows with increasing Froude number Fr more
steeply, because at high shear rates the effective vis-
cosity of a pseudoplastic fluid decreases, and that of
Newtonian fluid remains constant.

The obtained dependences of the axial and circum-
ferential components of the flow velocity on the radial
coordinate can be approximated by the expressions

H ( r, z ) = Hmax ( z ) 1 	 1 	 ���

1 	 r
w

� � �
��

�
�
�

�
�

�
�

�M

� ,

(14)

�( r, z ) = �max ( z ) 1 	 1 	 ���

1 	 r
w

� � �
��

�
�
�

�
�

�
�

L �
� ,

where Hmax(
�
z ) is the maximum value of the axial

component of the flow velocity at the surface of
the fluid film; M, the filling factor of the profile of
the axial component of the flow velocity; �max(

�
z ),

the maximum value of the circumferential component

Fig. 2. Dimensionless thickness �w� of the fluid film vs.
the axial coordinate �z at different nonlinearity indicators
n for the flow curve. Fr = 73.4, Ren = 4000.0,

	
Q = 0.04,

� = 10�; the same for Figs. 4, 6. n: (1) 0.6, (2) 0.8, (3) 1.0,
and (4) 1.2.

Fig. 3. Dimensionless thickness �w� of the fluid film vs.
the axial coordinate �z at different Froude numbers Fr.
Ren = 4000.0,

�
Q
�

= 0.04, � = 10�; the same for Fig. 5.
n: (a) 0.6 and (b) 1.0. Fr: (1) 32.6, (2) 50.0, (3) 100.0,
(4) 130.5, (5) 203.9, and (6) 293.6.

Fig. 4. Maximum circumferential component of velocity
at the film surface, �max( �z ), vs. the axial component �z
at different nonlinearity indicators n for the flow curve.
n: (1) 0.6, (2) 0.7, (3) 0.8�0.9, (4) 1.0, (5) 1.1, (6) 1.2,
and (7) 1.3.

of the flow velocity on the surface of the fluid film;
and L, the filling factor of the profile of the circum-
ferential component of the flow velocity.

Figure 4 shows how the maximum circumferential
component of the flow velocity on the surface of a film
of a non-Newtonian fluid, �max(

�
z ), depends on the

axial coordinate
�
z at different nonlinearity indicators

n for the flow curve. It was established that the cir-
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Fig. 5. Maximum circumferential component of velocity
at the film surface, �max ( �z ), vs. the axial component �z at
different Froude numbers Fr. n: (a) 0.6 and (b) 1.0. Fr: (a)
(1) 32.6, (2) 50.0, (3) 73.4, (4) 100.0, (5) 130.5, and
(6) 293.6; (b) (1) 8.2, (2) 18.4, (3) 50.0, (4) 73.4, (5) 100.0,
(6) 130.5, (7) 203.9, and (8) 293.6.

Fig. 6. Filing factor L of the profile of the circumferential
component of the flow velocity vs. the axial component
�z at different nonlinearity indicators n for the flow cur-
ve. n: (1) 0.6, (2) 0.7, (3) 0.8�0.9, (4) 1.0, (5) 1.1,
and (6) 1.2.

cumferential component of the flow velocity at the
film surface first decays in the direction of the hy-
drocyclone axis and then, as the conical part of the
casing becomes narrower, again increases, with this
increase being the most pronounced in regions close
to the film surface. The increase in the circumferen-
tial component of the velocity at the film surface is
due to the conservation of the initial angular momen-
tum of the swirling fluid. Analysis of the calculated
dependences presented shows that the rate at which
the maximum circumferential component of the flow
velocity decays for pseudoplastic fluids (n < 1.0)
decreases as the anomaly of non-Newtonian properties
becomes more pronounced (as n decreases) because
of a decrease in the effective viscosity in zones with
high shear rates. For dilatant fluids, the rate at which
the maximum circumferential component of the flow
velocity grows as the anomaly of non-Newtonian
properties becomes more pronounced (as n increases)
because the effective viscosity of dilatant fluids in-
creases with n.

Figure 5a shows how the maximum circumferen-
tial component of the flow velocity, �max(

�
z ), depends

on the axial coordinate
�
z for different values of the

Froude number Fr for a pseudoplastic liquid (n = 0.6);
similar dependences for a Newtonian fluid (n = 1.0)
are presented in Fig. 5b. Analysis of the dependences
in Fig. 5a shows that, as the Fr number increases,
the maximum circumferential component of the flow
velocity grows, especially near the discharge opening
in the conical part of the hydrocyclone casing, which
is accounted for by the increasing thickness of the
fluid film. Analysis of the dependences in Fig. 5b
shows that the decay of the circumferential component
of the flow velocity in the direction of the hydrocy-
clone’s axis decreases as the Froude number Fr grows,
and does so to a greater extent than in the case of a
pseudoplastic fluid, because the effective viscosity of
the Newtonian fluid is independent of the shear rate.

Figure 6 shows how the filling factor of the profile
of the circumferential component of the flow velocity
of a non-Newtonian fluid, L, depends on the axial
coordinate

�
z for different nonlinearity indicators for

the flow curve. Analysis of the dependences shows
that the filling factor of the profile of the circumferen-
tial component of the flow velocity increases in the
initial part of the flow and then decreases in the con-
ical part of the hydrocyclone casing, especially near
the discharge opening, which is due to the conserva-
tion of angular momentum of the swirling flow. As
n becomes higher, the filling factor of the profile de-
creases, which corresponds to a decrease in the anom-
aly of the non-Newtonian properties of a pseudoplas-
tic fluid or to an increase in the anomaly of the non-
Newtonian properties of a dilatant medium.

According to the results of calculations, the thick-
ness of the fluid film becomes lower as Ren increases,
which is due to a decrease in the effective viscosity of
the fluid. As a result, as Ren becomes higher, the
maximum value of the circumferential component
of the flow velocity at the film surface, �max(

�
z ), in-

creases, and the rate at which �max(
�
z ) decays along

the axial coordinate becomes lower, which is due to
a decrease in the effective viscosity of the fluid and
an increase in the axial component of the flow veloc-
ity because of the diminishing thickness of the film.
As Ren becomes higher, the filling factor of the pro-
file of the circumferential component of the flow ve-
locity grows, which is also accounted for by a decrease
in the effective viscosity of the fluid.

CONCLUSIONS

(1) The influence exerted by the anomaly of the
non-Newtonian properties of a fluid and by the defin-
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ing similarity criteria on the hydrodynamics of flow
in a cylindrical-conical hydrocyclone was analyzed
by means of a numerical modeling. It was established
that the circumferential component of the flow veloc-
ity at the film surface first decays in the direction
of the hydrocyclone’s axis, but then, as the conical
part of the casing becomes narrower, again increases,
with this increase being the steepest near the film
surface.

(2) For pseudoplastic fluids, the rate at which the
circumferential component of the flow velocity decays
in the direction of the hydrocyclone’s axis decreases
as the anomaly of the non-Newtonian properties be-
comes more pronounced. The circumferential com-
ponent of the flow velocity increases with Fr and
Ren numbers, and this increase is the most pronounced
near the discharge opening in the conical part of the
hydrocyclone casing and for Newtonian fluids.

(3) The dependences obtained can be used in mod-
eling the concentration field in a cylindrical-conical
hydrocyclone.
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Abstract�1-Halo derivatives of the 2,2,6,6-tetramethylpiperidine series oxidize sterically hindered phenols
to form dimers and p-quinones.

The capability of sterically shielded phenols to
undergo oxidation is well known [1] and is one of
the main characteristic properties of this class of com-
pounds, allowing their use as effective antioxidants
[2]. Diverse oxidation products are formed (phenoxyl
radicals, quinoid compounds, quinones), depending
on the structure of the phenols being oxidized and on
the oxidant chosen. For example, oxidation of 2,4,6-
tri-tert-butylphenol with PbO2 or MnO2 yields a sta-
ble phenoxyl radical, whereas oxidation with NaNO2
yields quinones [1].

In this context, it seemed of interest to study the
oxidation of shielded phenols with 1-halo derivatives
of the 2,2,6,6-tetramethylpiperidine (TMP) series.
These agents have apparent advantages over other
N-haloalkylamines in that they show relatively high
stability and low nucleophilicity; these compounds can
be prepared in high yield from the available 2,2,6,6-
TMP derivatives [3�5].

The oxidation of sterically hindered phenols with
halo derivatives of the 2,2,6,6-TMP series is usually
performed in an organic solvent, e.g., benzene or meth-
ylene chloride. 2,6-di-tert-butyl-4-methylphenol I and
2,6-di-tert-butylphenol II are oxidized with 1-halo
derivatives of the 2,2,6,6-TMP series to form dimers:
3,3�,5,5�-tetra-tert-butylstilbenoquinone III and 3,3�,5,5�-
tetra-tert-butyldiphenoquinone IV, respectively:
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In an organic solvent, the dimerization apparently
occurs by the radical mechanism [1]. The reaction rate
depends on the rate of protonation of the 1-halo deriv-
ative. The possible pathway of dimer formation in the
oxidation of phenols with chloramines of the 2,2,6,6-
TMP series is shown in the scheme:
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The stability of the forming phenoxyl radical is
determined by the structural features of the initial
phenol molecule. For example, in oxidation of 2,4,6-
tri-tert-butylphenol V, we obtained 2,6-di-tert-butyl-
benzoquinone VI. 2,4,6-Tri-tert-butylphenol does not
undergo noticeable dimerization because of the high
stability of the forming 2,4,6-tri-tert-butylphenoxyl
radical [6]:
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1-Chloro-2,2,6,6-TMP oxidizes hydroquinone VII
in an organic solvent to p-benzoquinone VIII in quan-
titative yield:
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Phenol IX in organic solvent reacts with 1-chloro
derivatives of the 2,2,6,6-TMP series to form 2,4,6-
trichlorophenol Xa and with 1-bromo derivatives to
form 2,4,6-tribromophenol Xb:
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where X = Cl (Xa), Br (Xb).

In acidic solutions, the reactions apparently occur
by the electrophilic mechanism, which is confirmed
by the formation of p-chloroacetanilide XII as the
only product in the reaction of acetanilide XI with
1-chloro-2,2,6,6-TMP:
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1-Bromo-4-hydroxy-2,2,6,6-TMP reacts with di-
methylphenylamine and diethylphenylamine in a weak-
ly acidic solution (pH 4�5) also to form the corre-
sponding p-bromo derivatives XIIIa and XIIIb:

�
�

�Br

N(R2)

XIIIa, XIIIb

�
�
N(R2)

���
�N�Br

where R = CH3 (XIIIa), C2H5 (XIIIb).

EXPERIMENTAL

3,3�,5,5�-Tetra-tert-butylstilbenoquinone III. 2,6-
Di-tert-butyl-4-methylphenol (Ionol), 4.4 g (0.02 mol),
and 1-bromo-4-hydroxy-2,2,6,6-tetramethylpiperidine,
9.2 g (0.04 mol), were dissolved in 50 ml of benzene,
and the mixture was allowed to stand at 25�C for 4�
5 days. After the disappearance of the starting Ionol
(TLC monitoring), the precipitate of 4-hydroxy-2,2,6,6-
tetramethylpiperidinium bromide was separated. The
solvent was distilled off under reduced pressure; 3.9 g
(90%) of 3,3�,5,5�-tetra-tert-butylstilbenoquinone was
obtained; mp 304�305�C (from benzene).

The reaction with 1-chloro-4-hydroxy-2,2,6,6-tetra-
methylpiperidine was performed similarly. The reac-
tion was slower, being complete in 6�7 days. Yield
of III 3.6 g (85%).

3, 3�, 5, 5�-Tetra-tert-butyldiphenoquinone IV.
A mixture of 1 g (0.005 mol) of 2,6-di-tert-butyl-
phenol and 1.7 g (0.01 mol) of 1-chloro-4-hydroxy-
2,2,6,6-tetramethylpiperidine in 50 ml of benzene was
allowed to stand for 2 days. After the disappearance of
the starting phenol (TLC monitoring), the precipitate
of 4-hydroxy-2,2,6,6-tetramethylpiperidinium chlo-
ride was separated. The solvent was distilled off under
reduced pressure; 0.9 g (90%) of 3�,3,5�,5-tetra-tert-
butyldiphenoquinone was obtained; mp 240�242�C.
The isolated product was identified by comparison
with an authentic sample [5].

2,6-Di-tert-butyl-p-benzoquinone VI. A mixture
of 2.6 g (0.01 mol) of 2,4,6-tri-tert-butylphenol and
3.4 g (0.02 mol) of 1-chloro-2,2,6,6-tetramethylpip-
eridine in 50 ml of benzene was placed in a flask
equipped with a reflux condenser and heated for 20 h
on a water bath kept at 60�C. The mixture was cooled,
the precipitated crystals of 2,2,6,6-tetramethylpiperi-
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dinium chloride were filtered off, the solvent was
evaporated, and the residue was chromatographed on
a column (Al2O3, Brockmann grade II l = 20 cm, d =
3 cm, eluent hexane). The yellow fraction was col-
lected. The solvent was removed under reduced pres-
sure; 1.15 g (55%) of 2,6-di-tert-butyl-p-benzoqui-
none VI was obtained; mp 78�79�C (from hexane);
published data [6]: mp 78�80�C.

p-Benzoquinone VIII. A mixture of 2.2 g
(0.02 mol) of hydroquinone and 3.6 g (0.02 mol) of
1-chloro-2,2,6,6-tetramethylpiperidine in 20 ml of
methylene chloride was allowed to stand for 12 h.
The precipitate of 2,2,6,6-tetramethylpiperidinium
ch loride (3.5 g) was filtered off, and the solvent was
distilled off on a rotary evaporator; 1.72 g (80%) of
p-benzoquinone VIII was obtained, mp 116�C (from
water). The product was identified by comparison
with an authentic sample [7].

2,4,6-Trichlorophenol Xa. A mixture of 0.94 g
(0.01 mol) of phenol and 5.66 g (0.03 mol) of 1-chlo-
ro-4-hydroxy-2,2,6,6-tetramethylpiperidine in 50 ml
of benzene was allowed to stand for 24 h at room tem-
perature. The benzene solution was extracted with
10% NaOH, the organic layer was separated, and the
aqueous layer was acidified with HCl to pH 1. 2,4,6-
Trichlorophenol precipitated from the aqueous phase;
it was separated, washed with water, and dried in air.
Yield 1.78 g (91%); mp 63�65�C (from ethanol�wa-
ter, 1 : 1); published data [8]: mp 64�65�C. 4-Hy-
droxy-2,2,6,6-tetramethylpiperidine was isolated from
the benzene layer; yield 4.2 g (90%), mp 130�132�C
(from ethyl acetate) [9].

2,4,6-Tribromophenol Xb was prepared similarly,
by the reaction of phenol with 1-bromo-4-hydroxy-
2,2,6,6-tetramethylpiperidine. Yield 82%, mp 96�
98�C (from ethanol�water, 1 : 1). Mixing with an
authentic sample gave no depression of the melting
point [8].

p-Chloroacetanilide XII. Acetanilide, 2.7 g
(0.02 mol), and 1-chloro-2,2,6,6-tetramethylpiperi-
dine, 3.7 g (0.021 mol), were dissolved in 30 ml of
benzene, and 25 ml of 1 M HCl was added. The mix-
ture was stirred and heated on a water bath at 50�
60�C for 15�20 min. The reaction progress was moni-
tored by TLC. After the reaction was complete, the
mixture was cooled, the organic layer was separated,
and the solvent was evaporated under reduced pres-
sure. The crystals of 4-chloroacetanilide were filtered

off. Yield of XII 3.2 g (92%); rhombic needles, mp
175�177�C; published data [10]: mp 177�178�C.

p-Bromoacetanilide was prepared similarly by the
reaction with 1-bromo-2,2,6,6-tetramethylpiperidine;
mp 167�168�C (from ethanol�water, 1 : 1). The prod-
uct was identified by comparison with an authentic
sample [10].

p-Bromo-N,N-diethylaniline XIIIb. N,N-Diethyl-
aniline, 1.49 g (0.01 mol), was dissolved in 20 ml of
benzene, and a solution of 2.5 g (0.01 mol) of 1-bro-
mo-4-hydroxy-2,2,6,6-tetramethylpiperidine in 20 ml
of benzene was gradually added. The mixture was
heated on a water bath at 60�C for 40�45 min. Then
the mixture was cooled, and white crystals of 4-hy-
droxy-2,2,6,6-tetramethylpiperidine were filtered off.
The solvent was evaporated, and 2.1 g (90%) of
p-bromo-N,N-diethylaniline (white oily crystals) was
obtained; mp 31�33�C (from ethanol�water, 1 : 1).
Mixing with an authentic sample gave no depression
of the melting point [10].

p-Bromo-N,N-dimethylaniline XIIIa was prepared
similarly. Yield 85%; mp 54�56�C (from ethanol�
water, 1 : 1); published data [10]: mp 55�56�C.

CONCLUSIONS

(1) 2,6-Di-tert-butyl-4-methylphenol and 2,6-di-
tert-butylphenol in an organic solvent are oxidized
by 1-halo derivatives of 2,2,6,6-tetramethylpiperidine
to form dimers.

(2) 1-Chloro-2, 2, 6, 6-tetramethylpiperidine oxi-
dizes in an organic solvent 2,4,6-tri-tert-butylphenol
and hydroquinone to 2,6-di-tert-butylbenzoquinone
and p-benzoquinone, respectively.

(2) Phenol in an organic solvent and aromatic
amines in an acidic solution in the presence of 1-halo
derivatives of the 2,2,6,6-tetramethylpiperidine series
undergo halogenation.
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Abstract�Stability constants of ionic associates of a hydroxyxanthene dye, tetrabromophenylfluorone, with
a series of organic cations were determined spectrophotometrically. The possibility of quantitative determi-
nation of anionic surfactants (alkyl sulfates) in an aqueous solution in the form of a dye anion associate with
tetrabutylammonium cation was considered.

Ionic association of organic dyes substantially
changes the optical properties of the medium and is
studied in connection with a search for novel photo-
sensitive materials [1, 2] and optically transparent
polymers [3], and with biochemical research [4].

Dye ionic associates have been used for quantita-
tive estimation of the content of surfactants in aque-
ous solutions [5]. Along with the dye ion, the associ-
ate contains an oppositely charged organic ion. Ionic
associates can be more �sensitive� with respect to
the content of ionic surfactants as compared to dye
ions, because the spectral changes in the associate +
surfactant system [6] occur at substantially lower con-
centrations of surfactant than in the dye + surfactant
system [7].

Hydroxyxantene dye anions are of special interest as
components of the associate. They have intense color
and exhibit bright luminescence in aqueous solutions.
Tetrabromophenylfluorone (TBPF), which is a struc-
tural analogue of eosin devoid of carboxy group, is one
of such dyes. It has been found that the TBPF � anion

�����
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���_

O

Br

Br Br

Br

OO

C

�C6H5

forms ionic associates with an organometallic com-
plex of copper(I). This fact was used as a basis of
an extractive procedure for the spectrophotometric
determination of the metal in aqueous solutions [8].

Intensely colored hydroxyxantene anion in the as-
sociate provides a high sensitivity of the quantitative
determination of copper.

It has been found previously [9] that associates
decompose under the action of ionic surfactants.
The color intensity of the solution directly depends on
the surfactant concentration. This phenomenon is of
interest as a basis of a sensitive method for determi-
nation of anionic surfactants. In this study, association
of the TBPF � anion with tetrabutylammonium cation
(TBA+) and reaction of the TBA+

�TBPF � associate
with anionic surfactants, alkyl sulfates, were examined
to develop a procedure for quantitative determination
of these surfactants in aqueous solutions.

EXPERIMENTAL

A sodium salt of TBPF was used [8]. The dye
purity was monitored spectrophotometrically using
the known extinction coefficients �max of protolytic
species (aqueous solution) at absorption band peaks
�max. Analytically pure tetrabutylammonium iodide
[TU (Technical Specifications) 6-09-05-410�75] was
used without additional purification. An anionic sur-
factant, sodium dodecyl sulfate (SDS), and a cationic
surfactant, cetylpyridinium bromide (CPB), contained
98�1% main substance. The other chemicals were
of analytically pure grade. The pH of the solution
was adjusted with acetate, phosphate, and borate buf-
fers [10] and was monitored potentiometrically with
a glass electrode. Absorption spectra were recorded
on Hitachi-U3210 and SF-46 spectrophotometers at
room temperature.
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TBPF is a monobasic acid with pKa 3.0 [8]. At
pH 5�9, it actually exists as a single-charged anion
TBPF �; its hydrolysis becomes noticeable at pH > 9.5.
It was found experimentally that TBPF association
occurs at fairly low (approximately 1 � 10�6 M and
more) concentrations. The characteristic feature of
TBPF association with organic counterions in aque-
ous solution is a decrease in the intensity of hydroxy-
xanthene absorption band. This is clearly observed
in the case of colorless cations, e.g., TBA+ (Fig. 1,
spectra 1, 4). The extinction coefficient of the asso-
ciate is almost half that of TBFF (see table). Similar
spectral changes were observed when anions of the
other hydroxyxanthenes (fluorescein, eosin, Rose
Bengal B, erythrosine [6, 11]) associate with certain
organic cations and when TBA+ associates with other
organic anions (anionic cyanines [12, 13]).

We found that, at dye concentrations of 1 � 10�6
�

5 � 10�5 M, association follows the scheme TBA+ +
TBPF � �

� TBA+
	 TBPF �.

The stoichiometric ratio of the components in the
associate, found by Adamovich’s method [14], is 1 : 1.
A similar scheme of association was determined for
reaction of TBPF � with a cyanine dye, pinacyanol
(PNC+):

����
�
�
�
�N

�
C2H5

�����
�

N
�
C2H5

+

The logarithm of the association thermodynamical
constant logK T

as (calculated by analogy with data
of [12]) for the TBA+

	 TBPF associate (see table)
is lower than that for the PNC+

	 TBPF � associate
(6.38 � 0.11) [11].

The TBPF � anion is more planar as compared to
other hydroxyxanthenes containing carboxy group.
The dihedral angle between the phenyl ring plane and
the xanthene fragment, equal to 57o, is smaller than
that in eosin (65o) and other xanthenes (results of
RM3 geometric optimization [15]). As known [12,
16�18], the planar structure of the molecule favors
ionic association between organic ions. Therefore,
the TBPF � anion forms more stable associate with
the more planar PNC+ cation (the ethylquinolinium
fragments are turned about the polymethine chain
by only 15o) as compared to nonplanar TBA+ cation.

Addition of an ionic surfactant to the TBA+
	 TBPF�

associate causes changes in the solution spectra.
The experimental data show that, in the submicellar
range of surfactant concentrations, the associate re-

Fig. 1. Absorption spectra of TBPF� anion in (1) water,
(2) SDS micelles, (3) CPB micelles, and (4) TBA+

�TBPF�

associate. (�) Extinction coefficient, (�) wave number, and
(�) wavelength.

acts with dodecyl sulfate anion (DS�) or with cetyl-
pyridinium cation (CP+) in the substitution fasion:

TBA+ �TBPF � + DS� �� TBA+ � DS� + TBPF �, (1)

TBA+ �TBPF � + CP+ �� TBA+ + CP+ �TBPF �, (2)

In the range of micellar concentrations (8.1 � 10�3 M
SDS and 6.6 � 10�4 M CPB [19]), the associate re-
acts with the surfactant by another pathway. This in-
teraction leads to solubilization of each counterion in
the Stern layer of the corresponding micelles [7]:

TBA+ �TBPF � + (x + y)DS�

�� (TBA+)xDS� + (TBPF �)yDS�, (3)

TBA+ �TBPF � + (x + y)CP+

�� (TBA+)xCP+ + (TBPF �)yCP+, (4)

where x and y take integer values.

The spectral changes in the TBA+
	 TBPF � + sur-

factant systems confirm the above schemes. For
instance, in the case of SDS, the TBPF � anion is

Characteristics of TBPF� anion and TBA+ � TBPF� associate
����������������������������������������

Characteristics � TBPF � � TBA+ � TBPF �

����������������������������������������
�max, nm � 515�516 [8] � 508
�max � 10�3, � 86.0 [8] � 43.0
l mol�1 cm�1 � �

� �log K T
as � � � 4.87 	 0.15

����������������������������������������
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Fig. 2. Absorption spectra of aqueous solutions containing
(a) TBA+

�TBPF� associate, (b) TBPF� anion, and SDS
additives. Reference solution is water; absorbing layer
thickness 1.00 cm; pH 6.9; cTBPF = 1.5 � 10�5, cTBA =
6 � 10�5 (M). (A) Optical density, (�) wave number,
and (�) wavelength. cSDDS (M): (1) 0; (2) 5 � 10�6,
(3) 1 � 10�5, (4) 5 � 10�5, (5) 1 � 10�4, (6) 3 � 10�4, and
(7) 1.5 � 10�3.

a product of associate decomposition in the submicel-
lar range [scheme (1)]. At the constant initial TBPF �

and TBA+ concentrations and increase in SDS content
(Fig. 2a, spectra 2�7 ), the optical density of the solu-
tion increases due to increase in the resulting TBPF �

concentration. The associate TBA+
	 DS� formed does

not absorb in the visible region, because it contains
no colored ions.

At the same time, due to electrostatic repulsion,
TBPF � does not form any associate with DS�. This
follows from invariability of the TBPF � spectrum in
the presence of various concentrations of DS� (Fig. 2b,
spectra 2�7 ). This fact indicates that the behavior of
the anionic surfactant with respect to the dye anion
and associate differs substantially: only in the second

case the system is sensitive to the presence of the an-
ionic surfactant in aqueous solution.

In the case of CPB, the associate decomposition is
noticeable only in the micellar medium [scheme (4)],
while at the submicellar concentrations the associate
CP+

	 TBPF � [scheme (2)] is formed. Its spectrum
is similar to the spectrum of TBA+

	 TBPF � associate
(Fig. 1, spectrum 4). It is important that the competi-
tive character of the TBA+

	 TBPF � reaction with
CP+ [scheme (2)] is confirmed by the fact that the
stability of the CP+

	 TBPF � associate is approxi-
mately the same (logKT

as = 5.3 � 0.11) as that of the
TBA+

	 TBPF � associate.

In the micellar region, the surfactants studied be-
have with respect to the associate components as a
micromedium: the counterions are separated by sur-
factant micelles [schemes (3) and (4)]. Thus, TBPF �

anions are released from the associate. This is con-
firmed by the spectra, which are similar in the shape
and intensity to the spectra of TBPF � in micelles
of anionic (Fig. 1, spectrum 2) and cationic (Fig. 1,
spectrum 3) surfactants. This fact agrees with the ref-
erence data [7] on the influence of ionic surfactant
micelles on the protolytic species of hydroxyxanthene
dyes.

The sensitivity of the associate to the surfactant
content in the solution is connected with the associate
stability, since, at constant TBPF � and TBA+ con-
centrations, changes in the associate + surfactant sys-
tem appear at the lower surfactant content [schemes
(1) and (2)]. It is found that the optical density of so-
lutions with fixed TBFF� and TBA+ concentrations
increases in proportion to the concentration of alkyl
sulfates (AS), anionic surfactants of the general for-
mula CnH2n + 1OSO3H (n = 8 and more). The optical
density of the solution at � 515 nm, A515, and con-
centrations of TBPF � of 1.5 � 10�5 M and TBA+ of
6 � 10�5, within the AS concentration range 5 � 10�6

�

8 � 10�5 M, is described by the equation

A515 = (0.07	0.01) + (2.09	0.12) � 104cAS,

where cAS is AS molar concentration in the solution.

Similar dependences underlie spectrophotometric
determination of AS, characterized by insignificant in-
fluence of pH. As mentioned above, both TBPF � and
TBA+ undergo no protolytic transformations within
the pH 4.5�9.5 range. Therefore, AS determination
can be performed within this pH range. The main
characteristics of the proposed method of AS deter-
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mination (DS� standard) in aqueous solutions using
TBA+

	 TBPF � associate are presented below:

AS detection limit, M:
by 3
 criterion [20] 2.5 � 10�6

practical [21] 6.5 � 10�6

Interval of AC concentrations 6.5 � 10�6�2.0 � 10�3

determined, M
pH range 4.5�9.5

The properties of TBA+
	 TBPF � associate can also

be used for development of a method for semiquan-
titative estimation (test control) of the AS concen-
tration. The procedure is as follows. A series of solu-
tions containing the constant concentrations of TBPF
and TBA (e.g., TBFF concentration is 1.5 � 10�6 M
and TBA concentration is by a factor of 4�6 higher)
and various AS concentrations (from 6.5 � 10�6 to
2 � 10�3 M with respect to SDS reference) are pre-
pared. Each solution will have a specific color in ac-
cordance with the degree of the associate decomposi-
tion. To estimate the AS content, an aliquot of the
solution to be analyzed is added to the TBPF and
TBA mixture, and the resulting color is compared to
that of reference solutions containing known AS con-
centration. The AS concentration is determined by
interpolation using the reference solutions having the
closest color.

CONCLUSIONS

(1) In aqueous solutions, tetrabromophenylfluorone
anion forms 1 : 1 ionic associates with single-charged
organic cations.

(2) Specific features of associate decomposition
at various concentrations of anionic and cationic sur-
factants were determined. The associate decomposi-
tion in submicellar solutions is due to a competitive
action of surfactant ions on ions forming the associ-
ates, while in micellar solutions, ionic surfactants
impede association.

(3) The properties of tethabromophenylfluorone
associates were used to develop a new method for
determination of alkyl sulfate content in aqueous so-
lutions. The proportional relationship between optical
density of the associate solution and the content of
anionic surfactant introduced is the basis of the quan-
titative determination. The method is characterized
by a low detection limit (6.5 � 10�6 M for sodium
dodecyl sulfate) and wide ranges of pH and surfactant
concentrations.
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Abstract�A procedure was developed for preparing oligomers containing terminal epoxy groups and
2-oxazolidone rings in the backbone.

One of the ways to improve the performance of
epoxy polymeric materials is their modification with
urethanes. The best developed modification proce-
dure is preparation of epoxy�urethane oligomers con-
taining urethane bonds in the backbone and terminal
epoxy groups [1, 2]. The urethane fragments in such
oligomers have a linear structure. It is known, how-
ever, that urethane groups in the 2-oxazolidone ring

2
�

O
�

N�
��
C=O

(�CH�CH )

surpass linear urethane fragments in the resistance to
base hydrolysis [3] and heat [4, 5].

In this study, we examined the possibility of pre-
paring epoxy�oxazolidone oligomers (EOOs) contain-
ing 2-oxazolidone rings in the backbone and terminal
epoxy groups by reactions of low-molecular-weight
epoxy�4,4�-isopropylidenediphenol oligomers (EOs)
with urethanes containing no substituents at the N
atom:

��
O N�CHCH2�RCH�CH2
�O
���

�C==O
����

OH
�O
���

�
�
�
�
�
�
�-

-
�
�
�
�
�
�
�-

-

+ nR�OH

n

� CH2�CH�RCH�CH2

(n + 1)CH2�CHRCH�CH2 + nH2NCOR�
�O
����O
���

O
��

It is known [6] that reactions of equimolar amounts
of diepoxides and ethyl urethane in the presence of
triethylamine catalyst yield polyoxazolidones:

��

�C==O
���

�
OH�N O

�
�
�
�
�
�
�-

-
�
�
�
�
�
�
�-

-

n

� CH2�CH�R�CH�CH2� + nC2H5OH

nH2NCOC2H5 + nCH2�CH�R�CH�CH2

O
�� �O
��� �O
���

We expected that reactions of urethanes containing
no substituents at the N atom with excess EO would
yield EOOs. To examine this possibility, we used
commercially available low-molecular-weight EOs of
the ED-20 and E-40 brands, and also diphenylolprop-
ane diglycidyl ether (DGE). As urethanes we chose
n-butyl urethane (BU) and 1-hydroxy-2-propyl ure-
thane (HU)

H2NCOCHCH2OH
���
O CH3

We found that EOs reacted with BU or HU (molar
ratio 2 : 1) in the presence of catalytic amounts of
tertiary amines (triethylamine, tributylamine) at 120�
160�C. The reaction is accompanied by the release of
by-products (butanol with BU and 1,2-propylene gly-
col with HU) but yields a gel. The gelation may be
due to the fact that tertiary amines apparently catalyze
not only the formation of the 2-oxazolidone ring but
also the polymerization of excess epoxy groups. It is
well known [7] that epoxides tend to polymerize in
the presence of tertiary amines.

We found that EOOs could be prepared with dibu-
tyltin dilaurate (DBTDL) used as a catalyst. This sub-
stance does not cause any decrease in the content of
epoxy groups in EOs on heating to 200�C. The EOOs
were prepared as follows. A mixture of urethane with
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Characteristics of EOOs
������������������������������������������������������������������������������������

� Starting substance � EO : urethane � � � �
���������������������� � � � �EOO � � � Tm, �C � E, wt % � Mn � �rel
� EO � urethane � molar ratio � � � �

������������������������������������������������������������������������������������
EOO-1 � ED-20 � BU � 2 : 1 � 44�48 � 10.3 � 840 � 1.55
EOO-1 � ED-20 � HU � 2 : 1 � 45�50 � 10.2 � 840 � 1.54
EOO-2 � ED-20 � BU � 3 : 2 � 55�60 � 7.2 � 1280 � 1.79
EOO-2 � ED-20 � HU � 3 : 2 � 55�60 � 7.3 � 1280 � 1.76
EOO-3 � ED-20 � HU � 4 : 3 � 60�65 � 5.5 � 1720 � 1.90
EOO-4 � E-40 � HU � 2 : 1 � 70�75 � 6.9 � 1240 � 1.80
EOO-5 � E-40 � HU � 3 : 2 � 73�78 � 4.7 � 1880 � 2.20
EOO-6 � DGE � HU � 2 : 1 � 41�45 � 12.2 � 720 � 1.58
EOO-7 � DGE � HU � 3 : 2 � 47�52 � 7.9 � 1100 � 1.61
EOO-8 � DGE � HU � 4 : 3 � 62�66 � 5.8 � 1480 � 1.75
EOO-9 � E-40 � HU � 4 : 3 � 75�80 � 3.5 � 2520 � 2.40
EOO-10 � ED-20 � HU � 5 : 4 � 70�75 � 4.2 � 2160 � 2.12
������������������������������������������������������������������������������������

excess EO was heated in the presence of DBTDL first
at 130�140�C under atmospheric pressure and then
at 170�180�C in a vacuum until the release of the
by-product was complete.

Epoxy�oxazolidone oligomers are solids soluble in
polar organic solvents (ketones, acetates, Cellosolves).
The products were characterized by the melting points
Tm, epoxy group content E, molecular weight Mn, and
relative viscosity �rel. The structure of EOOs was
confirmed by IR spectroscopy. The spectra contain
absorption bands of epoxy groups (860, 920 cm�1)
and a band at 1740 cm�1, characteristic of the urethane
C=O group in the 2-oxazolidone ring [8]. The charac-
teristics of EOOs are listed in the table.

We found that the mechanism of EOO formation
involves three consecutive reactions. First, the epoxy
groups in the starting EO are opened under the action
of urethane to form an addition product. This was
confirmed by the reaction of ED-20 with HU (1 : 2
molar ratio) at 130�C. Figure 1 shows that, in the
absence of DBTDL, the epoxy groups remain virtually
unchanged. The reaction noticeably accelerates in the
presence of 1 wt % DBTDL, being complete in 4 h,
with full conversion of the epoxy groups. No low-
molecular-weight impurities were detected. According
to IR data, the product contains no primary urethane
groups present in the starting HU. The reaction fol-
lows the scheme

R�(CH�CH2)2 + H2NCOCHCH2OH
�O
��� �

CH3O
��

� R�(CHCH2NHCOCHCH2OH)2
O
���

OH
�

CH3
I

The reaction product is a highly viscous substance.
Analysis for the content of OH groups (found 10.5,
calculated 10.9%) confirms the suggested structure.

The next step of EOO synthesis is the elimination
of the low-molecular-weight product (butanol or 1,2-
propylene glycol) and the formation of oxazolidone
structures. This was confirmed by conversion of addi-
tion product I at 170�180�C in a vacuum:

R(CHCH2NHCOCHCH2OH)2 � R(CH�CH2)2
�

OH
�

CH3O
�� ��

O NH
�C==O
���

II
+ 2HOCHCH2OH
�

CH3

The structure of the resulting dioxazolidone II was
confirmed by IR spectroscopy and analysis for the ni-
trogen content (found 5.53, calculated 5.70%), and
1,2-propylene glycol was identified by comparison of

Fig. 1. Kinetic curves of the reaction of ED-20 with HU
(molar ratio 1 : 2) at 130�C: (E) epoxy group content and
(�) time. DBTDL content, %: (1) 0, (2) 0.5, and (3) 1.0.
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Fig. 2. Fragments of the IR spectra of (a) HU, (b) product
of its addition to ED-20, (c) dioxazolidone, and (d) EOO
derived from ED-20 and HU. ( T) Transmission and
(�) wave number.

Fig. 3. Gel fraction content G in curing of mixtures of
EOO-1 with (1) diethylenetriamine and (2) hexamethyl-
enediamine at 120�C. (�) Time; the same for Fig. 4.

Fig. 4. Gel fraction content G in curing of mixtures of
EOO-3 with (1) maleic and (2) phthalic anhydrides at 170�C.

its physical constants with reference data. Dioxazoli-
done II is a solid, Tm 92�96�C.

The final step of EOO formation is the reaction of
excess epoxy groups of EO with the N�H bond in
oxazolidone rings:

��
O N�CH2 CH�R�CH�CH2 )2
�C==O
��� �O

����
OH

III

� R(CH�CH2

R(CH�CH2)2 + 2R�(CH�CH2)2
��

O NH
�C==O
���

�O
���

The possibility of this reaction was confirmed by
the example of the reaction of II with ED-20 (molar
ratio 1 : 2) at 170�180�C, which yielded EOO-2.

The above transformations are confirmed by the IR
spectra. Figure 2 shows the fragments of the IR spec-
tra (1500�1800cm�1) of HU, product of its addition
to ED-20 (molar ratio 2 : 1), dioxazolidone, and EOO
derived from ED-20 and HU. Comparison of the spec-
tra confirms the transformation of the NH2 group in
the starting HU (band at 1620 cm�1) into the NH
group in I and II (band at 1540 cm�1).

EOO (compound III) exhibits no absorption in
these regions. The band of the urethane C=O group
shifts from 1690 (HU, compound I) to 1740 cm�1

(II, III); the latter frequency is typical of the oxazol-
idone ring. The spectrum of EOO also contains the
absorption bands of the epoxy group (860, 915 cm�1).

The EOOs are readily cured via epoxy groups with
hardeners traditionally used for EOs. This is illus-
trated by Figs. 3 and 4. It is seen that network poly-
mers are formed at high rates from mixtures of EOOs
with the calculated amounts of aliphatic polyamines
(Fig. 3) or anhydrides of dibasic acids (Fig. 4).

EXPERIMENTAL

n-Butyl urethanes were prepared by refluxing a
mixture of butanol and urea in the presence of cata-
lytic amounts of zinc acetate [9, 10]. 1-Hydroxy-2-
propyl urethane was prepared by the reaction of 1,2-
propylene carbonate with ammonia [11]. Diphenylol-
propane diglycidyl ether (DGE) was isolated by vacu-
um distillation of ED-20 [12].

EOOs were prepared as follows (described for
EOO-1 as example). A three-necked flask equipped
with a stirrer, a thermometer, and a descending con-
denser with a condensate receiver was charged with
34 g (0.1 mol) of DGE, 6 g (0.05 mol) of HU, and
0.4 g of DBTDL. The mixture was heated with stir-
ring to 130�140�C and kept at this temperature for
2 h at atmospheric pressure. Then the temperature was
raised to 170�180�C, and the flask was evacuated to
0.7�0.8 kPa. Under these conditions, 1,2-propylene
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glycol was distilled off into the receiver. The reaction
was completed at a residual pressure of 0.2�0.25 kPa.
The melt of the resulting EOO-1 was cooled to 120�
130�C and cast onto a fluoroplastic plate on which it
solidified.

The nitrogen content was determined by the Kjel-
dahl method [13]; the content of hydroxy groups, by
acetylation [13]; and the content of epoxy groups,
using a solution of HCl in acetone [14]. The molecu-
lar weight was determined from the content of epoxy
groups, and the relative viscosity, viscometrically
using 10% EOO solutions in butyl Cellosolve. The
content of the gel fraction in curing of mixtures of
EOOs with hardeners was determined by extraction of
mixture samples with acetone in a Soxhlet apparatus
for 6 h [15].

CONCLUSION

Urethanes react with excess low-molecular-weight
epoxy oligomers in the presence of catalytic amounts
of dibutyltin dilaurate to form epoxy�oxazolidone
oligomers.
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Abstract�Peroxy-containing rosin�maleic and rosin�terpene�maleic resins were prepared and grafted to
low-density polyethylene macromolecules by reactive extrusion. The morphology and mechanical properties
of blends of functionalized polyethylene with polyamide 6 were determined.

One of the most versatile and economically feasible
ways to improve the performance of plastics for
machine-building and general technical purposes is
the use of polymer blends. However, the applicability
of polymer blends is restricted by the fact that many
polymers are incompatible with each other, which
results in phase segregation on blending [1, 2]. One of
the main procedures eliminating or reducing the nega-
tive effect of the incompatibility of polymeric com-
ponents is reactive mixing in which the mixing proper
is accompanied by physicochemical transformations
of reactive functional groups, which are present in
macromolecules of the components or are introduced
specially [1�3]. Functionalized (reactive) polymers
based on polyolefins (POs) are prepared by grafting
functional monomers to their macromolecules in po-
lymer melts [3].

A convenient and efficient procedure for function-
alization of POs is grafting of unsaturated monomers
in a polymer melt using special extrusion reactors
[4�7]. To initiate grafting in a reactive extrusion (RE)
process, radical initiators are added to the reaction
mixture along with the unsaturated monomers. The
most widely used radical initiators are dialkyl per-
oxides [7].

In preping functionalized POs (FPOs), the function-
al groups and initiating peroxy groups can be com-
bined in one substance, i.e., functional peroxy initi-

ators (FPIs) can be used [7, 8]. It is suggested that
decomposition of FPIs in the course of RE will yield
fragments that contain functional groups and can be
grafted to the polymer chain.

Apparently, the course of grafting and properties of
the resulting FPOs will largely depend on the chem-
ical structure of functional peroxides. For example,
experiments on grafting of carboxyl-containing per-
oxides to polypropylene have shown that the degree of
grafting of functional groups and degradation of poly-
propylene macromolecules could be controlled by
varying the molecular structure of the peroxide [8].

The range of the available FPIs studied is limited,
which makes it urgent to develop FPIs, optimize con-
ditions of their grafting to PO macromolecules, and
study properties of FPOs and blends based on them.

In this study, we prepared peroxy-containing for-
mulations (PFs) based on rosin�maleic (RMR) and
rosin�terpene�maleic (RTMR) resins and examined
the fundamental aspects of grafting of these resins to
polyethylene by RE and the properties of the resulting
grafted products and their blends with polyamide 6
(PA6).

EXPERIMENTAL

In our study we used low-density polyethylene
[LDPE, 15803-020 grade, GOST (State Standard)
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16337�77, density 0.92 g cm�3, melting point 105�C),
functional peroxides derived from RMR and RTMR,
and dicumyl peroxide (DCP). Blends were prepared
with PA6 of 210/310 grade.

The functionalization of LDPE was performed by
grafting of a PF to its macromolecules in a single-screw
extrusion reactor (screw diameter 25 mm, L /D = 25)
equipped with a static mixer [9], under the following
conditions: screw rotation rate 27 rpm (shear rate
about 30 s�1), temperature in the reaction zone 185�C,
PF concentration in the reaction system 1.5 wt %.

Blends of PA-6 with functionalized LDPE (LDPE-
graft-FPI) were prepared by extrusion mixing of a
blend of the corresponding granulates in a single-
screw plasticator (screw diameter 45 mm, L /D = 20);
the melt temperature in the extrusion zone was 180�
240�C. The LDPE-graft-FPI content in the blends was
15 wt %.

The grafting was characterized by the grafting ef-
ficiency �: the ratio of the weight of the grafted resin
to the total weight of the resin introduced into the
polymer. This quantity was determined by IR absorp-
tion spectroscopy, namely, from the content of PF
in LDPE-graft-FPI before and after extraction with
ethanol at 70�C [9].

The viscosity of polymer melts was evaluated by
the melt flow index, which was determined at 190�C
and 10-kg load with an IIRT-AM device.

The morphology of polymer blends was studied by
scanning electron microscopy (JSM 50 � electron
microscope, Jeol, Japan) on chips of samples cooled
with liquid nitrogen (notched bars for determining
the impact resilience) and decorated with gold.

The mechanical properties of blends were deter-
mined by extension and impact failure methods using
the standard procedures; samples were prepared by
pressure casting.

FPIs were prepared from RMR and RTMR. Rosin�
maleic resin was prepared from rosin and maleic
anhydride at 180�190�C. It consisted of 75% maleo-
pimaric acid 1 and 25% resin acids 2�6 [10]. Rosin�
terpene�maleic resin was prepared by treatment of
turpentine with maleic anhydride at 180�190�C. It
contained 40% maleopimaric acid 1, 40% mixture of
adducts 7 and 8 and diadduct 9, and 20% resin acids
2�6 [11, 12].
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FPIs were prepared by treatment of RMR and
RTMR with hydroperoxides: tert-butyl hydroperoxide
(TBHP) and acetylenic hydroperoxide, 3-methyl-3-
hydroperoxy-1-butyne (HP-1), in chloroform in the
presence of pyridine:

HC��C�C �COOH (HP-1)

CH3


CH3

HC��C�C �COOH (HP-1)

CH3


CH3

For this purpose, a solution of calculated amounts
of resin, peroxide, and pyridine in chloroform was
allowed to stand at room temperature for 7 days, after
which the reaction mixture was diluted with ether and
washed with 18% HCl and water to neutral reaction,
and the organic layer was dried over CaCl2. The sol-
vent was distilled off, and the residue was dried in a
vacuum at 40�C. The compositions of the reaction
systems for preparing PFs are listed in Table 1. As
seen from Table 1, the content of available oxygen in
the PFs obtained was from 1.53 to 2.48%.

One of FPI samples based on RTMR (Table 1, sam-
ple C.40) was prepared by the process involving lithi-
um orthophosphate instead of pyridine. According to
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Table 1. Conditions of synthesis of various FPIs and physicochemical properties of the products (synthesis time
7 days, 25�C)
������������������������������������������������������������������������������������

� Starting components � � Yield � Concentration of
����������������������������������������� � �� � � based on �available oxygen, %PF
� RMR, �TBHP,�pyridine,� lithium ortho-� chloro- �

mp, �C
� �� � � � � � � ����������������� � � � � � � starting �

�RTMR, g � mol � mol � phosphate, g � form, ml � � resin, % � found � calculated
������������������������������������������������������������������������������������
RMR�TBHP � 10 �0.0375� 0.0625 � � � 50 � 55�85 � 76 � 2.27 � 2.54
RTMR�TBHP � 10 �0.075 � 0.125 � � � 50 � 50�75 � 70 � 2.48 � 2.34
RTMR�TBHP � 100 � � � � 6 � 200 � 70�115 � 75 � 1.91 � 2.34

(C.40) � � � � � � � � �
RMR�HP-1 � 8 �0.02 � 0.05 � � � 40 � 50�105 � 84 � 1.58 � 2.50
RTMR�HP-1 � 8 �0.025 � 0.075 � � � 40 � 40�70 � 80 � 1.53 � 2.24
������������������������������������������������������������������������������������

this process, 6 g of lithium orthophosphate was added
to a solution of 100 g of RTMR and 37.5 ml of TBHP
in 200 ml of chloroform. The mixture was stirred for
7 days, 5 g of activated carbon was added to coagulate
lithium orthophosphate, the catalyst was removed,
the solvent was distilled off, and the residue was dried
at 40�C/1 mm Hg. We obtained 84 g of a product
with mp 70�115�C and available oxygen content of
2.34%. We found that replacement of pyridine with
lithium orthophosphate makes FPI preparation con-
siderably simpler and cheaper, since volatile dan-
gerously inflammable solvents are eliminated from
the process, as well as the steps of washing with
HCl solution and water and drying over CaCl2. With
lithium orthophosphate, the target products are iso-
lated immediately after the removal of the catalyst and
solvent.

The reaction of RMR and RTMR with hydroperox-
ides apparently involves opening of the anhydride
groups of the adducts to form the corresponding per-
oxy esters 10�12:

Fig. 1. IR spectra of (1) starting LDPE and (2, 3) LDPE
functionalized with RMR�TBHP, before and after extrac-
tion with ethanol, respectively. (A) Transmission and
(�) wave number.
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where R = C(CH3)3 (a), C(CH3)2C�CH (b).

The PF based on RMR contains peroxy ester 10a,
a part of unchanged maleopimaric acid 1, and resin
acids 2�6 from the starting RMR.

With RTMR, TBHP and HP-1 react at the anhy-
dride groups of both maleopimaric acid 1 and ad-
ducts 7 and 8. Functional peroxy initiators derived
from RTMR contain peroxy esters 10b�12b, resin
acids 2�6, and diadduct 9. Some properties of the PFs
obtained are listed in Table 1.

The chemical structure of the FPIs prepared sug-
gests that these compounds can be used in LDPE
functionalization both as components of an initiating
system (owing to the presence of peroxy ester groups)
and as functional monomers (owing to the presence of
fragments of resin acids: pimaric 4, isopimaric 5, and
sandaracopimaric 6, containing vinyl groups).

Comparison of the IR spectra of the starting LDPE
and LDPE-graft-FPI shows that coextrusion of the re-
action mixture of LDPE with FPI is accompanied by
grafting of fragments of peroxide molecules to the LDPE
macromolecules (Fig. 1). The IR spectra of modified
LDPE contain a complex absorption band at 1700�
1790 cm�1, characteristic of stretching vibrations of
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Fig. 2. Influence of (a) the kind of FPI and (b) DCP addition to FPI (0.2 wt %) on the efficiency � of grafting of peroxy
fragments to LDPE and on the melt flow index MFI of LDPE-graft-FPI. Modifier concentration 1.5 wt %. (1) RMR�TBHP,
(2) RTMR�TBHP, (3) RMR�HP-1, (4) RTMR�HP-1, (5) C.40, and (6) no modifier.

the C=O bond in ester, carboxy, aldehyde, and other
carbonyl-containing groups. The fact that the C=O ab-
sorption is preserved upon extraction of modified LDPE
samples with ethanol confirms the chemical binding
ot PF molecules with LDPE. However, the intensity
of absorption at 1700�1790 cm�1 noticeably decreases
after the extraction. This fact was used to determine
the grafting efficiency. Since the spectra of LDPE mod-
ified by PF grafting are characterized by a set of sev-
eral overlapping bands in the range 1700�1790 cm�1,
the grafting efficiency was determined as the ratio
between the total peak areas (per unit thickness of
the film) in this range after and before extraction of
LDPE-graft-FPI film samples with ethanol at 70�C.

The values of � for LDPE-graft-FPI obtained with
vairous kinds of FPI and of the melt flow index (MFI)
of LDPE�graft-FPI samples are given in Fig. 2a. The
efficiency of grafting of FPI fragments to macromole-
cules varies within 15�21%, depending on the modi-
fier composition. As shown by MFI, the viscosity of

LDPE-graft-FPI increases only slightly relative to the
starting polymer. The MFI values for the starting and
modified LDPE differ by no more than 16%. Sever-
al factors may be responsible for the relatively low
grafting efficiency; the main of these is, apparently,
the low concentration of available oxygen. Therefore,
the concentration of radicals generated in thermolysis
is too low to give rise to a sufficient amount of poly-
ethylene macroradicals to which the FPI fragments are
grafted [8].

In this context, we performed a series of experi-
ments on functionalization of LDPE with peroxy-con-
taining formulations in the presence of DCP, which
effectively initiates grafting of functional monomers
to PO macromolecules [9]. We found that introduction
of dicumyl peroxide (0.2 wt %) into the initiating sys-
tem along with FPI appreciably increases the grafting
efficiency (to 31% with FPI based on RTMR and HP-1,
Fig. 2b). The rais in the grafting efficiency is accom-
panied by a decrease in MFI by a factor of 1.8�2.5.
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Fig. 3. Electron micrographs of (a) PA6/LDPE blend and (b, c) PA6/LDPE-graft-FPI (RMR�TBHP) blends prepared without
and with addition of DCP, respectively. LDPE and LDPE-graft-FPI concentration in blends 15 wt %.

This is apparently due to an increase in the available
oxygen concentration in the initiating system on adding
DCP (the available oxygen content in DCP is 5.92%).

The most effective modifiers, from the viewpoint
of the grafting efficiency attained under the experi-
mental conditions, are those based on RTMR and
HP-1, both in the presence and in the absence of DCP
(Figs. 2a, 2b). As for the C.40 sample, which was
prepared by a procedure differing from that used with
the other FPIs, � and MFI of LDPE-graft-FPI ob-
tained with this sample were similar to those of the
product obtained with RTMR�TBHP (Figs. 2a, 2b).

Numerous papers [13�15] show that the presence
in POs of functional oxygen-containing groups (alde-

hyde, carboxy, etc.) improves the compatibility of
POs with many other polymers and, in particular, with
aliphatic polyamides. In this context, it was interest-
ing to assess the prospects for blending LDPE-graft-
FPI with PA-6 with the aim to prepare composite
materials of enhanced performance. In our study, we
gave the major attention to the morphological features
and physicomechanical properties of the blends.

Figure 3 shows the electron micrographs of chips
obtained in liquid nitrogen from 80 � 10 � 4-mm bars
of blends of PA6 with the starting LDPE and with
LDPE-graft-FPI. It is seen that all the blends are two-
phase. The polyethylene disperse phase is aggregated
and forms droplets varying in size from �1 to 10 �m.

Table 2. Mechanical properties of blends*

������������������������������������������������������������������������������������
� � � � a, kJ m�2

� � � ������������������������Sample � �f , MPa � �t , % � K, % �
� � � � acute notch � rectangular notch

������������������������������������������������������������������������������������
PA6 � 61�4 � 265�17 � 99.2�5.0 � 8.0�0.4 � 6.0�0.4
PA6/LDPE, 15% � 42�3 � 40�3 � 70.0�3.5 � 12.0�0.6 � 11.0�0.5
PA6/LDPE-graft-FPI, 15%; � � � � �
LDPE-graft-FPI, prepared with: � � � � �

RMR�TBHP � 51�3 � 77�5 � 98.4�5.0 � 16.0�0.8 � 19.0�0.9
RTMR�TBHP � 47�2 � 78�5 � 92.0�4.6 � 15.0�0.7 � 18.0�0.7
RMR�HP-1 � 51�3 � 127�8 � 95.7�4.6 � 16.0�0.8 � 20.0�0.9
RTMR�HP-1 � 50�3 � 114�6 � 95.2�5.0 � 18.0�0.9 � 24.0�0.8
RTMR�TBHP (C.40)] � 49�3 � 89�5 � 91.0�5.0 � 18.0�0.9 � 24.0�1.0
(RMR�TBHP) + DCP � 54�4 � 138�7 � 99.0�5.0 � 16.0�0.8 � 24.0�1.0
(RTMR�TBHP) + DCP � 55�4 � 108�5 � 98.2�4.2 � 17.0�0.9 � 23.0�1.0
(RMR�HP-1) + DCP � 53�3 � 88�6 � 98.5�4.3 � 18.0�0.9 � 23.0�0.9
(RTMR�HP-1) + DCP � 52�3 � 78�6 � 96.2�4.0 � 17.0�0.7 � 23.0�0.8
[RTMR�TBHP (C.40)] + DCP � 51�2 � 186�11 � 94.7�5.0 � 18.0�0.7 � 25.0�1.2

������������������������������������������������������������������������������������
* (�f) Upper yield point in extension of samples prepared by one-side injection from the end; (�t ) relative elongation of samples

prepared by one-side injection from the end; (K ) seam strength coefficient in pressure casting, equal to the ratio of the yield point
of the sample prepared by two-side injection of the melt from the blade ends to that of the sample prepared by one-side injection
from the end; and (a) Charpy impact resilience.
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A specific feature of the morphology of blends of
PA6 with LDPE-graft-FPI prepared without adding
DCP is the decreased size of spherical aggregates of
the PO disperse phase in the blend and the decreased
concentration of coarse aggregates as compared to
the PA6/LDPE blend (Figs. 3a, 3b). At the same
time, the smooth surface of the agglomerates suggests
a relatively low interphase adhesion between the po-
lyamide matrix and the disperse phase formed by
LDPE-graft-FPI. Introduction of DCP into the re-
action mixture in preparation of LDPE-graft-FPI in-
creases the efficiency of grafting of FPI polar frag-
ments, which, in turn, is reflected in the morphology
of blends with PA6: The agglomerates become still
smaller (�1�2 �m), and the interphase zones in some
cases become less sharp (Fig. 3c). Apparently, the de-
crease in the size of spherical agglomerates is due to
intensification of interphase interactions and an in-
crease in adhesion between the blend components
owing to the growth of the concentration of polar FPI
fragments grafted to LDPE macromolecules [16].

The yield point and relative elongation of the blends
prepared show that the mechanical properties of sys-
tems of this kind are determined by the intensity of
interaction between the components and, hence, de-
pend on the content of polar fragments grafted to
LDPE macromolecules (Table 2). In particular, blends
with LDPE modified in the presence of DCP show
a higher yield point and a larger relative elongation
than the blends with LDPE functionalized in the ab-
sence of DCP. Blends of PA6 with LDPE-graft-FPI
prepared both in the absence and in the presence of
DCP exhibit considerably higher (by a factor of 2�3)
impact resilience compared to the starting PA6 and
to the PA6/LDPE blend (Table 2). The blends with
LDPE-graft-FPI prepared in the presence of DCP
show, on the whole, appreciably higher strength coef-
ficient of the seams of melt flows in pressure casting
of various items (blades) (Table 2). This fact indirect-
ly confirms the stronger interphase adhesion in blends
of PA6 with LDPE-graft-FPI characterized by higher
grafting efficiency.

The increased impact resilience and the simplicity
and environmental safety of production of PA6/LDPE-
graft-FPI blends make them promising for practice.

CONCLUSIONS

(1) Reactive extrusion of low-density polyethylene
with resins modified with maleic anhydride and per-
oxy compounds results in grafting to polyethylene
macromolecules of polar fragments formed by ther-
molysis of functional peroxy initiators. The efficiency

of grafting of functional peroxy initiators is 15�21%.
The viscosity of the polymer melt, evaluated by the
melt flow index, slightly grows upon grafting, sug-
gesting loose cross-linking in the graft product.

(2) Additional introduction of cumyl peroxide
(0.2 wt %) into the reaction mixture increases the
efficiency of grafting of polar fragments of functional
peroxy initiators by a factor of 2. The cross-linking
of macromolecules is also intensified, causing an
increase in the viscosity of the polymer melt by a
factor of 2.5.

(3) The most effective modifiers from the view-
point of ensuring the maximum grafting efficiency,
both in the presence and in the absence of dicumyl
peroxide, are functional peroxy initiators derived from
rosin�terpene�maleic resin.

(4) Blends of polyamide 6 with both functional-
ized and initial polyethylene are heterogeneous. The
disperse polyethylene phase occurs as droplets. A spe-
cific feature of the morphology of blends of poly-
amide 6 with functionalized polyethylene, compared
to blends with the initial low-density polyethylene,
is the smaller size of the disperse phase particles
(the maximum particle size decreases from 10 to 2 �m),
and also decreased concentration of coarse aggregates.
Therefore, the blends exhibit higher impact resis-
tance.
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Abstract�The flocculating performance of a cationic polyelectrolyte, poly-N, N-dimethyl-2-hydroxypropylen-
ammonium chloride, in recovery of butadiene�styrene rubber in the presence of sulfuric acid at various
temperatures was studied. The kinetic curves of flocculation of SKS-30 ARK latex at various amounts of
the flocculant added were obtained.

Emulsion rubbers occupy one of the leading posi-
tions in production of synthetic rubbers. The absence
of harmful substances and of dangerously explosive
and inflammable organic solvents creates favorable
prerequisites for further development of emulsion rub-
ber production and improvement of the production
process. An important step in production of emulsion
rubbers is their recovery from latexes by coagulation.
On the one hand, sodium chloride widely used for
this purpose today is cheap and readily available,
but, on the other, it gives rise to environmental prob-
lems because of large consumption (180�250 kg t�1

rubber [1]). Thus, an enterprise producing about
100000 t year�1 of butadiene�styrene rubbers dis-
charges up to 25000 t year�1 of NaCl to water treat-
ment facilities. Since sodium chloride is not subject to
biodegradation at the water treatment facilities, this
amount is further discharged into natural water reser-
voirs, causing environmental pollution with mineral
salts and irretrievable harm to the nature. Therefore,
active efforts are being made in Russia and other coun-
tries to develop new coagulating agents that would be
adsorbed on the rubber during coagulation and would
be recovered together with the rubber crumb. This
would reduce the water consumption by rubber recov-
ery shops, the amount of discharged aqueous phase,
and the content of harmful and toxic products in it,
with an increase in the productive capacity of the pro-
cess as a whole.

Much attention has been given recently to the use
of cationic organic coagulants with both low and high

molecular weight [2�4]. With cationic agents, the
consumption of coagulants used in recovery of syn-
thetic rubbers from latexes can be considerably re-
duced.

In this study, we examined the flocculating per-
formance of poly-N, N-dimethyl-2-hydroxypropylen-
ammonium chloride (PDMHPAC) in recovery of syn-
thetic butadiene�styrene rubber from SKS-30 ARK
latex at various temperatures and additions of the
acidifying agent.

EXPERIMENTAL

Experiments were performed with SKS-30 ARK
commercial latex of butadiene�styrene rubber (content
of bound styrene in the copolymer 21.9%). The poly-
mer content in the latex was 190 g l�1; surface ten-
sion, 56.4 mN m�1; and mean size of latex globules,
29 nm.

The PDMHPAC sample used as flocculant had the
following characteristics: main substance concentra-
tion 50%, viscosity 23.85 cP, pH 8.3, concentration
of chloride ions 11.2%. The structural formula of
PDMHPAC is as follows:

�
N+�[
�
�

CH3

CH3
�CH2
�CH�CH2 ]�n

Cl� �OH

�
N+�[
�
�

CH3

CH3
�CH2
�CH�CH2 ]�n

Cl� �OH

Rubber was recovered from the latex in a coagula-
tion unit, namely, in a vessel equipped with a stirrer
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Fig. 1. Kinetic curves of flocculation of SKS-30 ARK
latex with PDMHPAC solutions of various concentrations:
(�) turbidity and (t) time. Concentration c � 106, M
(in terms of monomeric units): (1) 1, (2) 2, (3) 3, (4) 4,
(5) 5, and (6) 6.

Fig. 2. (1) 1-min turbidity �1 and (2) limiting turbidity �
�

vs. PDMHPAC concentration c (in terms of monomeric
units).

and placed in a thermostat. The completeness of co-
agulation was evaluated by the weight of the coag-
ulum formed and visually, by the serum transparen-
cy (the serum transparency is an evidence of complete
coagulation).

The kinetic curves of flocculation of SKS-30 ARK
latex at various of the flocculant added were taken
at room temperature with an NFM nephelometer. The
procedures for nephelometric monitoring of the kinet-
ics and for determination of the initial flocculation
rate are described elsewhere [5].

Variation with time of the turbidity � of a dilute
(1 : 104) SKS-30 ARK latex in the presence of various
amounts of PDMHPAC is shown in Fig. 1. As with
other cationic agents (poly-N, N-dimethyl-N, N-diallyl-

ammonium chloride, PDMDAAC [6]; 2-methylimid-
azole [7]; 2,2,4-trimethyl-1,2-dihydroquinoline [8]),
the turbidity initially grows, after which a constant
limiting value, �

�
, is attained, corresponding to the

formation of coarse floccules stable in time [9]. The
curve of the 1-min turbidity, characterizing the initial
flocculation rate, vs. PDMHPAC concentration passes
through a pronounced maximum (flocculation opti-
mum) typical of polyelectrolytes (Fig. 2). The poly-
electrolyte concentration corresponding to the maxi-
mum flocculation rate can be a measure of the floccu-
lating performance [10]. The optimum is due to neu-
tralization of the surface electric charge of particles as
a result of binding of emulsifier anions into an insol-
uble nondissociating complex, which can be followed
by recharging and restabilization of the sol through
adsorption of excess polymer and build-up of the pos-
itive charge of the particles, and also to formation
of relatively thick layers of the hydrophilic polymer
(Fig. 2). Similar trends have been observed previously
in flocculation of polystyrene latex [11, 12] and of
butadiene�styrene and butadiene�acrylonitrile latexes
[5] with PDMHPAC; in all cases, the occurrence of
recharging was confirmed by measuring the electro-
kinetic potential of the latex particles.

The interaction of PDMHPAC with emulsifiers
(potassium soap derived from tall oil, sodium paraf-
finate, Leukanol) can be schematically described by
exchange reactions occurring in latex coagulation:

�
N+�[
�
�

CH3

CH3
�CH2
�CH�CH2 ]�n

Cl�
+ Rn�COOK(Na)

�
OH

�
N+�[
�
�

CH3

CH3
�CH2
�

OOCR
�

CH�CH2 ]�n
� + nK(Na)Cl
�

OH

�

�
N+�[
�
�

CH3

CH3
�CH2
�CH�CH2 ]�n

Cl�
+ Rn�COOK(Na)

�
OH

�
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�
�

CH3

CH3
�CH2
�

OOCR
�

CH�CH2 ]�n
� + nK(Na)Cl
�

OH

�

On acidification, the product can react with sulfuric
acid, with the release of free organic acids:

�
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�
�
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�
2�
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�
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CH3

CH3
�CH2
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CH�CH2 ]�n
� + nH SO2 4

�
OH

�
OH

COOH

We examined the influence exerted on the coagula-
tion of SKS-30 ARK butadiene�styrene latex by such
an important parameter as the concentration of the dis-
perse phase. In real industrial processes, the polymer
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content in the latex can vary from 10 to 22%. Such
significant fluctuations of the concentration can affect
the amount of PDMHPAC required for complete
recovery of the rubber from the latex. To examine
the influence exerted by the concentration of the dis-
perse phase on the completenes of coagulation with
PDMHPAC, we prepared latexes with 50, 100, and
150 g l�1 of the disperse phase.

The dependences of the degree of the rubber coag-
ulation � on the PDMHPAC concentration at 20�C
and various concentrations cdp of the disperse phase
are shown in Fig. 3. As the concentration of the dis-
perse phase is increased, the curves of coagulum re-
covery steadily shift to higher flocculant concentra-
tions. In the curves of the degree of rubber recovery
vs. flocculant concentration, the initial ascent is fol-
lowed by a plateau corresponding to complete recov-
ery of the rubber from the latex. In [13], we described
the specific features of the flocculating effect of poly-
meric agents at various concentrations of the disperse
phase. Flocculation of sols by oppositely charged po-
lymers was attributed to two destabilization factors:
neutralization of the surface charge of the sol particles
and bridging mechanism of particle agglomeration.
This is followed by restabilization through surface re-
charging and formation of a dense polymolecular ad-
sorption layer of a hydrophilic polymer on the particle
surface. When the concentration of the disperse phase
in SKS-30 ARK latex is as high as 50�150 g l�1,
the restabilization effect is lost, which may be due
to relaxation processes occurring in adsorption layers
of macromolecules on the particle surface [14]. It
should be noted that the PDMHPAC consumption is
virtually independent of the concentration of the dis-
perse phase (in the examined range), amounting to
4�5 kg t�1 rubber.

Another important process parameter of rubber re-
covery from a latex is the consumption of an acidify-
ing agent, an aqueous solution of sulfuric acid. As
the H2SO4 consumption is increased, the coagulating
power of PDMHPAC grows significantly (Fig. 4).
This may be due to contraction of the diffuse electri-
cal double layer and decrease in the electrostatic re-
pulsion forces preventing agglutination of latex glob-
ules upon collisions. However, the effect of this factor
is restricted to relatively low consumptions of H2SO4.
Apparently, the major effect should be exerted by
a nonelectrostatic stability factor, associated with the
presence of a hydrated adsorption layer of the emulsi-
fier on the surface of latex globules [15]. The overlap-
ping of these layers determines the structural compo-
nent of the wedging pressure [16, 17]. It is well known
[18, 19] that the thickness of protective hydration

Fig. 3. Degree of coagulation � of SKS-30 ARK latex vs.
PDMHPAC concentration c at various concentrations
cdp of the disperse phase. H2SO4 amount 15 kg t�1 rubber.
cdp, g l�1: (1) 50, (2) 100, and (3) 150.

Fig. 4. Degree of coagulation � of SKS-30 ARK latex
vs. sulfuric acid consumption Q at various temperatures.
Concentration of the disperse phase cdp = 100 g l�1;
PDMHPAC consumption 4 kg t�1 rubber. T, �C: (1) 20,
(2) 40, (3) 60, and (4) 80; the same for Fig. 5.

shells of latex particles decreases as the electrolyte
concentration is increased. Hence, the observed in-
crease in the flocculation efficiency in the presence of
sulfuric acid, which is a strong dehydrating agent, is
also attributable to breakdown and thinning of hydra-
tion shells of latex globules. The particles can come
in this case closer to each other, making the bridging
flocculation mechanism more probable.

Our experiments show that the consumption of the
acidifying agent affects the coagulation more strongly
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Fig. 5. Degree of coagulum recovery � from SKS-30 ARK
latex vs. PDMHPAC consumption Q at various tempera-
tures. Disperse phase concentration cdp = 100 g l�1, H2SO4
consumption 15 kg t�1 rubber.

than does the concentration of the disperse phase (in
the ranges examined). For example, at a PDMHPAC
consumption of about 4 kg t�1 rubber (Fig. 4), the co-
agulum weight regularly grows with increasing amount
of added sulfuric acid, reaching 100% at the H2SO4
consumption of 15 kg t�1 rubber. Further increase
in the consumption of the acidifying agent (above
15 kg t�1 rubber) at this PDMHPAC consumption is

not appropriate, as resulting in an excessive consump-
tion of sulfuric acid and pollution of wastewater.

Our experiments show that, at large consumptions
of the flocculant (4 kg t�1 rubber) and sulfuric acid
(15 kg t�1 rubber), the influence of temperature on the
degree of rubber recovery from the latex is insignifi-
cant. A similar result has been obtained previously
[20] in studying the influence of temperature on the
degree of rubber recovery from butadiene�acryloni-
trile latex with a cationic polyelectrolyte at high latex
concentrations, when the restabilization effect is lost.

At the same time, when the amount of PDMHPAC
added was below the optimum, the degree of rubber
recovery in a wide range of H2SO4 consumptions
showed an appreciable temperature dependence. In the
initial steps of recovery (at low PDMHPAC consump-
tions), the coagulum weight grew as the temperature
increased from 20 to 80�C (Fig. 5). At the PDMHPAC
consumption decreased from 4 to 3 kg t�1 rubber, the
complete coagulation of SKS-30 ARK latex could be
attained only at elevated temperatures (80�95�C) and
the consumption of sulfuric acid increased to 30 kg t�1

rubber, and, at the PDMHPAC consumption decreased
to 2 kg t�1, even these conditions were insufficient to
recover the rubber completely.

Thus, our studies show that the following reagent
consumptions are optimal for coagulation of SKS-30
ARK rubber at the concentration of the disperse phase
of 100 g l�1 and 60 � 10�C: PDMHPAC 4 and H2SO4
15 kg t�1 rubber.

Properties of rubber stocks and vulcanizates based on SKS-30 ARK rubber
������������������������������������������������������������������������������������

Parameter
� Sample
�����������������������
� control � experimental

������������������������������������������������������������������������������������
Mooney viscosity � 53 � 42.5
Karrer plasticity, arb. units � 0.30 � 0.28
Recovery, mm � 1.86 � 1.84
Vulcanization optimum at 143�C, min � 80 � 60
Nominal stress at 300% elongation, MPa � 8.4 � 14.0
Nominal tensile strength, MPa � 27.0 � 27.6
Relative elongation at break, % � 600 � 540
Deformation set, % � 16 � 15
Rebound elasticity, % � �

at 20�C � 37 � 32
at 100�C � 50 � 46

Shore hardness, arb. units � 59 � 65
Schopper�Schlobach abrasion, A � 10�3, cm3 m�1 � 1.80 � 1.31
Resistance to cutting propagation to 12 mm with puncture, thousands of cycles � 39 200 � 115 200
Nominal tensile strength after aging (100�C, 72 h) � 18.0 � 20.0
Relative elongation after aging (100�C, 72 h) � 242 � 257
������������������������������������������������������������������������������������
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Under the optimal conditions, we obtained an ex-
perimental batch of the coagulum of SKS-30 ARK
rubber for subsequent preparation of the standard
rubber stock and vulcanizates. We assessed the effect
of the coagulant on their properties as compared to
the control sample recovered from the latex with NaCl
(see table).

It is seen that the rubber stocks and vulcanizates
based on the experimental batch of SKS-30 ARK
rubber are not inferior in all the main parameters to
the control samples obtained using sodium chloride
and surpass the control samples in resistance to cut-
ting propagation, aging, and tear.

CONCLUSIONS

(1) The 1-min (�1) and limiting (�
�
) turbidities of

SKS-30 ARK latex as functions of the poly-N, N-di-
methyl-2-hydroxypropylenammonium chloride con-
centration pass through a pronounced maximum (floc-
culation optimum) typical of the flocculating effect
of polyelectrolytes.

(2) The consumption of the acidifying agent exerts
a stronger effect on coagulation than the temperature
and the concentration of the disperse phase.

(3) Rubber stocks and vulcanizates based on the
experimental SKS-30 ARK rubber are not inferior in
the main parameters to the control sample obtained
using sodium chloride for the rubber recovery and
even surpass the control sample in some parameters.
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Abstract�Thermal polymerization of o-, m-, and p-pyridinecarbonitriles and their derivatives
under the action of Friedel�Crafts catalysts and binary catalysts was studied. The characteristics of
the resulting polymers were determined.

In production of polymeric materials, not only
the characteristics of functional groups, but also the
structural features of macromolecule skeleton are very
important. From this standpoint, macromolecular com-
pounds with a system of conjugated bonds, with the
backbone containing functional groups capable of ion
exchange, complexation, and reversible redox reac-
tions are of interest. These compounds combine high
thermal and chemical stability, and radiation resis-
tance, increased electrical conductivity, and capability
for electron exchange, characteristic of conjugated
polymers. The presence of functional ionogenic and/or
redox groups opens up prospects for using these po-
lymers as new redox ion exchangers.

In this context, pyridinecarbonitriles produced by
oxidative ammonolysis of alkylpyridines [1�6] and
used previously for preparing various ion exchangers
[7�15] show considerable promise. Redox ion ex-
changers based on pyridinecarbonitriles have not been
adequately studied [16�18]. The aim of this study
was to prepare these polymers and to examine their
characteristics.

Contrary to readily polymerizing vinyl monomers
and dienes, nitriles of aromatic and heterocyclic acids
polymerize only under rigorous conditions with a low
yield of target polymers [19, 20].

EXPERIMENTAL

Pyridinecarbonitriles [2-, 3-, and 4-cyanopyridines
(2-, 3-, and 4-CP); 2,5-, 3,5-, 2,3-, and 2,6-dicyanopyr-
idines (2,5-, 3,5-, 2,3, and 2,6-diCP); 5-cyano-2-pyr-
idinecarboxamide (A-5-C-2-PC) and 4-hydroxybenzo-
nitrile (4-HBN)] were prepared at the Bekturov Insti-
tute of Chemical Sciences [1�6]. 3-Pyridinecarbonyl
chloride hydrochloride (3-PCC-HC) was synthesized
by the procedure described in [21]. The distillable
substances were purified by distillation, and undistil-
lable substances, by recrystallization (Table 1). The
majority of the monomers are soluble in benzene,
acetone, and ethanol.

The polymers were prepared by thermal polymer-
ization of monomers (Table 1) in the bulk in the pres-
ence of stoichiometric amounts of the catalyst in am-

Table 1. Melting (boiling) points and data of elemental analysis of pyridinecarbonitriles and their derivatives
������������������������������������������������������������������������������������

Monomer
� mp, bp, �C � Found, % �

Formula
� Calculated, %

� ����������������������������� ����������������������������
� (P, mm Hg) � C � H � N � O � Cl � � C � H � N � O � Cl

������������������������������������������������������������������������������������
2-CP � 26/118(30) � 69.01 � 4.00 � 26.81 � � � � �C6H4N2 � 69.23 � 3.83 � 26.88 � � � �
3-CP � 49/102(25) � 69.20 � 3.84 � 26.76 � � � � � � � 69.23 � 3.83 � 26.88 � � � �
4-CP � 79/145(5) � 69.24 � 3.92 � 27.10 � � � � � � � 69.23 � 3.83 � 26.88 � � � �
2,5-diCP �112/� � 65.33 � 2.39 � 32.56 � � � � �C7H3N3 � 65.12 � 2.33 � 32.54 � � � �
3,5-diCP �113/� � 65.11 � 2.33 � 32.55 � � � � � � � 65.12 � 2.33 � 32.54 � � � �
2,3-diCP- � 80/� � 65.12 � 2.37 � 32.57 � � � � � � � 65.12 � 2.33 � 32.54 � � � �
A-5-C-2-PC �254/� � 57.20 � 3.60 � 28.32 � 10.92 � � �C7H5N3O � 57.14 � 3.40 � 28.57 � 10.88 � �
4-HBN �112/� � 70.57 � 4.37 � 11.32 � 13.74 � � �C7H5NO � 70.59 � 4.20 � 11.76 � 13.45 � �
3-PCC-HC �153/� � 40.20 � 3.00 � 7.71 � 9.25 �39.84�C6H4ClNO � 40.49 � 2.80 � 7.87 � 8.99 �39.85
������������������������������������������������������������������������������������
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pules in a vacuum, under argon, or in air at the melt-
ing point of the nitrile�catalyst complex. The process
catalysts were chlorides of coordination-unsaturated
metals (Zn, Ti, Sn, Cr, Co, and Fe) of chemically pure
or pure grade, produced by Aldrich. After reaction
completion, the polymer was ground, purified by re-
peated precipitation from sulfuric acid to acetone, and
washed with distilled water to neutral reaction for the
corresponding cations and anions, after which it was
dried in a vacuum at 150�200�C to constant weight.

The concentration of metal cations (Cu2+, Co2+,
Zn2+, Fe3+, Mg2+, and Hg2+) for estimation of the
sorption power of the ion exchangers was determined
by titration with Na2EDTA [22]; Ag+, by the proce-
dure described in [23]; and Os8+, by the atomic
absorption analysis.

Acid�base titration of the samples was carried out
by the method of individual weighed portions [24] on
a Mettler Toledo MP-220 pH meter. Redox potenti-
ometric titration was carried out in a temperature-
controlled cell in an argon flow in the presence of
a calomel electrode coupled with a polished platinum
electrode in 100 ml of a K2SO4 + H2SO4 buffer solu-
tion (pH 0.3�0.7) at 25�C. As an oxidizing agent was
used a solution of Ce(SO4)2 in sulfuric acid, standard-
ized with 0.1 N Na2S2O3. To improve the titration
efficiency, we used 0.03 N solution of Fe3+ as a medi-
ator.1 Using the titration data, we plotted the depen-
dences of the potential E (mV) on the concentration
of the added oxidizing agent. The standard oxidation
potential of the polymer E0 was evaluated by the
Nernst equation [18].

Viscometric studies of the polymers synthesized
were carried out by the procedure described in [25].
The swellability and moisture content of the ion ex-
changers, and also their chemical and thermal stability
in water, mechanical strength, and bulk weight were
determined according to GOSTs (State Standards).2

The thermal stability of polymers in air was studied
on an MOM derivatograph (Hungary). The heating
rate was 4.50 deg min�1. The IR spectra of the ini-
tial, intermediate, and final products were recorded on
a Specord M-80 spectrophotometer.

The lower limiting temperatures of polymerization
were found to be 230 (3-CP), 240�250 (2,3-diCP),
approximately �180 (2,5-diCP), approximately �180
(A-5-C-2-CP), 150�160 (3,5-diCP), 200 (3-PCC-HC),
and approximately �240�C (4-HBN). We established
����������
1 A compound accelerating electron exchange between an in-

soluble polymer and electrodes [18].
2 GOST 1897�74, 108981�74, 108984�74, 10899�64, 10900�

64, 13504�68.

Fig. 1. Kinetic curves of 3-CP polymerization in the pres-
ence of anhydrous halides of (1) Sn2+, (2) Cu2+, (3) Ti4+,
(4) Fe3+, (5) Zn2+, (6) Co2+, and (7) Cr2+. Polymerization
temperature 260�C; the same for Fig. 3. (P) Monomer con-
version and (�) reaction duration; the same for Figs. 2 and 3.

Fig. 2. Kinetic curves of 3-CP polymerization in the pres-
ence of binary catalysts: (1) Fe2+, Cr6+; (2) Co3+, Zn2+;
(3) Cu2+, Fe3+; (4) Fe2+, Co3+; and (5) Co3+, Sn2+.
Polymerization temperature 240�C.

that only meta derivatives of the nitriles studied poly-
merized under the chosen conditions; with respect to
their activity, the nitriles are ranked in the order 3,5-
diCP > 2,5-diCP � A-5-C-2-CP > 3-CP >> 2,3-diCP.
In all cases, the optimal concentration of the catalyst
is approximately 0.25 mol %. Its increase decelerates
the reaction and causes formation of the products of
low molecular weight with low concentration of pa-
ramagnetic centers (PMCs). A decrease in the cata-
lyst concentration to 0.1 mol % does not affect the re-
action rate and polymer characteristics, but signifi-
cantly reduces the polymer yield. This is in good
agreement with data that pyridine and its derivatives
form predominantly complexes with the ratio metal
ion : ligand = 1 : 4 [26].

With 3-CP as an example (Figs. 1�3), it is seen
that the minimum possible synthesis temperature is
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Fig. 3. Kinetic curves of 3-CP polymerization in the
presence of 0.1 mol % H2O in the reaction system with
(1) Fe3+, (2) Zn2+, (3) Co3+, and (4) Co2+.

governed by the catalyst nature; the binary catalysts
(Fig. 2) capable to form with the initial monomer
compounds with various reactivities have the highest
catalytic activity.

Table 2. Influence of the nature and amount of the catalyst
and duration of polymerization of 3-PCC-HC and 4-HBN
on the yield of the polymers (270�C)
����������������������������������������

Catalyst
� Molar ratio � �, � Yield,
� 3-PCC-HC : 4-HBN : catalyst� h � %

����������������������������������������
Co2+ � 1 : 1 : 0.50 � 6 � 58.3

� 1 : 1 : 0.25 � 6 � 70.4
� 1 : 1 : 0.10 � 6 � 13.0

Fe2+ � 1 : 1 : 0.50 � 6 � 17.3
� 1 : 1 : 0.25 � 6 � 18.7
� 1 : 1 : 0.10 � 6 � 8.1

Sn2+ � 1 : 1 : 0.50 � 6 � 50.0
� 1 : 1 : 0.25 � 6 � 56.8

Ti2+ � 1 : 1 : 0.50 � 6 � 26.1
� 1 : 1 : 0.25 � 6 � 33.0

Zn2+ � 1 : 1 : 0.50 � 6 � 16.3
� 1 : 1 : 0.25 � 6 � 19.1

Co2+ � 1 : 1 : 0.25 � 12 � 78.2
� 1 : 1 : 0.25 � 6 � 70.4
� 1 : 1 : 0.25 � 2 � 38.6

Fe2+ � 1 : 1 : 0.25 � 12 � 21.4
� 1 : 1 : 0.25 � 6 � 18.2
� 1 : 1 : 0.25 � 2 � 9.7

Sn2+ � 1 : 1 : 0.25 � 12 � 69.6
� 1 : 1 : 0.25 � 6 � 58.7
� 1 : 1 : 0.25 � 2 � 39.0

����������������������������������������

A comparative study showed that, for polymeriza-
tion of 4-HBN, the most effective is a combination of
two Lewis acids, and the activity series of the poly-
merization catalysts is as follows: Lewis acid < Lewis
acid + organic additive < Lewis acid + metal < Lewis
acid + Lewis acid. In the presence of ZnCl2, ZnCl2 +
epichlorohydrin, ZnCl2 + Zn, and ZnCl2 + FeCl3, the
polymer yield is 24.0, 56.8, 62.3, and 86.9%, respec-
tively. In the presence of only Lewis acids, polymer-
ization proceeds with extremely low conversion. The
activity of metal chlorides decreases in the order
Mg = Zn > Ni (Co) > Ti > Sn > Al > Fe.

In this case, the monomer : catalyst ratio equal to
1 : 4 is not observed. The maximum yield of the poly-
mer is reached on addition of the catalyst in an amount
of 10%. The presence of promoter strongly increases
the yield of the polynitrile.

In the case of thermal polymerization of pyridine de-
rivative 3-PCC-HC with 4-HBN, the polymer yield is
the highest at the catalyst concentration of 0.25 mol %
with respect to the monomer (as in the case of hetero-
cyclic nitriles). This confirms once again the proba-
bility of formation of 1 : 4 complexes of the catalyst
with pyridinecarbonitrile monomers. An increase in
the amount of the catalyst to above 0.25 mol % de-
creases the yield of the polymer (Table 2). For
example, in the presence of 0.1, 0.25, and 0.50 mol %
Co2+, the yield of the polymers is 58.3, 70.4, and
13.0%, respectively. Similar trends are observed in
the other catalytic systems. When using the catalyst,
in an amount exceeding 0.25 mol %, the reaction
products contain excess metal irrespective of the pro-
cess duration � and polymerization temperature Tpol.
The series of the activity of the Friedel-Crafts catalyst
for 4-HBN is Co > Sn > Ti > Zn > Fe.

The medium affects the process kinetics and char-
acteristics of the reaction products: in passing from
vacuum or argon to relatively dry air, as in the case
of presence of water traces (compare Figs. 1 and 2
with Fig. 3), the reaction rate and conversion of
the monomer in some systems increase, but oxygen-
containing structures �C(O)N= appear in the macro-
molecules.

For all the nitriles, the intrinsic viscosity of the
resulting polymers [�] slightly increases with the syn-
thesis duration and more significantly, with Tpol. In
this case, the reaction temperature affects significantly
not only the molecular weight of polymers but also
the content of PMCs in the polymers. This is illus-
trated by polymerization of 3-CP, 2,5-diCP, and 3,5-
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Table 3. Influence of temperature and reaction duration on the yield and intrinsic viscosity of the polymers based on
CPs and on the content of PMCs
������������������������������������������������������������������������������������
Monomer � Catalyst � Tpol ,�C � �, h � Yield, % � [�] � PMC, spin g�1

������������������������������������������������������������������������������������
2,5-diCP � Ti3+, Cr2+ � 220 � 4 � 99.0 � 2.01 � 4.12 � 1019

� The same � 200 � 4 � 92.0 � 1.86 � 4.00 � 1018

� � � 170 � 14 � 75.0 � 0.95 � 0.60 � 1017

3-CP � Cr6+, Fe2+ � 240 � 6 � 98.0 � 1.92 � 0.51 � 1018

� The same � 220 � 6 � 84.5 � 0.78 � 6.10 � 1017

� Fe3+ � 280 � 6 � 92.4 � 1.25 � 3.87 � 1018

� The same � 270 � 6 � 86.5 � 1.01 � 2.46 � 1018

� � � 260 � 20 � 78.4 � 0.62 � 0.24 � 1017

3,5-diCP � Co3+, Cr2+ � 210 � 3 � 99.5 � 2.01 � 4.00 � 1015

� The same � 180 � 4 � 98.4 � 1.92 � 1.20 � 1015

������������������������������������������������������������������������������������

Table 4. Characteristics of some syntheses with 2,5-, 3,5-diCP, and 3-CP
������������������������������������������������������������������������������������
Run no.*� Monomer � Catalyst, mol % � Tpol , �C � �, h � Catalyst after reaction � Yield, %
������������������������������������������������������������������������������������

1 � 2,5-, 3,5-diCP � Fe3+, Cu2+, 0.25 � 240 � 4 � Fe2+, Cu2+, Cu+ � 89.6
2 � The same � Sn2+, Co3+, 0.23 � 240 � 4 � Co2+, Sn4+ � 99.7
3 � � � Co3+, Cr2+, 0.24 � 210 � 3 � Co2+, Cr3+ � 99.5
4 � � � Co3+, Zn2+, 0.25 � 220 � 5 � Co3+, Co2+, Zn2+ � 88.4
5 � � � Zn2+, 0.25 � 240 � 6 � � � 73.0
6 � 3-CP � Fe3+, 0.25 � 280 � 10 � Fe2+ � 92.0**

7 � The same � Sn4+, 0.25 � 270 � 10 � Sn2+, Sn4+ � 63.2***

8 � � � Fe3+, Cu2+, 0.25 � 240 � 6 � Fe2+, Cu2+ � 77.8**

9 � � � Cr6+, Fe2+, 0.25 � 190 � 6 � � 48.0
������������������������������������������������������������������������������������

* Run nos. 1 and 5 were performed in O2; no. 4, in O2 and H2O; and nos. 2, 3, 6�9, in a vacuum.
** The reaction is accompanied by vigorous release of HCl.

*** Release of HCl is insignificant.

diCP as examples (Table 3): in polymerization of
2,5-diCP (170�C) and 3-CP (260�C) for 14 and 20 h,
polynitriles with the intrinsic viscosity [�] of 0.95
and 0.62 and PMC content of 0.60 � 1017 and 0.24 �
1017 spin g�1, respectively, are formed. Raising the po-
lymerization temperature to 200�C and 280�C allows
the process duration to be reduced to 4 and 6 h, re-
spectively. In this case, [�] of the samples (1.86 and
1.25), the PMC content (4.00 � 1018 and 3.87 � 1018

spin g�1), and the yield of the polymers increase.

Thus, we can conclude that polymerization of meta-
substituted nitriles proceeds by scission of triple
bonds of the cyano groups of the initial monomers.
The process is provided by a combination of chemical
transformations of monomers coordinated through
the heterocyclic nitrogen atom in the initial complex,
which results in significant weakening of the C�N
bond. The process is not complicated by side reac-

tions. The yield of the polymers increases with time
and approaches the quantitative yield with heating.

A significant difference in the lower limits of po-
lymerization temperatures for various monomer�cat-
alyst pairs suggests that one of the factors shifting
the equilibrium to the formation of the polymer in the
absence of a promoter is, apparently, chemical trans-
formation of the monomer (pyridine�hydropyridine)
[18], preceding polymerization and caused by a redox
reaction of the coordinated monomer with the central
metal atom. This corresponds to an increase in the ac-
tivity of the catalysts with a rise in their standard
redox potentials and is also confirmed by degradation
of the catalyst in the course of the reaction with re-
lease of gaseous HCl and changes in the oxidation
state of the metal cation (Table 4).

Elemental analysis shows that the composition of
the polymeric products formed in an inert medium on
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anhydrous catalysts is in good agreement with the el-
emental composition of the initial monomers. In the
IR spectra of all the samples, there are no absorption
bands in the range 2240�2260 cm�1, corresponding
to vibrations of the C�N bond, whereas the absorption
in the range 1590�1650 cm�1, characteristic of double
bonds, is more pronounced. The bands of stretching
modes of the pyridine ring (�C=C, C=N approximately
1590, 1560�1570, 1470, and 1400 cm�1) are presented,
undergoing some changes. The spectra are character-
ized by noticeable background which becomes more
pronounced with increasing color depth, i.e., with in-
creasing molecular weight and PMC content.

Dynamic thermal gravimetric analysis shows that
the temperature of the onset of thermal oxidative de-
gradation of the polymers is 340�360�C. The poly-
mers give a strong ESR signal, symmetrical singlet
with a width of 1�3 Oe, whose g-factor corresponds
to that of a free electron. The integral intensity of
the signal is 1015�1019 paramagnetic species per gram.

The final products are bifunctional weak bases with
pK

�1 = 0.95�0.48 and pK
�2 = 0.67�0.54. These values

significantly differ from those of the initial mono-
mers, which is apparently caused by a strong influ-
ence of delocalization and electron-acceptor power of
the polynitrile skeleton.

Based on the data of elemental analysis, IR and
ESR spectroscopy, and data obtained in studying the
characteristics of the resulting polymers (without con-
sidering the substitution type and possible migration
of bonds), the following structure can be assigned to
these polymers:
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The results of a study of the thermal, chemical, and
radiation resistance of the resins synthesized suggest
the possibility of their use in sorption and ion ex-
change from highly acidic radioactive solutions at
elevated temperatures. The thermal stability of the
samples is 98�99% at 100�C in corrosive media, the
resistance to the action of oxidizing agents is 98�99%
in the systems with redox potential of up to 2 V, and
the resistance to alkalis, 98�99%. These samples
withstand irradiation up to 109 rad.

The polymers with a system of conjugated bonds
and functional redox groups in the conjugation chain

have in some cases more pronounced redox charac-
teristics in comparison with the analogues having lo-
calized bonds. In passing from oxidized to reduced
form, the redox resins based on nitriles of heterocyclic
acids change the color from bright red-brown to black.
The standard redox potentials E0 are fairly high
(722�724, 730, 730, and 670 mV for 3-CP, 2,5-, 3,5-
diCP, and A-5-C-2-CP, respectively) and suggest that
electron-exchange characteristics of the macromolec-
ules are provided by fragments significantly larger
than isolated pyridine rings. The electron-exchange ca-
pacity of the polymers based on 3-CP, 2,5-, 3,5-diCP,
and A-5-C-2-CP is 8.1, 8.8, 8.9, and 6.2 mg-equiv g�1,
respectively. The polymers have abnormally high
capacity with respect to silver ions: 8.3�27.9 (pH 6.4�
7.2) and 17.1�32.7 mg-equiv g�1 (pH 1.2�2.2), which
is characteristic of polynitriles with the C=N bond.
The static exchange capacity with respect to copper,
cobalt, zinc, iron, osmium, palladium, and uranyl
ions is 13.8, 2.9, 7.2, 4.7, 0.9�2.2, 1.6�2.4, and 4.4�
6.7 mg-equiv g�1, respectively.

CONCLUSIONS

(1) The possibility of a single-stage production of
new polymers based on pyridinecarbonitriles, ex-
hibiting along with high redox and sorption charac-
teristics also a high thermal stability and chemical and
radiation resistance was demonstrated.

(2) The resulting pyridinecarbonitriles are suitable
for synthesis of ion-exchange, complexing, and redox
polymers.
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Abstract�The performance of allylbenzene and allyl phenyl ether as chain-transfer agents in radical polymer-
ization of styrene, methyl acrylate, butyl methacrylate, vinylpyrrolidone, and vinylcaprolactam was evaluated.

Chain-transfer agents are used in radical polymeri-
zation to control the molecular weight (MW) of the
product. Allyl compounds are effective chain-transfer
agents owing to the presence of a labile C�H bond in
the methylene group at the �-position relative to the
double bond (�-CH bond). Previously, we have re-
ported on the possibility of preparing polyvinylcapro-
lactam (PVCL) of relatively low MW in the presence
of a series of allyl compounds, among which allylben-
zene (AB) appeared to be the most effective chain-
transfer agent [1]. Allyl compounds can be used to
control radical polymerization of a wide range of
monomers.

In this study, we examined the performance of AB
and allyl phenyl ether (APE) as chain-transfer agents
in polymerization of a series of monomers differing
in the reactivity.

EXPERIMENTAL

We studied polymerization of styrene (S), butyl
methacrylate (BMA), methyl acrylate (MA), vinylpyr-
rolidone (VP), and vinylcaprolactam (VCL) in the
presence of AB and APE. Methyl acrylate was dou-
ble-distilled at atmospheric pressure, and the other
monomers were double-distilled in a vacuum. The den-
sities and refractive indices of the compounds coin-
cided with reference data. The polymers were prepared
under similar conditions by the radical mechanism
at an AIBN (initiator) concentration of 1 � 10�2 M
in dioxane at 50�C. The experiments were performed
in ampules. The mixtures were degassed by freeze�
pump�thaw cycles to a residual pressure of 0.13 Pa.
The synthesis time was chosen so as to ensure the

polymer yield of no less than 10%. Polyvinylpyrroli-
done (PVP) and PVCL were reprecipitated into dieth-
yl ether; poly(methyl acrylate) (PMA) and poly(butyl
methacrylate) (PBMA), into ethanol; and polystyrene
(PS), into hexane.

The polymerization rate was measured dilatometri-
cally. The initiation rate was determined from the
dependence of the induction period on the concentra-
tion of a stable radical, 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO). In all the systems, the induction
period showed a linear dependence on the TEMPO
concentration. The intrinsic viscosities of PS, PVP,
PBMA, and PMA were determined under the condi-
tions given in Table 1. To determine [�], the experi-
mental data were processed in the coordinates of the
Huggins and Kraemer equations. For all the samples,
the sum of the Huggins and Kraemer constants was
close to 0.5. To calculate the MW of these polymers,
we used the Mark�Kuhn�Houwink equations relating
[�] to the number-average MW [2, 3]. Since these
equations were deduced for fractionated polymer sam-
ples, we recalculated the constants K in the Mark�
Kuhn�Houwink equations:

K* = K� (2 + �).

The correction �(2 + �) is characteristic of poly-
mers whose MW is controlled by chain transfer or
disproportionation [4]. To calculate the �-function, we
used the asymptotic Stirling expansion. The MWs
were calculated by the formula

[�] = K*Mn
�.
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The constants K* are listed in Table 1. For PVCL,
[�] was determined in DMF at 25�C. The MW was
calculated by the equation

[�] = 7.43 � 10�4 M 0.53.

The parameters of this equation were determined
from the logarithmic dependence of [�] on the num-
ber-average MW increment, which was calculated
from the integral MWD curves obtained by fast sedi-
mentation method for PVCL samples prepared in the
presence of AB [5].

The kinetic characteristics of polymerization are
listed in Table 2. In all the systems studied, the poly-
merization rate and the MW of the polymers decrease
as the concentration of AB and APE in the reaction
mixture is increased. In all the cases, AB diminishes
the rate and degree of polymerization more efficiently
than APE does. The chain-transfer constants Cx were
determined with the equation

P �1 = Vp [M]�2Kt Kp
�2 + Cx [X][M]�1, (1)

where P is the degree of polymerization; [M], mono-
mer concentration; [X], concentration of AB or APE;
Vp, polymerization rate; Kt Kp

�2, ratio of the chain
termination and chain propagation rate constants [4].

The dependences in the coordinates of Eq. (1) are
plotted in Figs. 1a and 1b. The chain-transfer con-
stants Cx calculated by the least-squares method are
listed in Table 2.

The reactivity of monomers in the radical-chain
process can be characterized by the Alfrey�Price pa-
rameters Q (characterizing the resonance stabiliza-
tion factor) and e (characterizing the polarity of the
double bond in the monomer). The monomers studied
exhibit different reactivities. The parameters Q and e
listed in Table 2 were taken from [6]. Notably, the
chain-transfer constant with AB is higher than that
with APE, irrespective of a particular monomer.

The chain transfer to allyl compounds involves
reaction of the propagating radical with the labile
hydrogen atom of the �-CH bond:

R. + B = RH + B�,

where R
.

is the propagating radical; B, AB or APE;
and B�, the allyl radical stabilized by conjugation.

The activity of B� radical generated in this reaction
is relatively low because of the electron delocaliza-
tion over the allyl group. In this context, its reaction

Table 1. Parameters of the Mark�Kuhn�Houwink equa-
tions [2, 3] for calculating Mn and conditions for determin-
ing the intrinsic viscosity
����������������������������������������
Poly- � � � � � T,�K � 104 � � � K* � 104 � Solvent �mer � � � � � �C
����������������������������������������
PVP � 1.4 � 0.7 � 2.16 � Water � 25
PS � 1.1 � 0.725 � 1.73 � Toluene � 30
PMA � 0.459 � 0.795 � 0.766 � Benzene � 30
PBMA� 0.115 � 0.89 � 0.208 � Butanone � 30
����������������������������������������

with the propagating macroradical seems the most
probable:

R. + B� = RB.

In accordance with the above reaction schemes, one
molecule of allyl compounds terminates two macro-
radicals. Obviously, copolymerization of allyl com-
pounds cannot be ruled out, but, owing to the pres-
ence of the labile �-CH bond, chain transfer competes
with addition of the allyl compound to the macroradi-
cal, with opening of the double bond. The reinitiation
of the double bond with the B� radical and recombi-
nation of allyl radicals are also possible theoretically,
but the probability of these reactions is low because
of the low activity of B� radical. It should be noted

Fig. 1. Plot of P�1
� KtKp

�2 Vp [M]�1 vs. ratio of chain-
terminating agent to the monomer [X] : [M] in polymeriza-
tion of (1) VP, (2) S, (3) VCL, (4) MA, and (5) BMA.
X: (a) AB and (b) APE. Y: (1, 2, 5) 3, (3) 2, and (4) 4.
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Table 2. Kinetics of polymerization of monomers in the presence of allyl compounds
������������������������������������������������������������������������������������

� � � Reaction rate, mol l�1 s�1 � � �
Monomer � X, M � Cx � � Kp Kt

� 0.5 � [�], dl g�1 � M � 10�3� � ����������������������� � �
� � � Vin � 108 � Vp � 105 � � �

������������������������������������������������������������������������������������
VP, � EB: � � � � � �
[M] = 5.51 M, � 0 � 0.078 � 2.83 � 12.24 � 0.132 � 0.49 � 62.4
Q = 0.088, � 0.027 � � � 5.91 � � 0.43 � 51.7
e = �1.62 � 0.045 � � � 5.70 � � 0.41 � 48.4

� 0.062 � � � 4.60 � � 0.38 � 43.4
� 0.080 � � � 3.62 � � 0.36 � 40.2
� APE: � � � � � �
� 0.026 � 0.036 � � 11.63 � � 0.48 � 60.6
� 0.043 � � � 8.78 � � 0.45 � 55.2
� 0.061 � � � 8.34 � � 0.44 � 53.5
� � � � � � �

S, � EB: � � � � � �
[M] = 5.12 M, � 0 � 0.084 � 3.02 � 2.66 � 0.030 � 0.63 � 81.7
Q = 1.00, � 0.027 � � � 0.88 � � 0.60 � 76.4
e = �0.8 � 0.045 � � � 0.68 � � 0.57 � 71.2

� 0.071 � � � 0.52 � � 0.55 � 67.7
� APE: � � � � � �
� 0.026 � 0.048 � � 2.13 � � 0.62 � 79.9
� 0.043 � � � 1.90 � � 0.61 � 78.1
� 0.069 � � � 1.49 � � 0.58 � 72.8
� � � � � � �

VCL, � EB: � � � � � �
[M] = 4.35 M, � 0 � 0.370 � 0.93 � 2.70 � 0.064 � 0.21 � 42.2
Q = 0.14, � 0.027 � � � 1.20 � � 0.17 � 28.3
e = �1.18 � 0.045 � � � 0.81 � � 0.14 � 19.6

� 0.062 � � � 0.62 � � 0.13 � 17.1
� APE: � � � � � �
� 0.026 � 0.295 � � 2.41 � � 0.19 � 34.9
� 0.043 � � � 1.75 � � 0.15 � 22.3
� 0.061 � � � 1.52 � � 0.14 � 19.6
� � � � � � �

MA, � EB: � � � � � �
[M] = 6.52 M, � 0 � 0.014 � 3.63 � 27.2 � 0.219 � 2.20 � 405.3
Q = 0.45, � 0.027 � � � 20.7 � � 1.94 � 346.0
e = 0.64 � 0.045 � � � 18.1 � � 1.85 � 325.9

� 0.062 � � � 16.0 � � 1.72 � 297.4
� APE: � � � � � �
� 0.026 � 0.011 � � 25.0 � � 2.05 � 370.9
� 0.043 � � � 21.2 � � 1.90 � 337.0
� 0.061 � � � 20.0 � � 1.77 � 308.3
� � � � � � �

BMA, � EB: � � � � � �
[M] = 3.72 M, � 0 � 0.073 � 2.42 � 1.76 � 0.031 � 0.53 � 89.2
Q = 0.82, � 0.027 � � � 1.47 � � 0.49 � 81.7
e = 0.28 � 0.045 � � � 1.03 � � 0.48 � 79.8

� 0.062 � � � 0.47 � � 0.46 � 76.1
� APE: � � � � � �
� 0.026 � 0.035 � � 1.60 � � 0.50 � 83.5
� 0.043 � � � 1.43 � � 0.49 � 80.8
� 0.061 � � � 1.27 � � 0.48 � 79.8

������������������������������������������������������������������������������������
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that the substituent at the allyl bond exerts a decisive
effect on the stability of the allyl radical.

To estimate the dissociation energy (DE) of the
�-CH bond, we optimized the geometry and calcu-
lated the electronic structures of allyl compounds
and their radicals. The calculation was performed by
the PM3 semiempirical method, using the restricted
Hartree�Fock method for molecules with closed elec-
tronic shells and the unrestricted Hartree�Fock meth-
od for radicals. The DE of the bond was calculated as
the difference between the energy of the dissociation
products and that of the starting allyl compound.
The geometry was fully optimized for both the allyl
compound and its radical. All calculations were per-
formed with the HyperChem program [7]. The DE of
the �-CH bond (kcal mol�1) was 65.23 for AB and
67.12 for APE.

Below are the molecular diagrams of APE and AB
radicals, showing the spin density on atoms:

0.046

0.05 �
0.486

0.466 �������0.827

_ 0.559
_0.475

_ 0.415

0.486_ 0.415
��
�����
�

_ 0.044 0.052

0.823

0.806_ 0.045 0.05
�0.048_ 0.560

�0.768

APE radical AB radical

The molecular diagrams show that, in the AB radi-
cal, the unpaired electron is delocalized over all the
carbon atoms, including the benzene ring. In the APE
radical, only the carbon atoms of the allyl group par-
ticipate in the delocalization to a significant extent.
Thus, the AB radical has a longer conjugation chain
and is hence more stable than the APE radical. It is
known that the bond dissociation energy is the differ-
ence between the energy of the forming radical and
hydrogen atom and that of the starting compound [8].
Therefore, any factor stabilizing the forming allyl rad-
ical should decrease the dissociation energy of the
�-CH bond. Hence, a compound that forms a more
stable radical upon hydrogen abstraction should be
a more effective chain-transfer agent; the less active
radical cannot initiate chain propagation but can re-
combine with the active propagating macroradical. In
this case, such a compound is AB.

It seems appropriate to use for controlling MW
such compounds in which the allyl group is directly
bonded to the molecular fragment with a conjugation
system (e.g., AB). The use of allyl ethers or allyl

alcohols for controlling the radical polymerization is
appropriate in cases when it is necessary not only to
control MW, but also to prepare copolymers in which
single allyl units are separated by blocks of the major
monomer. Such copolymers may be of interest from
the viewpoint of their subsequent modification aimed
to prepare materials with special properties, e.g.,
chemodegradable polymers [9].

CONCLUSIONS

(1) The kinetics of radical polymerization of cer-
tain monomers in the presence of allylbenzene and
allyl phenyl ether were studied, and the parameters of
the reactivity of these allyl compounds in chain trans-
fer from various macroradicals were evaluated.

(2) Allylbenzene is a more effective chain-transfer
agent, which is due to the higher stability of its radi-
cal, compared to the allyl phenyl ether radical.

(3) It is appropriate to use allylbenzene to control
the molecular weight of polymers prepared by the
radical mechanism.
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Abstract�Oxidation of crotonaldehyde with molecular oxygen and the role of percrotonic acid accumu-
lating in the process were studied.

Crotonic acid (CAc) and its derivatives are used as
comonomers in production of rubbers, latexes, adhe-
sives, and plastics. Some crotonic acid esters exhibit
insecticidal or herbicidal properties.

The main synthetic route to CAc is oxidation of
crotonaldehyde (CAl). In oxidation of CAl with mo-
lecular oxygen at atmospheric [1, 2] or elevated [3]
pressure, peroxy compounds accumulate in concentra-
tions comparable with that of the forming CAc.

Our goal was to examine the possibility of using
peroxides accumulating in the oxidate to raise the
yield of CAc.

EXPERIMENTAL

Pure-grade CAl was distilled before use on a labor-
atory column (10 TP, reflux ratio 2); the fraction with
bp 375�376 K was collected. Crotonaldehyde was
kept under argon at 253 K. An additional purification
was performed by steam distillation, with the collec-
tion of the azeotrope (75.7 wt % CAl, 24.3 wt %
H2O), from which water was frozen out at 223 K, and
CAl was dried over MgSO4 and distilled on a column.
A chromatographically pure CAl was thus obtained
(bp 375 K, d4

20 0.853 g cm�3). The optimal medium
for CAl oxidation, from the viewpoint of CAc yield,
is ethyl acetate [1]. We used ethyl acetate of analyti-
cally pure grade ; it was dried over CaCl2 and distilled
before use.

Qualitative and quantitative analyses were per-
formed by chemical methods [4], gas chromatog-
raphy, and IR spectroscopy. Chromatographic ana-
lyses were carried out on a Tsvet-100 chromato-

graph (2000 � 3-mm column; sorbent Polysorb-1,
0.1�0.25 mm; column and vaporizer temperatures 423
and 463 K, respectively; thermal conductivity de-
tector). In the oxidate, we determined the content of
CAl and CAc. The total content of carbonyl com-
pounds was determined by the hydroxylamine method
[4], and the total content of acids, by titration with
0.1 N NaOH in the presence of phenolphthalein. The
content of peroxides was determined by iodometric
titration in glacial acetic acid.

The gas�chromatographic analysis gives the total
content of crotonic and percrotonic (PCAc) acids,
because PCAc transforms into CAc in the vaporizer.
To confirm this conclusion, we performed absolute cal-
ibration with respect to CAc in the system CAc�ethyl
acetate. Percrotonic acid was prepared by oxidation of
CAc in ethyl acetate at a low temperature. For exam-
ple, in oxidation of CAl at 12�C to 15% conversion,
the content of PCAc in the sum of acids reaches 93%.
Such an oxidate gives a chromatographic peak of
CAc, whose area corresponds to the total calculated
amount of PCAc and CAc and is consistent with the
total acid content determined by chemical analysis.

In oxidation of CAl under various conditions, the
oxidate always contains PCAc and CAc (Table 1).
The PCAc : CAc ratio decreases with increasing tem-
perature, oxidation time, and partial oxygen pressure.
Peroxy compounds disappear from the oxidate upon
prolonged storage (100�150 h). The approximate
composition of the oxidate stored for 150 h at 20�C
is as follows (wt %): ethyl acetate 75.04, CAl 8.97,
CAc 12.46, propionaldehyde 0.40, propionic acid
0.50, formic acid 1.20, propenyl formate 0.60, and
1,2-epoxypropenyl formate 0.60.
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Table 1. Influence of the oxygen pressure and temperature on oxidation of CAl in ethyl acetate* (c0
CAl = 2.46 M)

������������������������������������������������������������������������������������
� � � � cPCAc � cCAc � SPCAc � SCAc � S

�CAc + PCAc
� � � �����������������������������������������������pO2

, atm � �, min � cCAl, M � XCAl, % �
� � � � M � %

������������������������������������������������������������������������������������
T = 300 K

1 � 35 � 2.09 � 15.0 � 0.25 � 0.06 � 67.6 � 14.8 � 82.4
� 60 � 1.99 � 19.1 � 0.32 � 0.08 � 67.9 � 17.6 � 85.5
� 120 � 1.60 � 35.0 � 0.55 � 0.18 � 65.1 � 19.9 � 85.0
� 180 � 1.23 � 50.0 � 0.70 � 0.33 � 56.9 � 27.1 � 84.0

4 � 30 � 1.95 � 20.7 � 0.33 � 0.08 � 64.7 � 15.7 � 80.4
� 60 � 1.83 � 25.6 � 0.40 � 0.12 � 63.5 � 19.0 � 82.5
� 120 � 1.12 � 54.5 � 0.78 � 0.33 � 58.2 � 24.6 � 82.8
� 180 � 0.61 � 75.2 � 0.96 � 0.54 � 51.9 � 29.2 � 81.1

T = 309 K

1 � 30 � 1.93 � 21.5 � 0.33 � 0.09 � 62.2 � 17.0 � 79.2
� 60 � 1.64 � 33.3 � 0.53 � 0.17 � 64.6 � 19.9 � 84.5
� 120 � 1.17 � 52.4 � 0.75 � 0.33 � 58.1 � 25.7 � 83.8
� 180 � 0.68 � 72.4 � 0.95 � 0.53 � 53.3 � 29.8 � 83.1

16 � 30 � 1.66 � 32.5 � 0.42 � 0.18 � 52.5 � 22.5 � 75.0
� 60 � 1.07 � 56.5 � 0.81 � 0.34 � 59.0 � 23.7 � 82.7
� 120 � 0.59 � 76.0 � 1.07 � 0.47 � 57.7 � 24.8 � 82.5
� 180 � 0.38 � 84.6 � 1.00 � 0.66 � 49.0 � 31.0 � 80.0

������������������������������������������������������������������������������������
* ( pO2

) O2 pressure, (�) time from the start of the reaction, (c) concentration, (X ) conversion, and (S ) selectivity.

According to [5], CAc is formed by a parallel-
consecutive mechanism directly from CAl and via
PCAc. Table 1 shows that the selectivity of CAc
formation grows with conversion, and the selectivity
of PCAc formation decreases. Apparently, the consec-
utive formation CAc via PCAc is the major pathway.

According to the classical autooxidation scheme,
peroxy compounds accumulating in oxidation of un-
saturated aldehydes are mainly the corresponding per
acids. As shown by Boboleva et al. [6], the poor se-
lectivity of CAc formation in autooxidation of CAl at
elevated temperature is due to consumption of PCAc
in side processes, rather than to cleavage of the C=C
bond in the course of oxidation. They believe that
PCAc not only transforms into CAc, but also under-
goes a radical decomposition:

RC(O)OOH � RC(O)O� + �OH,

RC(O)O�

� CO2 + R�.

With decreasing temperature, the decomposition
decelerates [6], and the selectivity with respect to the
sum of CAc and PCAc increases. Thus, by-products
formed in CA oxidation mainly arise from radical
decomposition of PCAc. There are also indications [7]
that H2O2, diacyl peroxides, and polyperoxides are
also formed in oxidation of unsaturated aldehydes

along with per acids. Quantitative data on the compo-
sition of peroxy compounds in oxidation of CAl are
lacking. This stimulated us to evaluate the content of
undesirable stable peroxides in oxidation of CAl. For
this purpose, after completion of the experiments and
determination in oxidates of CAc and sum of peroxy
compounds, the oxidates were stored for a long time
at room temperature, after which the content of perox-
ides, CAc, and CAl was determined. The results are
listed in Table 2.

It is seen that 95�98% of peroxides accumulated
by the end of experiments are unstable and undergo
consecutive transformations at room temperature. This
means that thermally stable peroxides incapable of
reacting with CAl are formed in oxidation of CAl in
very low amounts (�0.04 M). Presumably, the perox-
ides in the oxidate are mainly PCAc and certain
amount of H2O2. The content of H2O2 in the oxidate
must not be significant, since, as seen from Table 2,
in some experiments (nos. 8, 10, 12, 13, 15), when the
content of CAl exceeds that of peroxides, CAl trans-
forms into CAc within the storage time in the amount
equivalent to the content of peroxy compounds in the
oxidate. This means that all the peroxides in the oxi-
date oxidize CAl to CAc. At the same time, hydrogen
peroxide oxidizes CAl to CAc only in the presence of
catalysts, Se4+ compounds [7]. Hence, hydroperoxides
accumulating in oxidation of CAl with molecular
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Table 2. Composition of CAl oxidate before and after storage at 293�295 K*

������������������������������������������������������������������������������������
� Storage � c0

CAl � c0
�CAc + PCAc � c0

HP � c�CAl � c�
�CAc + PCAc � c�HP

� ������������������������������������������������������������������Run no. � time, �
� days � M

������������������������������������������������������������������������������������
1 � 90 � 0.52 � 1.84 � 1.09 � 0.02 � 2.34 � 0.04
2 � 88 � 0.34 � 1.98 � 1.31 � 0.01 � 2.28 � 0.05
3 � 88 � 0.17 � 2.04 � 1.20 � 0.03 � 2.18 � 0.03
4 � 86 � 0.48 � 1.84 � 1.23 � 0.02 � 2.28 � 0.03
5 � 82 � 0.59 � 1.65 � 0.85 � 0.04 � 2.20 � 0.02
6 � 79 � 0.90 � 1.35 � 0.79 � 0.10 � 2.10 � 0.02
7 � 51 � 0.94 � 1.38 � 0.84 � 0.06 � 2.10 � 0.03
8 � 49 � 1.12 � 1.21 � 0.63 � 0.52 � 1.80 � 0.02
9 � 44 � 0.69 � 1.71 � 1.18 � 0.01 � 2.36 � 0.05

10 � 41 � 1.13 � 1.20 � 0.63 � 0.54 � 1.75 � 0.03
11 � 37 � 0.33 � 1.86 � 1.02 � 0.01 � 2.18 � 0.04
12 � 37 � 1.63 � 0.84 � 0.67 � 0.95 � 1.52 � 0.02
13 � 37 � 1.23 � 1.14 � 0.86 � 0.43 � 1.92 � 0.03
14 � 35 � 0.74 � 1.50 � 0.84 � 0.01 � 2.20 � 0.04
15 � 35 � 3.30 � 1.30 � 0.57 � 2.75 � 1.83 � 0.02

������������������������������������������������������������������������������������
* (c0) Content after oxidation, (c�) content after storage, (�CAc + PCAc) sum of acids, and (HP) hydroperoxides.

oxygen under the experimental conditions consist
mainly of PCAc, which oxidizes CAl to CAc in the
course of storage of the oxidate at room temperature,
transforming itself into CAc. In the absence of a suf-
ficient amount of CAl in the oxidate, PCAc also trans-
forms into CAc (Table 2, run nos. 1, 2, 4, 9, 11, 14),
but less selectively.

The fact that PCAc, one of the major products of
CAl oxidation, virtually quantitatively transforms into
CAc on keeping the oxidate at room temperature and
oxidizes in the process an equimolar amount of CAl
can be used to achieve the maximum yield of CAc.
Oxidation of CAl with molecular oxygen should be
performed up to accumulation of the maximum con-
centration of PCAc in the oxidate. In so doing, the

concentration of unchanged CAl should only slightly
exceed the PCAc concentration (Table 2, run nos. 6,
7). In the course of storage, CAl virtually quantitative-
ly transforms into CAc in the reaction with PCAc.

For practical synthesis of CAc, it is necessary to
find the optimal temperature for decomposition of
PCAc in the oxidate, because at room temperature
the reaction is too slow. The kinetics of PCAc and
CAl consumption and CAc accumulation in the ox-
idate was studied at 318 and 333 K. After oxidation
for 100 min at 309 K, the oxygen supply was stopped,
the system was purged with argon and then heated to
the required temperature, and the oxidate composition
was monitored. The results of some experiments are
shown as example in Fig. 1. As seen from Fig. 1a,

Fig. 1. Kinetic curves of (1, 1�) consumption of PCAc, (2, 2�) consumption of CAl, and (3, 3�) accumulation of the sum of
CAc and PCAc at (a) 318 and (b) 333 K. (c) Concentration and (�) time. (1, 1�, 2, 2�, 3, 3�) Results of replicate runs.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 6 2004

ROLE OF PEROXY COMPOUNDS IN OXIDATION OF CROTONALDEHYDE 1001

Table 3. Characteristics of the oxidate after oxidation and storage (CAl content at the beginning of experiments 2.46 M, oxidation
time 180 min, storage for 7 h at 318 K)
������������������������������������������������������������������������������������

T,* K
� pO2

, � c0
CAl � c0

PCAc � c0
CAc � xCAl � S

�CAc + PCAc � c�CAl � c�PCAc � c�CAc � xCAl � SCAc
� ������������������������������������������������������������������������
� atm � M � % � M � %

������������������������������������������������������������������������������������
300 � 1 � 1.23 � 0.70 � 0.33 � 50.0 � 84.0 � 0.52 � 0.02 � 1.69 � 79.7 � 87.1
300 � 2 � 0.96 � 1.03 � 0.47 � 61.0 � 83.0 � 0.05 � 0.03 � 2.28 � 98.0 � 94.6
300 � 4 � 0.61 � 0.96 � 0.54 � 75.2 � 81.1 � 0.02 � 0.02 � 2.05 � 99.1 � 84.0
309 � 1 � 0.68 � 0.95 � 0.53 � 72.4 � 83.1 � 0.03 � 0.03 � 2.09 � 98.8 � 86.0
309 � 16 � 0.38 � 1.00 � 0.66 � 84.6 � 80.0 � 0.01 � 0.03 � 1.99 � 99.6 � 81.2

������������������������������������������������������������������������������������
* (T ) Oxidation temperature.

the concentrations of CAl and PCAc decrease to a
similar extent, with the total concentration of CAc
and PCAc growing simultaneously. For example, in
7 h, the PCAc concentration decreased by 0.61 M;
that of CAl, by 0.59 M; and that of the sum of CAc
and PCAc increased by 0.6 M. Within the same time,
9.6 ml of CO2 and 2.4 ml of CO evolved from the
oxidate (30 ml). Hence, at 318 K only 1�2% of PCAc
is spent for side reactions (initiated radical decomposi-
tion), whereas 98�99% of PCAc reacts with CAl to
form CAc.

At 333 K (Fig. 1b), PCAc is consumed considera-
bly faster, and the process is complete within approx-
imately 4 h. However, the relative contribution of
PCAc decomposition grows. For example, 15 ml of
CO2 and 5.4 ml of CO evolved from the reactor in
4 h. Percrotonic acid is consumed noticeably faster
than CAl: in 4 h, the PCAc concentration decreased
by 0.62 M, and that of CAl, by 0.56 M. The total
concentration of CAc and PCAc grew by only 0.54 M
(87% of the consumed PCAc).

Apparently, to ensure the most efficient utilization
of PCAc and maximum yield of CAc, the oxidate
should be kept at relatively low temperatures. Table 3
illustrates the variation of the oxidate composition at
318 K in the course of 7 h. It is seen that oxidation of
CAl to CAc with PCAc occurs more selectively than
oxidation with molecular oxygen to CAc and PCAc.
Table 3 shows that the maximum efficiency is reached
when the concentrations of the accumulated PCAc and
unchanged CAl in the oxidate by the end of autooxi-
dation are approximately equal. This situation is at-
tained at �60% conversion of CAl. In the course of
storage, unchanged CAl is oxidized with PCAc, and
the total selectivity with respect to CAc reaches 94%.

The results of these studies allowed development
of an efficient procedure for preparing CAc [8].

CONCLUSION

To achieve the maximum yield of crotonic acid, it
is appropriate to perform oxidation of crotonaldehyde
with molecular oxygen at 300�310 K to 55�65% con-
version of crotonaldehyde, when the concentrations of
perctoronic acid and unchanged crotonaldehyde in the
oxidate become approximately equal. The unchanged
crotonaldehyde is subsequently oxidized with percro-
tonic acid at 315�320 K within 7.0�7.5 h.
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Abstract�The possibility of manufacturing AI-92 and AI-95 high-octane blended gasolines using reformer
naphthas1, methyl tert-butyl ether, and an additive based on N-methylaniline and (methylcyclopentadienyl)-
manganese tricarbonyl is studied.

The most important problem in oil refining is to
improve the performance and environmental charac-
teristics of gasolines. The increased aromaticity of
domestic (Russian) high-octane gasolines is caused by
the fact that their base component is reformer naphtha
containing up to 5�6% benzene and up to 68% other
arenes [1]. The use of oxygenates (methyl tert-butyl
and methyl tert-pentyl ethers) and other environment-
friendly high-octane antiknock compounds at Russian
refineries is rather limited [2].

The goal of this study is to examine the effect of
high-octane additives on the quality of gasolines
manufactured by the Ukhta Refinery, and also to op-
timize formulations of AI-92 and AI-95 blended gas-
olines based on mixtures of straight-run naphthas and
stable reformer naphthas taken in various proportions.

EXPERIMENTAL

Straight-run naphtha (�4
20 = 0.6689 g cm�3) was

taken from an AT-1 preliminary distillation plant; it
had an octane number (ON) of 66.4 as determined by
the engine method (EM). Its fractional composition
was as follows [bp, �C (content, wt %)]: initial boiling
(IB) 39; 52 (10); 63 (50); 85 (90); dry point (DP) 94.

Stable reformer naphtha [�4
20 = 0.7700 g cm�3;

ON 83.2 (EM); ON 92.1 (theoretical method, TM)]
was taken from an L-35/11-300 plant. Fractional com-
position: IB 41; 78 (10); 117 (50); 153 (90); DP 178.

Base components were prepared by mixing straight-
run naphtha with reformer naphtha (Table 1). As high-
octane additives was used BVD containing 65 wt %

Table 1. Physicochemical characteristics of base components and blends
������������������������������������������������������������������������������������

Base component
�

�4
20,

� Fractional composition, �C �
Yield,

� ON
� �������������������������� ����������
�

g cm�3
� IB � 10% � 50% � 90% � DP �

vol %
� EM � TM

������������������������������������������������������������������������������������
A-76 � 0.7278 � 36 � 56 � 92 � 144 � 171 � 96 � 77.2 � �
AI-92 � 0.7698 � 37 � 68 � 114 � 155 � 174 � 96 � 83.0 � 92.0
Reforming naphtha � 0.7700 � 41 � 78 � 117 � 153 � 178 � 97 � 83.2 � 92.1
Straight-run naphtha � 0.6689 � 39 � 52 � 63 � 85 � 94 � 97 � 66.4 � �
Reforming naphtha/straight-run naphtha, wt %: � � � � � � � � �

10/90 � 0.6809 � 39 � 54 � 66 � 118 � 151 � 96 � 68 � 82.2
50/50 � 0.7230 � 41 � 58 � 86 � 144 � 169 � 96 � 75.1 � 86.6
70/30 � 0.7408 � 41 � 63 � 99 � 148 � 174 � 97 � 78.5 � 88.1
90/10 � 0.7628 � 41 � 72 � 111 � 142 � 178 � 98 � 81.2 � 91.0

������������������������������������������������������������������������������������
����������
1 Lukoil-Ukhta-Neftepererabotka, Joint-Stock Company.
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Table 2. ON benefit of base components gained due to addition of BVD and MTBE
������������������������������������������������������������������������������������

� � ON of a blend �
�ON

� ON of a blend �
�ON

� Initial ON � with 15 wt % � � with 1.9 wt % �
Base component � � MTBE �

(MTBE)
� BVD �

(BVD)

������������������������������������������������������������
� MM � TM � MM � TM � MM � TM � MM � TM � MM � TM

������������������������������������������������������������������������������������
AI-92 � 83.0 � 92.0 � 86.8 � 95.2 � 3.8 � 3.2 � 86.7 � 94.5 � 3.7 � 2.5
A-76 � 76.2 � 85.1 � 80.2 � 91.0 � 4.0 � 5.9 � 79.8 � 91.0 � 3.6 � 5.9
Reforming naphtha � 83.2 � 92.1 � 86.7 � 85.1 � 3.5 � 3.0 � 86.8 � 95.4 � 3.6 � 3.3
Reforming naphtha/straight-run � � � � � � � � � �
naphtha, wt %: � � � � � � � � � �

10/90 � 68.0 � 76.2 � 74.9 � 83.8 � 6.9 � 7.6 � 74.0 � 84.6 � 6.0 � 8.4
50/50 � 76.0 � 85.0 � 81.8 � 90.2 � 5.8 � 5.2 � 81.7 � 91.4 � 5.7 � 6.4
70/30 � 78.5 � 88.1 � 83.5 � 92.0 � 5.0 � 3.9 � 83.6 � 92.8 � 5.1 � 4.7
90/10 � 81.2 � 91.0 � 85.4 � 95.2 � 4.2 � 4.2 � 85.5 � 93.8 � 4.3 � 2.8

������������������������������������������������������������������������������������

N-methylaniline [TU (Technical Specifications) 38.401-
58-228�99] from Flagman Closed Corporation (Mos-
cow); B-grade methyl tert-butyl ether (MTBE) (TU
38.103.704�90) from Ekros Closed Corporation
(St. Petersburg); N-methylaniline (NMA) (TU 2471-
269-00204168�96) from Volzhskii Orgsintez Joint-
Stock Company (Volgograd oblast); and Hitec-3000
containing 24.4 wt % Mn (Ethyl Corporation, the
United States). The active component of the latter
additive is (methylcyclopentadienyl)manganese tricar-
bonyl (MMT).

The density of the base blends was determined
according to GOST (State Standard) 3900�85 [3];
the fractional composition, to GOST 2177�99 [4];
NO, to GOST 511�82 (EM) [5] and GOST 8226�82
(TM) [6]. Benzene and total arenes in naphthas were
determined according to GOST 29040�91 on an
LKhM-80 gas chromatograph.

In their fractional composition, the base compo-
nents and blends used met the regulatory requirements
to AI-92 and AI-95 gasolines (Table 1), but not in
the octane number. A mixture containing 90 wt %
reformer naphtha and 10 wt % straight-run naphtha
has ON 91 (EM). Therefore, manufacture of AI-92
and AI-95 gasolines from this base blend requires
a lower amount of high-octane additives.

It is seen from the figure that, even on adding
the maximum amount (1.9 wt %) of the additive to
the 10/90 and 50/50 base blends, the octane num-
ber required for AI-92 gasoline [ON 83 (EM) and
92 (TM)] is not obtained. At the same time, for
the 90/10 and 70/30 blends, the required ON is at-
tained at a BVD additive concentration of 1.5 and
1 wt %, respectively. With the BVD concentration

increasing to 1.9 wt %, AI-92 and AI-95 gasolines can
be obtained from both the reformer naphtha and mix-
tures of 10�30 wt % straight-run naphtha with re-
forming naphtha.

The ON benefit (�ON) at a BVD concentration of
1.9 wt % is 3.6�6 points (EM) (Table 2). Addition
of 15 wt % MTBE to the same base components
provides �ON of 3.5�6.9 points (EM) or 3�7.6 points
(TM) (Table 2). The largest benefit [5.8�6.9 points
(EM)] was obtained with blends containing 10 and
50 wt % reforming naphtha. However, even addition
of the maximum amount (15 wt %) of MTBE to the
base blends indicated does not provide ON required
for AI-92 gasoline. At the same time, addition of
the indicated amount of MTBE to AI-92 gasoline and
to blends of 70�90 wt % reforming naphtha with
straight-run naphtha (10�30 wt %) makes it possible
to obtain AI-92 and AI-95 gasolines (Table 2).

Effect of BVD addition on the ON of the base fuel com-
ponents: (1) AI-92, (2) stable reforming naphtha, and
(3) A-76. Reforming naptha/straight-run naphtha (wt %):
(4) 50/50, (5) 90/10, (6) 10/90, and (7) 70/30. (cBVD) Ad-
ditive concentration.
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Table 3. Performance of BVD/MTBE blend additives
������������������������������������������������������������������������������������

Base component
� ON (EM) at indicated MTBE/BVD mass ratio
��������������������������������������������������
� 0 � 5/0.5 � 10/0.5 � 5/1.9 � 10/1.9

������������������������������������������������������������������������������������
AI-92 � 83.0 � 83.9 � 85.4 � 86.1 � 87.9 (95.1)*

A-76 � 76.2 � 78.2 � 79.9 � 81.0 � 81.5 (90.4)
Reforming naptha � 83.2 � 85.0 � 86.8 � 87.0 � 89.7 (96.4)
Reforming naphtha/straight-run naphtha, wt %:� � � � �

10/90 � 68.0 � 71.8 � 75.0 � 76.1 � 78.6 (85.0)
50/50 � 76.0 � 77.6 � 80.1 � 81.6 � 83.4 (91.4)
70/30 � 78.5 � 80.4 � 82.2 � 83.5 � 84.4 (92.6)
90/10 � 81.2 � 82.8 � 84.3 � 85.7 � 86.4 (95.0)

������������������������������������������������������������������������������������
* ON (TM) is given in parentheses.

Table 4. ON benefit of base blends on adding 0.5 and 1.3 wt % NMA additive
������������������������������������������������������������������������������������

� � ON of a blend � ON of a blend � �ON � �ON
Base component � Initial ON � with 0.5 wt % � with 1.3 wt % � (0.5 wt % � (1.3 wt %

� � NMA � NMA � NMA) � NMA)
������������������������������������������������������������
� EM � TM � EM � TM � EM � TM � EM � TM � EM � TM

������������������������������������������������������������������������������������
A-76 � 76.2 � 85.1 � 77.5 � 86.4 � 80.6 � 88.6 � 1.3 � 1.3 � 4.4 � 3.5
AI-92 � 83.0 � 92.0 � 83.5 � 92.8 � 84.6 � 93.4 � 0.5 � 0.8 � 1.6 � 1.4
Reforming naphtha � 83.2 � 92.1 � 83.6 � 92.6 � 86.1 � 94.0 � 0.4 � 0.5 � 2.9 � 1.9
Reforming naphtha/straight-run � � � � � � � � � �
naphtha, wt %: � � � � � � � � � �

70/30 � 78.5 � 88.1 � 79.5 � 89.0 � 81.8 � 91.2 � 1.0 � 0.9 � 3.3 � 3.1
90/10 � 81.2 � 91.0 � 82.6 � 92.6 � 84.9 � 93.8 � 1.4 � 1.6 � 3.7 � 2.8

������������������������������������������������������������������������������������

The combined action of MTBE and BVD is de-
monstrated in Table 3. Addition of 10 wt % MTBE +
1.9 wt % BVD to a base blend consisting of 70 wt %
reforming naphtha and 30 wt % straight-run naphtha
allows preparation of AI-92 gasoline. In the case of
a 90/10 base blend, it is sufficient to add 10 wt %
MTBE + 0.5 wt % BVD, while addition of 10 wt %
MTBE + 1.9 wt % BVD gives AI-95 gasoline. De-
pending on the composition of the base blend, addi-
tion of 10 wt % MTBE + 1.9 wt % BVD provides an
ON (EM) benefit from 4.9 to 10.6 points or ON (TM)
benefit from 3.1 to 8.8 points.

The largest ON benefit was observed when the ad-
ditives were taken in combination (Table 3). However,
simultaneous addition of BVD and MTBE is inadvis-
able, because of the lack of a synergistic effect, and
the expenses per a benefit ON point are larger com-
pared to the use of individual additives.

The effect of NMA is demonstrated in Table 4
(N-methylaniline is a component of BVD additive).

According to the regulatory requirements, the NMA
concentration in gasoline must be below 1.3 wt %.
As seen, the effect of NMA is weaker than that of
BVD [ON (EM) benefit is only 2.9�3.7 and ON (TM)
benefit, 1.9�3.1 points].

Table 5 shows the effect of Hitec-3000 additive taken
in concentration of 0.005�0.028 wt % (9�50 mg l�1

recalculated to Mn).

According to GOST R 51105�97, the maximum
Mn concentration in Normal-80, Regulyator-91, Pre-
mium-95, and Super-98 grade gasolines is 50, 18, 0,
and 0 mg l�1, respectively. Table 5 shows that Hitec-
3000 is an inefficient additive even if added to the
maximum permissible concentration.
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Table 5. Effect of Hitec-3000 additive on octane numbers (MM) of base components
������������������������������������������������������������������������������������

Base component
� ON at indicated additive concentration, wt %
��������������������������������������������������
� 0 (0)* � 0.005(9) � 0.01(18) � 0.017(30) � 0.028(50)

������������������������������������������������������������������������������������
AI-92 � 83.0 � 83.4 � 83.8 � 84.6 � 85.3
A-76 � 76.2 � 76.6 � 78.1 � 78.4 � 80.8
Reforming naphtha � 83.2 � 83.5 � 83.7 � 85.2 � 86.1
Reforming naphtha/straight-run naphtha, wt %:� � � � �

10/90 � 68.0 � 69.1 � 69.8 � 70.2 � 70.8
50/50 � 76.0 � 76.8 � 77.2 � 78.8 � 79.1
70/30 � 78.5 � 79.2 � 79.6 � 80.4 � 81.8
90/10 � 81.2 � 82.8 � 83.4 � 84.0 � 84.6

������������������������������������������������������������������������������������
* Mn content (mg l�1) is given in parentheses.

Table 6. Fabrication of Lukoil AI-92 and Premium-95 gasolines
������������������������������������������������������������������������������������

Base component
�

Additive, wt %
� ON (EM)

� �����������������������
� � initial � additized

������������������������������������������������������������������������������������
Lukoil AI-92

A-76 � MTBE/BVD = 15/1.9 � 76.2 � 84.5 (92.0)*

Reforming naphtha/straight-run naphtha = 70/30, wt % � BVD, 1.5 � 78.5 � 83.1 (92.5)
� MTBE/BVD = 10/1.9 � 78.5 � 84.4 (92.6)

Premium-95

AI-92 � MTBE, 10 � 83.0 � 85.7 (95.1)
Reforming naphtha � BVD, 1.9 � 83.2 � 86.8 (95.4)

� MTBE, 10 � 83.2 � 85.9 (95.0)
Reforming naphtha/straight-run naphtha = 90/10, wt % � MTBE, 15 � 81.2 � 85.4 (95.2)
������������������������������������������������������������������������������������
* OM (TM) is given in parentheses.

Our results allow optimization of base blends and
additives for manufacture of high-octane gasolines
meeting the requirements of the operative Technical
Specifications and State Standards (Table 6).

There are no catalytic cracking and hydrocracking,
alkylation, isomerization, and isoselectoforming plants
at the Ukhta Refinery, which limits the possibility
of manufacture of high-octane base components.
Therefore, blank AI-95 reformer gasoline manufac-
tured at this refinery contains 4.17 wt % benzene
and 57.07 wt % total arenes, which deteriorates its
environmental characteristics. AI-95 gasoline with
MTBE additive manufactured at the Lukoil�UNP
contains 3.93 wt % benzene and 60.71 wt % total
arenes.

As a conclusion, to manufacture AI-92 gasoline at
the Lukoil-UNP, we suggest to add 15 wt % MTBE +

1.9 wt % BVD to A-76 unleaded gasoline. Now
the Ukhta Refinery manufactures Premium-95 gas-
oline from AI-92 unleaded gasoline (Table 6).

Production of high-octane gasolines using MTBE
and BVD additives and, in particular, of Lukoil AI-92
gasoline from A-76 and of Premium-95 from AI-92
unleaded gasoline is cost efficient, because the re-
former naphtha is less expensive than AI-92 gasoline,
and straight-run naphtha is cheaper than A-76.

CONCLUSIONS

(1) BVD and methyl tert-butyl ether additives
demonstrate high antiknock efficiency, providing an
octane number benefit from 3.6 to 6 points (engine
method) and from 2.8 to 4 points (theoretical meth-
od) with BVD; and from 3.5 to 6.9 points (EM) and
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from 3.0 to 7.6 points (TM) with methyl tert-butyl
ether.

(2) With BVD additive (1.9 wt %), the formula of
AI-92 gasoline is as follows: reformer naphtha 60�
65% and straight-run naphtha the rest. For AI-95: re-
former naphtha >90%, straight-run naphtha the rest.

(3) Simultaneous use of different additives is less
efficient as compared to their individual introduction.
Processes of fabrication of AI-92 and AI-95 gasolines
can be multivariant. The formula of AI-92 gasoline
may include from 60 to 99 wt % reforming naphtha,
from 0 to 35 wt % straight-run naphtha, up to 15 wt %
MTBE, and up to 1.9 wt % BVD; and that of AI-95,
from 90 to 75 wt % reforming naphtha, up to 10 wt %
straight-run naphtha, up to 15 wt % MTBE, and up
to 1.9 wt % BVD.

(4) N-Methylaniline and Hitec-3000 additives are
less efficient than methyl tert-butyl ether and BVD
with regard to the base blends of the Ukhta Refinery.
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Abstract�Temperature-programmed pyrolysis of oil shales was studied. The composition of pyrolysis prod-
ucts was analyzed by the chromatographic technique.

The rise in thepower consumption in the world,
with exhaustion of the traditional fuel resources, re-
quires a search for alternative sources for power pro-
duction and alternative raw materials for petrochemical
synthesis. Among such raw materials are oil shales [1],
i.e., organomineral sedimentary rocks containing con-
centrated sapropelic or humus-sapropelic organic sub-
stances of various origins. The main organic substance
of oil shales is kerogen, which is inert to chemical
reagents and practically insoluble in organic solvents.
The main industrial procedure for kerogen recovery is
pyrolysis. Other procedures, such as extraction with
solvents and biochemical methods, are not yet widely
used [2].

Oil shales are distinguished by the type of kerogen:
(1) oil shales of sea origin, (2) oil shales formed in
semi-closed sea reservoirs and in lakes and bogs, and
(3) oil shales of continental genesis. A certain relation-
ship between the type of kerogen and the distribution
of alkanes in volatile products of pyrolysis of oil
shales was noted in [2, 3].

In this study, we examined temperature-programmed
pyrolysis of oil shales of the Dzhangichai deposit and
determined the optimum temperature at which the
yield of the products is the highest. The distribution of
alkanes in the volatile products at various pyrolysis
temperatures was also analyzed.

EXPERIMENTAL

The samples of oil shales subjected to pyrolysis were
ground in a laboratory mill. A <0.1-mm fraction was
selected for the study. This fraction was dried to con-
stant weight at 105�C under nitrogen. The pyrolysis
reactor consisted of a steel jacket (400 mm � 15 mm)

and a quartz reaction tube with an inner diameter of
10 mm. A weighed portion of the oil shale was mixed
with 5 ml of quartz sand (particle size 0.1�0.25 mm)
and placed in the reaction tube. A thermocouple for
measuring the temperature in the pyrolysis area was
placed in the center of the sample bed.

The reaction tube with a sample was placed in
a steel jacket of the temperature programmed furnace
(electric heating). The temperature in the pyrolysis
area was monitored by three thermocouples in the re-
action tube. The temperatures measured during the
process were recorded with a multichannel unit. The
temperature variation along the reaction area did not
exceed 1�C. The process was carried out in an argon
flow (80 ml min�1) at a heating rate of 2 deg min�1.
The reference substance, 0.507% neopentane in N2,
was introduced into the flow of the products released
from the pyrolysis area at a rate of 20 ml min�1. Sam-
ples were withdrawn from the flow of the products
leaving the reactor into evacuated glass ampules.
The procedures of sampling and chromatographic anal-
ysis of a multicomponent vapor�gas mixture have
been described previously [5]. The pyrolysis products
were analyzed in a Hewlett Packard HP-6890 capillary
gas chromatograph. A 100 m � 0.25 mm column was
coated with methylsilicone OV-1. Hydrogen was used
as a carrier gas. The detector temperature (FID) was
350�C, and the injector temperature, 290�C. The qual-
itative identification of the components of the mix-
tures was carried out by comparison of the retention
time with reference data stored in the computer
(CHEMSTATION software for recording and process-
ing of chromatographic data).

The quantitative interpretation of the chromatog-
rams was carried out using an internal reference.
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Elemental composition and the results of Fischer analysis of oil shales
������������������������������������������������������������������������������������

Products
� Content, �

Products
� Content, �

Products
� Content, �

Products
� Content,

� %* � � %* � � %* � � %*

������������������������������������������������������������������������������������
� �

Fischer analysis
� Elemental analysis � Elemental analysis

� � � of tar � of residue� � � �
Total � 21.93 � Tar � 14.75 � �
carbon � � Decomposition water � 2.62 � C � 77.46 � C � 17.76
Organic � 20.7 � Solid residue � 71.54 � H � 11.31 � H � 1.07
carbon � � Gas + loss including: � 11.09 � N � 1.24 � N � 0.86
Hydrogen � 2.56 � CO � 3.43 � S � 1.53 � S � 4.48
Nitrogen � 0.92 � CO2 � 14.51 � � � �
Total � 3.24 � CH4 � 45.46 � � � �
sulfur � � C2�C4 � 36.6 � � � �
����������������	���������������������������	�������������������	�������������������
* The composition determined from the results of elemental analysis and Fischer analysis is given in weight percent, and the gas

composition, in volume percent.

The content of ith component ci (%) in the mixture
being analyzed (yield, wt %) was evaluated by the for-
mula

ci = ����� � 100r,
kref Qref

ki Qi� (1)

where ki and kref are the correction coefficients for
peak areas of the component and reference, Qi and
Qref are the peak areas of the component being anal-
yzed and the reference (mm2), and r is the ratio of
the weight of the reference to the weight of the mix-
ture being analyzed.

The rate of formation of the products v (mg min�1)
was evaluated by the formula

v = ������� mC ,
�Q � Qref

Qref
(2)

where mC is the gravimetric flow rate of carbon in
the flow of internal reference (mg min�1), evaluated
from the relationship

Fig. 1. Rate of formation of aliphatic hydrocarbons v vs.
time � and temperature T.

mC = n NC MC /1000. (3)

Here n is the molar flow rate of neopentane
(molmin�1); MC, atomic weight of carbon (12 gmol�1);
NC, the number of carbon atoms in neopentane (5);
and �Q, the sum of the peak areas in the chromatog-
ram (mm2).

Average characteristics of oil shales: moisture con-
tent 2.84 wt %, ash content 79.45 wt %, and heat
of combustion 3880 kJ kg�1. The following com-
ponents were found in the ash (wt %): SiO2 36.94,
Fe2O3 17.34, CaO 22.95, MgO 0.68, K2O 1.08,
TiO2 0.88, MnO 0.45, CuO 0.31, ZnO 0.14,
SO3 18.08, and P2O5 1.12. The results of elemen-
tal analysis and Fischer analysis are listed in the
table.

As can be seen from Fig. 1, the rate of formation
of pyrolysis products passes through a maximum at
440�C. With increasing pyrolysis temperature, along
with increase in the concentration of hydrocarbons
C1�C4 and C5�C15, hydrocarbons that are solids under
standard conditions (C>15) appeared in the pyrolysis
products. This is caused by decomposition of kerogen
in two consecutive steps.

At fairly low temperatures, the primary decompo-
sition reactions yield gaseous and liquid hydrocar-
bons, and, beginning from 400�C, macromolecular
fragments of kerogen, containing more than 15 carbon
atoms, are formed. With further heating, the second-
ary decomposition begins, and the primary products
decompose to form compounds of lower molecular
weight. The temperature dependence of the yield
of n-paraffins in the pyrolysis products is shown in
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Fig. 2. Yield � and composition of n-paraffins vs. pyrolysis
temperature T (�C): (1) C1�C4, (2) C5�C15, and (3) C>15.

Fig. 2. At relatively low temperatures, the composi-
tion of n-paraffins is characterized by a high content
of gaseous products. For example, 12% n-paraffins
(C1�C4 83%) was found in the pyrolysis products at
350�C. With heating, the products get enriched with
liquid hydrocarbons. At the optimal temperature of
pyrolysis (440�C), 41% n-paraffins (C1�C4 41%,
C5�C15 44%, and C>15 15%) were found.

The content and distribution of �-olefins in the
products at various pyrolysis temperatures are shown
in Fig. 3. At 350�C, mainly low-molecular-weight
�-olefins were found in the pyrolysis products. For
example, in the 14% �-olefins found in the products
at 350�C, the content of C2�C4 hydrocarbons was
71%. At 440�C 35% of the pyrolysis products were
�-olefins (C2�C4 42%, C5�C15 45%, and C>15 13%).

CONCLUSIONS

(1) In temperature-controlled pyrolysis of Dzhang-
ichai oil shales, the maximum yield of the products
is reached at 440�C. At lower temperatures, the py-
rolysis products are characterized by a high content of
n-paraffins C1�C4 and at 440�C (the optimal pyrolysis
temperature) the yield of C5�C15 hydrocarbons is at
a maximum, being considerably higher than the yield
of C>15. In addition, at the optimal temperature of py-
rolysis the concentration of C5�C15 alkenes in �-ole-
fins is higher than that of C>15.

Fig. 3. Yield � and composition of �-olefins vs. pyrolysis
temperature T (�C): (1) C2�C4, (2) C5�C15, and (3) C>15.

(2) The distribution of n-alkenes and �-olefins in
the pyrolysis products is in good agreement with
the distribution characteristic of kerogen II.
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Abstract�A formulation composed of tert-butylpyrocatechol with copper diethyldithiocarbamate was de-
veloped for inhibiting thermal polymerization of styrene and liquid pyrolysis products of 30�180�C benzine
fractions, and its performance was studied.

Reduction of loss associated with thermal polymer-
ization of monomers in the course of their distillation
is one of the most challenging and currently pressing
problems of petrochemical industry [1]. It is known
that unsaturated compounds (styrene, divinylbenzene,
vinylpyridines, acrylic compounds, vinyl chloride,
cyclopentadiene and/or dicyclopentadiene) are ther-
mally unstable and intensely polymerize when heated
to above 100�C. Therefore, in the course of their pro-
cessing aimed to concentrate or purify the target prod-
uct, it is necessary to add thermal polymerization
inhibitors, since polymerization adversely affects the
yield of the target product and the state of the equip-
ment. Numerous inhibitors and inhibiting formula-
tions have been suggested, but the actual choice is
governed by the availability of compounds and feasi-
bility of their use. Fairly widely used are phenolic
inhibitors: Ionol, tert-butylpyrocatechol (TBPC), etc.
[2, 3].

However, the assortment of antioxidants is not
restricted to phenols. Dialkyldithiocarbamates of vari-
ous metals (sodium, zinc, nickel, etc.) and thiurams
also show high inhibiting performance in oxidation
processes [4�9]. In petrochemical industry, the most
widely used inhibitor of thermal polymerization of
pyrocondensates and individual monomers is TBPC
[10, 11]. The practice shows that the highest inhibit-
ing performance in processing of pyrocondensates is
exhibited by individual compounds, such as, e.g.,
TBPC, whereas in production of individual monomers
(styrene, butadiene, etc.), formulations consisting of
two or three components are more effective in inhibit-
ing the undesirable polymerization.

The mechanism and efficiency of the action of
metal dialkyldithiocarbamates as oxidation inhibitors
have been described in detail [4�9]. In their use as
inhibitors of radical processes and, in particular, of
radical polymerization, the presence of oxygen as ini-
tiator of radical processes is necessary. For example,
a high performance of inhibiting formulations consist-
ing of TBPC, copper diethyldithiocarbamate, and ox-
ygen was shown in [12, 13]. However, in processing
of pyrocondensates, styrene, and other vinyl mono-
mers, even small amounts of oxygen should be ex-
cluded because of the extremely high fire and explo-
sion hazard. It should also be noted that dialkyldi-
thiocarbamates of various metals essentially differ in
the solubility. Ammonium, sodium, and potassium
salts are soluble in water and insoluble in organic sol-
vents, whereas zinc, nickel(II), and copper(II) salts,
by contrast, are readily soluble in organic solvents and
show different solubilities in water [14].

In this study, we continued a search for effective
inhibiting formulations for processing of liquid pyrol-
ysis products (pyrocondensates) and for production of
styrene.

EXPERIMENTAL

We have developed a new inhibiting formulation
based on TBPC, effective in production of both eth-
ylene�propylene (EP) and styrene [15]. The results
of testing of the inhibiting formulation we suggested
in thermal processing of pyrocondensates (liquid py-
rolysis products of benzine fractions, EP-300 unit)
and styrene at the Angarsk Polymer Plant are listed
in Tables 1 and 2.
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Table 1. Efficiency of polymerization inhibition in pyrocondensates
������������������������������������������������������������������������������������

Run no. � Inhibitor or formulation, wt % � Resin yield, � Inhibiting effect, � Presence (+) or absence (�)
� � mg /100 cm3 � % � of precipitate

������������������������������������������������������������������������������������
1 � � � 420 � � �
2 � CuDTC (0.025) � 33.2 � 92.1 � +
3 � TBPC (0.025) � 75.6 � 85.0 � �

4 � CuDTC (0.010) � 147 � 65.0 � �

5 � CuDTC (0.020) � 53.3 � 87.3 � +
6 � TBPC (0.010) � 163.8 � 61.0 � �

7 � CuDTC (0.015) � 96.6 � 77.0 � +
8 � CuDTC (0.010) + TBPC (0.010) � 30.7 � 92.7 � �

9 � CuDTC (0.010) + TBPC (0.015) � 25.2 � 94.0 � �

10 � CuDTC (0.005) + TBPC (0.015) � 50.4 � 88.0 � �

11 � CuDTC (0.005) + TBPC (0.020) � 40.7 � 90.3 � �

������������������������������������������������������������������������������������

Table 2. Polymer yield in heating of styrene (120�C) in the presence of inhibitors
������������������������������������������������������������������������������������

Run no.
�

Inhibiting system, % of styrene weight
� Polymer yield, %, in indicated heating time, h

� ����������������������������������������������
� � 2 � 3 � 4 � 5 � 6 � 7

������������������������������������������������������������������������������������
12 � CuDTC (0.005) � 11.0 � 21.7 � 33.2 � � � � � �

13 � TBPC (0.025) � 18.7 � 29.4 � 54.3 � � � � � �

14 � CuDTC (0.025) + TBPC (0.025) � 0.23 � 7.01 � 15.1 � 29.1 � � � �

15 � CuDTC (0.01) + TBPC (0.025) � 0.21 � 0.36 � 0.61 � 0.63 � 0.70 � 1.07
16 � CuDTC (0.0025) + TBPC (0.025) � 4.21 � 19.3 � 21.5 � � � � � �

17 � CuDTC (0.005) + TBPC (0.025) � 0.19 � 0.42 � 0.54 � 0.55 � 0.57 � 0.61
18 � CuDTC (0.005) + TBPC (0.02) � 0.32 � 0.61 � 0.67 � 0.70 � 0.72 � 0.78
19 � CuDTC (0.0045) + TBPC (0.0255) � 0.33 � 0.35 � 0.42 � 0.50 � 0.52 � 0.68
20 � CuDTC (0.006) + TBPC (0.024) � 0.23 � 0.32 � 0.44 � 0.52 � 0.57 � 0.73
21 � CuDTC (0.007) + TBPC (0.023) � 0.19 � 0.30 � 0.35 � 0.44 � 0.60 � 0.65
22 � CuDTC (0.0075) + TBPC (0.0225) � 0.25 � 0.35 � 0.42 � 0.48 � 0.68 � 0.87

������������������������������������������������������������������������������������

The inhibiting formulation suggested: copper(II)
diethyldithiocarbamate (CuDTC) + TBPC, was tested
under laboratory conditions with pyrocondensates
sampled from the bottoms of the K-27 column of the
EP-300 unit at the Angarsk Polymer Plant.

The pyrocondensates were heat-treated at 130�1�C
for 1 h, with subsequent analysis for the total resin
content in pyrocondensates with a POS-77 device
[steam distillation at 160�C according to standard
procedure, GOST (State Standard) 25336�82]. The
results are listed in Table 1.

Table 1 shows that heat treatment at 130�C for
1 h of the pyrocondensate containing various unsat-
urated compounds (styrene, �-methylstyrene, vinyl-
toluene, cyclopentadiene, dicyclopentadiene, butadi-
ene, isoprene, 1-butene), with the initial resin con-
tent of 10.5 mg/100 cm3, raises the resin content to
420 mg/100 cm3. The polymerization is inhibited by
CuDTC and TBPC, taken both separately and in com-

bination. With CuDTC, the strongest inhibiting effect
is observed at its content of 0.025 wt %: polymer for-
mation decreases by 92.1% (run no. 2). However, the
copper salt loses in this case its solubility and precipi-
tates in the course of heat treatment of the pyrocon-
densate, which is extremely undesirable for the tech-
nology. Precipitation was also observed at CuDTC
content of 0.020 (run no. 5) and 0.015 wt % (run
no. 7). No precipitate was formed only at the CuDTC
content decreased to 0.010 wt % (run no. 4), but the
inhibiting effect in this case also decreased signifi-
cantly (to 65%).

tert-Butylpyrocatechol taken alone is also a fairly
effective inhibitor of polymerization in pyroconden-
sates (run nos. 3, 6), though less effective than
CuDTC taken in the same amount.

The above-noted shortcoming of CuDTC, precipi-
tation after the heat treatment, can be eliminated by
using CuDTC in combination with TBPC. The high
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inhibition efficiency (>90%) is preserved at the total
content of the inhibitors of 0.020�0.025 wt %, with
the CuDTC content being as low as 0.005�0.010 wt %
(run nos. 8�11).

The ratio of the coinhibitors in the formulation
suggested is determined by physicochemical proper-
ties of TBPC and CuDTC.

The formulation suggested (with somewhat other
component ratios) was also tested as inhibitor of sty-
rene polymerization in the course of its heat trea-
tment at 120�C for 2�7 h. The results (Table 2) show
that this formulation is also effective with respect to
styrene.

The results of run nos. 12 and 13 show that the
components taken alone do not inhibit polymerization
of styrene. Furthermore, the inhibiting performance
is low at the maximum content of TBPC (0.025 wt %
relative to styrene) and minimum (0.0025 wt % rela-
tive to styrene, run no. 16) and maximum (0.025 wt %
relative to styrene, run no. 14) contents of CuDTC.
The optimal CuDTC : TBPC ratio for inhibition of
styrene polymerization is 1 : (3.3�5.7) at a total con-
tent of the components of 0.03% relative to styrene
(run nos. 15, 17�22).

It should be noted that such a coincidence of the
optimal compositions of inhibiting formulations for
different substrates is extremely seldom in chemical
technology.

CONCLUSION

A formulation composed of tert-butylpyrocatechol
with copper(II) diethyldithiocarbamate shows high
performance in inhibition of thermal polymerization
of styrene and of a mixture of various unsaturated
compounds from liquid pyrolysis products of benzine
fractions in production of ethylene and propylene.
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Abstract�The solubility of water in toluene solutions of asphaltenes is determined, and the state of water
molecules in these solutions is studied spectroscopically. A number of water molecules bound to an asphaltene
molecule is estimated from the experimental data. Aggregation in the system asphaltene�water�toluene is
simulated using the pseudophase approximation, and the Flory�Huggins parameters are estimated for the pair
asphaltene�water. The potentiality of this model for simulation of mixed aggregates in the asphaltene�water�
toluene systems is discussed.

Asphaltenes are heavy polyaromatic compounds
contained in high-boiling oil fractions. They are pre-
pared by precipitation from crude oil by adding a non-
polar solvent, mostly n-pentane or n-heptane. The in-
creased interest in properties of asphaltenes is due
to the fact that, under certain conditions, they can pre-
cipitate to form solid deposits, giving rise to serious
problems in oil production and refining. Precipitation
of asphaltenes can be also initiated by the impact of
CO2, mixing of different crude oils, and pressure var-
iation.

Asphaltene-containing petroleum fluids are an ex-
ample of complex fluid systems with aggregation,
whose structure and thermodynamics are regarded as
important fundamental problems. Like surfactants,
asphaltenes demonstrate critical micelle concentration
(CMC), as shown by various methods, such as de-
termination of the surface tension [1, 2], calorimetric
titration [3], and small-angle X-ray scattering [4].

Recently Andersen et al. have shown that water
takes an important part in the colloidal behavior of
asphaltenes [5]. In particular, micellization was not
observed in toluene solutions of asphaltenes in the
absence of trace amounts of water (�0.11 wt %), and
that the concentration of water in a solvent (0.001�
0.047 wt %) influences CMC of asphaltenes, as de-
termined by the calorimetric method. It has also been
shown that the solubility of water in toluene solutions
of asphaltenes is higher than that in straight toluene

[5]. Such an increase in the solubility can be attributed
to the salting-in effect [6] and solubilization of water
by asphaltene aggregates.

The state of water in inverse micelles and in organ-
ic solvents is commonly studied by IR spectroscopy
as a method sensitive to hydrogen bonding [7�16].
The IR spectra of such systems show a set of absorp-
tion bands at 3800�3100 cm�1 due to stretching vib-
rations of the OH groups, which are strongly influ-
enced by hydrogen bonding.

In this study, we examined the solubility of water
and subjected to infrared analysis its state in toluene
solutions of asphaltenes.

EXPERIMENTAL

The working asphaltene solutions were prepared by
dilution of a concentrated stock solution (20 g l�1 tol-
uene). The working solution was poured over distilled
water, avoiding mixing with it, and allowed to stand
for at least 72 h in the dark (according to Andersen
et al. [5], this is the time required for saturation of
the organic phase with water). Then a small sample of
the organic phase was taken for analysis. The concen-
tration of water sw

sat was determined by Karl Fischer
titration using RH 34836 reagent with a 30% tolu-
ene content (Hyrdanal coulamat AG). The instrument
(652-KF Coulometer) was calibrated against reference
solutions with the water concentrations covering the
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Fig. 1. Solubility of water in toluene sw
sat vs. the asphaltene

concentration ca: (I) OMV, (II) NM1, and (III) A95.

Fig. 2. IR spectra: (1) asphaltene�water�toluene, (2) as-
phaltene�toluene, and (3) differential spectrum. (A) Ab-
sorbance and (�) wave number.

concentration range investigated. The relative error
of determination was within 5%.

The IR spectra of the samples were recorded on
a Perkin-Elmer PARAGON 1000 FTIR spectrome-
ter using a Specac cell (NaCl windows, path length
0.5 mm). For each sample, 256 scans were made
over the range 3800�3100 cm�1 with a 4-cm�1 resolu-
tion. The spectra were recorded against dry toluene as
a reference. The absorption bands due to OH stretch-
ing vibrations was analytically divided into three
Gaussian peaks using Microcal Origin program pack.

Asphaltene OMV was a purified precipitate from
crude oil (Austria).

Asphaltenes A95 (Alaska) and NM1 (Venezuela)
were prepared by precipitation with n-heptane from
crude oil at room temperature, according to the modi-

fied IP-143 procedure [17]. n-Heptane was added to
crude oil (30 ml g�1 crude oil), and the resulting mix-
ture was allowed to stand in the dark for about 18 h.
The precipitate was filtered off and dissolved in tolu-
ene, to separate toluene insolubles. Then toluene was
removed by evaporation, and dry asphaltenes were
washed several times with n-heptane as follows. As-
phaltene was agitated with n-heptane on an ultrasonic
bath and then centrifuged. The supernatant was poured
out, and the washing was repeated with a fresh por-
tion of heptane. Asphaltene was accepted pure when
n-heptane after washing remained colorless or became
only slightly yellow. Finally, the precipitate was vac-
uum-dried at 60�C, to remove residual heptane.

Toluene was dried over molecular sieves prior to
use. Water-saturated toluene was prepared by mixing
with excess water for at least three days. Unsaturated
toluene samples were prepared by mixing water-satu-
rated samples with dry toluene taken in desired vol-
ume ratios. The water concentration in unsaturated
samples was determined by Karl Fischer titration.

The solubility of water in the organic phase was
studied with asphaltene samples OMV, A95, and
NM1. The solubility grows with increasing asphaltene
concentration (Fig. 1), which is consistent with the
data obtained by Andersen et al. [5]. The water con-
tent in the saturated sample was found to be 0.046 �
0.002 wt % at 295 K, which is well consistent with
published data (0.042 and 0.046 wt % at 293 K and
298 K, respectively [18]).

The state of water molecules in the system asphalt-
ene�water�toluene was studied by IR spectroscopy.
We studied three series of OMV asphaltene solutions
in toluene with a constant total water content sw
(0.013, 0.019, and 0.027 wt %) and variable asphalt-
ene concentration.

Figure 2 shows examples of the IR spectra of as-
phaltene solutions in dry toluene and in the presence
of water and also the difference between these spectra
over the range 3800�3100 cm�1. According to pub-
lished data [9, 14, 16], two sharp absorption bands at
3680 and 3592 cm�1 are due to vibrations of the OH
groups in monomeric water molecules, not involved
in hydrogen bonding. The appearance of a third, broad
band is assigned to the presence in the system of hy-
drogen-bonded water. Since we observed a weak ab-
sorption in the systems with dry toluene also, we an-
alyzed the difference spectra obtained by subtraction
of the spectra of the corresponding asphaltenes in
dry toluene from those of asphaltenes in the presence
of water. This weak absorption in the systems with
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dry toluene can be attributed to the presence of hy-
droxy and amino groups in asphaltenes and also to
the fact that even dried toluene contains trace amounts
of water (<0.001 wt %).

It was demonstrated that, at relatively low concen-
trations of water in toluene (0.013�0.027 wt %), the
area of peak 1 is a linear function of the water concen-
tration. Assuming that water in toluene totally occurs
in the unbound monomeric state, we used this linear
dependence as a calibration curve for determining
the weight concentration of free water in asphaltene
solutions in toluene. The results obtained with water-
unsaturated toluene are given in Fig. 3.

From the concentration of free water, we estimated
the amount of bound water molecules per asphalt-
ene molecule in organic phase Rwa

bound (Fig. 4). In
this case, the molar weight of the monomeric asphalt-
ene was accepted to be 1000 g mol�1 [19, 20]. The
Rwa

bound value is high in dilute asphaltene solutions,
becoming below unity at higher concentrations. Since,
above CMC, the systems contains both asphaltene ag-
gregates and monomers, the amount of water molec-
ules per asphaltene molecule in an aggregate should
be somewhat different from the estimated values.

An interesting feature of all the curves shown in
Fig. 3 is the local minimum in the concentration of
free water at an asphaltene concentration near 0.1 g l�1.
The indicated concentration is remarkably lower than
the critical concentration of formation of asphaltene
aggregates [5], suggesting that water is bound to
monomeric asphaltene molecules. With increasing
asphaltene concentration to 0.5�2.0 g l�1, micelliza-
tion is observed, which is accompanied by an increase
in the free water concentration. With further increase
in the asphaltene concentration, sw

free monotonically
decreases.

In extremely dilute solutions, the dependence of
the content of bound water on the asphaltene concen-
tration should be linear, i.e., the amount of water
molecules per asphaltene molecule should be constant.
Assuming that, at an asphaltene concentration of
0.1 g l�1, this dependence is still linear and accepting
the mean experimental Rwa

bound for the three systems at
ca = 0.1 g l�1 as the limiting number of water mole-
cules bound to an asphaltene molecule, one can esti-
mate the amount of water bound to an asphaltene
molecule at higher ca (strictly speaking, the limiting
Rwa

bound should be the same in solutions with different
total water content; the mean Rw

b
a
ound for the three sys-

tems at ca = 0.1 g l�1 is about 20). However, this cal-
culation gives a concentration of bound water that is

Fig. 3. Free water content sw
free (wt %) vs. the asphaltene

concentration ca in the systems asphaltene�water�toluene
at various initial water concentrations sw (wt %): (1) 0.027,
(2) 0.019, and (3) 0.013; the same for Fig. (4). Calculated
data are presented by the dotted lines.

Fig. 4. Amount of bound water molecules per asphaltene
molecule Rwa

bound in the system asphaltene�water�toluene.
(ca) Asphaltene concentration.

considerably higher than the total water concentration
sw in all the three systems even at an asphaltene con-
centration of 0.5�1.0 g l�1, i.e., at higher ca, water
should be totally bound, which contradicts the exper-
imental data. In this case, it may be suggested that,
thanks to the onset of aggregation, only a part of as-
phaltene molecules is involved in interaction with
water.

With further increase in sa above CMC (at ca = 10�
15 g l�1), the water to asphaltene molar ratio Xw/Xa
becomes below unity, and, despite the fact that not all
of the asphaltene molecules can participate in bond-
ing with water, sw

free decreases. The observed decrease
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in Rwa
bound is probably due to increase in the asphaltene

concentration also, since this parameter is defined as
the ratio between the bound water concentration to
the total asphaltene concentration, so that, at higher
total asphaltene concentrations, this ratio is small. The
available experimental data do not allow more detailed
conclusions on the structure of the system, i.e., on
what part of asphaltenes occurs in aggregated forms,
and what is the ratio of the bound water molecules to
the amount of aggregated asphaltene molecules.

The pseudophase approach widely used for char-
acterization of surfactant solutions [21] is based on
regarding the micelle formation as formation of a new
phase. Therefore, the totality of the micelles is con-
sidered to be separate phase (pseudophase), and the
equilibrium condition in the system is written as

�i
M = �i

�, (1)

where �i
M and �i

� are the chemical potentials of a
component in the micellar pseudophase and solution
pseudophase, respectively.

For the dilute solution pseudophase (water and
asphaltene mole fractions do not exceed 3 � 10�3),
the chemical potentials of the solutes (asphaltene and
water) can be written, using the asymmetrical method
of normalization of the activity coefficients, as

�i
� = �i

*� + kT ln xi
�, i = a, w. (2)

Assuming that the micellar pseudophase is com-
posed by only the asphaltene and water, and using
the symmetrical method of normalization for this
pseudophase, we obtain

�i
M = �i

0M + kT ln xi
M �i

M, i = a, w, (3)

where � is the chemical potential of a component in
the pseudophase; �* and �0 are its standard terms for
an infinitely dilute solution and the straight liquid
as standard states, respectively; x is the mole fraction
of a component in the pseudophase; and �, the activity
coefficient of the component in the pseudophase.
Here the indices � and M refer to the solution and
micellar pseudophases, and a and w, to asphaltenes
and water, respectively.

The �* and �0 values for the solution pseudophase
are related to each other through the limiting activity
coefficients �i

��:

�i
* = �i

0 + RT ln �i
��.

To determine the compositions of the pseudophase,
it is necessary to add the material balance equations
(4) to the set of Eqs. (1)�(3).

X i = X i
� + X i

aggr, i = a, w, (4)

where X a
aggr and X w

aggr are the total mole fractions of
asphaltenes and water occurring in the aggregates;
X �

a1 and X �
w1, total mole fractions of asphaltenes and

water in the solution pseudophase; and Xa and Xw,
total mole fractions of asphaltenes and water in the
system.

The compositions of the pseudophase can be ex-
pressed via the total mole fractions of the components:

xM = ��� , i = a, w;i �X aggr
ii

Xaggr
i

x� = ����� , i = a, w;i Xtol + �X�i

X�
i

i

(5a)

(5b)

where Xtol is the total toluene concentration.

The weight concentration of free water can be ex-
pressed in terms of X �

w, Xw, and the total water con-
centration in the system sw (wt %):

sw = sw�� .free Xw
�

Xw
(6)

Expanding the equilibrium condition (1) for as-
phaltenes and water using Eqs. (2) and (3) and fixing
the interrelation between �* and �0, the material bal-
ance conditions (4), and Eq. (5) at given total concen-
trations of the components X a

aggr, X w
aggr, and Xtol,

sw
free can be determined if the activity coefficients of

asphaltenes and water in the micellar and solution
pseudophases are known.

The activity coefficients of the components in the
micellar pseudophase were estimated on the basis
of the Flory�Huggins theory [22]:

ln�M = ln �� + (1 � ma/w)�M
w1

�M
a1

xM
a1

+ ma/w�a/w(�M )2,
w1

a1

(7a)

ln �M = ln�� + 1 � �� �M + �a/w(�M)2,1
ma/w

�M
w1

xM
�
	w1

w1
a1 a1



�

(7b)

where �M
a1 and �M

w1 are the volume fractions of as-
phaltenes and water in the aggregate; ma/w = 	a1/	w1
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is the ratio of the molar volumes of asphaltene and wa-
ter; and 
a/w, asphaltene�water interaction parameter.

In addition to the parameters of Eq. (7), for calcu-
lation it is also needed to determine the limiting ac-
tivity coefficients of asphaltene and water in toluene,
which relate �* and �0 to each other. There is no avail-
able experimental data for estimating the limiting ac-
tivity coefficient of asphaltene in toluene �a1

��, and we
used the Flory�Huggins model for this purpose:

ln��� = ln �� + (1 � ma/tol) + ma/tol�a/tol,vtol

a1v
a1

(8)

where ma/tol = 	a1/	tol is the ratio of the molar volumes
of asphaltene and toluene; and 
a/tol, asphaltene�tol-
uene interaction parameter.

The latter parameter (Table 1) was estimated as [22]

�a/tol = �� (�a � �tol)
2,

vtol
RT

(9)

where �a and �tol are the solubility parameters of as-
phaltenes and toluene, respectively (Table 2).

We estimated �a using the empirical relationship
between the solubility parameter of asphaltene and
its molecular weight [23]. The limiting activity coef-
ficient of water in toluene (Table 2) was estimated
using UNIQUAC model [24], since it is the model
that has been recommended for representation of ex-
perimental data for the system in hand in DECHEMA
database (Table 3) [18].

The asphaltene�water interaction parameters 
a/w

(Table 1) were estimated from the experimental free
water concentration in asphaltene solutions. It was
demonstrated that the effect of the composition (to-
tal water concentration in the system) on the Flory�
Huggins parameter for the pair asphaltene�water
should be taken into account (
a/w becomes less neg-
ative as the water content increases). Such a necessity
has been reported previously for a series of systems
[24]. The estimated results are given in Fig. 3 along
with the experimental data on the free water concen-
tration. At asphaltene concentrations below CMC,
when water is bound to essentially asphaltene mono-
mers, the theory fails to reproduce the distribution of
water among free and bound states. At higher asphalt-
ene concentrations (>2.0 g l�1), the theory provides
rather adequate qualitative fit to the experimental
curves. Above CMC, asphaltenes occur essentially in
the aggregated state, and water is bound, most likely,
just to the asphaltene aggregates. Our result that the
Flory�Huggins theory only qualitatively reproduces
the experimental data obtained in this study is prob-

Table 1. Flory�Huggins parameters
���������������������������������������

System � � � m*

���������������������������������������
Asphaltene�toluene (a/tol) � 0.141 � 8.5
Asphaltene�water (a/w) � �0.915(0.013)** �

� �0.612(0.019)** � 50.4
� �0.127(0.027)** �

���������������������������������������
* Estimated from data of Table 2.

** Total water content in the system (wt %) for which the pa-
rameter was estimated is given in parentheses.

Table 2. Parameters of Eqs. (7)�(9)
����������������������������������������
Com- � Molar � Den- � v, � �, �
po- � weight, � sity, � � � ���

nent � g mol�1 � g ml�1 � l mol�1
� MPa1/2

�
����������������������������������������
As- � 1000 � 1.1 � 0.9091 � 20.06 � 0.015
phalt- � � [5] � � [23] �
ene � � � � �
Water � 18 � 0.997 � 0.0181 � �455
Tolu- � 92 � 0.865 � 0.1064 � 18.25 �
ene � � � � [25] �
����������������������������������������

Table 3. Parameters of UNIQUAC model for the pair
water�toluene [18]*

����������������������������������������
� � � anm
� � �������������������Component � r � q �
� � � Water (1) �Toluene (2)

����������������������������������������
Water (1) �0.9200� 1.400 � 0 � 1030.4
Toluene (2) �3.9228� 2.968 � 289.19 � 0
����������������������������������������
* (r) Reduced van der Waals volume, (q) surface of the mole-

cule, and (anm) interaction parameters.

ably due to the fact that this theory was developed for
flexible chain polymers and, therefore, it is not appli-
cable to the full measure to asphaltenes (even though
it was used for simulating phase separation in the sys-
tems asphaltene�organic solvent [26]).

CONCLUSIONS

(1) Both free and bound water occur in the as-
phaltene�toluene�water systems. With increasing as-
phaltene concentration, the free water concentration
changes nonmonotonically, and a local minimum sw

free

is found at low asphaltene concentrations. Presumably,
such an irregular shape of the experimental curves is
caused by aggregation of asphaltenes.
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(2) The use of the Flory�Huggins theory (preudo-
phase approximation) for predicting the activity coef-
ficients in the asphaltene�water�toluene systems pro-
vided the best fit to the experimental curves sw

free vs.
ca at the asphaltene concentrations above the critical
micelle concentration.
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Abstract�Lithium cells with cathodes based on lithium-doped copper oxide were studied.

Lithium cells with solid cathodes based on MnO2,
(CF)n, FeS2, and CuO are manufactured industrially
[1]. Copper oxide�lithium cells (COL) are of special
interest because of their being interchangeable with
silver- and mercury-zinc cells as regards the working
voltage and its stability. Copper oxide has the highest
specific capacity of 4.26 A h cm�3, which consider-
ably exceeds that of MnO2 (1.55 A h cm�3). As the
electrical conductivity of copper oxide is low (1 �

10�6
�
�1 cm�1 [2]), we can assume that, after it is

made higher, the capacity of COL cells can be in-
creased, with the required pulsed power preserved, by
lowering the content of electrically conducting addi-
tives and binder in the positive electrode. It has been
reported previously that the electrical conductivity
of copper oxide increases on introducing various
metal ions (lithium, potassium, aluminum [2], and
iron [3]) in its structure. The electrical conductivity
of copper oxide increases to the greatest extent, to
(1�2) � 10�1

�
�1 cm�1, upon doping with lithium [2].

In fabricating electrodes based on iron-doped copper
oxide, it is necessary to introduce 3 wt % graphite and
2 wt % polytetrafluoroethylene as a binder [3].

It is known that, in the discharge of COL cells,
lithium cations penetrate into appropriate interatomic
spaces in the monoclinic lattice of copper oxide to
give CuII

1 � x CuI
x Lix O [4]. Moreover, it was demon-

strated in [5] that copper oxide electrodes can be sub-
jected to repeated reduction-oxidation without loss
of capacity. Hence, a question arises as to what is the
nature of lithium-doped copper oxide.

In the present study, we examined 7Li NMR spec-
tra of lithium-doped copper oxide and the discharge
characteristics of lithium cells with cathodes based on
this material. The study was carried out at varied con-
tent of the electrically conducting additive under con-

tinuous and pulsed loads in comparison with undoped
copper oxide.

EXPERIMENTAL

Lithium-doped copper oxide was obtained as fol-
lows: (1) spherical copper particles were oxidized in
pure oxygen at 1000�C, the resulting CuO was mixed
with Li2CO3 in the ratio 100 : 1 [mol %] and annealed
in air at 800�C for 8 h; (2) Cu2O was mixed with
Li2CO3 in the ratio 100 : 2 [mol %] and annealed
under the same conditions. Copper oxide obtained by
oxidation of spherical copper particles in pure oxygen
at 1000�C with an additional thermal treatment in
air at 800�C for 8 h was used as reference.

The completeness of conversion of the starting
substances was verified by X-ray diffraction analysis
on a DRON-2 X-ray installation with monochromatic
CuK

�
radiation. The 7Li NMR spectra were recorded

on a CXP-200 Brucker spectrometer in the single-
pulse accumulation mode at a frequency of 77.78 MHz.
To measure the electrical conductivity of lithium-
doped copper oxide, the samples were compacted into
pellets and a silver layer was deposited on both sides
of a pellet in a vacuum. The conductivity was meas-
ured using an R5021 ac bridge.

In fabricating copper oxide electrodes, the copper
oxide samples under study were mixed with graphite
powder of C1 brand in various ratios and compacted
into pellets under a pressure of 2300 kg cm�2.

The thickness of the electrode pellets was selected
so that the lithium cells produced remained within
the allowed overall dimensions in the course of dis-
charge. The pellets were placed in an evacuated cell,
which was kept at 300�C for 1 h and then filled with
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(1�3) Discharge curves of lithium cells with a cathode
based on lithium-doped copper oxide with varied content of
graphite and (1��3�) dependences of the voltage U of these
cells by the end of a pulsed load on the duration � of
the continuos discharge. Cell dimension index 921, con-
stant load 30 k�, pulsed load 1 k� s. Content of graphite
(wt %): (1, 1�) 0, (2, 2�) 3, and (3, 3�) 5. Dashed lines:
discharge curve of a cell with a cathode based on undoped
copper oxide containing 3 wt % graphite (top); dependence
of the voltage of this cell by the end of a pulsed load on
the duration of continuos discharge (bottom).

dry argon. Disc-shaped anodes were fabricated from
rolled lithium, and a Li�Zn�Al alloy was formed on
their surface facing the cathode. A LiClO4 1.4 M so-
lution in a PC (propylene carbonate) : DME = 42 : 58
mixture (by weight) containing less than 30 ppm of
water was used as the electrolyte. The electrolyte was
additionally dried with a lithium-enriched Li�Al alloy
and blown through with dry argon. The cells were
assembled in a glove box filled with dry argon. The
cells with diameter of 9.5 mm and height of 2.10 mm
were used in the measurements. Discharge curves
were measured after 1 month of technological storage
of the cells. A continuous load of 30 k� and a parallel
pulsed load of 1 k� (1 s once in 24 h) were used to
discharge the cells.

The electrical conductivities of the samples of lith-
ium-doped copper oxide obtained by both techniques
were the same and equal to (5�6) � 10�1

�
�1 cm�1.

The X-ray diffraction patterns of doped and undoped
copper oxide were almost identical. However, on rais-
ing the CuO : Li2CO3 ratio to 100 : 5 (wt %) in the
first mixture, Li2O peaks were observed in the X-ray
diffraction pattern, which indicates that lithium is in-
troduced into the structure of copper oxide by this
technique in a very limited amount. The 7Li NMR
spectra appeared to be more informative in studying
the nature of lithium-doped copper oxide. Since the
7Li nucleus has a quadrupole moment eQ in addition
to the magnetic moment, the 7Li NMR line is split
into a triplet if 7Li nuclei experience an electric field
with a symmetry lower than cubic. The triplet con-
sists of a central line and two satellites with the inten-

sity ratio of 3 : 4 : 3. The value of the quadrupole
splitting is proportional to the electric field gradient
(EFG) created by the nearest environment, i.e., the
greater the distortion of the environment, the stronger
the splitting. We determined the quadrupole cou-
pling constant e2qQ /h (eq is EFG; eQ, the quadrupole
moment; and h, the Plank constant) from the splitting
of the 7Li NMR line of lithium-doped copper oxide
samples. This constant was found to be 0.36 MHz,
which is rather high for the 7Li nuclei and points to
a significant electric field gradient at the lithium site.
A 7Li atom at the copper site in the CuO lattice can
have such a constant, and this may be responsible for
the stability of lithium-doped copper oxide samples
under common atmospheric conditions.

The discharge curves measured under continuos
load and the dependences of the pulse voltage on the
duration of continuos discharge of COL cells with
cathodes based on lithium-doped copper oxide pro-
duced by technique 1 and with cathodes based on
undoped copper oxide containing 3 wt % graphite are
shown in the figure. Discharge curve 1 shows a dip in
the cell voltage after connecting a continuos load and
the following stabilization of this voltage. Curve 1� ex-
hibits a pronounced dip in the pulsed voltage at the
beginning of discharge and a slow stabilization of the
voltage after approximately 3/4 of the total discharge
duration. It is likely that, in the absence of an electri-
cally conducting additive, the reduction of the elec-
trode at places of contact with the current lead begins
directly in the stage of formation of metallic copper.
The capacity of this cell in discharge to a final voltage
of 1.2 V was 45 mA h. As can be seen in the figure
(curves 2 and 2�), introduction of 3 wt % graphite
into the cathode results in a stabilization of both the
discharge curve measured under a constant load and
the curve describing how pulsed voltage varies in the
course of the continuos discharge. However, the cell
capacity decreased to 43 mA h. Curves 2 and 2� also
reflect the behavior of the cell with doped copper
oxide produced by technique 2, mixed with 3 wt %
graphite. Consequently, the nature of the starting cop-
per oxide doped with lithium does not affect the dis-
charge parameters of COL cells. Raising the content
of graphite in the cathode from 3 to 5 wt % did not
affect the run of the curves and the stability of the cell
voltage under the continuos and pulsed loads (figure,
curves 3 and 3�), and only resulted in a decrease in
the cell capacity to 39 mA h.

Under the same testing conditions, a cell with a
mixture of undoped copper oxide and 3 wt % graph-
ite had a higher average values of the voltage under
a constant load and of the pulsed voltage, and also
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a higher capacity of 50 mA h in discharge to 1.2 V.
A small dip in the pulsed voltage in the initial stage
of the continuous discharge, which is characteristic
of the cell with undoped copper oxide, was absent in
the case of the cell with doped copper oxide. This
may be due to changes in the state of the surface of
copper oxide particles upon doping.

CONCLUSIONS

(1) High-temperature doping of copper oxide with
lithium increases its electrical conductivity to (5�6) �
10�1

�
�1 cm�1. In this case, lithium occupies copper

sites in the CuO structure.

(2) In fabricating electrodes based on lithium-
doped copper oxide, 3 wt % graphite without a binder
is required to ensure stable voltages under continuous
and pulsed loads.

(3) Discharge parameters of cells with lithium-
doped copper oxide are independent of the prehistory

of copper oxide. The doping makes lower the cell ca-
pacity, but eliminates the dip in the pulsed voltage in
the initial stage of discharge under a continuous load.
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Abstract�The results obtained in a study of the behavior of antimony in desulfation of the active paste
from lead battery scrap with the use of potassium carbonate or hydroxide are discussed.

At present, the lead battery scrap is the main type
of secondary lead raw materials. Thus far, there have
been no serious alternative to application of lead bat-
teries in vehicles, whose number, and in particular
that in our country, steadily grows. Now, the world’s
annual production of lead exceeds six million tons,
with secondary lead constituting 55 to 60% of the
total amount of the metal smelted.

The most efficient way to utilize worked-out bat-
teries (battery scrap) is to crop them, with the metal
(plate grids and connectors), sulfate-oxide (active
paste of positive and negative plates), and organic
(cases and separators) fractions recovered. The sulfate-
oxide fraction is the most difficult for further process-
ing. According to an X-ray diffraction analysis, its
main components are PbSO4 (anglesite) and lead ox-
ide PbO2 (plattnerite, tetragonal modification), which
are present in comparable amounts [1]. Antimony and
its compounds are the main impurities in the active
paste. Antimony is introduced into plate grids of lead
batteries to increase their mechanical strength. Dur-
ing operation of batteries, antimony tends to dissolve
preferentially from positive plates via corrosion elec-
trochemical processes [2�5]. The following reaction
can occur on the positive electrodes

5PbO2 + 2Sb + 5H2SO4 + 2H+

� 2SbO2
+ + 5PbSO4 + 6H2O.

The most probable process on the negative
electrodes is

2Sb + 2H+ + H2O � 2SbO2
+ + 5H2.

Dissolved antimony is strongly adsorbed by lead
dioxide, and only to a minor degree, by lead sulfate
[5]. The total content of antimony in the sulfate-oxide
fraction, which includes the active pastes of positive
and negative plates, may be as high as 1.2�1.4 wt %.

The high content of lead sulfate in the components
of the sulfate-oxide fraction makes difficult their di-
rect reduction by carbon, requires rather high temper-
atures (up to 1000�C), and makes it necessary to catch
the evolving sulfur dioxide. To utilize sulfur, the re-
duction stage is to be preceded by desulfation (de-
sulfuration), which is based on the reaction of lead(II)
sulfate with sodium or potassium carbonate or hy-
droxide [6�8]. The physicochemical and technological
characteristics of desulfation with sodium carbonate
have been studied in most detail [9, 10]. As demon-
strated by X-ray diffraction analysis, the main com-
ponents of the desulfated paste are cerussite PbCO3,
plattnerite PbO2, and a minor amount of hydrocerus-
site Pb3(CO3)2(OH)2 [7]. Compounds with a more
complex composition, such as NaPb2(CO3)2OH [8],
may also be formed. Cerussite, plattnerite, and a mi-
nor amount of hydrocerussite are also main compo-
nents in the case of desulfation with potassium car-
bonate [1].

An important issue is the extent to which the ad-
mixture of antimony in the active paste passes into
the aqueous phase in the course of desulfation, be-
cause the resulting sodium and potassium sulfates are
marketable products, and their purity is essential. It
has been shown previously that a minor part of anti-
mony contained in the sulfate-oxide fraction passes
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into the aqueous phase in desulfation with sodium
carbonate [11, 12]. Under the common conditions of
desulfation (50�C, 20% excess of Na2CO3 relative to
the amount required for the complete conversion of
PbSO4 to PbCO3), up to 1.7% of antimony contained
in the paste to be desulfated passes into solution.
When the content of lead sulfate in the starting solid
phase is raised and temperature is elevated, up to 6%
of antimony contained in the material being desulfated
passes into the aqueous phase. In the case of desulfa-
tion with sodium hydroxide solutions, no antimony
was found in the aqueous phase within the limits of
experimental accuracy [13]. The detection limit of
the method was 0.005 mg of Sb in 10 ml of a solu-
tion. An atomic-absorption analysis of anhydrous so-
dium sulfate obtained from the aqueous phase after
desulfation with sodium hydroxide demonstrated that
the content of antimony is less than 1 � 10�4%.

The behavior of antimony in desulfation with po-
tassium carbonate or hydroxide was studied at 50�C
in the course of 45 min, with the solid-to-liquid ratio
(s : l) varied from 1 : 4 to 1 : 5. The excess of the de-
sulfating reagent was 20%. It has been shown previ-
ously that the desulfation proceeds rather effectively
under these conditions, with the degree of extraction
of sulfate ions from the active paste as high as 99.5%,
on the average [1].

The photocolorimetric method with Violet Crystal-
line reagent, which forms an insoluble salt with an-
timony(V) if antimony is present in solution as SbCl6

�

anions, was used to determine the content of antimony
[12]. The compound formed by antimony(V) with
Violet Crystalline is easily extracted with toluene;
in this case, the organic layer is colored dark blue
with a lilac tint, and the intensity of this color is used
to determine the amount of antimony. The choice
of techniques for monitoring the content of antimony
in the products formed in processing of secondary
lead raw materials was considered in detail in [12,
14], with a metrological comparison of the existing
methods carried out.

According to a weight analysis, the starting sulfate-
oxide fraction contained 45.0 wt % PbSO4 (14.3%
SO4

2�), and the results of its X-ray analysis were re-
ported earlier in [1]. The content of antimony was
1.17%, the average and maximum grain size of the
material was 0.17 and 0.40 mm, respectively. In each
experiment, 50 g of the active paste was desulfated.

In the case of desulfation with potassium carbonate
at s : l = 1 : 4, the concentration of antimony in the
aqueous phase was 0.050�0.065 g dm�3 in six parallel

experiments; at s : l = 1 : 5, the content of antimony
in the filtrate was 0.039�0.045 g dm�3. The amount
of antimony passing into solution was 1.6 to 2.1%
(relative to its total amount contained in the material
being desulfated) in the first case, and 1.6 to 1.8% in
the second case.

In the case of desulfation with potassium hydroxide
under the same conditions, the content of antimony
in the aqueous phase did not exceed 5 � 10�4 g dm�3.

Thus, the amount of antimony passing into the
aqueous phase in desulfation of the active paste with
sodium or potassium carbonate remains at the same
level. In desulfation with sodium and potassium hy-
droxides, antimony virtually does not pass into the
aqueous phase. These circumstances should be taken
into account when selecting a desulfating reagent and
developing a technology for production of sodium or
potassium sulfate of a required purity.

CONCLUSION

When the active paste from lead battery scrap is
desulfated with potassium carbonate, up to 2% of
antimony contained in the solid phase passes into so-
lution, whereas in the case of desulfation with potas-
sium hydroxide, antimony virtually does not pass into
solution.
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Abstract�The fusibility diagram of the cyclohexane�tetradecane�docosane ternary system was obtained by
low-temperature differential thermal analysis.

The functioning of heat exchangers is based on
heat accumulation by working fluids due to their heat
capacity [1�3]. The working fluids in these devices
should ensure efficient heat accumulation and meet
some other requirements, in particular, they should
have low crystallization temperature [4].

Among organic substances meeting these require-
ments are n-alkanes, cyclic and aromatic hydrocar-
bons, and their mixtures [5].

It has also been found that cyclohexane [6], tetra-
decane [7], and their mixtures [8] are promising heat
accumulators and heat-carriers.

In this study we obtained the melting diagram of
the cyclohexane�tetradecane�docosane ternary system.

In our experiments, the heating and cooling curves
of organic mixtures were obtained on a low-tempera-
ture differential thermal analyzer (LDTA) equipped
with a Chromel�Copel thermocouple and a TZ 4620
flatbed XY recorder. One of the thermocouple junc-
tions was immersed in an organic mixture being tested
and the other was placed in a test tube filled with cal-
cined aluminum oxide powder as reference. The cold
thermocouple junction was placed in a Dewar flask
filled with water�ice mixture at 0�C. The thermal
electromotive force was amplified with a F116/1
photoamplifier. The sensitivity of recording of the
thermo-emf was controlled with an MCP-33 resistance
box. The baseline was controlled with an IRN-64
voltage source. The temperature was determined with
an accuracy of �0.2�C. In studies of phase transi-
tions, the organic mixtures were cooled and heated
in a TK-1 thermal chamber within the temperature
range from �40 to +60�C at a temperature variation
rate of 1�2 deg min�1. The starting components

were weighed on a VLR-200 analytical balance with
an accuracy of up to 0.3 mg.

Cyclohexane, tetradecane, and docosane used in
our experiments were of pure grade. Their character-
istics coincided with reference data [9, 10]. The purity
of these reagents was checked by gas�liquid chro-
matography (a Tsvet-00 gas chromatograph; 50 m �
0.25 mm and 25 m � 0.25 mm capillary columns, vap-
orizer temperature 350�C; tetradecane and dodecane
were injected as toluene solutions).

The fusibility diagram of cyclohexane-tetradecane
binary system has an eutectic point (cyclohexane

Fig. 1. Phase diagram of the cyclohexane�tetradecane�
docosane system with projection of crystallization iso-
therms. (e1, e2, e3) Binary eutectic mixtures and (E ) ternary
eutectic mixture. Sections: (I ) Docosane�(cyclohexane
33.7%, tetradecane 66.3%); (II ) Docosane�(cyclohexane
54.1%, tetradecane 45.9%); (III ) Docosane�(cyclohexane
87.9%, tetradecane 12.1%); and (IV ) Docosane�E

�
�E

eutectic section.
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Fig. 2. Fields of joint crystallization of different phases
in the cyclohexane�tetradecane�docosane system along
the e2�e3 section in the plot of the tetradecane content
against the crystallization temperature T. Crystallizing
phases: (1) docosane, (2) cyclohexane, (3) tetradecane +
docosane, and (4) cyclohexane + tetradecane + docosane.

Fig. 3. Fields of joint crystallization of different phases
in the cyclohexane�tetradecane�docosane system along
the docosane�E�E

�
section in the plot of the docosane

content against the crystallization temperature T. Crystal-
lizing phases: (1) cyclohexane + tetradecane, (2) �-do-
cosane, (3) �-docosane, and (4) cyclohexane + tetra-
decane + docosane.

75.03 wt %, tetradecane 24.97 wt %; melting point
�22.5�C [7]).

The cyclohexane�docosane and tetradecane�doco-
sane binary systems also form eutctic mixtures. In the
cyclohexane�docosane system, the eutectic mixture
contains 94.3% cyclohexane and 5.7% docosane (melt-
ing point is �4.6�C). The fusibility diagram of this bi-
nary system shows polymorphic transition (docosane
content 95.2 wt %, mp 43�C) [8].

In the tetradecane�docosane system the eutectic
mixture contains 2.3% docosane, mp 4.0�C. In this
system, docosane also shows polymorphic transition
(docosane content 97.0 wt %, mp 43�C) [11].

Figure 1 shows the phase diagram of the cyclohex-
ane�tetradecane�docosane ternary system constructed
as a series of projections on the diagram plane of the
crystallization isotherms including the melting points

Fig. 4. Fields of joint crystallization of different phases
in the cyclohexane�tetradecane�docosane system along
sections (a) I, (b) II and (c) III in the plots of the crystal-
lization temperature T against the docosane content. Crys-
tallizing phases: (1) cyclohexane + tetradecane, (2) �-do-
cosane, (3) �-docosane, and (4) cyclohexane + tetrade-
cane + docosane.

of the corresponding binary systems. The cyclohex-
ane : tetradecane ratio in the ternary eutectic mixture
E and its melting point (�25.9�C) were determined
from the polythermal section e2�E

�

�e3 passing through
the field of docosane crystallization (Fig. 2).

The composition of the ternary eutectic was de-
termined from the docosane�E

�

�E section (Fig. 1).
This eutectic mixture contains (wt %) cyclohexane
74.9, tetradecane 24.1, and docosane 1.0 (Fig. 3).

The crystallization temperatures were determined
for mixtures belonging to following sections: (I ) do-
cosane�(cyclohexane 33.7%, tetradecane 66.3%);
(II ) docosane�(cyclohexane 54.1%, tetradecane 45.9%),
and (III ) docosane�(cyclohexane 87.9%, tetradecane
12.1%) (Figs. 4a�4c).

Based on the whole set of the data obtained in our
experiments, the series of crystallization isotherms
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were constructed in the range 0�40�C and projected
on the plane of the fusibility diagram plane. The crys-
tallization isotherm at 43�C divides the triangle into
the crystallization field of docosane �-modification,
adjacent to the docosane triangle apex, and the field
of docosane �-modification. The polythermal section
shows that the field of docosane crystallization pre-
dominates.

The ternary system under consideration includes
the following phase equilibria (see table).

Based on our experimental and calculated data,
the specific enthalpy of melting of the ternary eutectic
was calculated by the additive equation

�Hm e = x1�Hm 1 + x2�Hm 2 + x3�Hm 3, (1)

where x1, x2 and x3 are the contents of the individual
components in the ternary eutectic (wt %).

We found that the specific melting enthalpy of the
ternary eutectic is 146 J g�1.

The experimental enthalpy of melting of the ternary
eutectic mixture was determined by the equation

�Hm e = ������,
�Hm 1 Te Sm1

Tm 1 S1m
(2)

where �Hm 1 is the specific entalphy of melting of
a reference substance (undecane) (J g�1) whose melt-
ing point is close to that of the ternary eutectic; Tm 1
is the melting point (K) of the reference substance;
S1 and S are half-areas (mm2) of the peaks in cooling
curve related to a reference substance and the ternary
eutectic, respectively; m1 and m are the weights (g)
of the reference substance and the eutectic, respective-
ly; and Te is the ternary eutectic melting point (K).

The specific enthalpy of melting of the ternary
eutectic was found to be 91 J g�1.

CONCLUSION

The cyclohexane�tetradecane�docosane ternary sys-
tem belongs to an eutectic type (mp �25.9�C, specific
melting enthalpy 91 J g�1). The ternary mixtures under
consideration can be used as heat-accumulators and
thermal-carriers.

Phase equilibria in the cyclohexane (C)�tetradecane ( T )�
docosane (D) system
����������������������������������������

Phase diagram elements � Equilibrium
����������������������������������������
Eutectic E, mp = �25.9�C� Nonvariant

� liq �� solid (C + T + D)
� Monovariant:

e1E � liq �
� solid (C + D)

e2E � liq �
� solid (T + D)

e3E � liq �
� solid (C + T)

����������������������������������������
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Abstract�The strength and elastic-relaxation properties of vulcanized rubbers based on binary blends of
diene rubbers were studied as influenced by a filler, carbon black no. 330.

The progress achieved in the development of poly-
mer-based multicomponent systems offers virtually
unlimited scope for this line of modification of poly-
meric materials to impart to them the desired prop-
erties [1�3]. The conditions of preparation and pro-
cessing of blends, as well as introduction of various
additives, also significantly affect the structure and
properties of the resulting materials [4�6]. Polymer
blends and materials thereof hold much promise and
can find other applications than their constituent po-
lymers [7, 8].

Most of commercial rubber stocks are composed
of an elastomer, a vulcanizing system, and a filler.
Fillers favorably affect the process and physicomech-
anical characteristics, as well as the cost, of the com-
positions, which makes their use essential for poly-
meric materials [2, 5].

In this study, we analyzed how a filler modifies the
properties of binary blends of divinyl (SKD) and sty-
rene-butadiene (SKS) rubbers with polyisoprene (SKI).

We used Carifleks IR 309 (Shell) polyisoprene,
cis-132 (96% cis) SKD, SKS incorporating 23% SRB-
1500 styrene (BSL Olefinverbund GmbH Schkopau),
and carbon black no. 330.

The component ratio (mass fraction) in the com-
positions was as follows: SKD(SKS) : SKI : carbon
black = 50 : 50 : 50; vulcanizing system (mass frac-
tion): sulfur 2.0, stearic acid 2.0, ZnO 3.0, thiuram
0.65, Altax 1.0, Captax 1.25 for SKD/SKI blend and
sulfur 2.0, stearic acid 2.0, ZnO 5.0, Altax 2.75 for
SKS/SKI blend.

The initial components were mixed in a Banbury
mixer for 6 min in the case of unfilled systems, and

for 7, 10, and 15 min, in the case of filled composi-
tions.

The time, s, of introduction of the components into
the mixer was as follows: SKD (SKS) 0, SKI 60, car-
bon black 90 (in three portions), sulfur + stearic ac-
id + ZnO + accelerators 180.

The mixing mode was as follows: Tin = 50, Tfin =
60�65�C; n = 60 rpm. The vulcanization conditions
and modes were specific to each composition.

We studied the physicomechanical properties of
filled and unfilled vulcanizates of the prepared com-
positions under quasistatic and dynamic loading con-
ditions.

The dynamic mechanical properties of the compos-
itions were studied on a low-frequency (� = 1 Hz) in-
stallation in the sinusoidal oscillation mode at temper-
atures from �120 to 70�C, and quasistatic properties,
at room temperature at a strain rate of 200 mm min�1.

Table lists the formulations and properties of the
diene rubber-based binary blends (average of five
measurements).

The most important and widely used filler for vul-
canized rubbers is carbon black. Active fillers tend
to increase the modulus of elasticity, tensile strength,
tear resistance, and wear resistance of vulcanized
rubbers.

Carbon blacks used for rubber filling contain ap-
preciable amounts of chemically bound hydrogen
(0.1�4%), oxygen (0.2�1%), and sometimes sulfur
(up to 1%). Carbon black no. 330 or HAF used by
us has a relative strengthening power of 100 at the
specific surface area of 80 m2 g�1 [5].
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Formulations and properties of the compositions based on binary blends of diene rubbers*

������������������������������������������������������������������������������������

Composition
�

�t, MPa
�

�, %
� M100 � M200 � M300 �

�v
143,

� � ������������������������������������
� � � MPa �

min

������������������������������������������������������������������������������������
SKD/SKI � 0.9 � 980.6 � 0.2 � 0.3 � 0.3 � 11.7
SKD/SKI/Carbon� � � � � �
black � � � � � �
(15, 10, 7 min)� 11.5, 10.7, 10.1 � 158, 173, 128 � 6.2, 7.3, 7.8 � 0, 0, 0 � 0, 0, 0 � 7.1, 7.9, 11
SKS/SKI � 4.7 � 995 � 0.5 � 0.7 � 1.0 � 22.5
SKS/SKI/Carbon � � � � � �
black � � � � � �
(15, 10, 7 min)� 20.3, 21.1, 21.9 � 640, 512, 432 � 2.0, 3.3, 4.0 � 4.3, 7.1, 8.9 � 7.6, 11.7, 14.5 � 14.1, 15.7, 28
������������������������������������������������������������������������������������
*

�t is tensile strength; �, relative elongation at break; M100, M200, and M300, stresses at 100, 200, and 300% elongation, respec-
tively; and �v

143, vulcanization time at 143�C.

The degree of mechanical dispersion of the carbon
black particles throughout the elastomer substantially
affects the structure of the strengthened system and
its physicomechanical properties.

Optical spectroscopic studies showed that, in filled
compositions prepared by 7-min mixing, carbon black
is poorly dispersed in the system, which is responsible
for the relatively poor properties of the resulting vul-
canizates. A 10-min mixing affords better properties
of the vulcanizates, compared to the blends prepared
by 7- and 15-min mixing. Ten minutes can be re-
garded as the optimal mixing time.

Table shows that, upon introduction of the filler
into the SKD/SKI blend, the strength �t increases
12-fold, but the relative elongation at break � decreases
5-fold, and the stress at 300% elongation M300 de-
creases to zero, i.e., the system becomes rigid. Upon
introduction of the filler into the SKS/SKI blend, �t
increases by a factor of 4.5, � decreases by a factor
of 1.9, and M300 increases from 1.0 to 11.7 MPa.
The vulcanization rate for the filled compositions ex-
ceeds by a factor of 1.5 that for unfilled composition.
Evidently, carbon black promotes reactions involved
in vulcanization of rubbers.

It is known [4] that the properties of filled poly-
meric materials are governed by the properties of the
polymer matrix and filler, as well as by the filler dis-
persion and the nature of interaction at the polymer�
filler interface.

Our study of the physicomechanical properties of
vulcanizates of the resulting compositions under qua-
sistatic loading showed that the filler (carbon black)

increases the strength of the system. This can be ac-
counted for by enhanced intermolecular interaction in
the blends owing to formation of chemical bonds and
adsorption bonding.

The results of our dynamic studies of the compos-
itions obtained are presented in Figs. 1a and 1b. Our
studies of the vulcanizates of the binary blends of
diene rubbers in the range from �120 to 70�C revealed
two glass transition points Tg [Tg(SKD) = �94 and
Tg(SKI) = �54�C for SKD/SKI system; Tg(SKS) =
�44 and Tg(SKI) = �54�C for SKS/SKI system] spe-
cific to each polymer; this means that these are two-
phase systems. The temperature dependence of the
modulus of elasticity E � of the compositions exhibited
a two-step pattern, and the curve describing the varia-
tion of the mechanical loss indices tan � has two
peaks. For the SKS/SKI system, the glass transition
points are close for both polymers, which is respon-
sible for the overlapping and broadening of the mech-
anical loss curve near the peak.

Figures 1a and 1b show that the glass transition
points of the polymers remain unchanged upon intro-
duction of active carbon black. This means that the
mobility of the chain segments is independent of the
presence of the filler particles; otherwise, Tg should
shift owing to changes in the mobility of the macro-
molecules [9]. This suggests that the mechanical
properties of vulcanized rubbers containing active
filler are improved predominantly by physical forces;
chemical bonds seem to be of minor importance.

Figure 1a shows that, in the initial binary blend of
diene rubbers SKS/SKI, the modulus of elasticity E �

can be estimated at 0 MPa at T = 30�C; upon intro-
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Fig. 1. Temperature dependences of the dynamic modulus of elasticity E �, and tangent of mechanical loss tan � of (a) SKS/SKI
and (b) SKD/SKI compositions (	 = 1 Hz). Composition: (1, 2) unfilled and (1�, 2�) filled with carbon black no. 330.

duction of the filler it increases to 4 MPa at T = 30�C
and remains unchanged to 70�C, which makes the
composition applicable within a broader temperature
range.

The tangent of mechanical loss tan � (Fig. 1a) for
the initial blend was estimated at 0.15 for T = 30�C
and at 1.1 for T = 70�C, i.e., the mechanical loss in-
creases with rising temperature. Upon introduction of
the filler, the mechanical loss tangent decreases by
an order of magnitude, namely, from 1.1 to 0.2, re-
maining virtually unchanged with temperature increas-
ing from �20 to 70�C.

Figure 1b shows that, for the initial SKD/SKI
blend at T = �10�C, the modulus of elasticity can be
estimated at 1 MPa, and the mechanical loss tangent,
at 0.2. Upon introduction of the filler, E � increases
to 11 MPa, and tan � decreases by an order of mag-
nitude, from 0.2 to 0.03 (T = �10�C).

Thus, we showed that, upon introduction of the
filler into compositions based on a binary blend of
diene rubbers, the modulus of elasticity significantly
increases and the mechanical loss tangent decreases
by an order of magnitude. This is, evidently, due to
enhanced degree of crystallinity or a higher degree
of cross-linking of the resulting vulcanizates.

Carbon black no. 330 improves the properties of
vulcanized rubbers based on a blend of rubbers, which
is essential for preparation of various vulcanized rub-
bers.
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Professor Pavel Pavlovich Fedot’ev (1864�1934)

P.P. Fedot’ev, a professor of the Emperor Peter
the Great Polytechnic Institute in St. Petersburg, is
the founder of Russia’s scientific school of applied
electrochemistry and electrometallurgy of nonferrous
metals. Together with numerous pupils, he made
an outstanding contribution to the organization of
the manufacture of aluminum and magnesium in our
country and to the creation and development of quite
a number of other electrochemical industries.

Pavel Pavlovich Fedot’ev was born on June 21,
1864, in Blagoveshchensk in Amur province into the
family of a senior medical attendant. He spent his
childhood at this town, and received his secondary
education at Siberian Military Gymnasium in Omsk.
On leaving the gymnasium, he entered Nikolai En-
gineering College in St. Petersburg. However, already
in a year, he went to St. Petersburg Technological
Institute, from whose chemical department he grad-
uated in 1888.

P.P. Fedot’ev commenced his engineering activities
at Bondyuzha chemical plant situated near the Kama
River, not far from Yelabuga, Vyatka province. By
1890, the plant founded in 1868 occupied the leading
position among chemical plants of Russia as regards
the diversity and quality of the products it manufac-
tured. The plant even possessed laboratories with
newest, by that time, equipment. In 1891, P.P. Fe-
dot’ev moved to Minsk and headed there the labora-
tory for materials testing at the railroad department.
Beginning in December 1893, the young engineer
worked at plants in St. Petersburg: he headed ammo-
nia departments at gas plants and, beginning in 1894,
supervised the production of nitric and sulfuric acids
at Okhta state gunpowder plants. During these same
years, P.P. Fedot’ev wrote quite a number of mono-
graphs devoted to most important chemical industries.
These include: Proizvodstvo sernoi kisloty (Manufac-
ture of Sulfuric Acid, 1896), Dobyvanie potasha iz
zoly (Manufacture of Potash from Ash, 1896), Sov-
remennoe sostoyanie khimicheskoi promyshlennosti v
Rossii (Modern State of Chemical Industry in Russia,
1897), Sodovoe delo i svyzannye s nim proizvodstva
(Manufacture of Soda and the Related Industries,
1898), Azotnaya kislota i ee soli (Nitric Acid and Its

Salts, 1900), and Fiziko-khimicheskie tablitsy (Phys-
icochemical Tables, 1901).

In the autumn of 1902, P.P. Fedot’ev, who had
already become known to the scientific community
and was experienced in practical work, was invited
to the newly organized St. Petersburg Polytechnic
Institute to organize the laboratory of mineral tech-
nology and technical electrochemistry and deliver the
corresponding courses of lectures. To be prepared for
occupying the position of a professor, P.P. Fedot’ev
was sent to a business trip abroad. He chose Leipzig
(Germany), where an international school of electro-
chemists had formed at the University and at the In-
stitute of Physical Chemistry headed by W. Ostwald
(1853�1932, 1909 Nobel Prize in Chemistry). Having
returned to St. Petersburg on June 1, 1903, P.P. Fe-
dot’ev presented a dissertation �Ammonia Soda Pro-
cess from the Standpoint of the Theory of Phases.�
During his stay in Leipzig, he studied in detail works
by J.W. Gibbs (1839�1903) and J.H. Van’t Hoff
(1852�1911, 1901 Nobel Prize in Chemistry), carried
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out numerous experimental studies, and analyzed
above-mentioned complex technological process in
terms of the phase rule. Among Russian scientists,
only A.A. Yakovkin (1860�1936) applied, earlier than
P.P. Fedot’ev, the phase rule to analysis of equilibria
in his master’s dissertation (1896). Having become
an associate professor, P.P. Fedot’ev was elected
an extraordinary professor at the chair of mineral
technology and technical electrochemistry and his
appointment was confirmed. On September 1, 1904,
P.P. Fedot’ev started to organize at his chair a labo-
ratory for studies of students and his own research
work. At that time, the course of lectures on mineral
technology covered basic chemical industries (manu-
facture of sulfuric and other acids, alkalis, salts, and
silicates, such as ceramics, cement, and glass), and
the course of lectures on technical electrochemistry,
the electrochemical industries and electrometallurgy
[1]. For that time, the laboratories were very well
equipped; in 1912, undergraduate students started to
carry out their graduation works at the chair. P.P. Fe-
dot’ev himself delivered lectures on technology of
mineral substances, technical electrochemistry, and
electrometallurgy.

In 1906, P.P. Fedot’ev again went to a business
trip abroad and visited a number of plants. His trip
resulted in his publication of 1907: �Modern State
of Chemical and Electrochemical Industry in Conti-
nental Europe.� P.P. Fedot’ev paid much attention
to textbooks. In 1906, were published Tekhnicheskii
analiz mineral’nykh veshchestv (Technical Analysis
of Mineral Substances) and Uchebnik tovarovedeniya
(Manual of Commodity Research). In 1910, P.P. Fe-
dot’ev was elected an ordinary professor of the Poly-
technic Institute, and in 1911, he was sent to business
trip abroad for familiarization with industrial electric
furnaces. Based on the material collected during this
business trip, he published a book Elektricheskie pechi
v metallurgii stali (Electric Furnaces in Metallurgy
of Steel, 1912).

The scientific investigations by P.P. Fedot’ev cover
a wide range of problems. He paid much attention
to the electrolytic method for manufacture of alkali
and chlorine and maintained close relationships with
plants for manufacture of these compounds. Simulta-
neously, he studied problems associated with electro-
chemical production of metals with the use of both
aqueous and molten electrolytes. In 1911, P.P. Fe-
dot’ev and his pupil, V.P. Il’inskii (1885�1964), per-
formed an �Experimental Study of the Electrometal-
lurgy of Aluminum.� They analyzed the binary system
AlF3�NaF, solubility of Al2O3 in cryolite, the interac-
tion of aluminum with cryolite-alumina melts, and

the decomposition potential of the electrolyte. The
authors gave recommendations concerning the choice
of the optimal electrolyte composition and studied
all the main phenomena accompanying the process of
electrolysis [2, 3]. The importance of this publication
for the understanding of the physicochemical funda-
mentals of the electrolyte based on cryolite-alumina
melts was analyzed in detail in a monograph by
A.I. Belyaev and O.I. Pavlova [4].

In 1915, another P.P. Fedot’ev’s pupil, N.N. Voro-
nin (1892�1956), developed methods for dehydration
of carnallite and magnesium chloride and studied the
electrolysis of molten carnallite. In 1916�1917, pro-
duction of magnesium was organized under P.P. Fe-
dot’ev’s supervision on a large-laboratory scale at
workshops of the Military Chemical Committee in
Petrograd.

During World War I (1914�1918), P.P. Fedot’ev
was actively engaged in works aimed to build-up
Russia’s military potential and raised the manufac-
ture of chlorine and soda at plants of Southern Russia.
The importance of this problems and ways to solve it
were considered by V.N. Ipat’ev, head of the Chem-
ical Committee at Chief Artillery Directorate [5, 6].

During the difficult period of 1918�1921, P.P. Fe-
dot’ev was in Petrograd. In 1919, a chemical depart-
ment was opened at the Polytechnic Institute on his
initiative. This department incorporated all the chem-
ical chairs, including the chair of mineral substances
and technical electrochemistry. In 1921�1923, P.P. Fe-
dot’ev was dean of the chemical department. In 1920,
he also became a professor of the Technological Insti-
tute, where he delivered a course of lectures on tech-
nical electrochemistry till 1930, when the system of
higher education in the country was reorganized.

On July 1, 1930, the Polytechnic Institute was
reorganized into a number of separate specialized
higher school institutions. The chemical department
was included in the Technological Institute, and the
metallurgical department was transformed into the
Metallurgical Institute. P.P. Fedot’ev headed the chair
of the electrometallurgy of nonferrous metals at the
latter institute, and stopped lecturing at other places.

The intensive scientific activities at the Polytechnic
Institute were resumed in the post-revolution time
only in 1924, when the first post-graduate students
appeared. Studies by P.P. Fedot’ev and his pupils
were closely associated with the demands of industry.
In Leningrad, electrolytic refining of silver was or-
ganized and problems associated with production of
nickel and zinc were studied under P.P. Fedot’ev’s
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supervision. Much attention was given to preparation
for industrial manufacture of aluminum and magne-
sium in Russia.

In 1929, pilot production of aluminum from entire-
ly domestic raw materials was organized at Krasnyi
Vyborzhets plant in Leningrad under P.P. Fedot’ev’s
supervision with the participation of P.P. Fedot’ev’s
son N.P. Fedot’ev (1897�1969) and the chief metal-
lurgist of the plant Yu.V. Baimakov (1894�1980).
Alumina was obtained at the Pilot Plant of the State
Institute of Applied Chemistry (GIPKh) from low-
grade Tikhvin bauxites, using the technology devel-
oped by Yakovkin. Cryolite and carbon materials
were of domestic manufacture too. The first 8-kg
batch of aluminum was produced on March 27, 1929.
The participants of this work, N.P. Fedot’ev and Bai-
makov, were graduates from the Polytechnic Insti-
tute and P.P. Fedot’ev’s pupils. Later, N.P. Fedot’ev
headed the chair of technology of electrochemical in-
dustries at Leningrad Technological Institute, and
Baimakov superceded his teacher at the chair of elec-
trometallurgy of nonferrous metals at the Polytechnic
Institute. The works by P.P. Fedot’ev and his pupils
were exceedingly important for the creation of the
domestic industry of aluminum and magnesium.

In 1933, P.P. Fedot’ev was elected a corresponding
member of the Academy of Sciences of the USSR.
On March 20, 1934, Pavel Pavlovich Fedot’ev died of
a short severe illness. His life and scientific and peda-
gogical activities are reflected in recollections of those
who were intimate with him [7�10] and other authors
[4, 11, 12]. The contribution made by P.P. Fedot’ev
and his pupils to the creation of the domestic alumi-
num industry was considered in [13, 14]. Not long
before his death, P.P. Fedot’ev prepared for publica-
tion the textbook Elektroliz v metallurgii (Electrolysis
in Metallurgy), whose first part is devoted to electro-
lysis of aqueous solutions, and the second, to electro-
lysis of molten salts. The book was published in 1935
[3].During many years, this book was the best manual
of the electrometallurgy. A full list of P.P. Fedot’ev’s
scientific works can be found in [4, 9].
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Vladimir Aleksandrovich Proskuryakov
(To 85th Anniversary of His Birthday)

On June 21, 2004, Vladimir Aleksandrovich Pro-
skuryakov, an excellent person, pedagogue, and a real
scientist is 85. The youth of Vladimir Aleksandrovich
was scorched by the Great Patriotic War of 1941�
1945. A fourth-year student of the Lensovet Techno-
logical Institute in Leningrad, V.A. Proskuryakov
volunteered to go to the frontline, was badly wounded
at Nevskii pyatyachok (foothold), then continued his
field-duty, and finished his military service in the Far
East in Kharbin. After demobilization, he continued
his education at the Technological Institute. Having
graduated as an engineer from the chair of pyrogenetic
processes, he became a candidate of technical science
for solving the problem of shale dressing and was
appointed a lecturer at the chair of organic chemistry
at the Lensovet Technological Institute in Leningrad.

The persistence, benevolence to people, and the
skill to unite like-minded persons around him allowed
Proskuryakov to create in 1964 a chair of petroleum-
and coal-chemical industries on the basis of the chair
of pyrogenetic processes. The chair successfully trains
specialists in chemical technology of natural fuels and
carbon materials and in basic organic synthesis.

While improving the scientific potentialities of the
chair, Proskuryakov created an efficient system of
training of highly skilled specialists. More than 200
candidate dissertations have been defended under
Proskuryakov’s supervision, and 20 doctors of science
were trained with his participation.

Proskuryakov is the author of more than 600 scien-
tific publications, including 100 inventor’s certifi-
cates, patents, and monographs.

In 1967, the degree of a doctor of technical science
was conferred on Proskuryakov and he acquired the
rank of professor.

In 1965, Proskuryakov was appointed pro-rector of
the Institute for educational work. In 1974, he was
elected a corresponding member of the Academy of
Pedagogical Sciences of the USSR for his important
services in the organization of higher education. From
1975 till 1985, Proskuryakov was rector of the Len-
sovet Technological Institute in Leningrad. In this
position, he continued in every possible way to de-

velop new areas of science and technology and did his
best to lay the material foundation for the develop-
ment and implementation of new designs.

In addition to his administrative, educational, and
scientific activities, Proskuryakov devoted consider-
able efforts and energy to popularization of science
and to public activities. He headed for 15 years a di-
vision of the All-Russia Society Znanie (Knowledge),
was deputy chairman and chairman of Leningrad
Council of rectors, worked for a long time as an ex-
pert and a member of presidium of the Higher Attesta-
tion Commission, was chairman of specialized council
for doctoral dissertations, and headed the Scientific
Council of the Institute.

Proskuryakov has been awarded six Orders and
numerous medals for his scientific, pedagogical, and
administrative services, and also for feat of arms
during the Great Patriotic War.

Proskuryakov is an honorary doctor of Merzburg
and Vesprem Technical Universities, he has been
awarded orders and medals of the Democratic People’s
Republic of Korea, Czechia, and Bulgaria.

Vladimir Aleksandrovich is a very well-wishing
and kindly man, a good friend, and a patriot.

Many generations of students, post-graduate stu-
dents, lecturers, and research workers have been and
still are aware of his support and help.
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In his 85, Vladimir Aleksandrovich is vigorous and
energetic, delivers lectures to students, and is actively
engaged in problems of processing of shale and coal.
He directs considerable effort to publishing activities
as a member of the Editorial boards of the journals
Zhurnal Prikladnoi Khimii (this journal), Khimiya
tverdogo topliva (Chemistry of Solid Fuels, Russian
Academy of Sciences), and Goryuchie slantsy (Oil
Shale, Academy of Sciences of Estonia). During the
last 10 years he has written and published more than
100 scientific papers.

We congratulate Vladimir Aleksandrovich Pro-
skuryakov on his jubilee and wish him sound health
and every success for the benefit of the home-
land.

Chair of technology of petroleum- and
coal-chemical industries, St. Petersburg
State Technical University

Editorial board and editorial staff of
Zhurnal Prikladnoi Khimii



1070-4272/04/7706-1036 � 2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 6, 2004, pp. 1036�1037. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 6, 2004,
pp. 1049�1050.
Original Russian Text Copyright � 2004 by Zaikov, Artsis.

INFORMATION��������������������������������� ���������������������������������

XII Enikolopov Readings

The XII Enikolopov Readings were held on March
12, 2004, at the Enikolopov Institute of Synthetic
Polymeric Materials (ISPM). On March 13, 2004,
Academician N.E. Enikolopov could be 80.

The Readings were organized by the Department
of Chemistry and Materials Sciences, Russian Acad-
emy of Sciences (RAS); ISPM; Scientific Council for
Macromolecular Compounds, RAS; Semenov Institute
of Chemical Physics (ICP); Institute of Chemical
Physics Problems (ICPP); and Moscow Physicotech-
nical Institute.

The agenda of the Readings included six presenta-
tions. A presentation by A.A. Berlin and A.Yu. Sha-
ulov from ICP was concerned with inorganic-organic
materials, including various structural materials and
their advantages and disadvantages from the view-
point of the ease of processing, heat resistance, com-
bustibility, strength, brittleness, etc. Particular interest
of the audience was aroused by the information about
inorganic polyoxides exhibiting a wide range of soft-
ening points, incombustibility, and high heat and
radiation resistance. These are virtually not oxidizable
and often readily available natural polymers. Unfor-
tunately, these materials are brittle and often prone
to hydrolysis. A.A. Berlin and A.Yu. Shaulov sug-
gested a number of procedures to modify polyoxides,
including that of boron, with various organic and in-
organic compounds, in particular, linear polymers,
and also discussed some important properties of ma-
terials and composites thereof.

The report by A.N. Ozerinskii from ISPM was
devoted to nanostructured objects. In particular, he
presented the general views on formation, structure,
and selected properties of nanosized structural ele-
ments in polymers and polymeric materials. Also,
A.N. Ozerinskii discussed examples of fabrication of
elements of nanotechnologies underlain by develop-
ment of nanostructures in amorphous and crystalline
polymers, copolymers, block copolymers, and molec-
ular composites. The presentation considered various
procedures for preparation of polymeric nanostruc-
tures via synthesis of polymers with desired spatial
architecture, as well as procedures based on molecular
recognition, self-assembly, and self-organization of
nanostructures in polymeric materials.

A presentation prepared by a group of researchers
from ICP and ISPM (E.F. Oleinik, A.D. Kalashnikov,
I.A. Karmilov, and N.K. Balabaev) concerned the
structure and molecular dynamics of a polymer crystal
containing �CH3 branches in chains. It was N.S. Eni-
kolopov who, late in his life, expressed active inter-
est in the chemical and physical processes occurring
in the solid phase and attempted establishing a cor-
relation of the structural and defect features of various
solids with their chemical reactivity. The presentation
by E.F. Oleinik and coworkers showed that, at low
concentrations of branchings, the crystal preserves
its three-dimensional structure, but, with increasing
branching concentration, loses its stability and is am-
orphisized anisotropically, losing initially the order
along the b axis and later, along the a axis. Also,
the presentation covered the variation of the chain
dynamics near branchings of various structures and
possible changes in the properties of polymers due to
branching.

A presentation by A.D. Pomogailo and G.I. Dzhar-
dimalieva (both from ICPP, RAS) was focused on
the frontal polymerization of metal-containing mono-
mers, which was recommended for designing of nano-
composites. Based on a study of the thermolysis ki-
netics of the complexes of interest and evolutionary
transformations of the released gaseous products,
A.D. Pomogailo and G.I. Dzhardimalieva identified
the nature of the initiating particles in such systems.
They showed that the structural and the chemical, as
well as the thermophysical, characteristics of poly-
merizing systems are of key importance in frontal
polymerization of metal-containing monomers studied
by them.

The controlled polymerization of olefins was dis-
cussed in a presentation by P.E. Matkovskii (ICPP)
who participated in developing the scientific principles
and designing the process implementation for prepara-
tion of 1-butene, 1,4-hexadiene, C4�C30 higher linear
�-olefins, 5-decene, 6-dodecene, 7-tetradecene, waxy
polyethylene, higher mono- and polyakylaromatic hy-
drocarbons, oligomeric bases of unsaturated, hydroge-
nated, and aromatized synthetic oils of various des-
ignation, as well as of synthetic polyethylene com-
posites.
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Lastly, S.L. Bazhenov from ISPM made a report
devoted to mechanical failure of filled composites
containing a polymer matrix, namely, upon stretching
of composites based on a thermoplastic matrix and
vulcanized rubber particles. In the case of plastic ma-
trix-based composites, introduction of rubbers typical-
ly decreases the elongation at break. S.L. Bazhenov
found that the failure of large vulcanized rubber par-
ticles yields so-called rhomboid fractures whose prop-
agation is responsible for early failure of composites.

The Enikolopov Readings showed that the ideas
advanced by Academician N.S. Enikolopov are being
further developed and successfully implemented by
his disciples and his disciples’ disciples. The scientific
school created by Nikolai Sergeevich has been work-
ing successfully in the field of preparation of new
polymeric materials and composites, study of their
properties, and application.

G.E. Zaikov and M.I. Artsis
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V.M. Mukhin, V.V. Chebykin, E.A. Galkin, N.P. Vasil’ev,
V.S. Medyanik, and A.N. Tamam’yan,

Aktivnye ugli. Elastichnye sorbenty. Katalizatory, osushiteli
i khimicheskie poglotiteli na ikh osnove: katalog

(Active Carbons. Elastic Sorbents, Catalysts, Desiccants,
and Chemical Adsorbents Thereof: Catalog),

Mukhin, V.M., Ed., Moscow: Ruda i Metally, 2003, 280 pp.

Sorption technologies permit high degrees of puri-
fication and high quality of products under minimum
energy and capital expenditures. By the present time,
sorption materials have significantly grown in impor-
tance in industrial pollution abatement. Recent devel-
opments in the production of sorption-active materials
are successfully applied in industrial and hygienic
purification of gases; potable water purification and
production of filters for exhaustive treatment of pota-
ble water; wastewater treatment; soil protection against
residual pesticides and crop yield enhancement; and
recovery of precious and rare metals from dilute solu-
tions.

We brought to readers’ notice a catalog summariz-
ing the information about the major sorption-active
materials commercially produced in Russia. The cata-
log has five sections, of which Section 1 (pp. 17�152)
holds the central position. It is focused on active car-
bons and has the following subsections: active car-
bons for gas and vapor adsorption; active carbons for
adsorption from liquid media; active carbons for soil
treatment; and medical active carbons. Each brand of
these active carbons is characterized by its specific
preparation procedure, application field, physicochem-
ical properties (as specified by the acting technical
specifications), and manufacturer. On the whole, Sec-
tion 1 covers 79 brands of active carbons.

Section 2 (pp. 153�168) concerns commercial elas-
tic adsorbents and catalysts thereof. Elastic adsorbents
rank among the today’s most promising technically
important materials. Fibrous structure of elastic ad-
sorbents makes them suitable for manufacturing of
tapes, fabrics, threads, and fibers. This offers a wide
scope for diversified implementation of the corre-
sponding processes. Fibrous materials can be addi-

tionally endowed with chemisorptive and catalytic
powers.

Section 3 (pp. 169�248) is focused on active car-
bons suitable as supports for catalysts, desiccants, and
chemical adsorbents; these are active carbons with
developed macro- and mesopores. Catalysts, most
often metal oxides, are fixed on the carbon surface
by impregnation with appropriate salts, followed by
heat treatment at 110�150�C. Desiccants are active
carbons impregnated with hydrophilic salts such as
calcium chloride, lithium chloride, or lithium bro-
mide. Presently, three brands of desiccants are man-
ufactured; they are most widely used in facilities for
respiratory tract protection against carbon monoxide.
Active carbon-based chemical adsorbents (23 brands)
are used for removal of aggressive or toxic substances
from air; the adsorption is accompanied by a chemical
reaction. Adsorbents are used in apparatus for treat-
ment of air and gases without regeneration of the sub-
stances sorbed.

Small Section 4 (pp. 249�253) is devoted to reac-
tivation of spent active carbons. Active carbons are
produced in the largest volume among sorption-active
materials, and their reactivation is of great interest.
Presently, two brands of reactivated carbons are man-
ufactured commercially.

Lastly, Section 5 (pp. 254�269) contains informa-
tion about carbon materials used in production of ac-
tive carbons or those prepared from raw materials for
production of active carbons.

This well-designed catalog comprises both Russian
and English versions. This handbook will certainly be
of use for those specializing in various applications
of sorption-active materials.

A.G. Morachevskii and I.N. Beloglazov
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V. D. Risovannyi, A. V. Zakharov, E. P. Klochkov,
and T. M. Guseva, Bor v yadernoi tekhnike (Boron

in Nuclear Engineering) Dimitrovgrad: Nauchno-Issled.
Inst. Atomnykh Reaktorov, 2003.

The monograph Bor v yadernoi tekhnike (Boron in
Nuclear Engineering) prepared by a group of scientists
from the Research Institute of Atomic Reactors, State
Scientific Center, Federal State Unitary Enterprise,
is the first attempt in the Russian-language literature
to analyze in detail the physicomechanical, nuclear,
and radiation properties of boron carbide, metal bo-
rides, boron-based dispersion materials, and boron
steels and alloys, i.e., all boron-containing materials
used in manufacturing of atomic reactors. Among
these materials, the most widely used in the world
practice of reactor engineering is boron carbide with
different degrees of enrichment in 10B. Also, some
other 10B-containing materials are used as neutron
absorbers, namely, boron steels and alloys and boric
acid introduced into heat carriers.

Boron steels (with 2�3 wt % boron) are used in
nuclear shields for storage and transportation of spent
fuel assemblies from atomic reactors and in biological
protecting shields. The monograph emphasizes the
promise of refractory boron compounds like europium
haxaboride EuB6 and hafnium diboride HfB2, which
contain several absorbing isotopes.

The monograph consists of an introduction, eight
chapters, and bibliography with 235 items from Rus-
sian and foreign literature.

The Introduction (pp. 6�10) briefly summarizes
the problems associated with the use of boron and its
compounds in nuclear engineering. A small Chapter 1
(pp. 11�29) presents evidence concerning various ab-
sorbing materials, as well as the selection criteria and

the extent of their use. Chapter 2 (pp. 30�176), which
holds the central position in the monograph, is fo-
cused on boron carbide and, in particular, on prepara-
tion of boron carbide and articles thereof, as well as
on the physical, chemical, and mechanical properties
of boron carbide, its structure and compatibility with
other structural materials. Special attention is given
to radiation resistance of boron carbide. Chapters 3
(pp. 177�192), 4 (pp. 193�211), and 5 (pp. 212�219)
concern other boron-containing compositions, namely,
boron steels, metal borides, and boron-containing dis-
persion absorbers. Chapter 6 (pp. 220�281) describes
the major designs of control facilities manufactured
from the above-mentioned materials and applied in
Russian and foreign atomic reactor engineering. It
should be emphasized that this monograph is the first
attempt to summarise this kind of information. Chap-
ter 7 (pp. 282�297) discusses an important problem
of regeneration and reuse of boron carbide. Lastly,
Chapter 8 (pp. 298�320) briefly summarizes a wide
range of problems concerned with boron applications
in other fields of nuclear engineering.

This monograph is intended, above all, for scien-
tists and technical engineers engaged in designing
and exploitation of atomic reactors. However, it will
be also of interest for those specializing in inorganic
materials science and chemistry of boron and its com-
pounds. The monograph is written in a good language,
without excessive use of special terminology, which
increases the number of its potential readers.

A.G. Morachevskii
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Preparation of Titanium-Containing Sulfuric Acid Solutions
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Abstract�The influence exerted by fluorine-containing agents introduced into nitric acid in leaching of
calcium oxide from the sphene concentrate on the possibility of performing the process under atmospheric
pressure to obtain titanium dioxide of anatase structure in the solid residue was examined. The sulfatization
of the titanium�silica product obtained in nitric acid breakdown of the sphene concentrate and aqueous leaching
of titanium sulfates from the forming cakes were studied.

The sphene concentrate manufactured on a
semicommercial scale [TU (Technical Specification)
1715-069-00203938�2000] in dressing of complex
ores from the Khibiny deposit1 contains no less than
37 wt % TiO2. Its industrial manufacture is hindered
by the lack of an efficient technology for manufactur-
ing titanium products of commercial value.

Sulfuric acid methods considered in detail in [1]
gave no way of developing an efficient technology
that could be used to produce pigment-grade TiO2
from the sphene concentrate because of a number of
inherent disadvantages. The most important of these
are the high acid number (mass ratio of H2SO4 to
TiO2) of the resulting sulfate solutions of titani-
um(IV), which makes impossible direct hydrolytic
precipitation of metatitanic acid, and the complexity
of the necessary equipment. The increased content of
TiO2 (3�5 wt %) in the calcium silicate cake obtained
in sulfuric acid treatment of the sphene concentrate
predetermines the low recovery of titanium(IV) into
a sulfate solution [1]. Despite many years’ efforts,
the titanium�calcium and titanium�silicate pigments
produced by this technology failed to find use, and
their semicommercial manufacture was terminated.

As the production of the sphene concentrate can be
raised manyfold, it is of interest to develop an ef-
ficient technology for manufacture of high-quality
titanium products from the concentrate.

One of the reasons for such a low recovery of tita-
nium(IV) into a sulfate solution is the formation of
CaSO4, which forms with SiO2 a composite that
blocks the access of H2SO4 to sphene particles. At-
������������
1 Apatit Open Joint-Stock Company (Kirovsk, Murmansk oblast).

tempts have been made to tackle with this difficulty
by preliminary leaching of CaO with nitric acid
solutions.

It has been assumed [2] that sphene can be decom-
posed only with concentrated HNO3 taken in a con-
siderable excess with respect to the stoichiometrically
necessary amount at a temperature of no less than
130�C, which made necessary, as seen from Table 1,
use of an autoclave equipment [3]. In this case, the
titanium�silica product obtained, as shown by the
studies, consisted of a mixture of TiO2 of mainly
rutile modification with SiO2 and, in fact, was artifi-
cial leucoxene, whose TiO2 very difficultly reacts
with H2SO4 [4].

As is known [5], HNO3 salts-out Ca(NO3)2, which
has been disregarded in previous studies of the nitric
acid decomposition of the sphene concentrate [2]. Us-
ing an excess amount of concentrated HNO3 created
a situation when the concentration of the forming
Ca(NO3)2 exceeded its solubility in a nitric acid solu-
tion. This made impossible complete decomposition
of the sphene concentrate. Raising the temperature
leads to an increase in the solubility of Ca(NO3)2 in
HNO3 solutions [5]. Therefore, when an excess
amount of concentrated HNO3 was used, it was neces-
sary to carry out the process at an elevated tempera-
ture and, as a result, at a higher pressure.

It was of interest to study how the sphene concen-
trate reacts with nitric acid solutions of medium con-
centrations.

The sulfating of the titanium�silica product ob-
tained in nitric acid breakdown of the sphene concen-
trate has not been studied yet. The titanium�silica



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

1042 LOKSHIN et al.

Table 1. Equilibrium vapor pressure over HNO3 solutions*
������������������������������������������������������������������������������������

cHNO3
, �

A
�

B
�

T, �C, at p =
� p, MPa, at indicated T, �C

� � � �������������������������������������������������
wt % � � � 0.1 MPa (1 atm)� 110 � 120 � 130 � 135 � 150

������������������������������������������������������������������������������������
25 � 5.0108 � 2196.5 � 105 � 0.120 � 0.167 � 0.229 � 0.267 � 0.658
30 � 4.9000 � 2239.1 � 106.5 � 0.114 � 0.160 � 0.221 � 0.258 � 0.404
35 � 4.9908 � 2282.5 � 108 � 0.108 � 0.152 � 0.212 � 0.249 � 0.393
40 � 4.8750 � 2261.9 � 112 � 0.093 � 0.132 � 0.183 � 0.214 � 0.337
50 � 5.0727 � 2362.3 � 116 � 0.081 � 0.115 � 0.163 � 0.192 � 0.308
56 � 5.1273 � 2401.9 � 119 � 0.072 � 0.104 � 0.147 � 0.174 � 0.281
65 � 4.7527 � 2268.9 � 121 � 0.068 � 0.095 � 0.133 � 0.155 � 0.245
70 � 4.8782 � 2324.8 � 122.5 � 0.065 � 0.092 � 0.129 � 0.151 � 0.241

������������������������������������������������������������������������������������
* Calculated from the data of [3] by the equation logp = A � B /T, p (MPa).

product has a composition close to that of the natural
leucoxene concentrate. However, TiO2 of rutile modi-
fication, which is contained in the leucoxene concen-
trate, reacts sufficiently completely only with a large
excess of concentrated H2SO4 at high temperatures of
250�300�C [6] close to the boiling point of the acid.
Therefore, sulfuric acid technologies for its processing
proved to be inefficient and it was of interest to study
the possibility of obtaining TiO2 in more readily
broken down modifications, rather than in the rutile
modification, and to analyze conditions for conversion
of TiO2 into a sulfate solution that can be used to
manufacture pigment-grade TiO2. As is known, solu-
tions of this kind must have an acid number K not
exceeding 2.0�2.2, contain no less than 220�240 g l�1

TiO2, and be stable against hydrolytic decomposition
(characterized by the stability factor Ks, which should
be no less than 500) [7].

EXPERIMENTAL

The following chemicals were used in the study:
purified sphene concentrate containing (wt %): 38.5
TiO2, 27.3 CaO, 25.0 SiO2, 1.18 Ln2O3, 1.21
Fe2O3, and 0.27 Al2O3; concentrated acids of pure
grade: HNO3 (68.1 wt %), HF (44 wt %), or H2SiF6
(45 wt %). The consumption of HNO3 was deter-
mined from the equation

CaTiSiO5 + 2HNO3 � Ca(NO3)2 + TiO2(H2O)SiO2. (1)

In addition to calcium ions, ions of lanthanides,
iron, and aluminum may also pass into solution:

Ln2O3 + 6HNO3 � 2Ln(NO3)3 + 3H2O, (2)

Fe2O3 + 6HNO3 � 2Fe(NO3)3 + 3H2O, (3)

Al2O3 + 6HNO3 � 2Al(NO3)3 + 3H2O. (4)

The mineral was decomposed using HNO3 taken
in a 20% excess with respect to the amount stoi-
chiometrically necessary for reaction (1), which
was also sufficient for transferring into solution
the concomitant compounds of lanthanides, iron,
and aluminum. The expenditure of fluorine-contain-
ing acids in the experiments was varied from 0 to
1.0 mol F �/mol TiO2.

The concentrate was decomposed at 105�150�C in
hermetically sealed containers placed, during the ex-
periment, in a rotating furnace (autoclave breakdown)
or in a temperature-controlled laboratory reactor with
a reflux (breakdown under atmospheric pressure).
The time of thermal treatment was 6 h. After cooling
to 20�30�C, the slurry was filtered on a B�uchner
funnel, and the precipitate was washed with distilled
water at s : l = 1 : (3�5) and dried at 100�C. The ef-
ficiency of the process was evaluated by the average
rate of leaching of CaO into solution, VCaO (M s�1),
and the extent of its recovery into solution, QCaO
(wt %). The kinetics of leaching was monitored by
sampling the solution and analyzing the samples taken
at regular intervals of time.

The distribution of calcium, titanium, lanthanide,
iron, aluminum, and fluorine atoms among the solu-
tion and precipitate, as well as the relative amounts of
the rutile and anatase forms of titanium oxide in the
titanium�silica products, were studied. The content of
the elements (in terms of the corresponding oxides)
was determined by the known methods of chemical
and spectral analyses, and also by flame photometry.
Solid precipitates were additionally subjected to X-ray
phase analysis on a DRON-2 diffractometer.

Table 2 shows that the rate of CaO leaching from
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sphene in the autoclave process grows as temperature
is increased and the content of HNO3 decreased in
the range 68�25 wt %.

For example, reaching 89.6% recovery of CaO into
solution with 68% HNO3 requires that the temperature
should be 150�C. In this case, the rate of CaO leach-
ing from the concentrate into a nitric acid solution
increases from 0.42 �10�4 to 2.54 �10�4 mol l�1 s�1.
At the same time, a deeper recovery of 96.2 wt % at
a comparable rate of 2.32 �10�4 mol l�1 s�1 can be
achieved with 25% HNO3 at 120�C. In this case, the
pressure in the apparatus decreases from 0.243 to
0.167 MPa. The residual content of HNO3 in the cor-
responding mother liquor does not exceed 4 wt %,
which leads to a high solubility of Ca(NO3)2 in this
solution [5]. The dependence of the CaO recovery on
the HNO3 concentration has an extremum, which is
due to a decrease in the activity of the acid at its con-
centrations lower than 25 wt %.

An X-ray phase analysis of the solid residues dem-
onstrated that both the rutile and anatase phases may
exist in the titanium�silica product. Their relative
amounts depend on the process temperature. As the
content of HNO3 is lowered from 50 to 25 wt %,
which, simultaneously, makes it possible to lower the
temperature of sphene decomposition from 150 to
120�C, the fraction of the anatase TiO2 phase in
the titanium�silica product increases from 26 to
60 wt % [8].

The formation of crystalline phases of TiO2 (in
contrast to amorphous SiO2) in the titanium�silica
product strongly suggests that, in the course of nitric
acid decomposition of the sphene concentrate, there
occurs not only substitution of the calcium cation with
the hydroxonium cation, but also dissolution of TiO2
to form a rather unstable nitrate compound of titanium
that is readily hydrolyzed under these conditions.
The precipitation of titanium(IV) from solution gives
rise to growth of TiO2 crystals of various modifica-
tions. The possibility of obtaining TiO2 directly in the
form of rutile or anatase by hydrolysis of nitrate solu-
tions of titanium(IV) has been reported previously [9].

Introduction of fluoride ions into the nitric acid
solutions used in leaching intensifies the decomposi-
tion of the sphene concentrate to an even greater
extent. When 68% HNO3 was used at 120�C, the
introduction of 0.2 mol F �/mol TiO2 leads to a more
than threefold increase in the degree of decomposi-
tion, but was insufficient. However, raising the
amount of fluoride ions added to 0.8 mol F �/mol TiO2
had no effect, because further decomposition was
made impossible by the saturation of the Ca(NO3)2

Table 2. Average rate of CaO leaching and recovery into
solution at different initial concentrations of HNO3, flow
rates of fluoride ions, and temperatures of the process
����������������������������������������
cHNO3, � F �, mol mol�1 � T, � VCaO�104, � QCaO,

� � � �wt % � TiO2 � �C � mol l�1 s�1 � wt %
����������������������������������������

68 � 0 � 110 � 0.42 � 14.1
68 � 0 � 120 � 0.64 � 21.9
68 � 0 � 130 � 1.30 � 44.3
68 � 0 � 140 � 2.00 � 67.9
68 � 0 � 150 � 2.54 � 89.6
68 � 0.2 � 120 � 2.42 � 68.4
68 � 0.4 � 120 � 2.42 � 68.6
68 � 0.8 � 120 � 2.43 � 68.8
52 � 0 � 130 � 1.44 � 55.4
35 � 0 � 130 � 1.56 � 70.5
25 � 0 � 130 � 2.33 � 96.9
25 � 0 � 120 � 2.32 � 96.2
25 � 0 � 110 � 1.87 � 77.6
25 � 0.2 � 105 � 2.23 � 92.5
25 � 0.4 � 105 � 2.27 � 94.2
25 � 0.8 � 105 � 2.32 � 96.5
15 � 0 � 130 � 1.04 � 91.9

����������������������������������������

solution. The introduction of fluorine compounds in an
amount equal to, or exceeding 0.2 mol F �/mol TiO2
into a solution containing 26 wt % HNO3 ensured
>92.5% recovery of CaO at 105�C and an average rate
of the process of 2.23 �10�4 mol l�1 s�1. Hence fol-
lowed that the process can be performed under atmos-
pheric pressure, and this conclusion was confirmed in
experiments on decomposition of the sphene concen-
trate in a reactor with a reflux (Table 3).

It was found that raising the concentration of fluor-
ine compounds leads not only to an increase in the
efficiency of the decomposition process (Table 2), but
also to preferential formation of the anatase form of
TiO2, which is virtually complete upon introduction
of >0.4 mol F �/mol TiO2 (this follows from the X-ray
diffraction patterns in Fig. 1). Comparison of the
intensities of the characteristic peaks corresponding to
the interplanar spacings of rutile and anatase (3.24 and
3.52 �, respectively) shows that formation of the
anatase modification of TiO2 is favored by lower
temperatures and higher concentrations of fluoride
ions.

The absence of any differences in the course of the
process between the cases when HF and H2SiF6 with
comparable amounts of fluoride ions are used indirect-
ly points to the following. In nitric acid solutions at a
high temperature (>105�C), the hydrolysis of SiF6

2�
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Table 3. Recovery of concomitant elements into a nitric acid solution in decomposition of the sphene concentrate under
atmospheric pressure (T = 105�C, cHNO3

= 25 wt %)
������������������������������������������������������������������������������������

F �, mol mol�1 � Recovery into solution, %
������������������������������������������������������������������������

TiO2 � CaO � Ln2O3 � Fe2O3 � Al2O3 � TiO2 � SiO2 � F �

������������������������������������������������������������������������������������
0 � 69.8 � 94.1 � 89.6 � � � 0.05 � 0.07 � Not determined
0.2 � 92.5 � 86.3 � 72.3 � � � 0.12 � 0.17 � 4.62
0.3 � 93.6 � 80.2 � 62.4 � 43.2 � 0.14 � 0.42 � 6.21
0.5 � 95.2 � 65.1 � 49.7 � � � 0.42 � 1.77 � 11.5
1.0 � 97.3 � 48.6 � 36.4 � � � 2.66 � 4.85 � 19.2

������������������������������������������������������������������������������������

Fig. 1. Sequence of formation of the rutile and anatase
phases in decomposition of the sphene concentrate with
25% HNO3 in the presence of fluoride ions. (I) Intensity
and (2�) Bragg angle; the same for Fig. 6. (I) TiCaSiO5,
(II) TiO2 (rutile), and (III) TiO2 (anatase). T (�C), F�

(mol mol�1 TiO2): (1) 110, 0 (autoclave); (2) 110, 0.5
(autoclave); (3) 110, 1.0 (autoclave); (4) 105, 0.2; and
(5) 105, 0.5. Interplanar spacings are given in �.

and TiF6
2� ions by overall reaction (5) is stronger than

at lower temperatures:

MF6
2� + (2 + n)H2O � MO2 �nH2O + 4H+ + 6F �. (5)

The room-temperature equilibrium constant of this
reaction for the SiF6

2� ion, found to be 10�27�10�28

[10], indicates that fluoride ions are formed via hy-
drolysis of SiF6

2� in nitric acid solutions at room tem-
perature in noticeable concentrations [11]. Raising the
temperature must shift the equilibrium of reaction (5)
to the right to an even greater extent.

Fluoride ions from solutions react with hydrated
SiO2 and, possibly, with titanium(IV) of the titanium�
silica product after leaching of calcium(II); the form-
ing complex fluoride anions pass into solution. At
elevated temperatures, they are hydrolyzed in a nitric
acid solution of medium concentration, with fluoride
ions released in the process continuing to disintegrate
the titanium�silica framework. When the breakdown
process is complete and the solution is cooled, the
main part of fluoride ions is captured by the titanium�
silica product, with less than 7% of the introduced
fluoride ions remaining in solution.

The kinetic curve that describes the rate of transfer
of CaO into solution at 105�C is linear in the coor-
dinates of the following first-order reaction (Fig. 2):

lncCaO = lnc0
CaO � k�, (6)

where cCaO and c0
CaO are the initial and running con-

centrations of the starting substance, and k is the ef-
fective rate constant of dissolution by reaction (1)
(mol l�1 s�1).

The slope of this straight line is equal to the rate
constant of reaction (1):

k = tan� = 1.63 �10�4. (7)
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Nitrates of lanthanides, iron, and, to a lesser extent,
aluminum pass into a nitric acid solution together
with calcium(II). The insufficiently good recovery of
aluminum into solution is presumably due to the
presence in solution of admixtures of accessory feld-
spars, and primarily albite, which are stable in nitric
acid media. In the absence of fluoride ions, lantha-
nides(III) as well as iron(III) pass into solution to a
greater extent, but their recovery falls as the content of
fluoride ions in solution increases (Table 3). In the
case of lanthanides(III), the possible reason is the
formation of their sparingly soluble fluorides in the
presence of an excess amount of fluoride ions.

Under the conditions of nitric acid decomposition
of the sphene concentrate, compounds of titanium and
silicon remain virtually completely in the solid phase:
their concentration in the nitric acid solution does not
exceed 0.08 and 0.07 g l�1 for TiO2 and SiO2, respec-
tively. Their recovery into the liquid phase free of
fluorine-containing additives does not exceed 0.05�
0.07%. Upon introduction of fluoride ions, com-
pounds of titanium and silicon pass into solution in
greater amounts (wt %): 0.42 TiO2 and 1.77 SiO2
at 0.5 mol F �/mol TiO2. The probable reason is that
the forming fluorine-containing complex anions of
silicon(IV) and titanium(IV) are preserved in solution.
The complexes are more soluble in nitric acid solu-
tions than TiO2 and SiO2.

The experimental results show that using 25%
HNO3 with the optimal addition of fluorine com-
pounds in an amount of 0.3 mol F �/mol TiO2 ensures
recovery of ions of calcium, rare-earth elements, and
iron into solution. The high recovery of lanthanides
gives reason to believe that they can be concentrated
by using in breakdown procedures recovered HNO3,
which can be obtained by treating Ca(NO3)2 solutions
with concentrated H2SO4. The recovery of the most
part of iron ions into solution simplifies the sub-
sequent manufacture of high-quality titanium com-
pounds from the titanium�silica product.

Nitric acid decomposition of the sphene concentrate
under the optimal conditions gives nitrate solutions of
Ca(NO3)2 that contain, in terms of oxides, (g l�1):
120 CaO, <0.5 TiO2, <0.5 SiO2, <5.30 Ln2O3,
<1.5 Fe2O3, <0.70 Al2O3, <1.2 F, and 20�40 HNO3,
and also a titanium�silica product containing (wt %):
48 TiO2, 37 SiO2, 0.56�3.00 CaO, <0.018 Ln2O3,
<0.64 Fe2O3, <0.25 Al2O3, <2.2 F �, and 3.60 NO3

�.
The main part of fluoride ions find way into the tita-
nium�silica product. The calcination loss of the titani-
um�silica product is about 15 wt %, which somewhat
exceeds the value calculated on the assumption that

�, h

ln c [M]

Fig. 2. CaO concentration in the sphene concentrate vs.
the time � of leaching at 105�C.

the amount of chemically bound water in the product
is determined by reaction (1). The possible reason is
that titanium(IV) is present in the titanium�silica
product not only as anatase and(or) rutile, but, in part,
also in the amorphous hydrated form.

The sulfatization was studied for the titanium�silica
product obtained by leaching of the sphene concen-
trate with HNO3 solutions with addition of fluorine-
containing compounds (HF, H2SiF6) in an amount of
0.25 mol F �/mol TiO2. In the product, TiO2 was
present, according to X-ray phase analysis, in the
anatase form. Such a product contained (wt %): 46.9�
48.8 TiO2, 34.5�37.4 SiO2, 0.56�3.30 CaO, 0.003�
0.180 TR2O3, 0.64 Fe2O3, 0.25 Al2O3, <2.20 F �, and
<3.69 NO3

�. The calcination loss was 15�18 wt %. For
comparison, some experiments were performed with a
product obtained by nitric acid decomposition of the
sphene concentrate at 120�130�C without addition of
fluorine compounds. The product differed only in that
it contained a part of TiO2 in the rutile modification.

The titanium�silica product was decomposed with
concentrated H2SO4 of pure grade [GOST (State
Standard) 2184�77], from which the working solu-
tions were prepared by dilution with distilled water.

The sulfatization (sintering of a weighed portion of
the titanium�silica product with H2SO4) was per-
formed by heating the reaction mixture to a prescribed
temperature in sealed fluoroplastic containers for 1�
5 h. The concentration of H2SO4 was varied from 22
to 94%, and the expenditure of the acid was within
the range 1.6�2.2 kg kg�1 TiO2. The cake was leached
with water under continuous agitation. The sulfatiza-
tion temperature was varied from 105 to 180�C; the
leaching was performed at 50�C. The cooled slurry
was filtered, and the precipitate (silica cake) was
washed with distilled water.

The content of titanium, silicon, calcium, fluorine,
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Table 4. Residual content of titanium(IV) in the precipitate and its recovery Q from the titanium�silica product into
an aqueous solution at different initial concentrations of H2SO4 and its expenditure
������������������������������������������������������������������������������������

Run no.
�

cH2SO4
, wt %

� Expenditure of H2SO4, �
T, �C

� Content of TiO2 in the silica �
QTi, %� � kg kg�1 TiO2 � � cake, wt % �

������������������������������������������������������������������������������������
1 � 22 � 2.0 � 105 � 46.4 � 10.6
2 � 38 � 2.0 � 112 � 46.1 � 13.6
3 � 40 � 2.0 � 114 � 46.3 � 13.2
4 � 45 � 2.0 � 118 � 47.9 � 16.8
5 � 50 � 2.0 � 124 � 40.1 � 30.4
6 � 54 � 2.0 � 130 � 21.3 � 60.1
7 � 57 � 2.0 � 135 � 13.5 � 81.7
8 � 80 � 1.6 � 150* � 7.61 � 91.7
9 � 80 � 1.8 � 170* � 5.72 � 93.7

10 � 80 � 1.8 � 170* � 2.49 � 94.6
11 � 80 � 2.0 � 170* � 4.80 � 95.0
12 � 80 � 2.0 � 170* � 2.95 � 96.4
13 � 80 � 1.6 � 180* � 5.17 � 93.3
14 � 80 � 1.8 � 180* � 3.70 � 95.4
15 � 80 � 2.0 � 180* � 2.33 � 95.4
16 � 94 � 2.0 � 170* � 2.64 � 96.7
17 � 94 � 2.0 � 180* � 3.50 � 96.7
18 � 94 � 1.8 � 150* � 2.60 � 98.2
19 � 94 � 1.6 � 150* � 2.30 � 98.0

������������������������������������������������������������������������������������
* Below the boiling point of an acid of the corresponding concentration.

and iron in the solutions and dry residues was deter-
mined. The amount of titanium(IV) that passed into
the aqueous phase (filtrate, washing water) and(or) its
residual content in the silica cake was used to calcu-
late the recovery of titanium(IV), Q (%), from the
titanium�silica product, which served as a measure of
the efficiency of the processes under study.

The efficiency of sulfatization was evaluated by the
extent to which titanium(IV) passed into an aqueous

Q, %

�, h

Fig. 3. Recovery Q of titanium(IV) from the titanium�silica
product at 150�C vs. the duration � of sulfatization of the
titanium�silica product. Content of rutile in the titanium�

silica product (wt %): (1) 60 and (2, 3) 0. Content of
H2SO4 (wt %): (1, 3) 77 and (2) 56.

solution after 3 h of leaching of a sample. As estab-
lished in preliminary experiments, this time is suf-
ficient for the transfer of the most part of titanium(IV).
Figure 3 shows the kinetics of sulfatization at 150�C
of a titanium�silica product containing 40% of TiO2
in the anatase modification, and 60%, in the rutile
modification (curve 1) and of precipitates containing
only the anatase phase of TiO2 (curves 2, 3). The sul-
fatization was carried out with 56 and 77% solutions
of H2SO4 at its expenditure of 2 kg kg�1 TiO2.

Figure 3 shows that the efficiency of the process
depends on the concentration of H2SO4 and on the
crystal structure of TiO2. The amount of titanium(IV)
that passed into solution from a titanium�silica prod-
uct containing TiO2 of anatase structure in 5 h was 87
and 96% depending on H2SO4 concentration, whereas
the recovery of titanium(IV) from a rutile-containing
product did not exceed 30% relative to its initial con-
tent. An X-ray phase analysis of the residue obtained
after leaching of a sulfatized rutile-containing titani-
um�silica product revealed only TiO2 of rutile struc-
ture, which, as demonstrated by further investigation,
reacted with H2SO4 only at temperatures not lower
than 180�C.

Thus, a study of the sulfatization kinetics of a tita-
nium�silica product that contained TiO2 in the anatase
phase revealed the following process advantages over
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the known methods [4, 6, 12, 13]: relatively low sul-
fatization temperature, lower expenditure of H2SO4,
and shorter duration of the process.

The dependence of the recovery of titanium from
the titanium�silica product on the concentration and
expenditure of H2SO4 was studied (Table 4). The
range in which the expenditure of the acid was varied
was chosen in such a way that an acid factor close to
2 was obtained in leaching of titanium(IV) into an
aqueous solution. The reaction mass (liquid suspen-
sion at H2SO4 concentrations lower than 57% and in-
creasingly thick paste at higher concentration) was
heated at required temperature in closed vessels to
diminish evaporation of water in the course of sulfati-
zation. The duration of heat treatment was 5 h; the
sulfatization temperature was equal to, or lower than
the boiling point of H2SO4 of a concentration used.

Also noteworthy is a steep rise in the efficiency of
the process on raising the concentration of H2SO4
within the range 50�60 wt % (Table 4, run nos. 10,
11; 13, 14; 18, 19; Fig. 4). The most efficient is 80�
94 wt % H2SO4, because it is within this concentra-
tion range that water-soluble TiOSO4 �H2O is formed
[1]. The expenditure of H2SO4 within the limits
studied does not affect significantly the completeness
of the sulfatization process.

The sulfatized cake, which is mainly a mixture of
titanium(IV) sulfates and hydrated SiO2, was studied
by thermal analysis and methods of crystal optics.

Figure 5 shows thermograms of cakes obtained at
expenditure of 94% H2SO4 equal to 1.4, 1.6, and
1.8 kg kg�1 TiO2.

The absence of exothermic effects at 540 and
590�C, which are commonly attributed [14] to thermal
decomposition of TiOSO4 �2H2O, suggests that it is
not contained in noticeable amounts in the cakes ob-
tained. The endothermic effects at 380 and 426�C can
be attributed to removal of water from TiOSO4 �2H2O,
which, according to [9, 14], begins above 300�C. The
endothermic effects at 600 and 683�700�C are asso-
ciated with elimination of SO3 to give TiO2. The
endothermic effects at 164�202�C are presumably
due to removal of water from hydrated SiO2 present
in the cake.

Crystal-optic studies of the cakes demonstrated that
they are composed of a finely dispersed amorphous
powder (hydrated SiO2) and crystalline phases. The
main part of the crystalline phase consists of birefrin-
gent crystals with refractive indices Ng = 1.839 and
Np = 1.702, TiOSO4 �2H2O. Also, a minor amount of
rhombic TiOSO4 crystals with refractive indices Ng =
1.709 and Np = 1.628 is observed.

Q, %

c, wt %

Fig. 4. Recovery Q of titanium(IV) from the titanium�silica
product vs. the concentration c of sulfuric acid.

Fig. 5. Thermograms of products formed in sulfatization of
the titanium�silica product. Expenditure of H2SO4 (kg kg�1

TiO2): (1) 1.4, (2) 1.6, and (3) 1.8.

When the concentration of H2SO4 was lowered and
its expenditure raised to more than 1.6 kg kg�1 TiO2,
the stock was flowing and thermal treatment yielded
monolithic, very strong cakes, which virtually could
not be removed mechanically from the reaction vessel.
The reason for such a morphology of the cakes was
presumably that TiOSO4 �2H2O forming in the course
of synthesis first dissolved in the excess amount of
water contained in the stock and then crystallized to
give a very strong composite with hydrated SiO2. It
was established that, when 80�94% H2SO4 was used
and the acid number was, respectively, 1.6 and 1.8, the
starting stock could be prepared in the form of bri-
quettes which retained their shape even in the course
of thermal treatment. The cake formed in this case was
fragile and could be readily removed from the apparat-
us. To achieve a high degree of sulfatization of titani-
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Table 5. Composition and properties of products formed in sulfatization�leaching of titanium(IV) from the titanium�silica
product
������������������������������������������������������������������������������������

Product
� Content �

K
�

Ks���������������������������������������������������� �
� TiO2 � SiO2 � CaO � F � � Fe2O3 � H2SO4 � �

������������������������������������������������������������������������������������
Titanium�silica product, wt %� 46.9�48.8 � 34.5�37.4 � 0.56�3.30 � 1.9�2.4 � 0.64�1.00 � � � � � �

Sulfuric acid solutions � � � � � � � �
of TiOSO4, g l�1: � � � � � � � �

filtrates � 161 � <0.05 � 1.62 � 4.40 � 1.74 � 282 � 1.75 � 800
� 188 � <0.05 � 2.34 � 5.40 � 1.82 � 368 � 1.95 � 950
� 206 � <0.05 � 2.07 � 6.14 � 2.50 � 380 � 1.84 � 850
� 240* � <0.05 � 4.32 � 6.93 � 3.82 � 445 � 1.85 � 1500
� 315* � <0.05 � 4.21 � 7.62 � 4.93 � 500 � 1.58 � 1000
� 342* � <0.05 � 5.60 � 7.70 � 7.40 � 570 � 1.66 � 900

washing water � 25.4 � � � � � 0.78 � 0.50 � 44.0 � 1.76 � �

� 48.3 � � � � � 1.24 � 0.71 � 95.6 � 1.97 � �

� 61.1 � � � � � 1.76 � 1.16 � 115 � 2.00 � �

Silica cake, wt % � 5.70 � 78.6 � 1.12 � 1.34 � 0.064 � � � � � �

� 4.80 � 80.0 � 1.08 � 1.06 � 0.050 � � � � � �

� 3.40 � 79.8 � 1.10 � 1.21 � 0.052 � � � � � �

������������������������������������������������������������������������������������
* Obtained in counterflow leaching.

um(IV), the stock was preliminarily thoroughly
mixed. Otherwise, the recovery of TiO2 into solution
decreased to 92.0% when working with heavier
weighed portions.

Table 5 lists typical compositions of the products
obtained in leaching of titanium(IV) from a sulfatized
titanium�silica product, as well as the values of K and
Ks for sulfuric acid titanium-containing solutions. The
concentration of titanium(IV) in an aqueous solution
depends on the relationship between the mass of the
cake and the volume of water. After the first stage of
leaching, the moist precipitate contained about 20%
titanium(IV), which was extracted by subsequent
washing by repulpation on a filter. When a larger
volume of water was taken in the stage of leaching,

Fig. 6. (1) Thermogram and (2) X-ray diffraction pattern of
a silica cake obtained by leaching of titanium(IV) from
a sulfatized titanium�silica product.

the concentration of titanium(IV) decreased, and
when, by contrast, this volume was made smaller, the
recovery of titanium(IV) declined. For example, when
the s : l ratio was changed from 1 : 2 to 1 : 1.5 and
1 : 1.0, the recovery of titanium into the aqueous
phase decreased, all other conditions being the same,
from 86.7 to 81.2 and 75.8%, respectively. With water
and s : l � 1 : 1.5, solutions with 160�206 g l�1 of
TiO2 were obtained. A counterflow leaching (three
stages) made it even possible to raise the concentra-
tion of titanium(IV) to 342 g l�1 of TiO2 without per-
forming the commonly used vacuum evaporation. The
values of K in the solutions were in the range 1.6�2.0,
and those of Ks, 850�1500, which well satisfies the
requirements to thermohydrolysis conditions.

Virtually 100% of SiO2, about 20% of fluoride
ions, and less than 5% of iron ions (all relative to the
initial amount) remain in the silica cake after sulfati-
zation and leaching. The X-ray diffraction pattern and
thermogram shown in Fig. 6 indicate that the product
is amorphous and contains SiO2 as the main phase.
92�98% of titanium(IV) and 90�95% of iron(III) con-
tained in the titanium�silica product are accumulated
in the titanium solution.

Compared to the data of [4, 9, 12�15], where the
mass ratio Fe2O3/TiO2 in sulfuric acid titanium-con-
taining solutions further subjected to thermohydrolysis
was 0.07�0.10, processing of the sphene concentrate
yields solution with a smaller ratio, equal to 0.012�
0.022.
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Thus, the technology being developed can yield
sufficiently pure intermediate products, sulfuric acid
solutions of TiOSO4 and silica cake.

Under the optimal conditions, the silica cake con-
tains (wt %): 75�80 SiO2, 3.4 TiO2, 1.0�1.2 CaO,
1.0�2.0 F, 0.05�0.08 Fe2O3, <0.007 TR2O3, and
water the rest.

The sulfuric acid solutions of TiOSO4, which are
distinguished by high stability, contain (g l�1): 160�
340 TiO2, 280�570 H2SO4, 1.6�5.6 CaO, 4.4�7.7 F,
1.7�7.4 Fe2O3, <0.05 SiO2, and <0.20 TR2O3.

A study of thermohydrolytic precipitation of titani-
um(IV) from solutions of this kind demonstrated that
fluoride ions present in the solutions have no effect
on the course of the process and mainly remain in
the hydrolytic H2SO4. The amount of titanium(IV)
that passed into solution was 95.3�95.4%. If reduction
of Fe3+ to Fe2+ was not carried out, the content of
Fe2O3 in calcined TiO2 was 0.09�0.11 wt %.

CONCLUSIONS

(1) It was established that HNO3 solutions with a
concentration of 25 wt %, which contain fluorine com-
pounds (HF or H2SiF6), effectively leach CaO from
the sphene concentrate at 105�C under atmospheric
pressure. The titanium�silica product obtained in the
process may contain TiO2 of only anatase structure.

(2) In nitric acid decomposition of the sphene con-
centrate, up to 98 wt % of CaO, 86 wt % of Ln2O3,
and 72 wt % of Fe2O3 are concentrated in the nitric
acid solution, and no less than 99.5 wt % of titanium
and silicon oxides find their way into the titanium�
silica product, which contains about 48 wt % TiO2
and 37 wt % SiO2.

(3) The optimal mode of sulfatization of the tita-
nium�silica product obtained in decomposition of the
sphene concentrate with 25% HNO3 containing fluor-
ine compounds is as follows: process temperature
150�C and expenditure of concentrated (93.5 wt %)
H2SO4 1.6�1.8 kg kg�1 of TiO2 in the titanium�silica
product. In leaching with water of the resulting brittle
cake, the recovery of TiO2 into the leaching solutions
is 98%.

(4) To obtain concentrated solutions of TiOSO4,
which require no vacuum evaporation before perform-
ing the thermohydrolysis, it is necessary to carry out
leaching with water in the counterflow mode. The
resulting sulfate solutions are characterized by an acid
number of 1.6�1.8 and a stability factor of 850�1500
and contain up to 340 g l�1 of TiO2 at a mass ratio

Fe2O3/TiO2 = 0.012�0.022. Solutions of this kind can
be used to obtain pigment-grade titanium dioxide and
for other purposes.
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Abstract�The possibility of processing nitric acid leaching solutions to obtain recovered nitric acid and
gypsum with good binding properties was studied in order to develop a new technology for processing of
the sphene concentrate.

Nitric acid breakdown of the sphene concentrate
yields nitric acid solutions of calcium nitrate, in which
up to 97% of the spent HNO3 is concentrated [1].

In order to develop a technology for their process-
ing, it is of interest to study the possibility of re-
covery of HNO3 bound to calcium nitrate, for further
use of the acid, by sulfuric acid precipitation of spar-
ingly soluble calcium sulfates. Despite that the proc-
ess of production of CaSO4, including that from sul-
furic acid solutions, has been described, it is impos-
sible to predict the degree of hydration of CaSO4
being precipitated in the process under study on the
basis of published data. The composition, structure,
dimensions, and shape of crystals, number of mole-
cules of the crystallization water, and properties of
the compounds depend in a complicated way on
numerous factors: temperature conditions, medium,
and presence and type of impurities [2�8], whereas the
development of a new technology requires that the
process parameters and characteristics of the products
obtained should be specified.

Therefore, we studied stoichiometric [with respect
to Ca(II)] processing of nitrate solutions obtained
in breakdown of the sphene concentrate with concen-
trated H2SO4.

In this work we studied the solid phases isolated
under comparable conditions from model and process
nitric acid solutions of Ca(NO3)2 and analyzed the
composition of solutions of recovered HNO3. In addi-
tion, we examined the conditions under which high-
quality binders can be obtained from CaSO4-based
precipitates.

No published data are available on the issues men-

tioned above, although such data would be of practical
and theoretical interest.

EXPERIMENTAL

Calcium sulfate was precipitated with concentrated
sulfuric acid (94 wt % H2SO4) of pure grade. The
model solutions contained 300�900 g l�1 of Ca(NO3)2
and 0�250 g l�1 of HNO3 in various relative amounts;
the process solutions contained (g l�1): Ca(NO3)2,
40 HNO3, 2.9 TR2O3, less than 0.15 TiO2 and SiO2,
1.5 Fe2O3, 0.5 Al2O3, and 1.25 F �.

To the initial model solution was added with stir-
ring, under temperature control (50�C), H2SO4 in
a stoichiometric [with respect to Ca(II)] amount in
accordance with the reaction

Ca(NO3)2 + H2SO4 = CaSO4 + 2HNO3.

After 15 min (which was sufficient for the precipi-
tation to be complete), the stirring and heating were
terminated. The resulting suspension was filtered in a
vacuum at 15�20�C, and the humid precipitate ob-
tained was dehydrated in a desiccator. The precipitate
of CaSO4, obtained from process solutions by their
treatment with 94% H2SO4 at acid expenditure close
(90�95%) to the stoichiometric amount, was addition-
ally washed on a filter with distilled water at s : l =
1 : (5�10).

The precipitates kept in a desiccator or dried in a
vacuum oven at 54�C or in a drying oven at 60�104�C
were subjected to thermogravimetric (TGA), chemical,
and X-ray phase (XPA) analyses. The content of
HNO3 and calcium and sulfate ions in the filtrates and
precipitates was determined. The mass of the dry salt
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Table 1. Composition of the solid phase and recovery QCa of Ca(II) into the precipitate at different contents of Ca(NO3)2
and HNO3 in the starting solution, after its stoichiometric treatment with H2SO4
������������������������������������������������������������������������������������

Run no.
� Concentration, g l�1 � Composition of precipitate according to �

QCa, %�������������������������������������������������������������������
� Ca(NO3)2 � HNO3 � TGA � XPA �

������������������������������������������������������������������������������������
1 � 286 � 0 �CaSO4,* CaSO4 �2H2O �CaSO4, CaSO4 �2H2O � 96.8
2 � 286 � 25.0 �CaSO4, CaSO4 �2H2O �CaSO4, CaSO4 �2H2O � 96.5
3 � 286 � 50.0 �CaSO4, CaSO4 �2H2O �CaSO4, CaSO4 �2H2O � 96.6
4 � 286 � 100.4 �CaSO4, CaSO4 �0.5H2O, �CaSO4, CaSO4 �0.5H2O, � 94.4

� � �CaSO4 �2H2O ��-CaSO4 �
5 � 286 � 249.0 �CaSO4 �0.5H2O, �CaSO4 �0.5H2O, � 93.7

� � �CaSO4 �2H2O �CaSO4 �2H2O �
6 � 561 � 99.8 ��-CaSO4 �0.5H2O, �CaSO4 �0.67H2O, � 94.1

� � �CaSO4 �2H2O �CaSO4 �2H2O �
7 � 714 � 100.3 �CaSO4 �2H2O �CaSO4 �2H2O � 94.3
8 � 857 � 99.6 �CaSO4 �2H2O �CaSO4 �2H2O � 95.0

������������������������������������������������������������������������������������
* Major phases are printed bold.

was used to calculate, on the basis of the established
composition of the solid phase, the recovery QCa (%)
of Ca(II) into the precipitate. Similar calculations
were carried out on the basis of a chemical analysis
for Ca(II) and sulfate ions in the liquid phase. The
discrepancy did not exceed 3%.

CaSO4 samples obtained from process solutions
with varied degree of washing (s : l), which were dried
in a drying oven in a vacuum or under atmospheric
pressure at temperatures of 100�104�C and contained
CaSO4 �0.5H2O with admixture of NO3

�, were tested
for conformity to the requirements of GOST (State
Standard) 125 (Gypsum Binders. Technical Specifica-
tions). The normal thickness of the gypsum paste cor-
responded in all cases to a water�gypsum ratio (w/g)
of 0.9, at which the setting time � (min) and compres-
sion strength P (MPa) were determined.

A study of model systems demonstrated that the
degree of hydration of CaSO4 depends on the content
of the main components in a solution being processed
(Table 1).

The results of TGA and XPA (Table 1, Fig. 1),
which are in rather good agreement, indicate that the
degree of hydration of CaSO4 being precipitated
depends on the concentrations of both free HNO3 and
calcium ions. In all cases, the deposits have the form
of a finely crystalline snow-white product. At low or
initially zero acid concentrations, mainly anhydrite
(anhydrous CaSO4) crystallizes, which is indicated by
the presence in the thermograms (Fig. 1, thermo-
grams 1, 2) of an endothermic effect at 92�95�C and
by a set of basic characteristic reflections at 3.50,

Fig. 1. Thermograms of calcium sulfate products precipi-
tated from nitrate solutions obtained in decomposition of
the sphene concentrate. Digits 1�8 correspond to run nos. in
Table 1.
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Table 2. Efficiency of CaSO4 precipitation, Q, and concentration of recovered HNO3, cr, in relation to precipitation
conditions and composition of calcium sulfates, depending on drying modes*
������������������������������������������������������������������������������������

Initial concentration, g l�1 �
Tpr, �C

�
cr, g l�1

�
Tdr, �C

�
Composition of precipi-

�
QCa, %������������������������ � � � �

Ca(NO3)2 � HNO3 � � � � tate according to XPA �
������������������������������������������������������������������������������������

360 � 21 � 40 � 15 � 190.3 � 100 �CaSO4 �0.5H2O � 95.5
360 � 21 � 40 � �10 � 283.5 � 100 � � � 95.9
240 � 10.5 � 40 � �10 � 138.6 � 100 � � � 93.2
360 � 21 � 40 � �10 � 283.5 � 100 � � � 96.7
340 � 59.5 � 40 � 15 � 346.5 � 100 � � � 96.4
360 � 21 � 40 � 15 � 283.5 � 54** �CaSO4 �2H2O � 96.6
360 � 21 � 40 � 20 � 283.5 � 60 �CaSO4 �0.5H2O � 96.5
320 � 21 � 40 � 20 � 181.3 � 54** �CaSO4 �2H2O � 90.7
120 � 10.5 � 40 � 20 � 99.5 � 54** � � � 92.1
90 � 5 � 40 � 20 � 50.8 � 54** � � � 84.1

330 � 46 � 50 � 15 � 289.5 � 104** �CaSO4 �0.67H2O � 96.1
340 � 34 � 50 � 15 � 266.0 � 105 �CaSO4 �0.5H2O � 94.3

������������������������������������������������������������������������������������
* Tpr, Tdr are the temperatures of precipitation and drying, respectively.

** Drying in a vacuum.

2.85, 2.33, and 2.21 � in the X-ray diffraction pattern.
The second endothermic effect at 144�146�C suggests
a certain low content of gypsum CaSO4 �2H2O in the
precipitate, which is not revealed by XPA because of
insufficient sensitivity. As the acidity increases,
�-CaSO4 becomes the main modification of the an-
hydrite according to XPA. The solid phase becomes
also enriched in hemihydrate CaSO4 �0.5H2O, bassa-
nite, which is evidenced by the second endothermic
effect (Fig. 1, thermograms 4, 5) shifted to higher
temperatures (185 and 192�C). XPA also reveals this
compound (characteristic reflections at 6.00, 3.46,
3.00, 2.80, and 2.19 �). It should be noted that the
hemihydrate is formed in solutions with an initial acid
number K [mol HNO3/mol Ca(NO3)2] exceeding 0.5
(Table 1). The results obtained are in agreement with
published data [6, 8].

In the system under study, gypsum CaSO4 �2H2O
precipitates as the predominant phase from concen-
trated solutions that contain more than 364 g l�1 of
Ca(NO3)2. Thermogram 8 in Fig. 1 takes the canoni-
cal form [9].

Thus, products with different properties can be
obtained by varying the composition of nitric acid
solutions of Ca(NO3)2. When the acidity and(or)
concentration of Ca(II) in solution was raised, a tran-
sition from formation of anhydrite CaSO4, poorly
soluble in aqueous solutions, to a more soluble hemi-
hydrate CaSO4 �0.5H2O and then to gypsum CaSO4 �
2H2O, which is again poorly soluble, was observed.
The presence of insignificant amounts of gypsum in

the anhydrite phase, in contradiction with the ob-
served tendency toward a rise in the degree of CaSO4
hydration with the acidity and Ca(II) concentration
increasing (CaSO4 � CaSO4 �0.5H2O � CaSO4 �
2H2O), can be attributed to high hygroscopicity of the
compounds, which results in that they rapidly absorb
atmospheric moisture and are hydrated [6, 8].

The process solutions differ in the content of
Ca(NO3)2, HNO3, and concomitant elements, depend-
ing on the conditions under which the sphene concen-
trate is leached and the titanium�silica product is
washed. CaSO4 was precipitated (Table 2) from
these solutions also with concentrated H2SO4 (94
wt %) with an expenditure close (90�95%) to that
required by the stoichiometry. Calcium sulfates
obtained from these solutions also have the form of
snow-white finely dispersed clotting precipitates. It
should be noted that the main part of CaSO4 crystal-
lizes fast (in the course of approximately 10 min);
however, the solutions separated from the precipitate
are supersaturated with CaSO4 and become turbid
upon subsequent keeping because of the continuing
precipitation of CaSO4. In this case, the dilution of
the starting solution because of the use of concen-
trated HNO3 does not exceed 11%, and the CaSO4
precipitate crystallizes in a nitric acid solution con-
taining 266 to 366 g l�1 (23�31 wt %) HNO3. It is
known that it is at this concentration of HNO3 that
the solubility of CaSO4 is the highest (2.0 wt % at
room temperature), which may pose difficulties in
recycling of the recovered acid.
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In order to recover Ca(II) into the precipitate to the
maximum possible extent, experiments with freezing
out of the suspensions obtained and their filtration
at �10�C were carried out. In this case, the residual
concentration of Ca(II) in solution decreased from 10
to approximately 6 g l�1 of CaO, which affected the
recovery of Ca(II) into the precipitate: it increased
from 93.2 to 96.7%.

The filtrates obtained contain up to 346 g l�1

HNO3. The concentration of impurity elements (titani-
um, silicon, iron, aluminum) was less than 1 g l�1

from the very beginning, and that of Ca(II) and sulfate
ions can be minimized. The recovered HNO3 contains
(g l�1): 266�346 HNO3, 3.6�6.0 CaO, 6.0�10.0
SO4

2�, 2.5 Ln2O3, <1.3 Fe2O3, <1.0 F, and <0.4 Al2O3.
In the acid, ions of rare-earth elements, iron, and fluo-
rine concentrate in amounts, relative to the initial con-
tent in the nitric acid solution, of up to (%): 95�98
Ln2O3, 96�99 Fe2O3, and 99.4 F �.

Thus, stoichiometric precipitation of calcium sul-
fates from solutions obtained in breakdown of the
sphene concentrate can yield HNO3 solutions
(�25 wt %) whose recycling into the stage of decom-
position of the sphene concentrate is rather efficient,
but leads to accumulation of ions of rare-earth ele-
ments, thorium, and iron in the liquid phase, and
Ca(II) in the titanium-silica precipitate. Even though
the recovered HNO3 contains ions of iron, aluminum,
lanthanides, and radionuclides in low concentrations,
its repeated recycling may lead to their accumulation,
which requires an additional purification stage.

It should be noted that the composition of the pre-
cipitates obtained from the process solutions differs
from that of the precipitates formed in the model solu-
tions under similar conditions. In stoichiometric sul-
furic acid precipitation of Ca(II) at temperatures lower
than 50�C, mainly CaSO4 �2H2O is formed, which, in
contrast to the model systems, contains no anhydrite
CaSO4. It may be assumed that impurity elements
destabilize the anhydrite and catalyze it fast hydration.

Gypsum preserves its composition CaSO4 �2H2O
upon drying in a desiccator or in a vacuum oven at
temperatures of up to 60�C. Precipitates kept in a
drying oven at temperatures exceeding 100�C have the
form of a hemihydrate of the composition CaSO4 �
0.67H2O or bassanite CaSO4 �0.5H2O (Figs. 2, 3).

The results obtained in TGA of the resulting
CaSO4 �2H2O (20.83% loss of mass virtually coin-
cides with the calculated value) indicate (Fig. 2) that,
when temperature is elevated at a rate of 9 deg min�1,
loss of water starts to be observed at temperatures

(c)

(b)

(a)�m, %

DTA

TG

T, �C

Fig. 2. Thermograms of samples precipitated from nitrate
solutions obtained in decomposition of the sphene concen-
trate. (�m) Change in mass and (T) temperature. Sample:
(a) CaSO4 �2H2O, (b) CaSO4 �2H2O + CaSO4 �0.5H2O, and
(c) CaSO4 �0.5H2O.

higher than 120�C. However, when subjected to
prolonged thermostating, freshly precipitated CaSO4 �
2H2O starts to release water even at drying tempera-
tures Tdr � 60�C, to be transformed into the hemi-
hydrate CaSO4 �0.5H2O. A modification CaSO4 �
0.67H2O close to bassanite was also recorded.

The content of the main and impurity elements in
the bassanite CaSO4 �0.5H2O obtained is approxi-
mately as follows (wt %): 36.3 CaO, 65.5 SO4

2�, 0.85
NO3

�, 0.06 F �, <0.04 Fe2O3, <0.20 Al2O3, 0.02�
0.04 TR2O3, <0.01 Nb(Ta)2O5, <0.1 SiO2, and 0.041
TiO2. It should be noted that the recovery of iron and
fluorine ions into the precipitate is low (1�3 and
<0.55%, respectively), whereas aluminum(III) is
distributed among the phases evenly. The low, on the
whole, concentration (g l�1) of impurity elements in
the starting solution (1.5 Fe2O3, 0.5 Al2O3, 1.25 F �)
and washing of precipitates with water at s : l =
1 : (5�10) predetermine the high purity of the products
obtained.
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Table 3. Properties of dried gypsum precipitates based on CaSO4 �0.67H2O and CaSO4 �0.5H2O
������������������������������������������������������������������������������������

NO3
�, wt %

� Setting time, min � P, MPa � GOST 125
���������������������������������������������������������������������������
� onset � end � 2 h � 1 day � 7 days � brand � group

������������������������������������������������������������������������������������
0.78* � 1.0 � 3.0 � 1.7 � 4.8 � 5.0 � None � None
0.85 � 9.0 � 17.0 � 4.2 � � � � � G-4AIII � B
0.92 � 2.5 � 6.5 � 2.8 � 6.0 � 6.3 � G-2AIII � A
2.8 � 3.0 � 7.5 � 2.9 � 6.5 � 6.7 � G-2AIII � A
5.8 � 8.5 � 19.0 � 5.1 � 8.3 � 13.3 � G-5AIII � B

������������������������������������������������������������������������������������
* Drying under atmospheric pressure.

Because CaSO4 �2H2O is unsuitable for production
of building articles, it was dried to obtain precipitates
of CaSO4 �0.67H2O and CaSO4 �0.5H2O, and the
possibility of their use to manufacture gypsum binders
was studied.

It was established that the precipitates (gypsums)
studied can be divided into fast-hardening (A) and
normally hardening (B) (Table 3). An increase in the

Fig. 3. X-ray diffraction patterns of samples precipitated
from nitrate solutions obtained in decomposition of the
sphene concentrate. (I) Intensity and (2�) Bragg angle.
Sample: (1) CaSO4 �2H2O, (2) CaSO4 �2H2O + CaSO4 �
0.5H2O, (3) CaSO4 �0.67H2O, and (4) CaSO4 �0.5H2O.
Interplanar spacing are given in �.

content of NO3
� in the starting precipitate leads to an

improvement of the quality of the building plaster.
A similar behavior is observed upon introduction
of the above impurity into gypsums obtained from
natural raw materials [9, 10]. The optimum content of
nitrate ions is 0.9�2.8 wt %, which remains in the
sulfates upon washing at s : l = 1 : (5�10). This gives
fast-hardening gypsums of white color, which belong
to group A. As the content of NO3

� ions is raised
further, the setting time increases and samples become
cream-colored. It should be noted that a gypsum
sample obtained upon dehydration of the starting
CaSO4 �2H2O in a drying oven under atmospheric
pressure was found to be substandard because of its
exceedingly short setting time and low strength.

In their compression strength, setting times, and
fineness of grinding, the gypsums correspond to
brands G-2AIII, G-4BIII, and G-5BIII. The addition-
ally measured strength of samples dried at 60�C to
constant weight after 1 and 7 days of hardening dem-
onstrated that their strength increased upon drying,
which is particularly important in fabrication of gyp-
sum articles [10]. As regards the whole set of their
properties, gypsums manufactured from precipitates
can be used for plastering and manufacture of building
articles of any type.

CONCLUSIONS

(1) It was established that mainly CaSO4 �2H2O,
which, in contrast to the case of model systems, con-
tains no anhydrite CaSO4, is formed in stoichiometric
precipitation of calcium(II) from nitric acid solutions
formed in nitric acid�fluoride breakdown of the
sphene concentrate.

(2) Gypsums obtained on the basis of CaSO4 �
0.67H2O and CaSO4 �0.5H2O, products formed in
vacuum drying of CaSO4 �2H2O, correspond to brands
G-2AIII, G-2BIII, and G-5BIII and can find wide use
in the building industry.
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(3) Recovered nitric acid contains 266�346 g l�1

of the main substance (HNO3) and concentrates rare-
earth elements to 98% of their initial content, which
may lead in repeated recycling to their pronounced
accumulation for subsequent recovery into a separate
product.

ACKNOWLEDGMENTS

The study was financially supported by the Lead-
ing Scientific Schools Program (project no. NSh-
1616-2003.3).

REFERENCES

1. RF Patent 2 196 736.
2. Nenitescu, C.D., Chimie Generala, Bucharest: Teh-

nica, 1963.
3. Rudin, V.N., Voskresenskii, S.K., Novikov, A.A.,

et al., Tr. Nauchno-Issled. Inst. Udobr. Insektofung.,
1982, issue 241, pp. 45�54.

4. Khamskii, E.V., Kristallizatsiya v khimicheskoi pro-

myshlennosti (Crystallization in Chemical Industry),
Moscow: Khimiya, 1979.

5. Lasis, A.Yu., Stroit. Mater., 1971, no. 1, pp. 38�39.
6. Abramyan, R.M., Grigoryan, G.O., Grigoryan, O.V.,

et al., Zh. Neorg. Khim., 1977, vol. 22, no. 3, pp. 622�
625.

7. Vil’nits, E.L., Pozin, M.E., Kopylev, B.A., et al.,
Novye issledovaniya po tekhnologii mineral’nykh
udobrenii (New Research in the Field of Technology
of Mineral Fertilizers), Leningrad: Khimiya, 1970,
pp. 67�73.

8. Podozerskaya, E.A., Tsikaeva, D.V., and Dvegub-
skii, N.S., Available from VINITI, 1978, Apatity,
no. 872�79.

9. Gurevich, B.I., Vyazhushchie veshchestva iz tekhno-
gennogo syr’ya Kol’skogo poluostrova (Binders
Manufactured from Raw Materials of Technological
Origin from the Kola Peninsula), Apatity: Kol’sk.
Nauchn. Tsentr Ross. Akad. Nauk, 1996.

10. Volzhenskii, A.V. and Ferronskaya, A.V., Gipsovye
vyazhushchie izdeliya (tekhnologiya, svoistva, prime-
nenie) (Gypsum-Based Binders (Technology, Proper-
ties, and Use)), Moscow: Stroiizdat, 1974.



1070-4272/04/7707-1056�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 7, 2004, pp. 1056 �1060. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 7,
2004, pp. 1072�1076.
Original Russian Text Copyright � 2004 by Potsyapun, Buinovskii, Bordunov.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Electrohydraulic Treatment in Dressing
of Gold-Containing Ores

N. P. Potsyapun, A. S. Buinovskii, and V. V. Bordunov

Seversk State Technological Institute, Seversk, Tomsk oblast, Russia
Institute of Petrochemistry, Siberian Division, Russian Academy of Sciences, Tomsk, Russia

Received January 28, 2004

Abstract�The influence exerted by electrohydraulic treatment of mineral samples of various compositions
on the weakening of the ore material and redistribution of gold into finer classes was studied.

In some cases, the conventional processes of crush-
ing and grinding in screw crushers and ball mills fail
to improve the breakdown of minerals. By contrast,
raising the fineness of grinding (to �10 �m) leads to
overgrinding and sludging of productive solutions and
mineral slurries. At the same time, crushing and grind-
ing consumes about 70% of energy expended for the
entire process of dressing of mineral raw materials [1].

The failure to break down minerals leads to loss of
the valuable component with final tailings. Analysis
of the main loss in primary dressing shows [1] that
35�40% of the loss is associated with concretions,
and 30�35%, with particles less than 10 �m in size.
To diminish this loss in processing of finely dis-
seminated ores and to ensure breakdown of concre-
tions without excessive overgrinding, it is necessary
to pass from the conventional nonselective methods of
ore treatment to selective disintegration based on
energy impact.

The electrohydraulic effect, which arises in electric
breakdown of liquid media, may become an effective
method of selective disintegration of mineral compo-
nents. The electrohydraulic impact causes simultane-
ously a powerful shock pulse and ultrasonic and elec-
tromagnetic emission, changes the chemical composi-
tion of the medium through erosion of the material of
the electrode and destruction of water molecules in the
discharge channel. However, the main factors that
affect the whole material are shock waves: primary,
secondary, and reflected, and also microexplosions of
bulk cavitation. Originally, a network of microcracks
appears in mineral products under the action of the
compression shock wave. The action of a pulse train
on minerals enables multiple emission of secondary
compression waves, which creates defective zones and

strained states in the minerals being processed. There-
fore, it is the most appropriate to use electrohydraulic
treatment for preliminary disordering of the ore and
selective breakdown of minerals [2�4].

EXPERIMENTAL

The efficiency of electrohydraulic treatment was
studied on two objects: old tailings of Artemovskaya
gold-extracting factory (sample I) and gold-containing
ores from Zoloto Joint-Stock Company (sample II).

When choosing the mode of ore treatment and the
dressing scheme, it is necessary to take into account
the granulometric composition and morphological
features of gold itself and gold-bearing phases. The
mineral composition of the samples studied is listed
in Table 1, and the results of chemical analysis of
the samples, in Table 2.

A mineralogical analysis of sample I demonstrated
[5] that the nonmetallic minerals contained in the

Table 1. Mineral composition of samples I and II
����������������������������������������

Mineral
�Content, %, in indicated sample
�����������������������
� I � II

����������������������������������������
Quartz � 40 � 48.7
Feldspar � 25 � 47.4
Carbonates (calcite) � 15�20 � 1.6
Chlorites (magnesial- � 20 � 10
auric) � �
Pyrite � 1�2 � 0.3
Arsenopyrite � 1.0 � 1.2
Bistite (mica) � 10�15 � 0.5
Magnesite � 1�2 � 0.3
����������������������������������������
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sample are mostly represented by quartz in the form
of grains of irregular angular shape, which is frequent-
ly impregnated with iron hydroxides and, as a result,
has reddish color. Sulfides are represented by pyrite,
pyrrhotine, chalcopyrite, arsenopyrite, sphalerite,
and galenite.

The ore bodies of samples I and II are represented
by quartz-vein low-sulfide formations and the embed-
ding hydrothermally modified (quartz-containing,
sulfidized) shale.

According to the results of a phase analysis, 14.5%
of gold in sample I [5] is the native (amalgamable)
phase, 76.8% of the metal is associated with sulfides,
and 8.7%, with silicates. In sample II, about 72.9% of
gold is in the free state, 4.6% is associated with sul-
fides, and 0.8%, with quartz and other minerals.

Table 3 lists the granulometric composition of the
starting materials and the distribution of gold among
fractions.

The results of a sieve analysis of the starting ma-
terial of sample I demonstrate that the content of gold
increases when the grain size becomes smaller, reach-
ing the maximum value (19.4 and 33 g ton�1) for the
fractions �0.063+0.050 and �0.050 mm, respectively.
However, the yield of these fractions, which are,
in fact, concentrates, is extremely low, 4.9%. The
amount of gold in coarser fractions decreases to 1�
2 g ton�1, but, at the same time, the amount of gold
in these fractions is 60% of its total content. This is
due to the increased (80%) yield of +0.1-mm frac-
tions, compared with finer fractions. The finely dis-
persed gold (�1 �m) contained in these fractions is
commonly extracted to only an insignificant extent.
The main mass of this gold remains embedded in
minerals, and more frequently in pyrite (the content of
finely dispersed gold in pyrite may be as high as
several hundred grams per ton). In the course of flota-
tion dressing, this gold is extracted together with
the carrier minerals.

The distribution of gold in the starting sample II is
somewhat different. It can be seen from Table 3 that
the distribution of gold among fractions is relatively
even (10 to 20%). In the �0.1+0.05-mm fraction, the
amount of gold is the largest (33.8%), which is
accounted for by the low yield of these fractions
(13.2%). In a finer (sludge) �0.05-mm fraction, the
content of gold decreases, compared with that in the
�0.1+0.05-mm fraction, by a factor of 4.7. However,
the amount of gold in this fraction does not decrease
significantly (9.6%) because of the simultaneous in-
crease in its yield. Most part of gold is distributed

Table 2. Chemical composition of samples I and II
����������������������������������������

Element and
�Content, %, in indicated sample
�����������������������

compound � I � II
����������������������������������������

SiO2 � 35.89 � 66.46
Al2O3 � 7.22 � 13.8
Fe2O3 � 15.47 � 5.94
Sb � 0.028 � <0.01
CaO � 6.06 � 1.12
Zn � 0.214 � <0.01
Cd � 0.0015 � <0.01
Bi � 0.0144 � <0.01
Pb � 0.75 � 0.01
S � 13.49 � 0.97
As � 0.28 � 0.62
Cu � 0.925 � 0.03

����������������������������������������

among +0.63-mm fractions, which constitute 34% of
the whole sample under study. Therefore, subsequent
dressing without preliminary weakening or grinding
of this fraction will lead to a considerable loss of the
valuable component into the dressing tailings.

The aim of this study was, first, to develop a proc-
ess of ore treatment that would raise the yield of fine
fractions containing gold of emulsion-type dissemina-
tion and, second, to simultaneously weaken to the
maximum possible extent the binding between the
mineral, carrier, and metal. The latter will intensify
the subsequent procedures for recovery of gold into
a commercial product.

The influence exerted by the electrohydraulic im-
pact on the processing properties of particles of gold-
containing samples was studied as follows: Mineral
slurry with a certain concentration of the solid com-
ponent (s : l = 1 : 10) and known geochemical proper-
ties of the mineral raw material was poured into a
discharge chamber of certain volume and treated in
various modes of the electrohydraulic impact.

In the course of electrohydraulic treatment, only
the number of pulses applied to the slurry was varied,
whereas all other parameters remained the same dur-
ing the experiment: weighed portion being treated,
100 g; treatment duration, 20, 30, and 60 pulses; pulse
repetition frequency, 2�3 pulses per second; pulse
energy, 80 J; grain size of the starting product,
� 2 mm; and working liquid, water. After the electro-
hydraulic treatment, a sample was extracted from
the reactor, and the mineral slurry was subjected to
separation. The influence exerted by the electrohy-
draulic impact was evaluated on the basis of a sieve
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Table 3. Granulometric composition* and distribution of gold among fractions in starting samples**
������������������������������������������������������������������������������������

Fraction, mm
� Sample I � Sample II
������������������������������������������������������������������
� �, % � �, g ton�1 � �, % � �, % � �, g ton�1 � �, %

������������������������������������������������������������������������������������
+ 0.630 � 7.90 � 0.5 � 7.60 � 34.00 � 2.05 � 17.80

�0.630 + 0.400 � 15.00 � 0.73 � 7.52 � } 16.60 � 1.7 � 12.75
�0.400 + 0.315 � 16.50 � 0.45 � 7.20 � � �
�0.315 + 0.200 � 20.30 � 0.02 � 8.00 � 12.60 � 1.5 � 11.70
�0.200 + 0.160 � 16.70 � 1.2 � 10.15 � } 10.20 � 1.43 � 14.40
�0.160 + 0.100 � 12.10 � 1.85 � 11.58 � � �
�0.100 + 0.063 � 6.60 � 1.96 � 10.80 � 6.10 � 2.33 � 18.60
�0.063 + 0.050 � 2.40 � 19.4 � 15.20 � 7.10 � 0.57 � 15.15

�0.050 � 2.50 � 33.0 � 21.95 � 13.40 � 0.5 � 9.60
������������������������������������������������������������������������������������

Total � 100.00 � 2.5 � 100.00 � 100.00 � 2.3 � 100.00
������������������������������������������������������������������������������������
* Determined by dry sieving; the same for Table 4.

** � is yield; �, Au content; and �, Au distribution.

Table 4. Granulometric composition and distribution of gold among fractions in samples I and II after electrohydraulic
treatment
������������������������������������������������������������������������������������

Fraction, mm
� 20 pulses � 30 pulses � 60 pulses
�����������������������������������������������������������������������
� �, % � �, g ton�1 � �, % � �, % � �, g ton�1 � �, % � �, % � �, g ton�1 � �, %

������������������������������������������������������������������������������������
+ 0.630 � 8.3 � 3.43 � 5.3 � 8.1 � 0.13 � 4.8 � 7.8 � 0.05 � 1.8

�0.630 + 0.400 � 14.3 � 0.84 � 5.1 � 12.6 � 0.1 � 4.3 � 11.9 � 0.12 � 0.8
�0.400 + 0.315 � 15.8 � 0.5 � 6.1 � 16.1 � 0.12 � 5.1 � 14.8 � 0.17 � 4.1
�0.315 + 0.200 � 17.8 � 1.9 � 7.3 � 17.0 � 0.26 � 2.5 � 17.1 � 1.5 � 4.8
�0.200 + 0.160 � 15.9 � 2.54 � 6.5 � 16.4 � 0.44 � 7.2 � 15.0 � 0.07 � 4.2
�0.160 + 0.100 � 12.6 � 3.4 � 8.5 � 12.6 � 0.09 � 10.2 � 13.1 � 0.4 � 5.0
�0.100 + 0.063 � 8.7 � 9.4 � 16.3 � 9.5 � 6.16 � 11.9 � 10.4 � 3.55 � 15.6
�0.063 + 0.050 � } 6.6 {� <0.5 � 19.5 � } 7.7 { � 15.87 � 21.8 � } 9.9 {� 0.71 � 25.3

�0.050 � � 9.2 � 25.4 � � 17.6 � 32.2 � � 7.85 � 38.4
������������������������������������������������������������������������������������

Total � 100.0 � 2.53 � 100.0 � 100.0 � 2.37 � 100.0 � 100.0 � 2.28 �100.0
������������������������������������������������������������������������������������

+1.600 � 12.5 � � � � � � � � � � � 9.8 � � � �
�1.600 + 0.630 � 15.2 � 0.13 � 11.3 � � � � � � � 12.0 � 0.25 � 5.1
�0.630 + 0.315 � 14.9 � 0.2 � 6.2 � � � � � � � 12.1 � 0.2 � 4.3
�0.315 + 0.200 � 11.1 � 0.3 � 10.1 � � � � � � � 9.7 � 0.03 � 7.2
�0.200 + 0.100 � 7.8 � 0.14 � 15.8 � � � � � � � 7.5 � 0.12 � 17.0
�0.100 + 0.063 � 7.6 � 0.3 � 23.9 � � � � � � � 8.5 � 0.3 � 24.5
�0.063 + 0.050 � 11.2 � 0.09 � 19.9 � � � � � � � 13.6 � 0.1 � 25.4

�0.050 � 19.7 � 0.05 � 12.8 � � � � � � � 26.8 � 0.18 � 16.5
������������������������������������������������������������������������������������

Total � 100.0 � 2.34 � 100.0 � � � � � � � 100.0 � 2.38 �100.0
������������������������������������������������������������������������������������

analysis and an analysis for the content of gold in the
samples before and after the treatment. The content
of gold in solid residues was determined by X-ray
fluorescence analysis [6]. Each result was obtained for
a minimum of three parallel runs. The results of an
analysis performed five times for each sample were

subjected to statistical processing and are presented
here with account of errors.

For more clarity in describing the results of the
study, the experimental data in Table 4 are plotted
graphically.
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(a)�, %

F, mm

(b)�, %

F, mm

Fig. 1. Granulometric composition of samples (a) I and (b) II before and after electrohydraulic treatment.
(�) Yield and (F) fraction. Sample: (1) untreated and (2, 3, 4) treated with 20, 30, and 60 pulses, respectively; the same for
Fig. 2.

(a)Au, %

F, mm

(b)Au, %

F, mm

Fig. 2. Distribution of gold among fractions F in samples (a) I and (b) II before and after electrohydraulic treatment.
(Au) Recovery of gold.

Figures 1a and 1b show how ground ore is distri-
buted among fractions at different intensities of the
electrohydraulic treatment. Figures 2a and 2b show
how the distribution of gold among fractions depends
on the intensity of electrohydraulic treatment.

Electrohydraulic treatment of samples I leads to
an insignificant rise in the content of finer fractions
in proportion to the increase in the treatment in-
tensity (by 1%, on the average). After treatment with
60 pulses, the content of �0.63+0.16-mm fractions
decreases by 12%, and that of �0.1-mm fractions
increases by 12%. The coarser +0.63-mm fractions
are virtually not ground at all under the action of the
electrohydraulic effect. This can be explained as fol-
lows: the compression waves formed under the given
experimental conditions, as well as the resulting sec-
ondary effects, which favor disintegration, have no
significant effect on ore particles that belong to the
+0.63-mm fraction. In addition, the influence exerted

by grinding of the given type of samples is �masked�
by the presence of compounds of iron and oxygen on
the surface of gold grains. This indicates that the sur-
face of gold grains is covered with films of oxides
(hydroxides) of iron (film thickness not exceeding
2 �m). The last statement is clearly illustrated by
Fig. 2a.

Figure 2a shows that gold is distributed in propor-
tion to the yields, whose value depends on the in-
tensity of electrohydraulic treatment. As the yield of
finer fractions increases, the amount of gold in these
fractions grows simultaneously. The richest in gold
are �0.10-mm fractions. Similarly to the initial sam-
ple, the �0.1-mm fractions in samples treated with 20,
30, and 60 pulses are concentrates containing 61, 66,
and 79% of the total amount of gold, respectively.
Compared with the initial sample, the yield of these
fractions in treated samples increases by factors of
1.5, 1.7, and 2, respectively.
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Electrohydraulic treatment of samples II affects the
granulometric composition considerably more strong-
ly, compared with samples I. The content of coarser
fractions decreases in proportion to the treatment
intensity, and the yield of fine fractions, accordingly,
increases. The +0.1-mm fractions are ground satisfac-
torily and their total decreases by 20%, whereas the
yield of +0.1-mm fractions increases proportionally.

The type of gold distribution in samples II is simi-
lar to that in samples I. The only difference is that
gold in samples I is distributed evenly over all frac-
tions coarser than +0.1 mm, whereas the content of
gold in samples II decreases when the treatment in-
tensity increases, being redistributed into finer
�0.2-mm fractions. This points to a weaker binding
between the mineral, carrier, and metal in samples of
the gold-containing ore. As a result of electrohy-
draulic treatment, 22% of gold passes from the
+0.2-mm fraction to finer fractions. The content of
gold in the �0.063-mm fraction increases twofold.

An analysis of the efficiency of the electrohydraulic
treatment of samples I and II demonstrated that the
treatment can produce microcracks in mineral prod-
ucts, which, in turn, facilitates the access of the leach-
ing agent to the surface of gold grains. The weakening
of concretions makes higher the recovery of Au into
productive solutions. The efficiency of activation with
electric discharges in a liquid makes it possible to
regard the given process as a promising technique for
pretreatment of mineral raw materials in ore dressing
and recovery of gold by cyanidation or using other
leaching agents.

CONCLUSIONS

(1) Electrohydraulic treatment changes the granu-
lometric composition of mineral products. Secondary
raw materials (old tailings) are ground to a lesser
extent because of the formation of high-strength
oxidation products on the surface of particles in a
sample.

(2) Electrohydraulic treatment leads to disintegra-
tion and weakening of binding between the mineral
and the metal, which leads to redistribution of gold
from coarser to finer fractions.

(3) Electrohydraulic treatment is more preferable
for gold-containing unyielding ores, because a stronger
influence on the granulometric composition and gold
recovery is observed in this case. This fact is ac-
counted for by the presence of iron hydroxide films on
the surface of gold in samples of old tailings, which
creates an additional barrier for the electrohydraulic
effect.

(4) The ore treatment process studied can be re-
garded as promising for processing of gold-containing
unyielding ores, which are characterized by nonuni-
form distribution and fine dissemination of gold in
the rock-forming minerals.
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Abstract�Ellipsometric data on titanium oxide nanolayers synthesized by molecular layer deposition
technique on oxidized Si(100) surface are discussed.

Numerous works [1�12] concern molecular layer
deposition (MLD) of titanium oxide nanolayers on the
surfaces of dispersed materials and flat supports in a
vacuum and in flow systems under atmospheric pres-
sure. Many works on the preparation of titanium
oxide layers by ALD (atomic layer deposition) and
ALE (atomic layer epitaxy), which are based on the
same principles as the MLD technique, have been
published recently [13�16]. Nanometer titanium oxide
layers can be used in microelectronics for the forma-
tion of capacitors and undergate dielectrics for ap-
paratus with minimal component sizes of 90 nm and
less, and also for the production of catalytically active
materials and sorbents [15, 17�19].

When titanium oxide layers were synthesized by
the MLD technique on flat silicon and quartz sup-
ports, the dependence of the layer thickness on the
number of MLD cycles was linear when the deposi-
tion was performed both under atmospheric pressure
and in a vacuum [4�7, 9]. According to [5�7, 9],
the thickness growth per one MLD cycle was 0.24�
0.33 nm, which is close to the size of a titanium oxide
octahedron.

The experiments have shown that, at temperatures
higher than 200�C, damping of the growth of tita-
nium oxide nanolayer takes place on the surface of
single-crystal silicon coated by a layer of silicon
oxide. The phenomenon was not described earlier in
the literature. In this work we made an ellipsometric
study of this process.

Titanium oxide layers were synthesized on single-
crystal silicon (KDB-7.5 grade) plates with the (100)
orientation. Their surface was coated with a film of
silicon oxide of 2�3 nm thickness, which was ob-

tained by silicon oxidation with concentrated nitric
acid. It should be noted that the oxide film on silicon
was formed in the presence of water without high-
temperature treatment of the supports; therefore, maxi-
mal hydroxylation of the surface could be expected.

The synthesis was carried out in a vacuum glass in-
stallation with a volume of about 400 ml [6]. An
MLD cycle included treatment of the plates by TiCl4
vapor, pumping out of the forming hydrogen chloride
and excess of TiCl4 vapor, treatment with water vapor,
and pumping out of hydrogen chloride and water
vapor excess at 160�260�C. The contact time after the
addition of TiCl4 vapor was 1 min, and the evacuation
time, 2 min. A two�threefold increase in these param-
eters did not change the thickness of the titanium
oxide layers synthesized. The residual gas pressure
after 2-min evacuation was about 0.3 Pa. The tem-
perature in the reactor was maintained with an ac-
curacy of �3�C. The main inner parts of the installa-
tion being in contact with the reagents were heated to
no less than 120�C.

The formation of titanium oxide layers was moni-
tored by ellipsometry. A null-ellipsometer with a
helium�neon laser (� = 632.8 nm) assembled by a
PCSA scheme with a fixed compensator [20] was
used. The measurements were carried out by a four-
zone technique, which eliminated most of the errors
arising from imperfection of the ellipsometer optical
scheme [20]. The ellipsometric measurements were
carried out in air before and after synthesis of the
samples; the incidence angle was 70�.

According to the ellipsometric data, the thickness
of a titanium oxide nanolayer depended linearly on
the number of MLD cycles at synthesis temperatures
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deff, nm

Fig. 1. Effective thickness of titanium oxide film deff as
a function of the number of MLD cycles m on oxidized
silicon surface. (I) After heating; the same for Fig. 2.

of 160�200�C. The refractive indices of the films
were 2.4�2.5, which corresponds to the refractive
index of anatase [21].

We have found that, in the range 200�235�C, the
ellipsometric parameters of the sample surface remain
practically constant after 10 and more (up to 20) MLD
cycles. The parameter � decreased by 1�45��2�10�,
and the parameter � increased on the average by 1�.

According to the ellipsometric data, the increase in
the synthesis temperature above 240�C resulted a
in significant decrease in the thickness of titanium
oxide nanolayers.

The change in the ellipsometric parameter � in the
range 200�235�C corresponds to the thickness of a
titanium oxide layer less than 1 nm; its refractive
index can be determined exactly only by immersion
ellipsometry [20]. Therefore, we calculated the effec-
tive thickness of the films using a preset refractive
index n = 2.5 corresponding to anatase [21], which
agrees well with an average increase in the ellipsomet-
ric parameter � by 1�. The maximal effective thick-
ness of a titanium oxide film which was attained in
ten and more MLD cycles was 0.60�0.67 nm. Ac-
cording to our calculations, a small error in the deter-
mination of the refractive index only slightly affects
the calculated film thickness. For example, if we
accept n = 2, the calculated film thickness decreases
by 10% as compared to n = 2.5.

The effective thickness deff of a titanium oxide
nanolayer synthesized at 225�C, determined by ellip-
sometry, is shown in Fig. 1 as a function of the
number of MLD cycles m. It is seen from Fig. 1 that,
in the initial stages of the nanolayer formation (m <
5), its effective thickness is abnormally high and in-
creases nonmonotonically with the number of MLD
cycles. The observed abnormally high values of the
effective thickness are in agreement with the pub-

lished data [8, 11, 12] on abnormally large changes in
the ellipsometric parameter � in the initial stages of
the formation of titanium oxide nanolayers. After five
MLD cycles, the shape of the function deff = f (m)
changes, probably owing to compaction of the nano-
layer.

The effects described are attributable to crystalliza-
tion of titanium oxide nanolayers. It is mentioned in
the monograph [22] that titanium dioxide
starts to crystallize in the presence of water even at
60�100�C. The nanolayer effective thickness after
five treatment cycles is 0.39 nm, which agrees well
with the parameter a = 0.373 nm of the anatase unit
cell [23]. It is likely that after five MLD cycles a
dense crystalline film is formed, whereas after a
smaller number of cycles the crystallization is incom-
plete. Amorphous and partially crystalline layers have
lower density in comparison with crystalline films,
and hence they have a larger thickness. In addition,
because of the simultaneous presence of dense regions
of the crystalline phase and loose regions of the
amorphous phase in a film, its structure cannot be
adequately described by a model of ideally smooth
film with a constant refractive index throughout the
surface. Consequently, the calculated effective thick-
ness may be significantly increased, which seems to
take place for m = 4, i.e., immediately before the com-
plete crystallization.

To study the compaction of titanium oxide nano-
layers, we have carried out experiments on annealing
of the samples. We found that, on annealing the sam-
ples with m = 2 and m = 4 in a vacuum (300�C, 1 h)
the effective thickness of nanolayers decreased to 0.37
and 0.48 nm, respectively (Fig. 1), and remained un-
changed on further annealing. No thickness changes
were observed on annealing of the other samples. It is
likely that the annealing accelerates crystallization,
which results not only in compaction of the film, but
also in its greater uniformity, which causes a decrease
in the effective thickness.

One of reasons for damping of the formation of a
titanium oxide nanolayer can be formation of surface
groups of the �Ti�Cl type, which results in formation
of one titanium hydroxide group upon hydrolysis,
instead of three groups used for its creation. The
dehydroxylation of the sample surface can be another
reason.

According to the chemical analysis [1, 3, 10, 16],
formation of the �Ti�Cl groups is unlikely. At the
same time, most of hydroxy groups are removed at
160�C from the titanium oxide surface [22], and at
200�C the main part of coordinated water is desorbed
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(however, hydroxy groups and water are not removed
completely by evacuation even at 300�C). We can
expect that, in the course of formation of a titanium
oxide nanolayer, the properties of the modified surface
would gradually approach the properties of the surface
of bulk titanium dioxide. Therefore, a more probable
reason for damping of the growth of titanium oxide
nanolayer is low thermal stability of the centers of
TiCl4 chemisorption. Special experiments confirmed
this assumption. When a titanium oxide layer is syn-
thesized at 225�C on a titanium oxide film with a
thickness of 1.1 nm obtained at 185�C, no changes
in the ellipsometric parameters are observed. On the
contrary, on the titanium oxide layer obtained by ten
MLD cycles at 225�C, the thickness of the film linear-
ly depends on the number of cycles at 185�C.

It should be noted that the damping of molecular
layer deposition process was found [1, 10] when
studying the formation of a titanium oxide nanolayer
on the silica gel surface. The authors explained this
damping by obliteration of the matrix pore space in
the course of the synthesis. It is of interest that, ac-
cording to [1], the formation of a titanium oxide nano-
layer practically ceases after ten MLD cycles, which
corresponds to the results of this work.

As the properties of oxidized silicon surface are
similar to the properties of amorphous silica, and its
pretreatment did not involve heating to high tempera-
tures, we can expect that the properties of this surface
are similar to the properties of the silica gel surface.
According to monograph [24], silica samples obtained
without severe thermal treatment (particularly, silica
gels) have significantly higher surface concentration
of hydroxy groups (7�8 nm�2) compared to the aver-
age concentration of 4�5 nm�2 for silica.

Therefore, it is of interest to compare the data on
the formation of titanium oxide nanolayers on the
oxidized silicon surface and the data obtained for
silica gel in [1]. The interrelation between the amount
of titanium on silica gel and the effective thickness
of titanium oxide nanolayer on silicon is shown in
Fig. 2a in the coordinates deff�[Ti]m, where [Ti]m is
the content of titanium on silica gel after m treatment
cycles related to 1 g of anhydrous silica [1] (see table).
It is seen from Fig. 2a that the points corresponding to
m � 5 belong to the straight line outgoing from the
origin. Thus, the effective thickness of a titanium
oxide nanolayer on the silicon surface and the titani-
um content on the silica gel surface are proportional to
each other at m � 5. The absence of proportionality at
m < 5 is attributable to a smaller density of these

deff, nm (a)

[Ti]m, mmol (g SiO2)�1

(b)
CSi, at. mm�2

Csig, at. nm�2

Fig. 2. Correlation of the (a) effective thickness of titanium
oxide layer deff on the silicon surface with titanium content
[Ti]m on the silica gel surface and (b) calculated amounts
of titanium atoms per unit surface area of silicon CSi and
of silica gel Csig for equal numbers of MLD cycles.
(a) Figures at points denote cycle numbers.

layers compared to the density of the layers formed
at m � 5.

As we have found that the thickness of a titanium
oxide nanolayer on the silicon surface is proportional
to the titanium content on the silica gel surface, it was
of interest to compare the amounts of titanium per
unit surface area on silicon and silica gel for an equal
number of MLD cycles.

The number of titanium atoms per unit surface area
of silicon CSi can be calculated by the formula

deff	CSi = ����NA, (1)
MTiO2

where deff is the effective film thickness; 	, film
density (which was taken at m � 5 to be equal to the
anatase density of 3.83 g cm�3 [21]); NA, Avogadro
constant; and MTiO2

= 79.90 g mol�1, molar weight of
TiO2.

The number of titanium atoms per unit surface area
of silica gel can be estimated from the data on the



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

1064 DOROFEEV et al.

Chemical composition and specific surface area of titanium-containing silica gel
������������������������������������������������������������������������������������

m
� [Ti]m, mmol g�1 � Ssp, m2 g�1 � Fraction of SiO2 � [Ti]m, � Ssp, m2 g�1 (g SiO2)�1

� [1] � [2] � in product [1] � mmol (g SiO2)�1 [1] � (our calculation)
������������������������������������������������������������������������������������

0 � 0 � 270 � 0.969 � 0 � 279
1 � 0.97 � 239 � 0.893 � 1.09 � 268
2 � 1.52 � 224 � 0.835 � 1.82 � 268
3 � 2.16 � 200 � 0.784 � 2.76 � 255
4 � 2.73 � 195 � 0.744 � 3.67 � 262
5 � 3.21 � 160 � 0.710 � 4.53 � 225
6 � 3.63 � � � 0.683 � 5.31 � �

7 � 3.95 � � � 0.659 � 6.00 � �

8 � 4.21 � � � 0.641 � 6.57 � �

9 � 4.41 � 140 � 0.633 � 6.96 � 221
10 � 4.51 � � � 0.629 � 7.17 � �

������������������������������������������������������������������������������������

chemical composition and specific surface area of
titanium-containing silica gels [1, 2] (see table). The
specific surface area of titanium-containing silica gels
significantly decreases during the synthesis [2] (see
table). However, the decrease in the sample specific
surface area is caused not only by a change in the
porous space geometry, but also by the weight gain
upon layer deposition [25, 26]. For example, if a film
grows on a sample with a flat surface, its surface
area will not change; however, the specific surface
area will decrease because the surface area would be
related not to the initial sample weight, but to the total
weight of the starting sample and the film. For this
reason, to find true relations of surface areas of titani-
um-containing silica gels, they were related to the
weight of anhydrous silica gel, which remains un-
changed during the synthesis (similarly to the values
of [Ti]m referred to 1 g of SiO2 in [1, 2, 10]). The
recalculation was fulfilled by dividing Ssp of samples
by the fraction of anhydrous silica in them (see table).
The resulting Ssp values [m2 (g SiO2)�1] are given
in the table. It is seen that the surface areas of titani-
um-containing samples referred to the weight of
anhydrous silica change upon layer deposition only
slightly. For approximate calculations, the average
value Sav = 250 m2 (g SiO2)�1 can be used. In this
case, the number of Ti atoms per unit surface area of
silica gel Csig can be calculated by the formula

[Ti]m NA
Csig = �������, (2)

Ssp

where [Ti]m values are expressed in moles per gram
of SiO2.

The relationship between the numbers of titanium
atoms per unit surface area of silica gel and silicon is

shown in Fig. 2b in the coordinates CSi�Csig. These
numbers were calculated by formulas (1) and (2) for
equal numbers of MLD cycles starting from m = 5.
The relationship is reasonably described by the
equation CSi = 0.4 + 1.0Csig (rms deviation 
 =
0.26 at. nm�2). Hence, the numbers of titanium atoms
per unit surface area of silicon and silica gel for the
same number of MLD cycles are virtually the same,
which suggests that there is a certain similarity in
molecular layer deposition of titanium oxide nano-
layer on the oxidized silicon surface and on silica gel.

Earlier [27] we have drawn similar conclusions
when comparing the amounts of Cr per unit surface
area of chromium oxides synthesized by MLD tech-
nique on the silica gel surface and on silicon carbide
particles. Silicon carbide is known to be coated with
an SiO2 film with a thickness of up to 10 nm. After
the first MLD cycle, the chromium concentrations per
unit surface area on silicon carbide and silica gel were
almost equal.

CONCLUSIONS

(1) According to the ellipsometric data, the molec-
ular layer deposition of a titanium oxide nanolayer
damps in the range 200�235�C. After ten molecular
layer deposition cycles, the formation of the nanolayer
practically stops. In this case, the nanolayer thickness
attains 0.60�0.67 nm.

(2) The initial stage of formation of titanium oxide
nanolayer was studied ellipsometrically. An assump-
tion was made that the layer was compacted after five
molecular layer deposition cycles.

(3) Taking into account previous data on the syn-
thesis of titanium oxide nanolayers on the silica sur-
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face, it was proposed that the processes of molecular
layer deposoition on the oxidized surface of single-
crystal silicon and silica gel are similar.
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Abstract�Aqueous solutions of sodium and potassium chlorides were studied by a diffraction method.
The effect of cations on the structure of water was considered from the viewpoint of this method. The size of
supramolecular structures and the number of water molecules per salt formula unit in solution were estimated.

The choice of aqueous solutions of sodium and
potassium chlorides as objects of our study was
caused by an important role of these systems in natu-
ral physicochemical, physiological, and biological
processes, in geological research, and also by their
wide industrial use [1�3].

It is known that even slight amounts of an electro-
lyte added to water change its physical and physico-
chemical properties because of changes in its struc-
ture. Presently Frank�Ibsen�Wen model [4] based
on a dominating role of free water is used to describe
structural changes in moderately concentrated solu-
tions. Influence of electrolyte ions on water is ac-
counted for from the viewpoint of the hydration
theory.

In going to concentrated solutions, this approach
becomes inapplicable, as the reasoning concerning the
intrinsic structure of water in such solutions loses
sense. Apparently, to study structures of concentrated
solutions, alternative approach and model representa-
tions are required, and previously we have developed
such a model [5�8]. This approach is based on the
comparison of changes in the physical and chemical
properties with the shape of the solubility polytherm
of a salt. This approach allows us to divide the entire
concentration range of the solution existence into
zones with various dominating structures (cybotactic
groups) corresponding to structures of solid phases
crystallizing from the solution upon decreasing tem-
perature: water, a crystal hydrate with a definite com-
position, or an anhydrous salt.

Results of cryoscopic, Raman-spectroscopic, vis-
cometric, and calorimetric studies of solutions in wide
concentration ranges provide indirect information on
their structure; they point to structural reorganizations

in systems occurring as concentrations of compo-
nents change. According to the developed theory, such
results allow us to make assumptions on the intercon-
versions in a solution. To obtain more comprehensive
information about a solution structure and to develop
further the model views, we have proposed to use
a modification of the X-ray diffraction method. The
feature of this experiment consists in the fact that
the measurements are carried out in a wide range of
2� angles and that the result is the dependence of the
dispersion intensity on the dispersion angle I(2�),
whereas when liquid systems are studied by the usual
X-ray diffraction method, the scattering under small
angles (2� < 6�) is considered and the diffraction
patterns are presented as radial distribution curves
dI(2�) [9]. In so doing, average distances between
particles are estimated.

We pursued different aims when studying solutions
by the diffraction method. The method used in this
work furnishes new information on the structure of a
system as a whole. The X-ray phase experiments have
been carried out earlier for several electrolyte solu-
tions [10]. The results of these experiments have
shown that this method is sensitive to structural
changes in solutions and makes it possible to follow
the effect of an electrolyte (as its concentration in-
creases) on the structure of water.

EXPERIMENTAL

To prepare solutions, we used chemically pure
grade salts and distilled water. The titration with a
solution of mercury nitrate with diphenylcarbazone
indicator was used to determine the concentration of
chloride ions. Dilute solutions were prepared by
volumetric dilution of saturated solutions.
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Diffraction patterns were measured on a DRON-2.0
difractometer with an Ni filter and CuK� radiation.
Mode of the tube operation: I = 8 mA, U = 18 kV,
sweep rate 1 deg min�1. A sample was transferred
with a syringe into an 1 ml duralumin cell, equipped
with a window made of 0.2-mm beryllium foil. The
spectra were measured in the range of angles � from
4� to 24� at room temperature.

The diffraction patterns of pure water and solutions
of alkali metal chlorides with various salt concentra-
tions are shown in Figs. 1�3. Narrow lines (five lines)
in the region of large angles (2.45, 2.19, 2.07, 1.99,
and 1.92 �) belong to beryllium. In the diffraction
pattern of pure water (Fig. 1), a wide and strong peak
(halo) is observed at 3.14 �, and a less intensive halo,
at 2.32 �. Their positions coincide with the positions
of maxima of lines in the diffraction pattern of ice
of tetragonal symmetry, i.e., the spectrum of water
consists of wide lines of ice, which points to the
absence of long-range order and the presence of short-
range order in the structure of pure water.

The obtained diffraction patterns of solutions of
sodium and potassium chlorides show certain regular
trends.

An increase in the electrolyte concentration results
in a reduction of the intensity of the water halo, its
broadening, and shift of its maximum toward larger
angles �. It is indicative of gradual break of the in-
trinsic structure of water and increasing disorder in
solution. The reduction of the halo intensity occurs
up to a certain salt concentration, after which the
intensity remains practically unchanged.

The data on sodium chloride solutions are shown
in Fig. 2.

When the salt concentration increases from 0.35 to
1.97 M, the intensity of water halo decreases fairly
sharply; with the further increase in the molarity of
sodium chloride, the dependence becomes smoother,
and in solutions close to saturation the intensity
changes insignificantly. It seems to be indicative of a
temporary structural constancy. Despite the sharp de-
crease in the intensity in dilute solutions, the half-
width of the peak (30�31 mm) remains virtually un-
changed (compared to that in pure water) up to �5 M
concentration of the salt. This indicates that no ap-
preciable structure break takes place in the sodium
chloride solution up to its �5 M concentration, i.e.,
the structure existing at that moment appears to be no
less ordered than that of pure water. Only at the salt
concentration of 4.61 M the half-width of the halo
increases (to 34 mm); this concentration corresponds

�, deg
Fig. 1. Diffraction pattern of liquid water: (I) intensity and
(�) scattering angle. Spacings are given in �.

Fig. 2. Diffraction pattern of sodium chloride solutions.
Solution concentration (M): (1) 0, (2) 0.35, (3) 1.07,
(4) 1.90, (5) 3.00, (6) 3.8, (7) 4.61, and (8) 5.32.

to the eutectic concentration of sodium chloride
(4.7 M [11]).

The decrease in the intensity of water halo with in-
creasing concentration of potassium chloride in solu-
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Fig. 3. Diffractoin patterns of potassium chloride solu-
tions. Solution concentration (M): (1) 0, (2) 0.71, (3) 1.07,
(4) 1.97, (5) 2.83, (6) 3.63, and (7) 4.41.

c, M
Fig. 4. Variaiton of the number of water molecules N per
formula unit of (1) KCl and (2) NaCl with the molar con-
centration of the salts in solution c.

tions is not so sharp as in the case of sodium chloride.
However, broadening of the halo is observed already
at a minimal salt concentration (Fig. 3). Thus, potas-
sium chloride starts to break the water structure at
once.

We have calculated approximate sizes of supra-
molecular structures dominating in solution from the
X-ray diffraction patterns using the Debye�Scherrer
formula [12]

L = � (Bcos�),

where � is wavelength, �; B, half-width of halo, rad;
and �, scattering angle, deg.

The size of associates in pure water is approximate-
ly 30 �.

The size of structures in solutions with posteutectic
concentrations can be estimated similarly. For exam-
ple, the size of structures existing in the 5.32 M solu-
tion of sodium chloride is 26 �, and in the 3.63 M
solution of potassium chloride L = 33 �. We believe
that these values are quite reasonable but rather ap-
proximate, as the wider the halo and the lower its
intensity (which, as a rule, is observed in concentrated
solutions), the higher is the error in the B determina-
tion.

We believe that the composition of such structures
(cybotactic groups) determines the composition of
crystal unit cells of a substance, i.e., a cybotactic
group in a solution is a combined modular structure
containing many molecules. To form a crystal unit
cell, a suitable environment is necessary, which arises
even in a concentrated solution when structurally
induced processes become to prevail. However, condi-
tions for the formation of the corresponding environ-
ment are realized within fractions of seconds as we
deal with a liquid system where chaotic thermal,
translation, and rotation motions take place. There-
fore, a cybotactic group is an associate having a short
lifetime, which is insufficient for congestion of similar
groups in the same place and thus for the formation of
a solid phase.

The analysis of diffraction patterns allowed us to
determine the number of water molecules per salt
formula unit in solution according to the formula

[(Iw � Ii) �55.56/Iw]/c,

where Iw is the intensity of scattering in water (in
a halo maximum), mm; Ii, intensity of scattering
in a sample (in solution), mm; (Iw � Ii) �55.56/Iw,
number of water moles from the water structure con-
sumed for the salt hydration; and c, molar concentra-
tion of the solution.

The dependence of the number of water molecules
per salt formula unit on its molar concentration is
given in Fig. 4.

It should be noted that the dependence is not mono-
tonic: the number of water molecules changes more
sharply at low concentrations, and at higher concentra-
tions it is smooth, gradually approaching a constant
number. This points to the prevalence of the corre-
sponding structure in solution. Figure 4 shows that
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there are approximately seven water molecules per
formula unit of sodium chloride in the saturated solu-
tion. Practically the same value (7�8) was also found
for potassium chloride in saturated solution (at 25�C).
It should also be noted that in the region of low con-
centrations the effect of K+ cations on the water struc-
ture is pronounced much more strongly, which is at-
tributable to the negative hydration power of these
ions, whereas Na+ cations are on the border between
positive and negative hydration and do not exert pro-
nounced structure-making or structure-breaking effect
on water.

CONCLUSIONS

(1) X-ray diffraction patterns show how cations
affect the water structure as an electrolyte is concen-
trated and allow estimation of the number of water
molecules per formula unit of a solute and the size of
cybotactic groups dominating in the solution.

(2) X-ray diffraction once again revealed a differ-
ence in the nature of Na+ and K+ ions in the region of
dilute solutions, caused by their different hydration
power. It is very important that, within the framework
of a single experiment, we were able to observe all
features of changes in the structure of solutions of
such simple salts. It is clearly seen that the distinction
in the nature of sodium and potassium ions is com-
pletely leveled off in going to high concentrations
owing to the M+�Cl� ion�ion association and to the
origination of microheterogeneity in solutions.

(3) X-ray diffraction is one more tool for studying
liquid systems; it furnishes qualitatively new informa-
tion on the structure of a solution as a whole.
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Abstract�The behavior of scandium compounds in going from alkaline solutions to carbonate and hydrocar-
bonate solutions was studied. The possibility of coprecipitation of scandium(III) complex carbonate with zinc
oxide was examined.

Integrated use of mineral raw material and develop-
ment of low-waste processes become urgent in view
of environmental protection. The possibility of scan-
dium recovery from large-volume technogenic depos-
its from aluminum production is of particular interest.
Such valuable components of bauxites as scandium,
titanium, zirconium, yttrium, and lanthanides are
almost completely concentrated in waste products
after pressure leaching. A chemomineralogical analy-
sis supported by laboratory studies has shown that the
technology of recovery of scandium compounds from
bauxite processing products and of scandium separa-
tion from concomitant components is largely sim-
plified when scandium(III), which is weakly bound to
macrocomponents, is converted to a carbonate com-
plex. To find the optimal process conditions, we have
studied scandium-containing alkaline carbonate and
carbonate�hydrocarbonate systems.

Published data on the solubility of scandium(III)
hydroxide in alkaline solutions are contradictory,
probably owing to distinctions in experimental condi-
tions [1, 2]. The behavior of scandium(III) in solu-
tions of alkali metal carbonates and hydrocarbonates
has been studied in more detail [3, 4]. We found no
published data on the solubility of scandium(III) com-
pounds in hydrocarbonate�carbonate (NaHCO3�
Na2CO3) solutions with low content of free alkali,
which are required for understanding the scandi-
um(III) behavior in processing of red mud by a soda�
alkaline technology.

EXPERIMENTAL

When studying solubility of scandium(III) hydrox-
ide in the above systems, we used chemically and

analytically pure grade NaHCO3, Na2CO3, NaOH,
and ZnO as starting chemicals. Scandium(III) hydrox-
ide was prepared from scandium oxide of the OS-99.0
grade. The scandium content was determined by
EDTA titraiton or by photometry with Xylenol Orange
as indicator. Zinc was determined quantitatively by
complexometric titration with Eriochrome Black T as
indicator. The concentrations of carbonates and hy-
drocarbonates were determined by volumetric titration
with Methyl Red and phenolphthalein indicators, and
that of free alkali, with phenolphthalein in the pres-
ence of barium chloride.

An alkaline solution of Sc(III) was obtained by
heating a mixture of Sc2O3 and sodium hydroxide in a
platinum cup on a sand bath with a minimal amount
of water to homogenize the mixture and to increase
the reaction surface area, and then the mixture was
sintered at 400�C for 6�8 h. The cake was leached
with double-distilled water, transferred into hermeti-
cally sealed polyethylene vessels, and kept at 18�20�C
to reach the equilibrium. The liquid phase was sam-
pled using a centrifuge. Carbonate systems were pre-
pared by mixing scandium(III) hydroxide and the cor-
responding amount of sodium carbonate in 100 ml of
a solution in a glass vessel and keeping it at room
temperature to reach the equilibrium.

The IR absorption spectra were taken from samples
prepared as mulls in mineral oil. We also used a dif-
fuse reflection attachment. The spectra were obtained
on a Perkin�Elmer Fourier IR spectrometer (450�
3000 cm�1). The thermal stability of the scandium
complex compound was evaluated by differential ther-
mal and thermogravimetric analyses on a Q-1500
derivatograph at a heating rate of 10 deg min�1.
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The curve of scandium(III) solubility in alkaline
solutions can have one or two maxima at quite dif-
ferent concentrations of sodium hydroxide, and the
maximal solubility also varies over a wide range.
The experimental solubility curve largely reproduces
the initial branch of the curve given in [1]. We studied
the saturation of alkali liquors with scandium(III) for
3 months. Probably, the saturation curve in Fig. 1,
which was obtained after 3-month keeping of the solu-
tions, is not equilibrium. Our experiments confirm
the published data that the equilibrium between a
solution and a solid phase at 18�20�C is attained very
slowly (in 3 months and more) and that scandium(III)
can form stable colloidal solutions, which complicates
the experiment. According to Ivanov-Emin et al. [1],
the autoclave treatment of a mixture of scandium
oxide and sodium hydroxide at 160�180�C results in
the reduction of the time required to reach an equi-
librium to 20�40 days.

In going from alkaline to carbonate and then to
hydrocarbonate solutions, the solubility of scandi-
um(III) hydroxide grows singnificantly. It also grows
as the concentration of the hydrocarbonate solutions
increases (Fig. 1). The equilibrium in the systems was
reached within two weeks. The resulting solubility
curves are located somewhat lower than the curves
described in the literature; however, in general, they
agree well with each other.

As the concentration of hydroxide ions in solution
increases, the content of scandium(III) considerably
decreases. The influence of the concentration of OH�

ions on the solubility of scandium hydroxide was
demonstrated with sodium carbonate solutions con-
taining various amounts of NaHCO3, Na2CO3, and
NaOH [3]. The solubility sharply decreasesd (approxi-
mately from 5 to 2.2 �10�3 g l�1 Sc2O3) as the molar
ratio Na+/CO3

2� increased from 1.5 to 3.0. The further
increase in the concentration of OH� ions only slight-
ly increased the solubility: to 5.8 �10�3 g l�1 at
Na+/CO3

2� = 3.5 [3, 4]. These data show that the
content of scandium(III) oxide can reach 3 g l�1 in
carbonate solutions in the presence of OH� ions (at
Na+/CO3

2� = 2.0�3.0).

Our experiments gave somewhat different results.
Solutions were prepared by adding sodium hydroxide
to the starting concentrated solution (solution A) con-
taining 80 g l�1 of NaHCO3 and 12.8 g l�1 of Sc2O3
and keeping the solutions at room temperature for
2 weeks. The scandium solubility regularly decreased
and reached the minimal value of 7 �10�3 g l�1 of
Sc2O3 at Na+ : CO3

2� = 2 (Fig. 2). At the molar ratio

cNa2O, g l�1

S, g l�1

Fig. 1. Soluibility S of scandium oxide as a function of
Na2O concentration cNa2O in solutions of (1, 1�) NaOH,
(2, 2�) Na2CO3, and (3, 3�) NaHCO3. Data: (1�3) our ex-
periments, (1�) form [1], and (2�, 3�) from [3].

S, g l�1

Fig. 2. Solubility of Sc2O3 as a function of the molar ratio
Na+/CO3

2� in NaHCO3�Na2CO3�NaOH solutions.

Na+/CO3
2� < 2, the solubility of scandium hydroxide

grew as the concentration of CO3
2� ions increased

owing to the ability of scandium to form complexes.
In the presence of even insignificant amount of alkali
in the carbonate solution at Na+/CO3

2�
� 2, scandium

carbonate complexes are unstable, whereas scandium
hydroxo compounds are poorly soluble and are stable
only in the presence of a large excess of NaOH. We
note that the scandium(III) concentration in NaHCO3
solutions is much higher than in the carbonate solu-
tion with the same concentration of CO3

2�.

We have isolated transparent crystals of the com-
plex scandium carbonate Na5Sc(CO3)4 �18H2O as
prisms of up to 2 mm length from solution A cooled
to 3�5�C and kept for 5�7 days. In time, the crystals
grew together to form druses. The structure of this
compound was proved by X-ray phase analysis.

We studied the thermal stability of the resulting
crystal hydrate using differential thermal and thermo-
gravimetric analyses. The decomposition occurs in
several stages; first, 10 mol of water of crystallization
is removed on heating to �150�C, which corresponds
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T

�, cm�1

Fig. 3. IR spectra of (1) Sc(OH)3 prepared from OS-99.0-
grade Sc2O3, (2) solution A, (3) precipitate in equilibrium
with solution A, (4) Na5Sc(CO3)4 �11H2O, (5) precipitated
Zn�Sc concentrate, and (6) Zn�Sc concentrate treated
with 10% NaOH solution. (T) Transmission and (�) wave
number.

�, %
pH

T > 80�C

T = 30�C

Fig. 4. Precipitation of scandium from solutions as in-
fluenced by the Na+/CO3

2� raito, temperature, and solution
pH. Starting solution 1 M NaHCO3, 20 mg l�1 of Sc2O3,
time 2 h. (cSc2O3

) Sc2O3 content and (�) degree of precipi-
tation.

to the weight loss of 10.1%. In the range 230�340�C,
the weight loss is 7.1%, and further, up to 430�C, it is
10.7%. Water and CO2 are lost in these stages simul-
taneously, and the complex anion is destroyed.

The existence of a complex compound in solutions
under study was proved by the IR spectra of solu-
tion A and of the precipitate in equilibrium with it.
We also carried out potentiometric titration of 1 M
solution of NaHCO3 containing 0.87 g l�1 of Sc2O3. It
was shown that scandium(III) ion coordinates four car-
bonate ligands. Some of these ligands are monodentate
and the others are bidentate bridging. In the IR spectra
of the hydrocarbonate solution of scandium(III), of the

corresponding precipitate, and also of scandium(III)
coprecipitated with zinc oxide from the hydrocarbo-
nate solution (Fig. 3), we can distinguish sets of
frequencies characteristic for coordinated carbonate
groups OCO2 with the symmetry reduced from D3h to
C2v. The band �3 (D3h) at 1420�1470 cm�1 is split to
�1 and �5 (C2v), with the strongest absorption bands
being �5 (monodentate) = 1400�1419 and �1 (biden-
tate) = 1506�1558 cm�1. The band �5 (bidentate) =
1347�1366 cm�1 corresponding to the bidentate coor-
dination of OCO2 groups is better pronounced in solu-
tion. In the lower-frequency region, there is the �2
band (C2v) at 1020�1090 cm�1 and the �1 band, which
is inactive in the IR spectra at the D3h symmetry.
A broad absorption band of water bending vibrations
at �1640 cm�1 is observed in the spectrum of the solu-
tion of the complex; it is also well resolved in the
spectrum of the crystal hydrate.

Weak absorption bands at 665�675 and 705 cm�1

in the spectra of the solid products can correspond to
the vibrations of the Sc�O and O�Sc�O bonds, includ-
ing vibrations that involve oxygen atoms participating
in the coordination bond of scandium with water
molecules or carbonate groups. It is assumed that a
part of carbonate groups in the scandium(III) complex
carbonate act as bridging ligands participating in the
construction of reticular structures with voids, which
can be occupied by water molecules.

By varying the concentration and temperature (tak-
ing into account the kinetic factor), we found that the
optimal temperature for the complex formation in the
saturated hydrocarbonate solution is 40�50�C. We
studied the precipitation of scandium from a carbo-
nate�hydrocarbonate solution at various Na+/CO3

2�

molar ratios, solution temperatures, and lower starting
concentrations of scandium in solution. As the scan-
dium(III) content in the starting solution and tempera-
ture decrease, the pH at which the Sc(III) compound
starts to hydrolyze grows, i.e., a somewhat greater
consumption of alkali is required and the degree of
scandium(III) precipitation from the solution in the
time of the experiment slightly decreases (Fig. 4).

To precipitate scandium(III) from carbonate solu-
tions faster and more exhaustively, we suggested to
coprecipitate its compounds with basic zinc carbonate.
The precipitation was carried out under conditions of
complete conversion of the hydrocarbonate solution to
the carbonate solution, in the presence of a small
excess of alkali. The solubility of the zincate in such
solution is insignificant, and scandium(III) is captured
by the forming precipitate. It is recommended to carry
out the precipitation up to the excess NaOH concen-
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tration of 10�25 g l�1 at 70�80�C. These conditions
allow the residual scandium concentration in the
mother solution to be decreased 0.2 mg l�1 of
Sc2O3 [5].

The IR data suggest that scandium(III) is precipi-
tated as a mixture of basic scandium(III) carbonate
and the complex Na5Sc(CO3)4; no heteronuclear
zinc(II)�scandium(III) complexes are detected (Fig. 3).
The bands corresponding to the basic carbonate disap-
pear from the spectra of the zinc�scandium concen-
trate after washing it with a 10% solution of alkali to
remove zinc, and the intensity of the bands of the
complex decreases, but new bands appear, correspond-
ing to Sc(OH)3 which is insoluble in weakly alkaline
solutions. These data show that scandium carbonate
complexes do not exist in alkaline medium.

Based on the ability of scandium to form a soluble
complex compound with carbonate ions, we devel-
oped a scheme of recovering scandium(III) from red
mud, which is a waste product of alumina production.
The complex formation of scandium(III) with carbo-
nate anions makes it possible to use the equipment of
the basic production, which makes the method eco-
nomically and technologically attractive.

CONCLUSIONS

(1) The solubility of scandium(III) compounds in
pure and mixed solutions of sodium hydroxide, car-

bonate, and hydrocarbonate was studied. It was shown
that the solubility of scandium oxide decreases as
the content of hydrocarbonate decreases, and when
the free alkali appears, it falls down to 2.2 �10�3 g l�1

of Sc2O3.

(2) The existence of the scandium complex com-
pound Na5Sc(CO3)4 �nH2O in the hydrocarbonate
solution, in the solid phase in equilibrium with it,
and in the precipitate obtained by the coprecipita-
tion of scandium with zinc oxide was proved by
IR spectroscopy.
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Abstract�The physicochemical characteristics of 1,2-dibenzoylhydrazine relevant to precipitation of
copper(II) with this reagent were studied.

Symmetrical aliphatic 1,2-diacylhydrazines (DAHs)
of the general formula RC(O)NHNHC(O)R (R is
C3H7�C5H11) are potentially tetradentate complexing
agents suitable for concentration and separation of
metals and for wastewater decontamination from non-
ferrous metals (NMs) by flotation [1] and from Cu(II)
by precipitation [2]. DAHs are easily prepared and are
characterized by low toxicity and strong complexation
with NMs. However, these reagents are coordinated
with NMs at pH 9�11 considerably exceeding pH
of wastewater (5.5�8.7). It is reasonable to suggest
that replacement of an electron-donor alkyl radical
in a DAH molecule by an electron-acceptor radical,
e.g., phenyl radical, can increase the acidity of this
reagent and hence shift its complexation with NMs to
lower pH.

In this work we studied the physicochemical char-
acteristics of 1,2-dibenzoylhydrazine (DBH) and its
complexation with copper(II).

EXPERIMENTAL

1,2-Dibenzoylhydrazine was prepared by thermal
decomposition of the salt 2C6H5COOH �N2H4 �H2O
[3]. The main substance content in DBH prepared by
this procedure was no less than 97% as determined by
conductometric titration on an OK-102/1 conductom-
eter (Hungary) equipped with an OK-0902P bell-
shaped electrode [4]. The optical density of solutions
was measured on an SF-26 spectrophotometer and a
KFK-2 photocolorimeter; pH was measured on an
EV-74 ionometer equipped with glass and silver
chloride electrodes. The voltammetric curves of DBH
ethanol solutions were obtained in the dc mode on
a PU-1 polarograph with a three-electrode cell at room
temperature without deaeration. A platinum electrode

was used as an indicator electrode, and a platinum
plate, as an auxiliary electrode. The potentials were
measured relative to a saturated silver chloride elec-
trode. The IR spectra (mulls in Vaseline oil) were re-
corded on a Specord M-80 IR spectrometer. The ther-
mogravimetric curves were recorded on an MOM
(Model Q-1500, Hungary) derivatograph. The cop-
per(II) content in solutions was determined by the
extraction-photometric technique using extractable
Cu(II) complex with zinc diethyldithiocarbamate [5].

The DBH solubility in water and several other
solvents was determined as follows. A portion of
DBH was contacted with a solvent for 24 h at 20�
0.5�C. An aliquot of the liquid phase saturated with
DBH was sampled and dried in a drying oven at 105�
110�C, and the resulting dry residue was weighed. In
the case of 0.1 M aqueous KOH as solvent, the DBH
concentration in saturated solution was determined
from its optical density (� = 240 nm, 1-cm optical
cell) using a calibration curve. The DBH solubility in
the solvents used was as follows (g l�1): water 0.22,
2-methylbutanol 1.34, ethanol 5.22, p-xylene 0.48,
chloroform 0.02, and 0.1 M aqueous KOH 9.6. These
results show that the DBH solutions in both ethanol
and aqueous alkali can be used for precipitation
of Cu(II) and as collectors in Cu(II) recovery by
flotation.

The first and second DBH ionization constants
were determined spectrophotometrically [6]. Figure 1
shows the electronic absorption spectra of aqueous
DBH at different pH. The absorption bands of non-
ionized DBH molecules in water (spectrum 1) and
their ionized species in alkaline solutions (curves 2
and 3) in the range 300�320 nm considerably differ.
In order to calculate pKa1

and pKa2
of DBH, the de-
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pendence of the optical density D on pHeq at 325 nm
was studied (Fig. 2). Figure 2 shows that the plot of
D vs. pH has two inflection points. The inflection
points corresponding to the first and second steps of
DBH ionization are located within pH ranges 9�9.5
and 10.5�11.0, respectively [see Eq. (1)]:

C6H5�C�NH�NH�C�C6H5
�� ��
O O

H2L

Ka1
���� C6H5�C=NH�NH�C�C6H5

� ��
O� O

HL�

Ka2
���� C6H5�C=NH�NH=C�C6H5. (1)

� �
O� O�

L2�

The pKa1
and pKa2

calculated by the formulas pub-
lished in [6] are 9.22�0.04 and 10.8�0.3, respec-
tively. The comparison of these ionization constants
with those of aliphatic 1,2-diacylhydrazines, e.g.,
1,2-dipentanoylhydrazine (DPH) (pKa1

= 11.21�0.04,
pKa2

= 12.0�0.3) shows that DBH is a stronger acid
than DPH.

In order to determine the resistance of DBH to hy-
drolysis, a portion of DBH (0.05�0.08 mmol) was
dissolved in 1 M aqueous KOH (50 ml) at 60�0.1�C.
At intervals of 1, 2, 3, and 4 h, aliquots (5.0 ml) of
the reaction mixture were sampled, and their optical
densities were determined at � = 325 nm in a 1-cm
optical cell. We found that the optical density of the
DBH alkaline solutions does not change in the first
2 h and then gradually increases (for example, after
a lapse of 3 h, the optical density increases by 25%).
The DBH hydrolysis was monitored spectrophotomet-
rically at � = 325 nm, which corresponds to the
maximal difference between the optical densities of
dibenzoylhydrazine (DBH) and the main expected hy-
drolysis products: benzoylhydrazine (BH) and potas-
sium benzoate (PB) (Fig. 3). These species were
chosen assuming that DBH is hydrolyzed in an alka-
line solution by a mechanism identical to that of
aliphatic DAH, involving formation of benzoate and
hydrazine hydrate as the main products and benzoic
acid hydrazide as intermediate [7]. Figure 3 shows
that, if DBH were hydrolyzed by the above hypotheti-
cal mechanism, the optical density would decrease.
However, our experiments showed that base hydroly-

�, nm

Fig. 1. Electronic spectra of 4 �10�5 M aqueous DBH at
different pH. (D) Optical density and (�) wavelength; the
same for Fig. 3. pH: (1) 6.35, (2) 9.9, and (3) 10.45.

pHeq

Fig. 2. Optical density of 4 �10�5 M aqueous DBH vs. pH.
� = 325 nm and l = 1 cm.

�, nm
Fig. 3. Electronic spectra of (1) DBH, (2) benzoylhydraz-
ine, and (3) potassium benzoate (4.5 �10�5 M in 1 M aque-
ous KOH).

sis of DBH is accompanied by an increase in the
optical density. We believe that this opposite trend is
caused, at least in the first stage of hydrolysis, by
the redox reaction producing azo compounds:
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S, % cres, mg l�1

log �

tan � = 2.2

pHeq

Fig. 4. (1) Degree of Cu(II) precipitation with DBH S and
(2) residual Cu(II) concentration cres vs. equilibrium pH.
(3) Curve 1 after treatment with the technique of shifting
the solubility. Content: Cu(II) 63.5 mg l�1, ethanol solu-
tion of DBH 10�2 M; ammonia buffer solution: (NH4)2SO4
0.125 M + NH4OH 0.25 M, V 25 ml, and � 5 min.

S, %

cH2L, mM

Fig. 5. Degree of precipitation of Cu(II) S as a function of
DBH and DAH concentration cH2L. Cu(II) concentration
63.5 mg l�1; ammonia buffer solution: (NH4)2SO4
0.125 M + NH4OH 0.25 M, V 25 ml, and � 5 min. H2L:
(1) DBH, (2) DPH and (3) dibutanoylhydrazine in ethanol.

2C6H5�C�NH�NH�C�C6H5 + O2
�� ��
O O

�
� 2C6H5�C�N=N�C�C6H5 + 2H2O. (2)

�� ��
O O

Although the products of this reaction were not
identified by us and its true mechanism is unknown,
nevertheless, we established that DBH is chemically
stable in 1 M aqueous KOH at 60�C for at least the
first 2 h. At the same time, DPH under identical con-
ditions decomposes to 40% in the first 3 h [6].

The voltammetric curves of DBH (10�2 M) in 1 M
aqueous KOH were registered at the cathodic polariza-
tion at intervals of 1, 2, 3, 4 and 5 h. We found that
the height of polarographic waves decreases with time
due to electrochemical oxidation of DBH. The com-
parison of the voltammetric curves of DBH and DPH
[6] shows that these compounds have approximately
equal stability to electrochemical oxidation in 1 M
aqueous KOH.

Since the poorly soluble complexes of Cu(II) with
DBH are floatable only in the persence of a frother,
the DBH complexation with Cu(II) was studied by
a precipitation technique. Figure 4 shows that DBH
precipitates Cu(II) within the wide pH range and
the most complete precipitation (up to of 99.8%) is
reached within pH 6�10. With increasing ammonia
content to 0.5 M (pH �11), the degree of recovery of
Cu(II) decreases to 96% due to the competing forma-
tion of soluble Cu(II) ammonia complexes. Addition
of (NH4)2SO4 to 0.125 M does not noticeably affect
the precipitation of Cu(II).

Figure 5 shows the degree of precipitation of Cu(II)
as influenced by the content of DBH and aliphatic
DAH. The curve obtained with DBH has an inflection
point corresponding to Cu(II) : DBH ratio in the pre-
cipitate equal to unity. The plot of log � [� = Si(1 � Si)]
vs. pHeq shows that the precipitation of copper(II)
with DBH in the form of 1 : 1 complex is accom-
panied by liberation of two moles of [H+] per mole of
DBH, i.e., the precipitated complex contains L2�

anions.

The comparison of the precipitation curves pre-
sented in Fig. 5 shows that at equal pH DBH (curve 1)
more efficiently precipitates Cu(II) than do aliphatic
DAHs (curves 2 and 3). The efficiency of precipita-
tion of Cu(II) with DAHs from NH4OH + (NH4)2SO4
buffer mixture at pH 9�10 can be increased by adding
KOH to increase the degree of DBH ionization [2].
DBH, owing to its high acidity, precipitates 96% of
Cu(II) even at pH 5.

Thus, the precipitation of Cu(II) in the form of its
complex with DBH can be described by the equation

[Cu(NH3)4]2+ + H2L �
� CuL� + 2NH3 + 2NH4

+. (3)
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The residual Cu(II) concentration in the filtered
solution (pH 9.4), determined 5, 15, 30, and 60 min
after precipitation at Cu : DBH = 1 : 1, was constant.
These data show that 5 min is sufficient for ripening
of the CuDBH precipitate.

The Cu : DBH ratio in the precipitate was deter-
mined by conductometric titration as follows. 10�2 M
aqueous CuSO4 (5 ml) and distilled water (60 ml)
were poured into a 100-ml beaker, and then the am-
monia buffer solution was added dropwise until a blue
color of Cu(II) ammonia complex appeared. This solu-
tion was titrated by adding 0.2-ml portions of 10�2 M
DBH in alcohol. The curve of conductometric titration
has three inflection points corresponding to formation
of complexes with Cu : DBH ratios of 2 : 1, 1 : 1,
and 1 : 2.

We attempted to isolate the complexes of Cu(II)
with DBH from ammonia solutions at Cu : DBH
ratios of 1 : 1 and 1 : 2. In these experiments, 10�2 or
5 �10�3 M aqueous CuSO4 (50 ml) was placed in
a 250-ml beaker, and 10 M aqueous NaOH (2.8 ml)
and 2.5 M aqueous (NH4)2SO4 (5.2 ml) were added.
Thereafter, while stirring this mixture, 10�2 M DBH
in ethanol (50 ml) was added to each of these solu-
tions, and the resulting suspensions were allowed to
stand for 30 min. The precipitates were filtered off,
successively washed on the filter with hot water and
ethanol, and then air-dried.

The complexes precipitated at Cu : DBH ratios of
1 : 1 and 1 : 2 have green color and are poorly soluble
in water and common organic solvents. Their IR spec-
tra and thermogravimetric curves are identical. In the
IR spectra, instead of the absorption bands of NH
(3160 cm�1) and C=O (1670, 1635 cm�1) stretching
vibrations in the DBH molecule, the absorption bands
of the C=N (1520 cm�1) and C�O (1400 cm�1) vibra-
tions appear. These spectroscopic data confirm that
Cu(II) in the complexes under consideration coordi-
nates with double-deprotonated DBH molecule (L2�).

The thermogravimetric analysis shows that both
1 : 1 and 1 : 2 complexes are thermally stable up to
325�C. The elemental analysis shows that these com-
plexes have identical copper content. The complexes
prepared at Cu(II) : DBH = 1 : 1 and 1 : 2 con-
tain 20.85% and 20.73% Cu(II), respectively,
which is close to the calculated copper content in
Cu(C6H5OCNNCOC6H5), 21.06%.

Thus, although conductometric titration shows that
in aqueous ammonia the 2 : 1, 1 : 1, and 1 : 2 com-
plexes are formed, only the 1 : 1 complex was iso-

lated. The precipitation of Cu(II) in the form of this
poorly soluble complex can be used for quantitative
gravimetric determination of Cu(II).

In industrial flotation and precipitation of metals,
both the froth products and precipitates are commonly
dried and ashed. Therefore, the development of proce-
dures for reuse of the reagents is an important prob-
lem [8]. We found that, on treatment of the filtered
poorly soluble complex of Cu(II) with DBH with
0.25�2.0 M aqueous H2SO4, this complex is readily
broken down to give a white crystalline precipitate of
DBH and a filtered solution of CuSO4. This solution
was collected in a 25-ml volumetric flask, and water
was added the mark. A 5-ml aliquot of the filtered
solution was sampled, and the Cu(II) content was
determined by complexometric titration with EDTA
[9]. It was established that the complete DBH regen-
eration with aqueous H2SO4 is reached at H2SO4 con-
centration not lower than 0.5 M.

CONCLUSIONS

(1) Introduction of phenyl radicals into 1,2-diacyl-
hydrazines increases their acidity by two orders of
magnitude and enhances their chemical stability in
alkaline solutions.

(2) The complexes of 1,2-dibenzoylhydrazine with
Cu(II) are formed in ammonia solutions at pH within
5�8 without adding alkali, whereas aliphatic 1,2-di-
acylhydrazines are coordinated with Cu(II) at pH
9�10.

(3) Owing to low solubility of 1,2-dibenzoylhy-
drazine in water and aqueous acids, this reagent can
be recovered from its complexes with Cu(II) by treat-
ment with 0.5 M aqueous H2SO4.
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Abstract�The heat of solution of dimethylaminoarglabin methyl iodide C18H28O3NI at dilutions (mole of
salt/mole of water) of 1 : 75 000, 1 : 100 000, and 1 : 150 000 was determined by isothermal calorimetry.
The data obtained were used to calculate the standard heat of solution of the compound in an infinitely dilute
(standard) aqueous solution. The heats of combustion, melting, and formation of C18H28O3NI and 33 its
analogs were estimated by approximate methods of chemical thermodynamics.

Calorimetric methods, which are the primary source
of information in physical chemistry of solutions, are
the most commonly used in biochemical thermo-
dynamics [1]. A study of thermochemical and ther-
modynamic properties of terpenoids is of certain
theoretical and practical significance for their con-
trolled synthesis. In this respect, natural sesquiterpene
lactones, most of which possess a wide spectrum of
biological activity, are of interest [2]. Various phar-
maceuticals based on sesquiterpene lactones have
been and are being developed. For example, original
antitumor preparation Arglabin based on sesquiter-
pene lactone derived from Artemisia glabella Kar.
et Kir., growing solely in Central Kazakhstan, was
developed and applied in medicine [3]. The Arglabin
drug was registered in the Kazakhstan Republic,
and its registration in the Russian Federation is in
progress.

Thermochemical and thermodynamic properties of
sesquiterpene lactones of the general formula
C15H18O3 (including Arglabin) and its derivatives
have been studied previously [4].

EXPERIMENTAL

In this work, we studied experimentally the en-
thalpy of solution of dimethylaminoarglabin methyl
iodide C18H28O3NI in water.1 The structural formula
������������
1 The compound of the pharmacopoeia purity was prepared at

the Laboratory of Terpenoid Chemistry of the Institute of
Phytochemistry.

of dimethylaminoarglabin methyl iodide is presented
below:

The enthalpy of solution of the compound was
studied on a DAK-1-1A automated differential calor-
imeter at 25�C at dilutions (mole of substance/mole of
water) of 1 : 75000, 1 : 100000, and 1 : 150000.
The heat of solution was determined in the automatic
heat compensation mode. The thermal effects were
recorded with a KSP-4 self-recorder and IP-4 preci-
sion integrator. The time of the preliminary thermo-
stating of the substance was 2 h. The integrator drift
did not exceed three units of the last digit in 100 s.
Prior to the experiment, the instrument was calibrated
by Joulean heat. To do this, a calibrated voltage was
supplied to a built-in heater of the instrument, and the
released power was measured. The calibration of the
instrument was checked by measuring the heat of
solution of triply recrystallized potassium chloride
at dilutions (mole of salt/mole of water) of 1 : 1600,
1 : 2400, and 1 : 3200. The average heat of the KCl
solution in water (17860�283 J mol�1) agrees well
(to within 1.6�2.0%) with the known values of
17577�34 [5] and 17489�371 J mol�1 [6].
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Table 1. Enthalpy of solution of dimethylaminoarglabin
methyl iodide in water at various dilutions
����������������������������������������
C18H28O3NI weight, g � Qs, J � �Hm

s, kJ mol�1

����������������������������������������
Dilution 1:75 000

0.0016 � 0.100 � 27.06
0.0017 � 0.106 � 26.99
0.0018 � 0.113 � 27.17
0.0015 � 0.093 � 26.84
0.0015 � 0.094 � 27.13

Average �Hm
s (1) = 27.04�0.16

Dilution 1 : 100 000

0.0011 � 0.087 � 34.24
0.0012 � 0.094 � 33.91
0.0011 � 0.086 � 33.84
0.0012 � 0.096 � 34.63
0.0013 � 0.104 � 34.29

Average �Hm
s (2) = 34.18�0.51

Dilution 1 : 150 000

0.0008 � 0.085 � 45.99
0.0008 � 0.084 � 45.45
0.0009 � 0.092 � 44.25
0.0007 � 0.074 � 45.76
0.0007 � 0.074 � 45.76

Average �Hm
s (3) = 45.44�0.86

����������������������������������������

The experimental errors and uniformity of their
variance were calculated by the methods of mathe-
matical statistics using the Student and Bartlett tests
[7]. The results of the calorimetric study are presented
in Table 1.

Then, the experimentally obtained enthalpies of
dimethylaminoarglabin methyl iodide solution at vari-
ous dilutions were extrapolated to infinite dilution,
and the standard enthalpies of solution of the com-
pound in an infinitely dilute (standard) aqueous solu-
tion were calculated. Based on the equation �Hm

s =
fm1/2 (m is molal concentration), it was established [8]
that the dependence of the enthalpy of C18H28O3NI
solution, �Hm

s (kJ mol�1), on the molal concentration
is described by the relationship

�H m
s = 86.8 � 2206.0m1/2, (1)

from which the standard enthalpy of solution of
dimethylaminoarglabin methyl iodide in an infinitely
dilute (standard) aqueous solution was determined as
86.8�1.2 kJ mol�1.

To calculate the standard enthalpy of formation of
C18H28O3NI, its standard heat of combustion was

estimated using the Karash and Frost methods [9],
which are the most suitable procedures for taking into
account contributions of various groups in the mole-
cule to the heat of combustion.

The average enthalpy of combustion of C18H28O3 �
NI in liquid state, calculated by these two methods, is
�10792�134 kJ mol�1.

The �f H0
298.15 of C18H28O3NI(l) was calculated

using the average �H0
comb value by the Hess cycle

based on the reaction

2C18H28O3NI(l) + 47O2(g) = 36CO2(g) + 28H2O(l)

+ N2(g) + I2(g) � �H0
comb (2)

to be �300.3 kJ mol�1.

It should be noted that the Karash and Frost meth-
ods can be applied solely to calculating the enthalpy
of combustion �H0 of liquid hydrocarbons. The
required values of �f H0

298.15 of CO2(g) and H2O(l)
were taken from [10].

Since at standard temperature (298.15 K) the com-
pound studied is in the crystalline state, a need arises
to calculate �f H0

298.15 of its solid modification. To do
this, the �H0

m values of the compounds were estimated
by the empirical equation [11]

�H0
m = 44.4Tm � 4400. (3)

The �H0
m value of C18H28O3NI, calculated by

Eq. (3), is 16.7 kJ mol�1. From the equation

�fH
0
298.15[C18H28O3NI(s)] = �f H0

298.15[C18H28O3NI(l)]

� �H0
m, (4)

the standard enthalpy of formation of dimethylamino-
arglabin methyl iodide in the crystalline state was
calculated as �317.0 kJ mol�1.

The standard enthalpy of formation of C18H28O3NI
in aqueous solution was determined using the standard
enthalpy of solution of dimethylaminoarglabin methyl
iodide in standard (infinitely dilute) aqueous solution
by the equation

�f H0
298.15[C18H28O3NI(sol., H2O, stand. state)]

= �f H0
298.15[C18H28O3NI(s)] + �Hs

0; (5)

it was found to be �230.2 kJ mol�1.
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Table 2. Standard heats of formation of C18H28O3NI and its analogs
������������������������������������������������������������������������������������

Compound � ��fH
0
298.15, kJ mol�1 � Compound � ��fH

0
298.15, kJ mol�1

������������������������������������������������������������������������������������
C18H28O3NF � 497 �C18H28O3NNO2 � 283
C18H28O3NBr � 294 �[C18H28O3N]3PO4 � 1760
C18H28O3NCl � 334 �[C18H28O3N]4P2O7 � 2925
C18H28O3NClO4 � 309 �[C18H28O3N]2CO3 � 1009
C18H28O3NClO3 � 288 �[C18H28O3N]2C2O4 � 1172
C18H28O3NBrO3 � 276 �C18H28O3NAlO2 � 1080
C18H28O3NIO3 � 431 �C18H28O3NBO2 � 908
[C18H28O3N]2SO4 � 1251 �C18H28O3NReO4 � 1016
[C18H28O3N]2SO3 � 970 �C18H28O3NMnO4 � 752
[C18H28O3N]2SeO4 � 931 �[C18H28O3N]2Cr2O7 � 1890
[C18H28O3N]2TeO4 � 1115 �[C18H28O3N]2CrO4 � 1233
[C18H28O3N]2S2O3 � 1019 �[C18H28O3N]2WO4 � 1433
[C18H28O3N]2SeO3 � 829 �[C18H28O3N]2MoO4 � 1259
[C18H28O3N]2TeO3 � 859 �C18H28O3NVO3 � 1083
[C18H28O3N]2S � 319 �C18H28O3NNbO3 � 1262
[C18H28O3N]2Se � 360 �[C18H28O3N]3AsO4 � 1389
C18H28O3NNO3 � 388 � �
������������������������������������������	�����������������������������������������

The equation

�fH
0
298.15[C18H28O3N+(sol., H2O, stand. state)]

= �f H0
298.15[C18H28O3NI(sol., H2O, stand. state)]

� �f H0
298.15[I�(sol., H2O, stand. state)] (6)

was used to calculate the standard enthalpy of forma-
tion of the [C18H28O3N]+ ion in a standard aqueous
solution (�174.9 kJ mol�1). The �f H0

298.15[I�(sol.,
H2O, stand. state)] value necessary for calculation was
taken from a reference book [10].

The found �f H0
298.15[C18H28O3N]+ value in aque-

ous solution made it possible to calculate the standard
heats of formation of the C18H28O3NI analogs.

A method using the enthalpy increments, �fH
i
298.15,

for calculating �f H0
298.15 of inorganic salts has been

proposed in [12, 13]. The increments, or standard
constituents, are convenient for the calculation of
thermodynamic properties assuming their additivity.
In this case, the thermodynamic property of a sub-
stance is determined as the sum of the standard ther-
modynamic constants of its constituents (in the given
case, ions). The standard enthalpy of formation of the
crystalline salt was calculated by the formula [12, 13]

�fH
0
298.15[Mem(X�O�)n] = m�fH

0
298.15[Men+(sol., H2O,

stand. state)]K + n�fH
i
298.15(X�O�)

m�. (7)

To use the given formula, it is sufficient to know
the �fH

0
298.15[Men+(sol., H2O, stand. state)] values.

The values of the K parameters (proportionality coeffi-
cients) and �fH

i
298.15(X�O�)m� (the enthalpy in-

crements of the anions) are tabulated in [12, 13].
For the compound C18H28O3NI, scheme (7) can be
presented as follows:

�f H0
298.15[C18H28O3NI(s)] = �f H0

298.15[C18H28O3N+(sol.,

H2O, stand. state)]K + �fH
i
298.15(I

�). (8)

The calculated �fH
0 values for C18H28O3NI and

33 its analogs are presented in Table 2.

CONCLUSIONS

(1) The standard enthalpy of solution of dimethyl-
aminoarglabin methyl iodide in water was determined
by isothermal calorimetry.

(2) Its enthalpies of combustion and melting were
calculated. The standard heat of formation of the
cation [C18H28O3N]+ in aqueous solution was deter-
mined using the calculated and experimental en-
thalpies of solution of dimethylaminoarglabin methyl
iodide in standard aqueous solution.

(3) The standard heats of formation of C18H28O3NI
and 33 related compounds were calculated using the
method of ionic increments.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

1082 KASENOVA et al.

REFERENCES

1. Abrosimov, V.K., Agafonov, A.V., Chumakova, R.V.,
et al., Biologicheski aktivnye veshchestva v rastvo-
rakh: Struktura, termodinamika i reaktsionnaya spo-
sobnost’ (Biologically Active Substances in Solutions:
Structure, Thermodynamics, and Reactivity), Moscow:
Nauka, 2001.

2. Kagarlitskii, A.D., Adekenov, S.M., and Kupriya-
nov, A.N., Seskviterpenovye laktony rastenii Tsen-
tral’nogo Kazakhstana (Sesquiterpene Lactones
Derived from Plants of Central Kazakhstan), Alma-
Ata: Nauka, 1987.

3. Adekenov, S.M., Sesquiterpene Lactones Derived
from Kazakhstan Plants: Structure, Properties, and
Use, Doctoral Dissertation, Moscow, 1992.

4. Kasenov, B.K., Adekenov, S.M., Mustafin, E.S., et al.,
Zh. Fiz. Khim., 2002, vol. 76, no. 2, pp. 206�209.

5. Mishchenko, K.P., and Poltoratskii, G.M., Termodi-
namika i stroenie vodnykh i nevodnykh rastvorov elek-
trolitov (Thermodynamics and Structure of Aqueous
and Nonaqueous Electrolyte Solutions), Leningrad:
Khimiya, 1977.

6. Termicheskie konstanty veshchestv: Spravochnik
(Thermal Constants of Substances: Reference Book),
Glushko, V.P., Ed., Moscow: Nauka, 1982, issue 10,
part 2.

7. Spiridonov, V.P. and Lopatkin, A.A., Matematiche-
skaya obrabotka eksperimental’nykh dannykh (Math-
ematical Treatment of Experimental Data), Moscow:
Mosk. Gos. Univ., 1970.

8. Krestov, G.A., Termodinamika ionnykh protsessov v
rastvorakh (Thermodynamics of Ionic Processes in
Solutions), Leningrad: Khimiya, 1984.

9. Kazanskaya, A.S., and Skoblo, V.A., Raschety khimi-
cheskikh ravnovesii (Calculations of Chemical Equi-
libria), Moscow: Vysshaya Shkola, 1974.

10. Ryabin, V.A., Ostroumov, M.A., and Svit, T.F., Ter-
modinamicheskie svoistva veshchestv: Spravochnik
(Thermodynamic Properties of Substances: Reference
Book), Leningrad: Khimiya, 1977.

11. Morachevskii, A.G., and Sladkov, I.B., Termodinami-
cheskie raschety v metallurgii: Spravochnik (Thermo-
dynamic Calculations in Metallurgy: Reference
Book), Moscow: Metallurgiya, 1985.

12. Kasenov, B.K., Abishev, D.N, and Bukharitsyn, V.O.,
Termokhimiya shchelochnykh metallov (Thermo-
chemistry of Alkali Metals), Alma-Ata: Nauka, 1988.

13. Kasenov, B.K., Aldabergenov, M.K, and Pashin-
kin, A.S., Termodinamicheskie metody v khimii i
metallurgii (Thermodynamic Methods in Chemistry
and Metallurgy), Almaty: Rauan, 1994.



1070-4272/04/7707-1083�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 7, 2004, pp. 1083�1091. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 7,
2004, pp. 1098�1106.
Original Russian Text Copyright � 2004 by Rubtsov, Kazakov, Lempert, Manelis.

PHYSICOCHEMICAL STUDIES
������������������������ ������������������������

OF SYSTEMS AND PROCESSES

Kinetics and Mechanism of Thermal Decomposition
of Guanidinium Nitrate and Its Mixtures

with Ammonium Nitrate

Yu. I. Rubtsov, A. I. Kazakov, D. B. Lempert, and G. B. Manelis

Institute of Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka,
Moscow oblast, Russia .

Received December 15, 2003; in final form, April 2004

Abstract�The kinetics of heat release in thermal decomposition of guanidinium and ammonium nitrates and
their mixtures in the liquid phase in a calorimeter was studied. The kinetic equations of these processes and
temperature dependences of the kinetic constants in these equations were evaluated. The oxidation rate con-
stants of guanidinium and ammonium cations with molecular nitric acid in aqueous nitric acid solutions were
found; these constants were calculated by solution of the reverse problem for salt melts. The temperatures and
�H values of melting of the initial salts and their eutectic mixture were determined.

Ammonium nitrate (AN) is widely used in agricul-
ture as nitrogen fertilizer and as oxidant in production
of explosives and gas-generating fuel compositions.
Modification of AN using various additives to provide
the required physicochemical and energy properties of
the resulting compositions is urgent, especially for
fuels. One of possible ways of modification is addi-
tion to AN of other onium nitrates with negative
oxygen balance, which thus can act as fuels. Unfor-
tunately, many onium nitrates (hydrazinium, hydoxyl-
ammonium, urea, etc.) have poor thermal stability,
which hinders their practical use. One of the most
stable onium nitrates is, probably, guanidinium nitrate
(GN); the mixture of 2 mol AN and 1 mol GN has
zero oxygen balance. Initially, all the onium nitrates
thermally degrade through equilibrium dissociation to
form the initial base and nitric acid. As a rule, the rate
of decomposition is determined by the equilibrium
constant of dissociation of the nitrate into the base and
nitric acid and by the rate of oxidation of the corre-
sponding cation with a nitric acid molecule or by the
rate of thermal transformation of the base [1].

In aqueous solution, guanidine is a stronger base
(pK 13.6) than ammonia (pK 9.27) [2]. The pK values
can strongly change on passing from aqueous solu-
tions to the ionic nitrate melt. However, since the dif-
ference in pK in aqueous solutions is very large, we
assumed that it cannot be completely leveled off in
the melt, and thus the concentration of nitric acid in
GN should be significantly smaller than in AN. Data

on the rate of oxidation of CN3H6
+ ion with HNO3

molecule are lacking. Theoretically, this constant may
be noticeably higher than the rate constant of oxida-
tion of NH4

+ ion, which should significantly increase
the rate of GN thermal decomposition. Relatively high
melting point of guanidinium nitrate (214�C) indicates
that the rate of NG decomposition is lower as com-
pared with AN. Since at relatively high decomposition
rate determination of the melting point is virtually
impossible, the rate of GN decomposition at 214�C is
small. Some data on the rate of hydrolysis of CN3H6

+

ion at 240�300�C are given in [3]. It was found that
the nitrate ion does not participate in transformations
at water excess, whereas CN3H6

+ ion undergoes
autocatalytic hydrolysis to form CO2 and NH3 with
urea intermediate. From the rates of heat release from
liquid mixtures of AN and GN, it will be possible to
assess the feasibility of their processing, in particular,
the feasibility of granulation of these mixtures through
the melt, as it is often used for technical AN (fer-
tilizer).

EXPERIMENTAL

In this work we used analytically pure grade guani-
dinium and ammonium nitrates. The kinetics of heat
release in thermal decomposition of GN and AN was
studied with a DAK-1-2 differential dynamic calorim-
eter [4] using sealed glass ampules (2 cm3 volume)
completely accommodated in the working cell of the
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calorimeter and thus having no cold sections. The data
on the rate of heat release at thermal decomposition of
NA commercially produced as agricultural fertilizer
[1] showed that the process rate strongly depends on
the free volume of the system, due to the transfer into
the gas phase at elevated temperatures of certain frac-
tion of NH3 formed at reversible dissociation of the
nitrate into NH3 and HNO3. With NH3 removal from
the melt, the content of HNO3 in the melt and the rate
of thermal decomposition increase. To determine the
decomposition rate of the salt with the composition
closest to the stoichiometry, the process should be
performed at the smallest possible free volume to
exclude evaporation of NH3. However, under these
conditions, gaseous products formed by the salt de-
composition sharply increase the internal pressure and
the ampule can be broken. At 200�230�C, the glass
ampule (internal diameter 7�8 mm and wall thickness
1�1.15 mm) withstands internal pressure of up to
2 MPa and is broken at higher pressures. Owing to
this reason, our experiments on thermal decomposi-
tion of AN were interrupted in the initial stage of the
process, and the amount of the released gaseous
products and pressure in the ampule were evaluated
from the amount of the heat released. For comparison,
the kinetics of heat release in decomposition of GN
and its mixtures with AN were studied under the same
conditions, though the equilibrium guanidine pressure
over GN at the experimental temperatures is low and
the decomposition rate of pure salt is almost indepen-
dent of the free ampule volume. As for AN + NG
mixtures, this dependence becomes more pronounced
with increasing AN content in the mixture.

The phase transition temperatures required to eval-
uate the possibility of granulation of the AN + NG
mixtures through the melt (melting point of the eutect-
ic mixture Te and temperature of the complete melting
of the mixture Tf) were determined from the thermo-
grams recorded on a DAK-1-1 differential calorim-
eter in the linear heating mode. The experiments
began at temperatures lower than Te, when the mix-
ture components are solid, and finished at Tf, when
the heat absorption due to the salt melting was ter-
minated. The temperatures Te and Tf were determined
from the beginning and end of the heat absorption.
The rate of heat absorption in these steps changed
rapidly; the temperatures of the beginning and end of
the process could be determined with �1% accuracy.
The thermal effects of the phase transitions were cal-
culated by integration of the curves of heat absorption
registered during melting of the mixture.

The kinetics of the heat release in thermal decom-
position of pure GN and AN were studied in the

ranges 216.8�247.6 (Fig. 1a) and 201.0�230.7�C,
respectively. Comparison of the rates showed that, at
200�230�C, the initial rate of heat release in GN
decomposition is lower, compared to AN, by a factor
of 2.0�3.5. But this difference is not so large as it
should be expected if the difference in pK of CN3H5
and NH3 remained constant on passing to the salt
melts and the oxidation rate constants of the corre-
sponding cations were similar. Decomposition of
AN proceeds with self-acceleration determined by
accumulation of nitric acid in the course of the proc-
ess. The effect of HNO3 and H2O on the AN decom-
position was studied previously [5]. The initial de-
composition rate of reagent grade AN (W mol�1) is
close to that of granulated AN produced as fertilizer,
but the degree of self-acceleration is significantly
smaller. The resulting rate curves can be described
by the following kinetic equation:

dQ/dt = k1 + k2Q. (1)

A similar equation was used previously [5] to
describe the kinetics of heat release in AN decomposi-
tion, but in this case the self-acceleration began only
after release of 400�800 J mol�1 because of the pres-
ence of organic impurities in the sample oxidizable
with HNO3. The k1 values from Eq. (1) are given
below:

T, �C 201 209.6 216.8 223.6 230.7
k1�102, W mol�1 3.5 9.8 18 36 78
k2�105, s�1 6.4 8.1 8.9 9.4 10.5

The temperature dependences of the constants k1
and k2 are as follows:

k1 = 8.4 �1020 exp (�203 � 103/RT),

k2 = 0.21 exp (331.8 �103/RT).

We should note slower self-acceleration and low
activation energy of this process. The difference from
AN produced as fertilizer is probably due to the im-
purities, which decrease the hygroscopicity and hinder
phase transitions in AN. Moreover, the content of
water in the AN samples in question is probably
higher than in the fertilizer. We failed to remove water
without loss of NH3 by drying in air of small samples
at temperatures �100�C; as a result, the content of
HNO3 in the sample and the initial decomposition rate
increase. After drying of the sample for 3 h at 105�C,
the initial decomposition rate increases by a factor
of 4; no acceleration of the process was observed,
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(a)

t, min

(b)

t, min

Fig. 1. Kinetic curves of heat release dQ/dt in thermal decomposition of (a) GN and (b) GN + AN mixtures at 223.6�C. (t) Time.
(a) Decomposition temperature, �C: (1) 216.8, (2) 223.6, (3) 230.7, (4) 239.8, and (5) 247.6. (b) Mole fraction NAN: (1) 0.147,
(2) 0.356, (3) 0.690, (4) 0.810, (5) 0.905, and (6) 0.955.

because at relatively high initial concentration the acid
is not further accumulated. Our results confirmed
strong dependence of the rate of AN decomposition
on the salt stoichiometry, content of impurities, and
experimental conditions, found previously in [1].

The kinetics of heat release in GN thermal decom-
position differs from that in AN decomposition; no
self-acceleration is observed and the process rate
sharply decreases in the course of experiments. This is
obviously due to a change in the oxygen balance
in GN as compared to AN, with the corresponding
changes in the reaction pathways and products of
oxidative decomposition. Since one HNO3 molecule
cannot oxidize all the three amino groups and the
carbon atom in the CN3H6

+ molecule, GN is the oxi-
dant-deficient compound. As a result, various bases,
including probably NH3 and CN3H5, are accumulated
in thermal decomposition and not HNO3 as in the case
of AN. The equilibrium content of HNO3 will de-
crease due to the shift in the equilibrium of salt dis-
sociation to the acid and base with increasing total
content of bases. As a result, the rate of oxidation
with HNO3 will also decrease. The amount of heat
released during the experiments (Fig. 1a) is rather
small and comprises 4�12 kJ mol�1. This is signific-
antly smaller than the theoretical heat of GN decom-
position (460 kJ mol�1) at complete consumption of
oxygen in oxidation and formation of liquid water.
The greater fraction of GN remains unchanged, and

the rate of its decomposition is very small. This con-
firms that accumulation of bases (and not GN loss) is
the decisive factor responsible for the process de-
celeration.

Taking into account the above reasons concerning
the effect of the reaction products on the process rate,
the resulting rate curves of the heat release can be
described by the following kinetic equation:

dQ/dt = k/(b + f Q). (2)

The k /b value determines the initial decomposition
rate. The parameters of this equation obtained by
linearization of the experimental kinetic curves are
given below:

T, �C 216.8 223.6 230.7 239.8 247.6
k/b�102, W mol�1 5.4 16.4 20.4 36.7 79.0
k/f, J mol�2 s�1 9.9 17.6 32.2 64.4 143

Their temperature dependences are as follows:

k/b = 4.2 �1016 exp (�167.2 �103/RT),

k/f = 7.9 �1020 exp (�179.7�103/RT),

where k is the rate constant, dimensionless parameter
b, the initial content of CN3H5 (mole) formed in the
reverse dissociation of GN into base and acid; and
f, amount of base (mole) formed at release of 1 J heat
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due to decomposition of GN (mol J�1); fQ is the
dimensionless quantity.

Since in thermal decomposition of AN and GN the
salt consumption affects the process rate only in the
late stages, it was not taken into account in the kinetic
equation. Due to the features of the evaluation proce-
dure, we studied only the initial stages of the process,
when the degree of decomposition was lower than
10%.

The rate of AN decomposition sharply increases
during the process, whereas the rate of GN decom-
position decreases by virtually the same factor. As a
result, the difference in the decomposition rates of
these salts rapidly increases in the course of the ex-
periment, despite rather small difference in the initial
decomposition rates. The period required to attain
similar conversion for GN is significantly lower than
for AN. For example, after heat release from both
salts of 2000 J mol�1 at 230.7�C, their decomposition
rates differ by a factor of 20, whereas the initial rates
differ by a factor of only 3.5.

We studied the kinetics of heat release in thermal
decomposition of AN + GN mixtures of various com-
positions at 223.6�C; at this and the other tempera-
tures studied, all the mixtures are homogeneous liquid
solutions. Since the decomposition rate in the salt
mixture is determined by the equilibrium dissociation
of these salts and all the equilibrium reactions in solu-
tions are often expressed through the mole fractions of
components N, the experimental rates of heat release
were calculated per mole of solution, i.e., for a mix-
ture with sum of the amounts of components equal
to 1 mol. In such a solution, the mole fraction of
a certain component equals to its amount in moles.
The rate constants for pure AN and GN were also cal-
culated per mole of the compound. The kinetic curves
of heat release for AN + GN mixtures are shown in
Fig, 1b. As seen, in contrast to the self-acceleration of
decomposition of pure AN, the process rate gradual-
ly decreases on passing to the mixtures even at mole
fraction of GN of 0.1, with a sharper decrease at
higher GN content.

For the AN + GN mixture with 2 : 1 molar ratio,
the initial rate of heat release (W mol�1) in the 209.6�
247.6�C range was measured:

T, �C (dQ/dt)t = 0

209.6 0.16
216.8 0.20
223.6 0.86
230.7 0.54
239.8 1.1
247.6 1.7

and its temperature dependence was evaluated:

(dQ/dt)t = 0 = 1.9 �1013 exp (�130.0 �103/RT).

As will be shown below, the rate of heat release in
the salt mixture is determined by sum of the oxidation
rates of NH4

+ and CN3H6
+, and its temperature depen-

dence is given by the sum of the two corresponding
exponents. Therefore, the temperature dependence
presented is obviously formal and correct only in a
narrow temperature range; in other temperature ranges,
this dependence should change.

In the general form, the initial rate of heat release
in decomposition of pure NH4NO3 and CN3H6NO3 is
determined by the salt content and by the rate constant
and heat of salt decomposition. If the two salts in the
mixture decomposed independently, the initial rate of
heat release in the AN + GN mixture (per mole of the
mixture) would be determined by the sum of contribu-
tions of each salt component to the total heat release,
taking into account its content:

dQ/dt = kAN QAN NAN + kGN QGN NGN = kGN QGN

+ NAN(kAN QAN � kGN QGN), (3)

where kAN and kGN, QAN and QGN, and NAN and
NGN are the rate constants of decomposition, total
heats of decomposition, and mole fractions of the cor-
responding salts in the mixture.

Thus, constants in Eqs. (1) and (2) can be given as
follows:

k1 = kAN QAN, k/b = kGN QGN.

The dependence of the rate of the heat release
on the AN mole fraction should be linear, and the
extreme points should correspond to the initial rates
for the pure compounds. The dependence of the initial
rate of the heat release in the AN + GN mixtures on
the AN mole fraction is shown in Fig. 2. As seen, all
the experimental points lie above the straight line
connecting the initial rates of the heat release in de-
composition of the pure salts. The salts interact with
each other in the melt, but the deviations from the
straight line are not very large, and the rates of the
heat release in the AN + GN mixtures are fairly close
from that in AN. These results suggest that the safety
in treatment of liquid AN + GN mixtures (e.g., their
granulation through the melt) under similar conditions
is similar; at least, the difference is smaller than
the differences in the rates of heat release for various
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batches of commercial AN, differing by an order of
magnitude and more. If we take into account that no
self-acceleration is observed in the AN + GN mixtures
at NGN > 0.1 and the rate of heat release gradually
decreases, the probability of the runaway should be
smaller. At the same time, the specific conditions of
the process require specific calculations of its thermal
stability.

The data on the kinetics of AN thermal decomposi-
tion [1] showed that, at fairly high temperatures and
low concentrations of nitric acid (as in the AN melt),
this reaction proceeds through oxidation of NH4

+ with
molecular HNO3 and the kinetic equation can be
presented as follows:

dQ/dt = kNH4
+ QANcNH4

+cHA V 0
AN, (4)

where kNH4
+ is the oxidation rate constant of NH4

+

(cm3 mol�1 s�1), QAN is the heat of AN decomposi-
tion (J mol�1), cNH4

+ and cHA are the concentrations of
NH4

+ ions and HNO3 molecules (M), and V 0
AN is the

AN molar volume (cm3 mol�1).

If we denote the initial concentrations of NH4
+ ions

and HNO3 molecules as c0
NH4

+ and c0
HA, then

k1 = kNH4
+ QAN c0

NH4
+ c0

HAV0
AN.

Since at the process start c0
NH4

+V 0
AN = 1, then

k1 = kNH4
+ QANc0

HA.

Three series of experiments were performed to
determine the kNH4

+ QAN product. We measured the
initial rate of heat release in oxidation of NH4

+ ions
with solutions of nitric acid of various concentrations
at 198�C; the initial rates (W mol�1) obtained are
given below:

HNO3, wt % 20 25 30 32.5
(dQ/dt)t = 0 3.1 5.9 12.4 10.6

In these experiments, the concentration of NH4
+

ions in the mixture was much lower than the concen-
tration of HNO3 molecules; the concentration of nitric
acid did not noticeably change during the process.
Due to the decrease in the NH4

+ concentration, the first
reaction order was observed. The concentration of
nondissociated HNO3 molecules in the nitric acid
solutions was determined from the data given in [6].
Analysis of experimental data showed that the oxida-
tion of NH4

+ with HNO3 solutions in the given con-

(dQ/dt)t = 0, W mol�1

Fig. 2. Initial rate of heat release (dQ/dt)t = 0 in the AN +
GN mixture as a function of the AN mole fraction NAN at
223.6�C. (1) Experimental and (2) calculated from Eq. (7)
using kNH4

+ QAN and kGN+ QGN determined for aqueous
HNO3 solutions.

centration range proceeds as the first-order reaction
with respect to the concentration of HNO3 molecules.
Using the oxidation rates of NH4

+ ions with 32.5%
nitric acid solution at various temperatures

T, �C 183.0 188.0 193.0 198.0
(dQ/dt)t = 0 1.5 4.7 7.5 10.6

and the data on concentrations of nondissociated
HNO3 molecules [6], we determined the temperature
dependence of kNH4

+ QAN (W cm3 mol�2):

kNH4
+ QAN = 1.0 �1022 exp (�150 �103/RT).

It was found [7] that, at lower temperatures, another
oxidation mechanism involving N2O5 as oxidizing
agent is realized.

It could be expected that the mechanism of
CN3H6NO3 decomposition would be similar and the
rate of heat release in its decomposition would be
determined by the rate of CN3H6

+ oxidation with
HNO3 molecule. In the temperature range studied, no
thermal transformations of CN3H6

+ ion are observed
in the absence of water. This is confirmed by higher
stability of GN in comparison with AN. In this case,
the kinetic equation of the process rate (W mol�1) can
be given as follows:
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log (dQ/dt)t = 0 [W mol�1]

log c [M]

Fig. 3. Logarithm of the initial rate of the heat release
(dQ/dt)t = 0 in oxidation of the CN3H6

+ ion as a function of
the concentration of nondissociated HNO3 molecules c
at 172.4�C.

dQ/dt = kGH+ QGN cGH+ cHAV 0
GN. (5)

Correspondingly,

k/b = kGH+ QGN c0
GH+ c0

HAV 0
GN;

since at the process start c0
GH+V 0

GN = 1,

k/b = kGH+ QGN c0
HA.

The symbols and dimensions are similar to those
used in Eq. (4), but they refer to guanidinium ion
(GH+) and guanidinium nitrate (GN).

To check this assumption, we studied the kinetic
dependences of oxidation of CN3H6

+ ions with HNO3
molecules. About 0.01 g (8.3 �10�5 mol) of GN was
placed in an ampule containing about 1.1 g of 20.01�
39.03 wt % HNO3 [(3.5�6.8) �10�3 mol]. At such
a large excess, the loss of HNO3 in the oxidation does
not noticeably alter the initial concentration, and the
oxidation is described as a first-order reaction due to
the consumption of CN3H6

+ ions. The concentration of
nondissociated HNO3 molecules in solutions were
determined using the data given in [6]. The depen-
dence of the initial rate of heat release (W mol�1) on
the concentration of HNO3 molecules at 172.4�C is
shown in Fig. 3; it corresponds to the first-order reac-
tion with respect to molecular HNO3. We also studied
the dependence of the process rate on the concentra-

tion of CN3H6
+ ions in solutions (mol cm�3) at

182.4�C:

cGH+ �105 4.4 8.3 13.6 17.2
(dQ/dt)t = 0 76.8 73.1 68.4 67.5

In this case, the reaction is also first-order with
respect to cGH+ within the experimental error.

We studied the temperature dependence of the ini-
tial rate of heat release (W mol�1) in oxidation of
GH+ in the 159.3�182.4�C range at HNO3 concentra-
tion of 39.03 wt %.

T, �C 159.3 164.0 172.4 177.8 182.4
(dQ/dt)t = 0 17.2 23.4 25.6 50.2 73.1

Using these data and taking into account the con-
centrations of nondissociated HNO3 molecules in
solution, we obtained the temperature dependence of
kGH+ QGN (W cm3 mol�2):

kGH+ QGN = 8.4 �1018 exp (�112 �103/RT).

Comparison of the independently determined rate
constants of heat release in oxidation of NH4

+ and
CN3H6

+ ions in aqueous nitric acid solutions showed
that, at 223.6�C, the rate of CN3H6

+ oxidation is higher
by a factor of 8 than that of NH4

+ oxidation, and this
difference increases with decreasing temperature.

In the AN + GN melt, the rate of heat release can
be evaluated as a sum of the oxidation rates of NH4

+

and GN3H6
+ ions with molecular HNO3. The interac-

tion of AN and GN is obviously determined by com-
mon salt anion, changes in the equilibrium content of
HNO3 in the mixture in comparison with the initial
components, and difference in the oxidation rate con-
stants of NH4

+ and CN3H6
+ ions. In this case, the in-

crease in the content of HNO3 molecules in the mix-
ture in comparison with pure GN, at higher oxidation
rate constant of CN3H6

+, is probably decisive.

If we denote the equilibrium mole fractions of
NH3, HNO3, and CN3H5 as NNH3

, NAN, and NGN and
the constants of salt dissociation into base and acid as
KAN and KGN and neglect the variations in the mole
fractions of salt ions due to dissociation, because the
degree of salt dissociation into base and acid is low,
then the system of reactions of the reversible dissocia-
tion in the salt mixture can be presented as follows:

NH4NO3
�
� NH3 + HNO3,

KAN = NNH3
NHA /NAN;
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CN3H6NO3
�
� CN3H5 + HNO3,

KGN = NG NHA/NGN.

Since b = NG (i.e., mole fraction of the base in
the system) and for pure salt NG = NHA and NGN � 1
due to small degree of salt dissociation into base and
acid, then b = (KGN)0.5.

Solution of this system for the initial moment in
the absence of the reaction products gives the equi-
librium mole fraction of HNO3 in the system:

NHA = [KANNAN/(1 + a)]0.5 + [KGNNGN/(1 + a�1)]0.5,

a = KGN NGN/KANNAN. (6)

Since cHA = NHA/V 0, where V 0 is the molar
volume of the salt mixture, and similar expressions
can be given for all the system components, the final
expression [based on Eqs. (4)�(6)] for the dependence
of the initial rate of heat release in the AN + GN mix-
ture on its composition is as follows:

dQ/dt = {[KANNAN/(1 + a)]0.5 + [KGN NGN/(1 + a�1)]0.5}

� (kNH4
+ QANNAN + kGH+ QGN NGN)/V 0. (7)

For pure salts, the mole fraction of salt is 1 and the
initial rate of the process can be given as

(dQ/dt)AN = kNH4
+ QANKAN

0.5 /V 0
AN,

(dQ/dt)GN = kGH+ QGNKGN
0.5 /V 0

GN. (8)

To a first approximation, considering it as the addi-
tive value, the molar volume of the mixture can be
calculated as the sum of the molar volumes of the
initial salts:

V 0 = NANV 0
AN + NGNV 0

GN = V 0
AN + (V 0

GN � V 0
AN)NGN.

Using the temperature dependence of the density of
liquid AN [8], we calculated V 0

AN = 56.7 cm3 mol�1

at 220�C. Since data on the density of liquid GN are
lacking, we assumed the densities of AN and GN to
be equal, and thus V 0

GN = 86.5 cm3 mol�1.

The KGN and KAN values were calculated from
the initial rates of heat release in decomposition of
pure AN and GN using the experimental values of
kNH4

+ QAN and kGH+ QGN (obtained in studying cation
oxidation in HNO3). Now, using all the above data

and Eq. (7), we can evaluate the dependence of the
rate of heat release in the AN + GN mixture on the
AN mole fraction; this dependence is shown in Fig. 2
(curve 2). As seen, the real rates of heat release are
significantly lower than the calculated dependence.
Such a difference can be only due to the changes in
the oxidation rate constants of NH4

+ and CN3H6
+ ions

as compared to the values determined in this work for
aqueous HNO3 solutions.

The properties of the melt and aqueous solution of
nitric acid are strongly different; the melt is composed
virtually exclusively of the ions and has a low dielec-
tric constant (2�4), whereas the aqueous solution con-
tains many HNO3 and H2O molecules and its dielec-
tric constant is higher by at least an order of magni-
tude.Probably, the solvation of cations in these media
is different, which, in turn, should affect the rate con-
stants of their oxidation. Changes in kNH4

+ QAN and
kGH+ QGN should change the constants KAN and KGN
[see Eq. (8)], but the initial rates of heat release in the
salts are determined with relatively high accuracy.
Unfortunately, we failed to determine experimentally
the oxidation rate constants directly in the salt melts
in question due to the difficulties with dosed supply
of 100% nitric acid in the melt and, especially, due to
the lack of procedures for quantitative analysis of
nitric acid content in these melts. At the temperatures
studied, nitric acid can form complexes with the other
molten components and partially pass into the gas
phase. Hence, the reverse problem was solved: we
determined the kNH4

+ QAN and kGH+QGN values
(W cm3 mol�2) from the calculated dependence of
the rates of heat release taking into account Eq. (8)
provided that all the temperature dependences ob-
tained were preserved:

kNH4
+QAN = 5.0 �1022 exp (�150 �103/RT),

kGH+ QGN = 1.0 �1019 exp (�112 �103/RT).

For AN, these values are greater by a factor of 4.7
than those determined experimentally in aqueous acid-
ic solutions, and for GN, by a factor of 1.2. The
kNH4

+ QAN and kGH+ QGN values obtained by solving
the reverse problem should be used to calculate the
process rates in the melts, whereas the experimental
data obtained previously are correct for aqueous acid
solutions.

Using the calculated rate constants of heat release
and the initial rates of heat release in pure salts, we
obtained the following equilibrium constants of salt
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dissociation into base and acid:

KAN = 0.89 exp (�107 �103/RT),

KGN = 0.13 exp (�111 �103/RT).

At 200�C, KAN is greater by a factor of 20 than
KGN, which corresponds to the difference in the
basicities of NH3 and CN3H5 in the melts of the cor-
responding salts. Taking into account the fact that in
Eq. (2) b = (KGN)0.5, from the temperature depen-
dences of k/b and k/ f for NG decomposition we
evaluated the following temperature dependences

b = 036 exp (�55.6 �103/RT),

f = 1.9 �10�5 exp (�43 �103/RT) (mol J�1).

To assess the feasibility of granulation or other
treatment procedures of the AN + GN mixture through
the melt, we determined the melting temperature of
the eutectic mixture Te and the temperature of com-
plete melting of the AN + GN mixture (2 : 1 molar
ratio) Tf on a DAK-1-1 calorimeter in the linear heat-
ing mode at a heating rate of 5 �10�3 deg s�1. The
sample weights of the AN + GN mixture (2 : 1 molar
ratio) were 1.5 and 0.15 g. The experimental tempera-
tures (average of 5 measurements) were independent
of the sample weight: Te = 126.0�1 and Tf = 132.5�
1�C.

Unfortunately, experimental Te is close to the tem-
perature of the phase transition AN II � AN I (125�
126�C). The rate dependence of the heat release passes
through two very closely located maxima; i.e., the
phase transition and eutectic melting overlap. Though
melting probably begins at temperatures higher than
the phase transition by 1�1.5�C, their separation is
virtually impossible. To evaluate the possibility of
using the AN + GN mixture, it is important that the
mixture begins to melt at 126�C, and at lower tem-
peratures it is solid. The total amount of heat absorbed
upon melting of the mixture was determined by
numerical integration of the experimental curve of
heat absorption. The heat of the process per mole of
the mixture is independent of the sample weight, and
its average value is 10.0�0.4 kJ per mole of the AN +
GN mixture. According to published data [9], the
enthalpy changes comprise �Hpt = 4.43�0.42 and
�Hm = 5.64�0.63 kJ mol�1 for phase transition and
melting, respectively.

Since the enthalpy of melting of AN, 6.40 kJ mol�1,
was determined long ago [9] and could be inaccurate

and for GN such value was unknown, we evaluated the
enthalpies of melting of AN and GN on a DAK-1-1
calorimeter using the procedure similar to those used
for salt mixtures. We determined that AN melts at
169�1�C, with the enthalpy of melting �H = 6.35�
0.63 kJ mol�1; and these results well agree with pub-
lished data. For NG, the melting point was 215�1�C,
which is close to the value from [10], with �H =
18.4�1.3 kJ mol�1. To evaluate the possibility of the
phase transitions, the GN sample was heated in a
DAK-1-2 calorimeter in the temperature range from
25�C to the melting point. Since no peaks of heat
release or absorption were found, there are no phase
transitions of the first kind in the temperature range
studied. The enthalpies of melting of the two similar
salts strongly differ, but AN undergoes three phase
transitions with heat absorption in the temperature
range from 25�C to the melting point; their total effect
is 7.14 kJ mol�1, and the total heat absorption (with
melting) reaches 13.5 kJ mol�1. Taking into account
the differences in the structure and weight of the
cations, this value well agrees with the enthalpy of
melting of GN, for which the melting is not preceded
by phase transitions.

Using the enthalpies of melting of AN and GN
determined and considering the enthalpy of melting
of the AN + GN mixture to be the additive value, we
calculated for this mixture �Hm = 10.0 kJ mol�1.
Probably, the difference with the experimental value
of 4.4 kJ mol�1 is due to the changes in the enthalpy
of the liquid phase as compared to the initial liquid
salts; it is probably the heat of mixing.

Based on the Schroeder equation [1] describing
changes in the melting temperature of one component
upon addition of another one, assuming that the solu-
tion of these components is ideal, and using the above
�H values of the salts studied, we calculated the melt-
ing diagram of the AN + GN mixture, but it poorly
agrees with the experimental Te and Tf. This fact
suggests strong deviation of our system from the ideal
solution. Since for ideal solution the heat of mixing is
zero, our experimental results indicate strong interac-
tion of ions in the molten salt mixture, which is
greater than that in the melts of the pure components.

Our experimental data show that granules of the
eutectic AN + GN mixture can be prepared though the
melt using any known procedure of granulation of AN
and fertilizers on its basis with sufficient safety level,
because the rates of heat release in thermal decom-
position of these mixtures are close to that observed
with AN.
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CONCLUSIONS

(1) The rate of heat release in thermal decomposi-
tion of CN3H6

+ and NH4
+ nitrates and their mixtures

in the liquid phase is determined by the oxidation rate
of the corresponding cations with molecular HNO3.

(2) The rate constant of CN3H6
+ oxidation is

greater than that of NH4
+ both in aqueous solutions of

nitric acid and in molten salts. This difference de-
creases on passing from aqueous solutions with high
dielectric constants to the melts with small dielectric
constants.

(3) The difference in the basicity of NH3 and
CN3H5 strongly decreases on passing from aqueous
solutions of nitric acid to melts, and the equilibrium
constant of guanidinium nitrate dissociation in the
melt is smaller than that of ammonium nitrate by
a factor of only 20.

(4) The rates of heat release in thermal decomposi-
tion of the mixtures of ammonium and guanidinium
nitrates are close to those observed with ammonium
nitrate. At guanidinium nitrate content of 10 wt % and
greater, no self-acceleration of the process is observed,
and thus the known procedure of granulation of AN
and fertilizers on its basis with sufficient safety level
can be used to prepare solid granules from the molten
salt mixture.
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Abstract�Effects of organic colloids on gelation of curds and aging of whey gels are studied. The influence
of some physicochemical factors on the predicted macrokinetic characteristics of whey gels is revealed.

The questions of structurization in disperse sys-
tems, as applied to various branches of industry, were
considered in works of many leading research schools
[1�4]. The theoretical concepts developed by them
can find use in technology of structured foodstuffs of
desired consistency. Agents supporting the consist-
ency are used primarily in production of foodstuffs
with unstable structure, which should remain homo-
geneous throughout the storage period [5, 6]. There
are diverse agents modifying the rheological charac-
teristics of such foodstuffs, including natural, syn-
thetic, and bacterial ones.

Gels represent highly dispersed systems with a
liquid dispersion medium, consisting of a fluid-filled
framework forming a structure from dispersed solids.
Gels are classified with two-phase systems with
highly developed interface between a continuous or
finely dispersed phase of a suspended solid and an
aqueous (or aqueous-organic) phase, which also can
be continuous or partially dispersed. A solid is com-
monly regarded as a fibrous structure. It can consist of
poorly soluble compounds, for example, proteins, or
thread-like crystals, like the silica or crystalline cellu-
lose gels. The structural stability depends on the struc-
ture of the continuous phase network, so that the sys-
tem as a whole exhibits many properties of a solid,
regardless of the state of aggregation of the dispersion
medium and dispersed phase themselves.

Aging results in degradation of the gel structure,
which is accompanied by irreversible deterioration of
the rheological characteristics (molecules of a gelator
flocculate, providing immobilization of the dispersion
medium). In aging, a monodisperse gel passes into a
quasicontinuous body formed as a result of broken
dispersity. The main cause of this transition is break
of the structural stability, accompanied by mutual
approach of the colloid particles.

In analysis of this phenomenon, it is advisable,
first, to determine the kinetic parameters of the yield
stress and the amount of the liberated functional
groups, and, second, to evaluate the effect of process
factors on the evolution of the strength of the gels
formed.

The composition of the samples studied in this
work was as follows (%): gelator [agar 1.2, or pectin
0.8, or agaroid 2.5, or gelatin 2.5, or methyl cellulose
(MC) 1.5, or starch 2.5], sucrose 30, and whey as the
rest. The acidity was adjusted to pH 4.0�4.2 with
citric acid.

EXPERIMENTAL

The rheological behavior of the gels was studied on
a Rheotest-2 instrument (GDR) [7] at 20�C. The shear
stress � (Pa) was estimated by Eq. (1):

� = z�, (1)

where z is the cell constant (Pa) and �, scale reading.

The effective viscosity � (Pa s) was determined
by Eq. (2):

� = �/j, (2)

where j is the shear rate (s�1).

The flow curves were reproduced by the Herschel�
Bulkley equation (3):

� = �0 + kjn, (3)

where �0 is the yield stress (Pa) at a given shear rate
gradient; k, the consistency factor (Pa s) characterizing
the viscosity of the material at j = 1 s�1; and n, flow
index characterizing the flow behavior.

The molecular weight of the gelators was deter-
mined by HPLC with Hewlett�Packard columns. In
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the first columns, the exhaust rate was 0.008, and in
the second column, 0.0166 ml s�1. Calibration was
performed on a Dawn F laser nephelometer.

The relative content of functional groups (carboxy,
methoxy, aldehyde, hydroxy, and amine) was deter-
mined using standard procedures. The initial content
was accepted in all the cases to be 100%.

The relative content of free carboxy groups Cf (%)
was determined by titration of a weighed portion of
the gel with 0.1 N NaOH in the presence of Hinton
reagent until development of red coloration [8]. Then
Cf was estimated by Eq. (4):

Cf = {(0.45a/G)S[(0.45a/G)N]�1}�100, (4)

where a is the volume of the titrant consumed (ml);
G, sample weight (g); and 0.45, conversion rate (1 ml
of 0.1 N NaOH corresponds to 0.0045 g of COOH).
The indices S and N refer to the sample after storage
and the reference sample, respectively.

The relative content of the ether groups Ce (%) was
determined by Eq. (5):

Ce = {(0.45b/G)S[(0.45b/G)N]�1}�100, (5)

where b is the volume of the titrant consumed for the
second titration (ml).

The relative content of the acetyl groups CAc (%)
was determined according to the procedure described
in [8] using Eq. (6):

CAc = {(43.04C/100G)S[(43.04C/100G)N]�1}�100, (6)

where C is the difference between the titrant volume
consumed for titration of the sample and that in the
blank experiment (ml); and 43.04 is the equivalent
weight of the acetyl groups.

The relative content of the methoxylated carboxy
groups Cm (%) was estimated with correction for the
acetyl groups by Eq. (7).

Cm = Ce + CAc. (7)

The total content of the carboxy groups Co (%) was
estimated as

Co = Cm + Cf. (8)

The relative content of the amino groups Ca (%)
was determined by titration according to Dudenkov’s

Table 1. Dynamics of evolution of the yield stress of whey
gels (X�m; m � 0.05)
����������������������������������������

t,* h
� Yield stress, Pa
�����������������������������������
� agar �agaroid � pectin � gelatin� MC � starch

����������������������������������������
0 � 220 � 241 � 230 � 267 � 92 � 77
1 � 228 � 250 � 250 � 270 � 112 � 83
2 � 235 � 256 � 276 � 279 � 123 � 90
3 � 240 � 263 � 299 � 288 � 130 � 99
4 � 246 � 270 � 318 � 299 � 130 � 120
5 � 252 � 278 � 329 � 306 � 132 � 120

10 � 270 � 282 � 330 � 311 � 115 � 120
15 � 278 � 290 � 335 � 320 � 114 � 120
20 � 294 � 295 � 325 � 325 � 110 � 108
24 � 300 � 300 � 320 � 325 � 108 � 117
48 � 313 � 309 � 318 � 325 � 102 � 175
72 � 320 � 315 � 315 � 325 � 97 � 110
96 � 335 � 300 � 315 � 317 � 97 � 104

120 � 349 � 285 � 315 � 305 � 90 � 89
144 � 314 � 277 � 315 � 300 � 90 � 80
168 � 280 � 270 � 312 � 289 � 85 � 75
192 � 261 � 262 � 310 � 277 � � � �

216 � 229 � 255 � 310 � 269 � � � �

240 � 213 � 249 � 300 � 260 � � � �

264 � 210 � 220 � 292 � 254 � � � �

288 � 208 � 208 � 280 � 245 � � � �

312 � 205 � 203 � 271 � 239 � � � �

336 � 200 � 190 � 264 � 230 � � � �

360 � 196 � 185 � 250 � 215 � � � �
����������������������������������������
* (t) Storage time.

method [9] using Eq. (9):

Ca = [(mP)S/(mP)N] � 100, (9)

where m is the volume of 0.1 N NaOH consumed for
titration (ml) and P, conversion factor.

The aldehyde groups was determined by the meth-
od based on the reaction with fuchsinsulfurous acid
with formation of a colored product [10]. The hydroxy
groups were determined by the neutralization method
[11].

The samples were stored for 15 days under tem-
perature- and humidity-controlled conditions.

Table 1 shows how the aging influences the mech-
anical characteristics of the gel structures, which is
significant for the systems studied.

The results show that the trends in evolution of the
yield stress do not depend on the gelator used. In the
initial period (data printed bold), the gel structure
strengthened. For agar, agaroid, pectin, MC, and
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Table 2. Effect of temperature on the dynamics of aging in whey gels
������������������������������������������������������������������������������������

T, �C
� Time,* h
���������������������������������������������������������������������
� agar � agaroid � pectin � gelatin � MC � starch

������������������������������������������������������������������������������������
0�5 � 120/144* � 72/96 � 15/240 � 20/144 � 3/10 � 4/96
5�10 � 48/96 � 24/48 � 15/216 � 20/96 � 3/3 � 4/48

10�15 � 48/48 � 24/48 � 10/144 � 5/96 � 0/3 � 4/48
15�20 � 24/24 � 24/15 � 5/96 � 5/72 � 0/3 � 4/48
20�25 � 20/20 � 10/10 � 5/24 � 0/48 � 0/3 � 3/24
25�30 � 5/10 � 5/5 � 0/10 � 0/10 � 0/3 � 3/15
30�35 � 5/10 � 0/5 � 0/5 � 0/10 � 0/3 � 2/10
35�40 � 0/5 � 0/2 � 0/2 � 0/10 � 0/3 � 1/10
40�45 � 0/5 � 0/1 � 0/1 � 0/10 � 0/3 � 1/10

������������������������������������������������������������������������������������
* Period of time in which the gel reaches its maximal strength/onset of aging.

starch, this period was 120, 72, 15, 20, 3, and 4 h,
respectively. In this period, the strength increased by
58.5, 30.7, 45.6, 19.5, 33.6, and 28.5%, respectively,
as compared to the initial sample. Evidently, the rela-
tive increase in the strength is controlled by the nature
of interaction between the compounds composing the
dispersion medium and the hydrated gelator.

The effect of structurization is promoted by the
polymeric compounds of whey (for example, whey
proteins promote cross-linking). Such a structurization
is accompanied by transition of the thixotropic gel
into a nonthixotropic structure and, finally, results in
formation of a 3D matrix with infinitesimal number of
�free nodes� containing the dispersion medium weak-
ly bound to the gelator.

The structurization period in whey gels was fol-
lowed by their aging. Two competitive processes were
observed during aging. They were reflected in an
elastic strain slowly decayed in time and also in a
steady-rate plastic viscous flow. In this period, the
number of broken bonds was higher than the number
of newly formed bonds, as demonstrated by the
rheological data.

For agar and agaroid, we observed a distinctly
pronounced transition from the state characterized by
the maximal strength to the state of degradation. This
was not the case for pectin, gelatin, MC, and starch.
In particular, the transition period in the systems with
the indicated gelators was 24�216, 10�120, 3�5, and
2�96 h, respectively, depending on the nature of inter-
molecular interactions in these systems.

It is well known that the properties of gels strongly
depend on the temperature. Therefore, we studied the
temperature effect on aging of whey gels. As param-
eters characterizing this effect we selected the time in

which the gel reaches its maximal strength and the
time until the onset of degradation (aging). The results
are given in Table 2.

In all the systems, we observed a decrease in the
strength of whey gels with increasing temperature. For
agar, agaroid, pectin, gelatin, and MC, the transitions
were not observed at all at temperatures of 35�40,
30�35, 25�30, 20�25, and 10�15�C, respectively.
This is due to increasing thermal motion of molecules,
which have rotational radius insufficient for the sys-
tem to acquire more stable state. Increasing tempera-
ture reduced the time to the onset of aging of the gel,
caused by increase in the kinetic energy of the system
as a result of heating.

It is significant that some of the organic colloids
allowed preparation of the dispersions only at definite
temperatures.

For example, methyl cellulose at 5�10�C after 3 h,
in which structurization was completed, started to
change its rheological behavior so that the process
could be referred to as aging.

For some of the gels, after completion of the proc-
ess we observed no structurization stage at all. In this
case, aging started in a rather short time (shorter than
after 1 day of storage).

The observed trends are caused by several factors,
change in the relative molecular weight of the organic
colloids being one of the most significant (Table 3).
The results show that increase in the relative molecu-
lar weight is typical of the gelators in the initial hours
of storage of whey gels. The longest time in which the
relative molecular weight increased was observed with
agaroid. This is due to the fact that agaroid had the
minimal relative molecular weight, which increased in
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the course of the sol�gel transition as a result of com-
pletion of the formation of adsorption layers at the
organic colloid�dispersion medium interface.

The shortest period of time in which the relative
molecular weight changed was observed for gelatin
(�2 h). This fact can be attributed to the specific fea-
tures of formation of the solvation shells in gelatin:
potential sites of cross-linking in the polymer chain of
gelatin were blocked because of a larger number of
the interfacial layers. Thus, the maximal increase in
the relative molecular weight of about 50% was found
in agaroid, and the minimal increase (only 0.8%), in
gelatin.

Analysis of the results obtained revealed the fol-
lowing general trends:

(1) The stabilizer is experienced to hydrolysis
under the effect of certain internal and external factors;

(2) the integrity of the solvation shells is broken
as a result of formation of structural defects under the
effect of components of the gels;

(3) the activation barrier of aging is overcome at
elevated temperatures.

Generally, aging of a gel is an irreversible process
whose rate is controlled by the composition, tempera-
ture, and other factors.

The aging is described by Eq. (10):

� = �0 exp [(U0 � �P)/kBT], (10)

where � is the bond breakdown stress in the gel; �0,
preexponential factor; U0, true (initial) activation
energy of degradation; �, structural factor; kB, Boltz-
mann constant; P, breaking stress; and T, tempera-
ture (K).

According to Eq. (10), degradation of a gel is a
temperature-dependent process. With increasing tem-
perature, the energy barrier U0 of breaking of the
bonds is overcome, as demonstrated by the liberation
of functional groups of the gelators, which were
directly involved in the sol�gel transition (Table 4).

The results obtained allowed evaluation of the
relative contributions of different functional groups
of the gelators to formation of whey-based disper-
sions. However, it should be pointed out that, in this
case, they can be involved in formation of new types
of bonds, as was demonstrated, for example, by data
on the relative contents of functional groups in the
gelatin-based gel.

Generally, gelatinous systems based on curds are
classified with quasistable systems. In storage, the

Table 3. Variation in the relative molecular weight of
gelators in storage (X�m; m � 0.05)
����������������������������������������

t, h
� Relative molecular weight M � 10�2

�����������������������������������
� agar �agaroid � pectin � gelatin� MC � starch

����������������������������������������
0 � 234 � 42 � 283 � 653 � 343 � 587
1 � 238 � 43 � 286 � 654 � 350 � 589
2 � 241 � 45 � 289 � 658 � 360 � 593
3 � 249 � 48 � 291 � 654 � 368 � 599
4 � 256 � 49 � 294 � 650 � 371 � 591
5 � 270 � 51 � 299 � 641 � 378 � 584

10 � 274 � 53 � 305 � 635 � 372 � 580
15 � 274 � 58 � 304 � 631 � 365 � 572
20 � 274 � 59 � 300 � 628 � 359 � 568
24 � 274 � 62 � 299 � 627 � 354 � 564
48 � 274 � 65 � 298 � 623 � 350 � 560
72 � 274 � 65 � 298 � 620 � 348 � 556
96 � 270 � 61 � 297 � 615 � 345 � 551

120 � 261 � 60 � 297 � 610 � 340 � 543
144 � 252 � 57 � 297 � 603 � 340 � 538
168 � 247 � 54 � 297 � 599 � 336 � 531
192 � 246 � 53 � 297 � 594 � 331 � 524
216 � 242 � 51 � 297 � 592 � 328 � 520
240 � 239 � 48 � 297 � 588 � 324 � 514
264 � 235 � 46 � 296 � 583 � 320 � 508
288 � 231 � 44 � 295 � 581 � 314 � 499
312 � 229 � 43 � 295 � 574 � 310 � 491
336 � 228 � 41 � 295 � 570 � 308 � 487
360 � 227 � 40 � 295 � 566 � 300 � 483

����������������������������������������

particles composing a 3D structure are reoriented,
and the liquid phase is liberated (most of gels tend
to break the structure). In such multicomponent sys-
tems as whey, aging proceeds less intensively as
a result of partial absorption of the dispersed phase by
other components of the gel through physicochemical
interactions leading to formation of new bonds, thus
preventing the transition into an absolutely stable state
with separation into several individual phases.

CONCLUSIONS

(1) Addition of organic colloids enhances the
stability of whey gels.

(2) Structural stability of the gels decreases with
increasing temperature of the process.

(3) In storage, the relative molecular weight of
the hydrocolloids changes as a result of hydrolysis,
distortion of the solvation shells, and overcoming of
the energy barrier of degradation.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

1096 KOZLOV et al.

Table 4. Relative content of functional groups in the gel in the course of its aging (X�m; m � 0.05)
������������������������������������������������������������������������������������

Functional group
� Relative content, %, after indicated storage time, h
�����������������������������������������������������������������������
� 0 � 48 � 96 � 144 � 192 � 240 � 288 � 336

������������������������������������������������������������������������������������
Pectin: � � � � � � � �
�COOH � 100.0 � 100.0 � 106.2 � 113.5 � 118.3 � 127.0 � 134.8 � 140.2
�COOCH3 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0
�CHO � 100.0 � 100.0 � 105.0 � 109.8 � 114.2 � 119.5 � 122.8 � 126.4

Agar, �CHO � 100.0 � 100.0 � 105.6 � 109.8 � 114.5 � 117.0 � 120.8 � 127.4
Agaroid, �CHO � 100.0 � 108.2 � 115.3 � 123.0 � 129.6 � 131.7 � 145.8 � 156.4
Gelatin: � � � � � � � �
�CH2OH � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 96.2 � 92.1 � 90.4
�COOH � 100.0 � 100.0 � 98.2 � 94.3 � 91.0 � 89.6 � 88.7 � 84.9
�NH2 � 100.0 � 102.8 � 107.3 � 110.0 � 114.2 � 119.1 � 121.6 � 124.3

Methyl cellulose, � 100.0 � 100.0 � 100.0 � 107.0 � 111.5 � 114.8 � 129.6 � 131.8
�COOCH3 � � � � � � � �

Starch, �CHO � 100.0 � 100.0 � 102.3 � 105.8 � 108.2 � 114.0 � 119.5 � 120.9
������������������������������������������������������������������������������������
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Abstract�Sorption of Hg(II) on �-Ni(OH)2 was studied as influenced by chloride ion concentration and pH
of the solutions, affecting the Hg(II) speciation. The sorption mechanism was considered.

Mercury(II) compounds are biologically hazardous.
Mercury and its compounds are concentrated naturally
by soil particles and mineral suspension and are ac-
cumulated in bottom sediments. Accumulation and
transfer of mercury in the nature is largely controlled
by adsorption [1].

Sorption is used to remove mercury compounds
from aqueous solutions. Leikin et al. [2] used organic
anion-exchangers as sorbents for negatively charged
mercury halide complexes. Sorption of mercury(II) on
natural minerals, kaolinite [3], goethite [4], and quartz
[5], was studied.

Although many minerals can adsorb mercury com-
pounds, only synthetic inorganic sorbents are effi-
ciently used at present to remove mercury compounds
from aqueous solutions. More than 90% of Hg(II) is
removed with freshly prepared hydrated iron(III)
oxide from aqueous solutions with pH from 5 to 8.6
[6]. A number of new inorganic sorbents including
those for anionic complexes have been developed to
date [7]. Nickel(II) hydroxide [8] and double nickel
hydroxides with other metals [9] have relatively high
anion-exchange capacity for Hg(II) complexes. There-
fore, the study of synthetic inorganic sorbents for
Hg(II) is an urgent problem.

The diversity of mercury species present in aque-
ous solutions complicates selection of inorganic
sorbents for Hg(II). For example, in aqueous solutions
containing Cl� anions, Hg(II) exists in the form of
the following aqua, hydroxoaqua, and mixed hy-
droxoaquachloride or chloride complexes: Hg2+,
HgOH+, Hg(OH)2(aq), Hg(OH)�3, HgCl+, HgCl2(aq),
HgOHCl(aq), HgCl3

�, HgCl4
2� [1, 4, 10, 11]. Formation

of cationic, neutral, and anionic mercury(II) species
can result in incomplete mercury sorption from aque-
ous solutions. Neutral and anionic Hg(II) species are
stable mainly at pH close to that of natural waters [1].

In this case, anion exchangers can be used as the
sorbents. However, to determine the mechanism of
Hg(II) sorption on metal hydroxides exhibiting anion-
exchange properties, additional studies are required.

The aim of this work was to determine the influ-
ence of Cl� concentration and pH of the solution on
Hg(II) sorption on nickel(II) hydroxide and to propose
the sorption mechanism.

Nickel(II) hydroxide exists in �- and �-modifica-
tions. In this work we studied �-Ni(OH)2. Both
modifications have the layered brucite structure. The
interlayer spacings in �-Ni(OH)2 lattice are broadened
owing to incorporation of H2O molecules (c =
0.80 nm); the brucite layers in �-Ni(OH)2 lattice are
closer (c = 0.46 nm) [12]. The �-modification is un-
stable and is unsuitable as a sorbent.

�-Ni(OH)2 was prepared by exchange reaction of
aqueous solution of Ni(NO3)2 with NaOH taken in
a 5% excess. The resulting precipitate was washed
with distilled water and granulated by freezing. To
remove NO3

� impurity, the granulated material was
treated with 0.1 M NaOH for a long time. The NO3

�

content in the solid phase was determined by IR spec-
troscopy.

The sorption experiments under dynamic conditions
were performed by the conventional methods [13].

Aqueous Hg(II) solutions were prepared from
Hg(NO3)2 �H2O. Mercury halide complexes were syn-
thesized by addition of aqueous solutions of KCl,
KBr, and KI. All the salts were of analytically pure
grade. The Hg(II) content in the solution was deter-
mined by absorption of the mercury complex with
Crystalline Violet at � = 605 nm using a KFK-2MP
photocolorimeter [14].

The relative content of different Hg(II) species
formed at various concentrations of free Cl� was cal-
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E, mg Hg2+/g Ni(OH)2

(a)

(b)

(c)

log [Cl�] [M]

Fig. 1. (a, b) Mole fractions of Hg(II) species in solutions
� and (c) sorption capacity of �-Ni(OH)2 for Hg(II) E as
functions of [Cl�]. pH: (a) 5; (b) 9; (c) (1) �5; (2) 7.8, kept
for more than 24 h; and (3) 8.3, kept for more than 24 h.

culated from the equilibrium constants of the follow-
ing reactions [15]:

Hg2+ + OH�

�
� HgOH+, log K = 10.6;

Hg2+ + 2OH�

�
� Hg(OH)2

0
(aq), log K = 21.8;

Hg2+ + Cl� �
� HgCl+, log K = 7.2;

Hg2+ + 2Cl� �
� HgCl2

0
(aq), log K = 14.0;

Hg2+ + 3Cl� �
� HgCl3

�, log K = 15.1;

Hg2+ + 4Cl� �
� HgCl4

2�, log K = 15.4;

Hg2+ + Cl� + OH�

�
� HgClOH0

(aq), log K = 18.1.

The results of these calculations for a solution with
pH 5 are shown in Fig 1a. The dependence of the
sorption capacity of �-Ni(OH)2 for Hg, E [mg Hg2+/g
Ni(OH)2], on the Cl� concentration varied in the same
range is shown in Fig. 1c. The total Hg(II) concentra-
tion in each solution was 10�3 M.

The dependence of the relative concentration of
Hg(II) species in the solution on [Cl�] does not corre-
late with the dependence of the sorption capacity of
�-Ni(OH)2 for Hg(II) on [Cl�]. This was due to the
difference in the pH of solutions used for the calcula-
tion and the experimental pH of the working solutions.
When the initial solution passed through a sorbent bed,
its pH increased to 8.5�9.0. We recalculated the depen-
dence of the relative concentrations of Hg(II) species
on [Cl�] at pH 9. The results are presented in Fig. 1b.

Comparison of the calculated and experimental
dependences allows the following conclusions. The
maximal sorption capacity E was observed in the
[Cl�] range from 10�3 to 10�2 M, when Hg(OH)2 and
HgOHCl were formed. When these complexes started
to transform into HgCl3

� and HgCl4
2�, the first drop of

E [from 20 to 15 mg Hg2+/g Ni(OH)2] occurred. At
[Cl�] higher than 10�0.5 M, the sorption capacity E
decreased again from 15 to 7�6 mg Hg2+/g Ni(OH)2.
Under these conditions, hydroxo complexes Hg(OH)2
and HgOHCl disappeared completely. Then E re-
mained constant at the level of 5.0�5.5 mg Hg2+/g
Ni(OH)2.

To explain these results, let us consider possible
mechanisms of Hg(II) sorption by metal hydroxides.

Anionic complexes HgCl3
� and HgCl4

2� can be
adsorbed by the ion-exchange mechanism:

�Ni�OH + HgCl3
�

�
� �Ni�ClHgCl2 + OH�.

Halide anions Cl�, Br�, and I�, being in equilibri-
um with HgHal3

� and HgHal4
2�, are absorbed by the

same mechanism. Previously we showed that chloride
ions are exchanged with equivalent amount of OH
groups of metal hydroxides. This process, however,
makes an insignificant contribution. The sorption in
the absence of Hg hydroxo complexes occurs by the
anion-exchange mechanism.

An increased sorption capacity for hydrolyzed
Hg(II) species is due to the different sorption mech-
anism. Sarkar et al. [3] showed that M�O�Hg bridges
(where M is metal ion of the metal hydroxide) are
formed in this case. Sorption of Hg(II) hydroxo com-
plexes involves formation of surface intraspheric
complexes �MOHgCl or MOHgOHCl�, with the for-
mation of the latter complex being more thermo-
dynamically favorable. For example, logK of forma-
tion of �AlOHgCl and �AlOHgOHCl� complexes in
adsorption of Hg(II) on gibbsite is 6.64 and �0.50,
respectively.

Thus, hydrolyzed Hg(II) species such as HgOHCl
are sorbed on nickel(II) hydroxide owing to formation
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Sorption of Hg(II) on Ni(II) hydroxide from solutions
containing Cl�, Br�, and I�
����������������������������������������

Anion �E, mg Hg2+/g Ni(OH)2� Hg(II) desorption, %
����������������������������������������

Cl� � 17.8 � 31
Br� � 10.1 � 51
I� � 2.42 � 98

����������������������������������������

of the surface intraspheric complex �NiOHgCl. At the
same time, HgOHCl is not the major mercury species
at almost any concentrations of chloride ions in the
solution. We suggest that the concentration of this
complex remains approximately constant during the
sorption (buffer effect). The only question is the rate
of this process. We found that formation of HgOHCl
is completed during passage of the solution through
an ion-exchange column. The sorption capacity did not
noticeably change after an Hg(II) solution was allowed
to stand at pH 7.8 and 8.3 prior to sorption for addi-
tional time (see Fig 1b, points 2 and 3, respectively).

The decrease in E at [Cl�] > 10�2 M remains unclear.
We suggest that the presence of different anionic spe-
cies in the solution interferes with the sorption via for-
mation of Ni�O�Hg bonds. A change in the compo-
sition of the Hg(II) complex and a decrease in the
equilibrium constant of its formation are also possible.

The results of this work show that Hg(II) sorption
on Ni(II) hydroxide from solutions containing Br� and
I� should decrease owing to formation of HgHal3

� and
HgHal4

2� complexes. This assumption is confirmed
by the experimental data presented in the table. The
working solutions contained 10�3 M Hg(II) and
10�1 M Hal�. Mercury was desorbed with 0.1 M
NaOH. The data on Hg(II) sorption from a chloride
solution are included in the table for comparison.

In the presence of Br� and I� in the solution, the
probability of the ion-exchange sorption of Hg(II) in-
creases and formation of intraspheric surface com-
plexes is suppressed owing to stabilization of HgBr3

�

and HgBr4
2� (pK 19.7 and 21.0, respectively) and

especially HgI3
� and HgI4

2� (pK 27.6 and 29.8, respec-
tively). As the contribution of ion-exchange sorption
of Hg(II) by nickel(II) hydroxide increases, the frac-
tion of desorbed mercury increases. In the experiments
with chloride and bromide solutions, the Hg(II) de-
sorption is 4.9�5.2 mg Hg2+/g Ni(OH)2, which cor-
relates with the E vs. [Cl�] dependence (Fig. 1c).
Chloride and bromide anions can be involved in the
ion exchange. The equilibrium Hal� concentrations in
the solutions in the course of the sorption decrease in
the following order: Cl� > Br� > I�. Our experimental
results show that the surface intraspheric Hg(II) com-

plexes are stable in 0.1 M NaOH.

CONCLUSIONS

(1) The dependence of Hg(II) speciation in solu-
tions with pH 5.0 and 9.0 on the Cl� concentration
was calculated.

(2) The dependence of the sorption capacity of
�-Ni(OH)2 for Hg(II) on [Cl�] was measured experi-
mentally.

(3) The sorption capacity of �-Ni(OH)2 for Hg(II)
correlates with that calculated for solutions with
pH 9.

(4) Ionic Hg(II) complexes can be absorbed by
�-Ni(OH)2 owing to exchange with OH groups of the
hydroxide. The sorption mechanism of hydroxo Hg(II)
complexes involves formation of surface intraspheric
complexes like MOHgHal.
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Abstract�The sorptive properties of a sulfur-containing sorbent, selective with respect to cadmium(II) ions
in extraction from aqueous solutions, including process solutions, were studied.

Heavy metal ions (mercury, chromium, cadmium,
zinc, lead, copper, and nickel ions) are usually re-
moved from wastewater using reagent treatment
methods involving precipitation with hydroxides or
sulfides. In the latter case, a more profound purifica-
tion is attained, since the solubility of heavy metal
sulfides is considerably lower than that of hydroxides
and carbonates [1]. An alternative, rather efficient
method of the removal of heavy metal ions from solu-
tions, especially at their low concentrations, is sorp-
tion on, e.g., activated carbon (AC) [2]. Therefore, a
possibility can be considered of using sorption on ac-
tivated carbon materials (ACMs) to remove cadmium
and cobalt ions whose concentration in wastewater is
very low compared to other heavy metal ions [1]. In
addition, sorption on ACMs can be the final stage of
the purification of industrial wastewater. For example,
use of AC after sulfide precipitation decreases the
residual concentration of zinc and cadmium ions by
approximately 50% [2].

Fibrous carbon materials (FCMs) show promise for
extraction of heavy metal ions, since they combine
filtering and sorptive properties, high specific surface
area, and developed porosity. However, FCMs are
rather expensive. In addition, their sorption capacity
with respect to heavy metal ions is relatively low.
Therefore, treatment of large volumes of industrial
wastewater containing heavy metal ions requires a
large number of relatively cheap and readily available
sorbents. In this connection, using technogenic wastes
as sorbents is of particular interest. They should
exhibit selectivity with respect to heavy metal ions,
being group reagents of a sort with respect to the
given class of metals. Among sorbents intended, e.g.,
for concentrating mercury ions the most promising are
S,N-containing sorbents, whose selectivity is higher

than that of their N,O-containing analogs [3]. In this
connection, spent activated carbons containing both
elemental sulfur and surface sulfides, which are used
as sorbents, e.g., for treatment of natural gas or gases
in cellulose production, may be of interest [4].

In this work, modified sulfur-containing fibrous
carbon sorbents obtained from waste of textile produc-
tion and a commercial carbon fiber were studied and
tested for recovery of cadmium ions from solutions of
various concentrations and compositions.

EXPERIMENTAL

Sulfur-containing carbon fibers were prepared by
treating activated carbon fiber, obtained from natural
fibers, at 600�C in a mixture of an inert gas (nitrogen),
hydrogen sulfide, and water vapor (sorbent I), or in
a mixture of an inert gas and hydrogen sulfide (sorb-
ent II) [5]; alternatively, they were prepared by im-
pregnating an activated fiber with a sulfur solution in
turpentine with subsequent drying (sorbent III). The
Aktilen-V commercial carbon fiber (sorbent IV) with
a specific surface area of 700 m2 g�1 and a pore
volume of 0.400 cm3 g�1 was also used for com-
parison.

The sorption was performed in the static mode at
continuous agitation for 2 days (a Type 357 shaker
with a water bath, ELPAN plant, Poland, 150 rock-
ings per minute) from the initial solutions containing
100, 80, 60, 40, and 20 mg l�1 Cd(II). The solutions
were prepared by volumetric dilution of the stock
solution containing 100 mg l�1 Cd(II) and 700 mg l�1

Ca(II). CdCl2 �2.5H2O (analytically pure grade) and
anhydrous CaCl2 (pure grade) were used as the start-
ing compounds for preparing the stock solution. The
volume of the solutions studied was 25 ml, and the
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weight of the fiber portions, 0.025 g. The content of
Cd(II) in the solutions after sorption was determined
by atomic absorption spectroscopy (AA-780 spec-
trometer, Nippon Jarrell Ash). The amount of sorbed
Cd(II) was calculated from the difference in its con-
tent in the solutions before and after sorption. The
sorption kinetics was studied with sorbent I having the
maximal sorption capacity (SC) from the solutions
containing 10 and 4.3 mg l�1 Cd(II), prepared by dilu-
tion of stock solution, and with sorbent III.

The spectra of core electrons were measured on an
ES-2401 commercial X-ray photoelectron spectrom-
eter (AlK� radiation). The chamber of the analyzer
was evacuated to 7�10�8 mm Hg. The energy scale of
the spectrometer was calibrated by the Au4 f7/2 peak
(binding energy Eb 84.0 eV). Gold was sputtered in
the sample pretreatment chamber of the spectrometer.
Experimental spectra were treated by the method
described in [6, 7]. The measured binding energies
were reproduced to within 0.2 eV, and the error of
determination of the relative concentrations of the
elements was no more than 20%.

The isotherms of the Cd(II) sorption on sulfur-con-
taining carbon sorbents I�III are shown in Fig. 1 in
comparison with those on Aktilen-B (IV). The sorp-
tion capacities of sorbents I and II, obtained in differ-
ent series of the experiments, fall within the area
between curves 1 and 2. Curve 1 reflects the Cd(II)
sorption on the samples of sorbents I and II having the
highest sorption capacity. The graphs show that,
despite scatter of values, sulfur-containing carbon
sorbents I and II have the higher sorption capacity
compared to sorbent III containing elemental sulfur
and to commercial activated fiber IV.

The isotherms are described by the Freundlich
equation:

a = bc1/n, (1)

where a is the equilibrium concentration of Cd(II) in
the sorbent (sorbent capacity SC) (mg g�1); c, equilib-
rium concentration of Cd(II) in the solution (mg l�1);
and b and n, constants.

The values of b and n for the sorbents, as
calculated from data in Fig. 1, are presented below:

Sorbent b n

I 19.2 5.7
II 12.5 6.3
III 0.52 1.4
IV 0.82 1.8

Comparinson of the capacities for Cd(II) in aque-

a, mg g�1

c, mg l�1

Fig. 1. Isotherms of the Cd(II) sorption from aqueous solu-
tions in the presence of excess Ca(II) ions. (a) Equilibrium
concentration of Cd(II) on the sorbent and (c) equilibrium
concentration of cadmium in the solution. Sorbent: (1) I,
(2) II, (3) III, and (4) IV.

ous solutions, exhibited by sulfur-containing sorbents
I and II and by oxidized carbons [8], shows that these
values are comparable. At the same time, in sorption
of ions from multicomponent mixtures, the sorption
capacities differ considerably. Therefore, the sorption
capacity was determined from the solutions containing
a mixture of cadmium and calcium salts to confirm
the selectivity.

As known, a certain correlation exists between sul-
fide and oxohydrate sorbents. The role of aqua,
OH groups, and O atoms in sulfides can be played,
respectively, by H2S and HS groups and S atoms. In
the general case, numerous kinds of sorption events
are possible with sulfides; however, these are surface
processes determining the colloidal and chemical
properties of sulfides [9].

Assuming that the selectivity by Cd(II) of carbon-
containing sorbents I and II is due to the nature of
the sulfur-containing groups on the sorbent surface,
we studied the sorbent samples by X-ray photoelec-
tron spectroscopy (XPES).

Examples of the C1s and S2p experimental photo-
electron spectra for sorbent I are shown in Fig. 2. In
the S2p electron range, two peaks with binding ener-
gies Eb of 164.1�0.2 and 168.3�0.2 eV are present.
The Eb values allow peaks to be assigned to bridging
sulfur (C�S�H, C�S�C, or C�S�S�C) and to SO2
groups, respectively [10, 11]. It was found that the
S content in the sorbents studied is 1�3%, and most of
it is incorporated in bridging groups (Fig. 2b).

The difference in the sorption capacities of sorbents
I and II, on the one hand, and sorbent III, on the other
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(a)

(b)

�20

S2p

E, eV

E, eV

Fig. 2. C1s and S2p X-ray photoelectron spectra of sorb-
ent I. (I) Intensity and (E) binding energy. Spectrum:
(a) experimental and (b) experimental and after smoothing.

F, %

t, h

Fig. 3. Cd(II) sorption vs. time of contact with the sorbent
t. (F) Ratio of the sorbed Cd(II) amount to the maximum
amount sorbed in 24 h. Sorbent: (1, 2) I and (3) III. c0,
mg l�1: (1, 3) 4.3 and (2) 10.

hand, indirectly confirms that sorbents I and II do not
contain elemental S (Fig. 1).

For sorbent I, whose capacity under the static con-
ditions is the highest, we studied the kinetics of Cd(II)

sorption. Figure 3 shows that sulfur-containing carbon
sorbent I sorbs more than 50% of the maximum value
(attained during 24 h of sorption) in the first 0.5 h and
more than 90�98% of Cd(II), within 5 h.

The rate constant k was calculated from the slope
of the straight line in the logc�t coordinates, in accor-
dance with the equation of the first-order irreversible
reaction transformed into the form

log c = log c0 � 0.434tk, (2)

where c0 and c are the initial and current concentra-
tions of Cd(II) in the solution (mg l�1) and t is time
(s) [12].

The obtained rate constant of the Cd(II) sorption by
sorbents I and III are as follows.

Sorbent c0, mg l�1 k�10�4, s�1

I 4.3 1.273
10 0.480

III 4.3 0.510

Sulfur-containing carbon sorbents I and II were
used under the laboratory and pilot-plant conditions
for the purification of industrial water containing
0.6 mg l�1 Cd(II). The total salt content in the water
was 2.5 g l�1, and the content of hardness salts,
10 mg-equiv l�1. In industrial water treatment, we
used a radial filter containing 1 kg of fibrous sorbent
(a mixture of sorbents I and II). The flow rate was
200 l h�1. 180 m3 of industrial water was purified
during the test. The residual concentration of Cd(II) in
the purified water was less than 0.001 mg l�1.

CONCLUSIONS

(1) The study of fibrous carbon sorbents contain-
ing 1�3% sulfur showed that the selective properties
of sorbents I and II are due to the presence of sulfide
and hydrosulfide groups and C�S�C and C�S�S�C
bridging groups.

(2) Treatment of multicomponent process solu-
tions containing 0.6 mg l�1 Cd(II) with sorbents I and
II decreases the cadmium concentration in the purified
water to less than 0.001 mg l�1.

REFERENCES

1. Rodionov, A.I., Klushin, V.N., and Sister, V.G., Tekh-
nologicheskie protsessy ekologicheskoi bezopasnosti:
Osnovy envaironmentalistiki (Processes of Environ-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

RECOVERY OF CADMIUM(II) IONS 1103

mental Safety. Fundamentals of Environmentalistics),
Kaluga: Izd. Bochkarevoi, 2000.

2. Young, Ku, and Peters, R.W., Environ. Prog., 1987,
vol. 6, no. 2, pp. 119�124.

3. Simonova, L.N., Bruskina, I.M., and Ivanov, V.M.,
Zh. Anal. Khim., 1989, vol. 44, no. 4, pp. 581�596.

4. Kienle, H. von and Bader, E., Aktivkohle und ihre
industrielle Anwendung, Stuttgart, 1980.

5. RF Patent 2 187 362.

6. Yudin, D.V., and Zelenskii, Yu.V., Zh. Prikl. Spek-
trosk., 1990, vol. 52, no. 3, pp. 445�451.

7. Zelenskii, Yu.V., and Yudin, D.V., Zh. Prikl. Spek-
trosk., 1991, vol. 54, no. 1, pp. 40�45.

8. Tarkovskaya, A.I., Okislennyi ugol’ (Oxidized Coal),

Kiev: Naukova Dumka, 1981.

9. Vol’khin, V.V., Egorov, Yu.V., Belinskaya, F.A.,
et al., Ionnyi obmen (Ion Exchange), Senyavin, M.M.,
Ed., Moscow: Nauka, 1981, pp. 25�44.

10. Nefedov, V.I., Rentgenoelektronnaya spektroskopiya
khimicheskikh soedinenii: Spravochnik (X-ray Photo-
electron Spectroscopy of Chemical Compounds:
Reference Book), Moscow: Khimiya, 1984.

11. Siegbahn, K., Nordling, G., Fahlman, A., et al., Atom-
ic, Molecular, and Solid State Structure Studied
by Means of Electron Spectroscopy, Uppsala, 1967.

12. Kurs fizicheskoi khimii (Course of Physical Chemis-
try), Gerasimov, Ya.I., Ed., Moscow: Khimiya, 1973,
vol. 2.



1070-4272/04/7707-1104�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 7, 2004, pp. 1104 �1107. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 7,
2004, pp. 1120 �1122.
Original Russian Text Copyright � 2004 by Medvedev, Makrushin, Ivanova.

APPLIED ELECTROCHEMISTRY
����������������� �����������������

AND CORROSION PROTECTION OF METALS

Electrodeposition of Copper�Tin Alloy from Sulfate Electrolyte

G. I. Medvedev, N. A. Makrushin, and O. V. Ivanova

Novomoskovsk Institute, Mendeleev Russian University of Chemical Engineering, Novomoskovsk,
Tula oblast, Russia

Received December 22, 2003

Abstract�The electrodeposition of copper�tin alloy from a sulfate electrolyte containing CuSO4�5H2O,
SnSO4, H2SO4, and benzyl alcohol was studied.

The Cu�Sn alloy containing 10�20 wt % Sn
(yellow bronze) is applied as protective, protective-
decorative, and antifriction coating [1, 2]. Numerous
electrolytes were proposed for the electrodeposition
of Cu�Sn alloy, among which cyanide�stannate elec-
trolytes have found the widest industrial application
[1, 2]. At the same time, these electrolytes have a
number of drawbacks such as toxicity and high work-
ing temperature.

Sulfate bronzing electrolytes, which more com-
pletely meet the process requirements, being less tox-
ic, comparatively cheap, and simple in preparation and
service and operating at room temperature, are con-
sidered today to be the most promising. Of specific
interest are sulfate electrolytes for obtaining lustrous
Cu�Sn coatings. However, the electrolytes developed
for obtaining lustrous coatings operate at low current
densities ic and require pretreatment [3�5].

In this work we studied the electrodeposition of
Cu�Sn alloy from a sulfate electrolyte in the presence
of benzyl alcohol (BA). This additive is used in elec-
trolytes to obtain Sn, Sn�Sb, and Sn�Bi lustrous coat-
ings [6�8].

The study was performed in an electrolyte contain-
ing CuSO4 �5H2O 30�50 g l�1, SnSO4 30�50 g l�1,
H2SO4 70�120 g l�1, and BA 1�10 ml l�1. Copper
foil was used as material for cathodes, on which a
9�15-�m-thick alloy layer was deposited. Anodes
were made of bronze (85 wt % Cu and 15 wt % Sn),
copper, and tin. The alloy was analyzed by the meth-
od described in [2]. The content of Sn2+ in the electro-
lyte was determined by iodometric titration [9]. The
Sn4+ content in the electrolyte was calculated by
the difference between the total content of tin and the
Sn2+ content [9]. The copper(II) content in the electro-
lyte and that in the alloy were determined electro-

gravimetrically at direct current [2]. The X-ray dif-
fraction analysis of Cu�Sn deposits was done on a
DRON-2 diffractometer (CuK� radiation). The polari-
zation curves were recorded on a P-5827 potentiostat
in the potentiodynamic mode at a linear potential
sweep rate of 2 mV s�1. A mercury sulfate electrode
was the reference. In this study, all potentials are
given relative to standard hydrogen electrode. The
current efficiency by the Cu�Sn alloy was determined
by the electrogravimetric method from the results of
the electrolysis in the galvanostatic mode. The elec-
trodeposition was performed at 18�20�C with and
without stirring the electrolyte.

Data on how the BA concentration affects the
outward appearance of the coatings depending on
the current density (electrolyte composition, g l�1):
CuSO4 �5H2O 30�50, SnSO4 30�50, and H2SO4 90)
showed that the widest ic interval (3�5 A dm�2) for
obtaining lustrous coatings is attained at an alcohol
concentration of 2�4 ml l�1. Outside this concentra-
tion range, dull or semilustrous coatings were ob-
tained. It was established that the outward appearance
of the coatings was also affected by the H2SO4 con-
centration in the electrolyte. At an H2SO4 concentra-
tion of 70�80 g l�1, the coatings obtained were semi-
lustrous (ic = 3�5 A dm�2), and the electrolyte opera-
tion was unstable. With acid concentration increased
to 90�120 g l�1, lustrous coatings were obtained at
ic = 3�5 A dm�2. It should be noted that only stirring
ensured formation of quality lustrous coatings in all
the electrolytes studied. The coatings obtained without
stirring were dull and rough.

The chemical analysis of the lustrous coatings ob-
tained showed that, in this case, the Cu�Sn electrolyt-
ic alloy is formed. The influence of ic on alloy the
composition was studied. It was found that, with in-
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creasing current density, the Cu content in the alloy
decreased (Fig. 1, curve 1), with the current efficiency
by the alloy being as high as 95.0�96.8% (Fig. 1,
curve 2).

We studied the influence of CuSO4 �5H2O and
SnSO4 concentrations on the alloy composition. The
table shows that the Cu content in the alloy increases
with increasing CuSO4 �5H2O concentration (at a
constant SnSO4 concentration) and decreases with in-
creasing SnSO4 concentration (at a constant CuSO4 �
5H2O concentration).

Variation of the H2SO4 concentration within 90�
100 g l�1 does not affect the alloy composition. At
higher acid concentrations (110�120 g l�1), the Cu
content in the alloy increases by 1�2%.

The polarization measurements were performed in
the electrolytes for Cu, Sn, and Cu�Sn electrodeposi-
tion. We found that BA inhibits electrodeposition.
Figure 2 shows that, in a BA-containing electrolyte,
the cathodic polarization curve of the Cu�Sn deposi-
tion lies between the polarization curves of the Cu and
Sn deposition at ic = 1�3.8 A dm�2 and at more
positive potentials at higher current densities (ic >
3.8 A dm�2) (Fig. 2, curves 1�3).

To determine the rate of the Cu and Sn electro-
deposition, we calculated in this study the partial
polarization curves. The calculation was performed
taking into account the alloy compositions at various
ic values, current efficiencies by the alloy, and elec-
trochemical equivalents of Cu, Sn, and Cu�Sn [10].
As seen, the rate of the Cu deposition into the alloy is
considerably higher than that of the Sn deposition
(Fig. 2, curves 1�, 2�).

The analysis of the cathodic polarization curves of
the individual metal deposition and of the partial
curves shows that, as compared to separate deposition,
Cu is deposited into the alloy with an overpolariza-
tion, and Sn, with a considerable depolarization
(Fig. 2, curves 1, 1� and 2, 2�).

The overpolarization in deposition of ions of
a more electropositive metal cannot be explained in
terms of the thermodynamics [1], since the maximal
work spent for the alloy formation upon the deposi-
tion of both electropositive and electronegative metals
is positive. Evidently, the overpolarization at Cu elec-
trodeposition into the alloy is associated with the
presence of BA in electrolyte, which decreases the
process rate owing to adsorption on the electrode.
Apparently, the depolarization in the Sn deposition
into the alloy results from a decrease in its partial

Cu, wt % CE, %

ic, A dm�2

Fig. 1. (1) Copper content Cu and (2) current efficiency
CE by the Cu�Sn alloy vs. cathodic current density ic.
Electrolyte: CuSO4 �5H2O 30 g l�1, SnSO4 30 g l�1, H2SO4
90 g l�1, and BA 3 ml l�1; mechanical stirring; the same
for Figs. 2 and 3.

ic, A dm�2

Ec, V

�

�

Fig. 2. Cathodic polarization curves for electrodeposition
of (1) copper, (2) tin, and (3) Cu�Sn alloy. (ic) Current
density and (Ec) potential (vs. standard hydrogen electrode).
(1�, 2�) Partial polarization curves of copper and tin
deposition.

energy released upon formation of intermetallic com-
pounds in bronzes [1]. This is confirmed by the analy-
sis of the alloy phase composition. It was found that
the alloy formed in formation of yellow bronze con-

Composition of the Cu�Sn alloy at various concentrations
of CuSO4 �5H2O and SnSO4. ic = 3 A dm�2, mechanical
stirring
����������������������������������������

SnSO4,
� Cu content in alloy, wt %, at indicated

g l�1
� CuSO4 �5H2O concentration, g l�1

��������������������������������
� 30 � 40 � 50

����������������������������������������
30 � 85.8 � 87.6 � 89.0
40 � 84.3 � 86.3 � 88.4
50 � 82.7 � 84.5 � 86.6

����������������������������������������
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Sn2+, g-ion l�1

Cu,
wt % Sn4+, g-ion l�1

Q, A h l�1

Fig. 3. Influence of the amount of passed electricity Q on
the content of (1) Sn2+ and (2) Sn4+ ions in the bronzing
electrolyte and (3) on the copper content Cu in the alloy at
ic = 3 A dm�2 and bronze anodes (85 wt % Cu and 15 wt %
Sn).

sisted of CuSn and Cu31Sn8 intermetallic compounds.

The electrochemical stability of a bronzing electro-
lyte was studied in the course of prolonged electroly-
sis with bronze and copper anodes. It was found that,
with increasing amount of the passed electricity, the
concentration of the Sn2+ ions in the electrolyte de-
creases, whereas the Sn4+ concentration increases
(Fig. 3, curves 1, 2). The Cu2+ content in the
electrolyte varies insignificantly, and the Cu content
in the alloy increases (Fig. 3, curve 3). It should be
noted that, in the course of the electrolysis with bronze
anodes, the Sn2+ concentration in the electrolyte and
the alloy composition vary to a lesser extent than in
the course of the electrolysis with Cu anodes.

To ascertain why the content of Sn2+ ions in the
electrolyte decreases considerably and the Sn4+ con-
tent increases, we took the anodic polarization curves.
It was found that the potential of a bronze anode at
ia = 1�5 A dm�2 lies in the range of potentials from
0.36 to 0.38 V, and that of a copper anode, in the
range from 0.32 to 0.47 V, i.e., they both are more
positive than the standard potential of the oxidation of
Sn2+ to Sn4+ (0.16 V) [11]. The data presented show
that the oxidation of Sn2+ to Sn4+ with subsequent
hydrolysis and precipitation of metastannic acid sus-
pension are responsible for the low electrochemical
stability of the bronzing electrolyte with respect to
Sn2+, with both bronze and copper anodes. With tin
anodes, the dissolution potential at ia = 1�5 A dm�2

varies from �0.18 to �0.10 V, i.e., the potential of
the Sn anode acquires more negative values than the
potential of the Sn2+ oxidation to Sn4+, which makes
this oxidation on the anode infeasible. At the same
time, it is not reasonable to use tin anodes for the

electrodeposition of yellow bronze, since in this case
the Sn2+ concentration in the electrolyte increases
considerably and the Cu2+ concentration decreases.
A decrease in the Sn2+ concentration in the electrolyte
is due to its contact deposition onto tin anodes when
switching off the current. The Sn anodes can be used
for adjusting the composition of the sulfate electrolyte
both to increase the Sn2+ concentration in the elec-
trolyte and to decrease the concentration of Cu2+ if its
excessive amount is accumulated.

Thus, we developed a sulfate electrolyte for obtain-
ing lustrous Cu�Sn coatings (yellow bronze). The
electrolyte contains CuSO4 �5H2O 30�50 g l�1,
SnSO4 30�50 g l�1, H2SO4 90�100 g l�1, and BA 2�
4 ml l�1; ic = 3�5 A dm�2.

The current efficiency is 95�98%. The tin content
in the alloy is 11�18 wt %. Anodes are made of
bronze (85 wt % Cu and 15 wt % Sn). The process is
performed at 18�20�C at stirring and continuous filtra-
tion of the electrolyte. After passing 25�30 A h l�1 of
electricity, the Sn2+ and Cu2+ concentrations require
correction. Adjustment of the BA concentration is per-
formed on the basis of spectrophotometric analysis
data [6].

CONCLUSIONS

Electrodeposition of Cu�Sn alloy is performed at
18�20�C with stirring and continuous filtration of the
electrolyte containing CuSO4 �5H2O 30�50 g l�1,
SnSO4 30�50 g l�1, H2SO4 90�100 g l�1, and benzyl
alcohol 2�4 ml l�1.
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Abstract�A scheme for preparing high-purity lithium hydroxide monohydrate from technical-grade lithium
carbonate is suggested.

The basic stage in preparation of LiOH �H2O from
Li2CO3 is transformation of solid Li2CO3 into a
LiOH solution. In this case, the throughput of the
conversion process and its energy consumption, as
well as the concentration and purity of the resulting
LiOH solution largely determine the quality of the
product obtained, its production cost, and the effi-
ciency of the method as a whole.

Of the known techniques for preparing LiOH from
Li2CO3, the method based on the reaction of Li2CO3
with lime milk Ca(OH)2 is mainly used in practice
[1, 2]. Despite the simplicity of this method and use
of low-cost and readily available raw materials, it has
a number of important disadvantages. For example, to
obtain high-quality LiOH �H2O, it is necessary to im-
pose stringent requirements on the purity of the start-
ing components. In view of the low solubility of
Ca(OH)2, the technique in question is also character-
ized by low yield of LiOH into solution and large loss
of Li+, associated with the necessity for washing and
settling of voluminous precipitates of CaCO3.

To raise the yield of LiOH and improve the purity
of the LiOH �H2O obtained, it has been suggested to
use, instead of Ca(OH)2, a more soluble compound,
Ba(OH)2 [2]. However, the given method is also
largely characterized by the same disadvantages.
Moreover, Ba(OH)2 is more expensive than Ca(OH)2.

A method for obtaining LiOH by hydration of its
oxide formed in thermochemical dissociation of
Li2CO3 in a vacuum was suggested in [2]. However,
the low rate of Li2CO3 decomposition gives no way
of using this technique in the industry.

In recent years, electrochemical methods using ion-

exchange membranes have found wide use in manu-
facture of high-purity alkali metal hydroxides [3�9].

For example, a method is known for preparing
LiOH from Li2CO3 in a two-chamber electrolyzer
with a cation-exchange membrane, lead anode, and
iron cathode [8].

In [9], it was suggested to prepare LiOH from solid
Li2CO3-containing wastes by bringing them in contact
with water and subsequent separation of the clarified
liquid phase. A lithium-containing solution is passed
through the central chamber of a three-chamber elec-
trolyzer, and a LiOH solution is obtained in the cath-
ode chambe, and a solution of a mixture of acids, in
the anode chamber. The circulation of the starting
solution leads to desalting of the liquid in the central
chamber, and this liquid is recycled into the dissolu-
tion stage.

The above-mentioned electrochemical methods for
conversion of Li2CO3 into LiOH exhibit important
advantages over chemical production techniques,
because they make it possible to directly obtain high-
purity LiOH at lower loss of Li+. Therefore, develop-
ment of a process for obtaining high-purity LiOH �

H2O by membrane electrolysis shows promise. How-
ever, the low output capacity and high energy con-
sumption by electrochemical conversion, which is due
to low solubility of Li2CO3 in water, is an important
disadvantage in setting up a large-scale production.

The above disadvantages can be eliminated by pre-
liminarily converting Li2CO3 into a well-soluble
lithium salt. In this case, the solubility of the salt in
water, electrical conductivity of its solution, and the
nature of anodic reactions and products formed will
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largely determine the efficiency of membrane elec-
trolysis.

The most suitable salt is Li2SO4, which is due
not only to its high solubility, but, to a considerable
extent, also to specificity of the anodic processes that
occur in electrolysis of a Li2SO4 solution.

The main anodic reaction in electrolysis of the sul-
fate solution proceeds to give O2 and H2SO4 as prod-
ucts, which makes it possible to use readily available
and inexpensive lead anodes. In addition, the evolving
O2 presents no problems with its utilization, and
H2SO4 generated in the anolyte is easily neutralized
with Li2CO3, with its conversion into Li2SO4.

In addition to the electromembrane conversion of
Li2CO3 into a LiOH solution, it is necessary to
solve, in developing a process for production of high-
purity LiOH �H2O, the problem of removal of Na, Ca,
Mg, Al (halides and sulfates) impurities, and also
SiO3

2� ions, contained in Li2CO3. Solving this prob-
lem required a number of experimental studies and
predetermined the goals of this work. Among the is-
sues studied were the following: electrochemical con-
version Li2SO4 � LiOH with determining the main
technical and economical characteristics of the process
and factors affecting the yield and qualitative com-
position of the conversion-produced LiOH; evapora-
tion of the conversion-produced LiOH solution, crys-
tallization of LiOH �H2O from this solution, distribu-
tion of impurities among the liquid and solid phases,
and washing of the resulting LiOH �H2O crystals to
remove mother liquor; and carbonation of mother
liquors after evaporation as applied to utilization of
Li+ from these solutions.

EXPERIMENTAL

In the study was used technical-grade Li2CO3
manufactured by the SQM company (Chile) and con-
taining about 1% impurities. The starting Li2CO3
solution was prepared from chemically pure grade
crystalline lithium sulfate and distilled water.

The electrochemical conversion was studied in
a galvanostatic mode on a laboratory setup whose
main part is a membrane electrolyzer in the form of
a filter-press apparatus with a stainless steel cathode
and lead anode. The interelectrode space of the elec-
trolyzer is separated by an MK-40 cation-exchange
membrane into the anode and cathode chambers.
The working area of the membrane and electrodes was
the same and equal to 0.78 dm2.

The rate of solution circulation in all the experi-
ments was 0.15 l min�1. The thickness of the elec-

trode chambers was varied from 2 to 16 min, and the
concentration of H2SO4 in the anolyte, from 0 to
87 g l�1. The concentration of the resulting LiOH
was in the range from 10 to 85 g l�1, and the current
density, from 5.2 to 15.4 A dm�2. The process tem-
perature depended on the current load and varied
in the range 30�40�C.

In the experiments, the main parameters of the
electrolysis process (transfer of Li+ ions into the cath-
ode chamber, current efficiency, electrolyzer voltage,
and specific electric power consumption) were deter-
mined. In addition, the qualitative and quantitative
composition of the conversion-produced LiOH and the
influence exerted on these parameters by the anolyte
composition were found.

The rate of transfer of Li+ ions into the cathode
chamber, �PLi+, (g Li h�1 dm�2), was determined
from changes in the concentration of Li+ ions, or
in the equivalent concentration of OH� ions in the
catholyte (the negligible content of impurity ions in
the catholyte was disregarded), and from changes in
its volume in unit time, using the formula

�Vc�cLi+
�PLi+ = �������� � 0.292,

�Sm

where �Vc is the change in the catholyte volume in
a time � (l); �cLi+, the change in the concentration of
LiOH in the time � (g l�1); �, the time of electrolysis
(h); Sm, the membrane area (dm2); and 0.292, the
recalculation factor.

The current efficiency � (%) was calculated by the
formula

�PLi+ F
� = ������ � 100,

j ELi+

where j is the current density (A dm�2); F = 26.8, the
Faraday constant (A h); and ELi+ = 7, the chemical
equivalent of lithium (g).

The specific energy expenditure was determined
using the formula

Uj
W = ����,

�PLi+

where W is the specific expenditure of electric power
(W h g�1 Li), and U is the electrolyzer voltage (V).

The crystallization of LiOH �H2O, including the
stage of its washing, was studied with conversion
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solutions of LiOH. A solution was evaporated to a
LiOH concentration in solution of 170�180 g l�1.
Then, the evaporated solution was cooled in a closed
flask to room temperature and the crystals formed
were rapidly filtered off. The product was dried in
a desiccator at room temperature and then analyzed
for the content of impurities and subjected to washing.

The mother liquor, which is a saturated solution of
LiOH with impurities, was recycled into the stage
of evaporation and crystallization, and so on. This
yielded, each time, crystals and mother liquors in-
creasingly contaminated with impurities. A total of
five different samples were obtained.

The resulting LiOH �H2O samples were, each
separately, washed to remove impurities with a pure
saturated solution of LiOH in accordance with a
scheme of three-stage batch washing with phase mix-
ing; the l : s ratio was 1 : 1 for each stage.

The washed LiOH �H2O samples were dried, and
the residual content of impurities in them was deter-
mined.

A mother liquor formed after crystallization, which
is a saturated LiOH solution contaminated with Na, K,
and Ca ions, was placed in a vessel for carbonation,
into which CO2 was fed from a cylinder at a rate of
0.3 l min�1 through a gas-distribution unit. The carbo-
nation was performed in the bubbling mode to pH
12.3 to prevent formation of lithium hydrocarbonate.

The resulting suspension was separated by filtra-
tion, after which the precipitate was washed on the
filter with a threefold volume of distilled water, dried
in a desiccator, and analyzed for the content of im-
purities.

The conventional analytical techniques were used
in the study. The concentration of Li, K, and Na ions
was determined by the spectral method on a Philips
AAS-SP-9 atomic-absorption spectrophotometer [10];
that of calcium and magnesium ions, by EDTA titra-
tion [11]; that of OH� and H+ ions, by titration with
a 0.1 N solution of HCl or KOH, respectively [12];
and that of chloride ions, by mercurimetric titration,
with nitroprusside as indicator [13]. Sulfate ions were
determined in solutions with their concentration ex-
ceeding 1 g l�1 by volumetric EDTA titration [14],
and in cases when the concentration of these ions was
lower than 1 g l�1, by the nephelometric method on a
KFK-1 photocolorimeter [12]. The accuracy of deter-
mination was 5%. The formation of PbO2 in the sys-
tem under study was monitored as follows. The pre-
cipitate was filtered off and then boiled, together with
the filter, in a mixture of HNO3 with H2O2, with

the whole amount of PbO2 quantitatively dissolved.
The concentration of lead in solution was determined
by EDTA titration, with Xylenol Orange as indicator,
at pH 5.5 [15]. The concentrations of Cl2 and O3
in the gas phase were determined by photocolorimetry
on a KFK-2MP instrument [16].

The procedure for obtaining high-purity LiOH �
H2O from technical-grade Li2CO3 is shown in
Scheme 1.

According to the scheme suggested, a Li2SO4
solution is obtained from H2SO4 and Li2CO3 [reac-
tions (1), (2)]. In the process, impurities of Na+, K+,
Ca2+, Mg2+, Al3+, Fe3+, SiO3

2�, and Cl� ions will also
pass into solution from technical-grade Li2CO3. Some
of these impurities can impair the quality of the result-
ing LiOH solution and disturb the course of elec-
trolysis to the point of its complete termination. This
primarily refers to cations that tend to form poorly
soluble compounds on coming in contact with alkali
formed in the cathode chamber. Therefore, prior to
delivering the Li2SO4 solution to electrochemical
conversion, it should be alkalized to pH 11�12 in
order to precipitate these impurities in the form of
poorly soluble compounds [reactions (4)�(9)]. The
purified Li2SO4 solution is fed into the anode
chamber of the electrolyzer. In the course of electroly-
sis, water is oxidized electrochemically at the anode to
give gaseous O2 and H+ ions by reaction (10).

The cathode space is filled with a dilute LiOH
solution, with the electrochemical reduction of water
occurring at the cathode to give gaseous H2 and OH�

ions by reaction (12). The cation-exchange membrane
separating the cathode and anode spaces of the elec-
trolyzer ensures free transfer of cations (mainly Li+)
from the anode space of the electrolyzer into its cath-
ode space under the action of an electric field and
precludes transfer of anions. As a result, a fairly pure
LiOH solution concentrates in the cathode chamber
[reaction (13)]. The main ingredients that contaminate
LiOH will be Na+ and K+, which are present in the
anolyte and cannot be removed from the anolyte in
the stage of its alkaline purification preceding the
electrolysis. Therefore, these cations will also freely
pass, together with Li+ cations, into the cathode
chamber and thereby contaminate the product [reac-
tions (14), (15)].

The thus obtained LiOH solution containing a cer-
tain amount of Ba+ and K+ impurities is delivered to
the stage of evaporation and crystallization of LiOH �
H2O and is, in part, used to alkalize the Li2SO4 solu-
tion before the electrochemical conversion.
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Scheme 1

H2SO4(soln) + Li2CO3 �� 2LiHCO3(soln) + Li2SO4
H2SO4(soln) + 2LiHCO3(soln) �� Li2SO4(soln) + 2CO2(g) + 2H2O(l) (2)

(1)��
��

Alkaline precipitation of impurities from Li2SO4(soln)

HCO3 + OH� � CO2� + H2O�

3
Ca2+ + CO2� � CaCO3(s)�3
Mg2+ + 2OH� � Mg(OH)2(s)�
2Fe3+ + 6OH� � Fe(OH)3(s)�

Ca2+ + SiO2� � CaSiO3(s)�

Al3+ + 3OH�� Al(OH)3(s)�

3
Mg2+ + SiO2� � MgSiO3(s)�3

Membrane electrolysis of Li2SO4

Anodic process Cathodic process

H2O � 2e � 2H+ + 1/2O2(g)�
2H+ + SO2� � H2SO4(soln)4

H2O + e � OH� + 1/2H2(g)�
Li+ + OH� � LiOH(soln)
Na+ + OH� � NaOH(soln)

K+ + OH� � KOH(soln)

Evaporation and crystallization of LiOH 	 H2O

NaOH(soln)

KOH(soln)

LiOH(soln) � LiOH 	 H2O(s)� + LiOH(soln)

CO2(g) + 2NaOH(soln) � Na2CO3(soln) + H2O(l)
CO2(g) + 2KOH(soln) � K2CO3(soln) + H2O(l)

CO2(g) + 2LiOH(soln) � Li2CO3(soln) + H2O(l)

(19)
(20)

(21)

(12)
(13)
(14)
(15)

Chemical reactions that occur in preparing high-purity LiOH 	H2O from technical-grade lithium carbonate.

The required degree of purification of the final
product to remove Na+ and K+ can be achieved by
crystallization of LiOH �H2O from an evaporated
LiOH solution [reactions (16)�(18)]. In the crystalliza-
tion of LiOH �H2O, Na+ and K+ ions must mainly

remain in the mother liquor because of the higher
solubility of NaOH and KOH and, up to their certain
content in the solution being evaporated, must not
affect the purity of the LiOH �H2O crystals obtained.
In this case, the resulting LiOH �H2O crystals should
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�, %

c, g l�1

Fig. 1. Current efficiency � vs. LiOH concentration c.

�, %

c, g l�1

Fig. 2. Current efficiency � by conversion LiOH vs. the
H2SO4 concentration c in the anolyte.

be washed with the condensate for more complete
removal of the mother liquor from their surface.

In order to prevent the loss of Li+, it is advisable to
treat spent washing solutions and mother liquors with
carbon dioxide evolved in reaction (2). It is necessary
to separate the poorly soluble Li2CO3 from the liquid
phase, which contains mostly Na2CO3 and K2CO3
[reactions (19)�(21)]. The carbonate mother liquors
formed after separation of Li2CO3 can be used in the
industry, e.g., for neutralization of wastewater, or in
installations for water softening.

The main characteristic of any process is the specif-
ic energy expenditure necessary for obtaining the
target product. The specific energy expenditure in
electrolysis is determined by the electrolyzer voltage
and current efficiency by the target product. The elec-
trolyzer voltage is largely determined by the electrical
conductivity of the electrolyte, which, as a rule,
depends on its concentration. In studying the electro-
chemical conversion of Li2SO4 into LiOH, the op-
timal Li2SO4 concentration in the solution delivered
to the conversion stage was determined to be 180�
230 g l�1 [17]. To this concentration corresponds the
maximum electrical conductivity of approximately
0.09 S cm�1, which, combined with the relatively low
viscosity, ensures the minimum energy expenditure
for overcoming the ohmic and hydrodynamic resist-
ances in the given process. It was established experi-
mentally that changing the thickness of chambers of
the electrolysis cell in the range 2�8 mm has virtually
no effect on the loss of voltage in electrolysis of
a Li2SO4 solution with a concentration of 200 g l�1

in the current density range studied. In the elementary
cell, the chamber thickness was taken to be 4 mm,
which enables one, on the one hand, to simplify to the

maximum possible extent the fabrication of an elec-
trolyzer of the filter-press type, and, on the other, to
construct apparatus with a high output capacity and
relatively small dimensions.

The concentration of LiOH in the cathode chamber
affects the loss of voltage in an elementary cell of the
electrolyzer only at LiOH concentrations of up to
40�45 g l�1.

A much stronger influence is exerted by the con-
centration of LiOH obtained on the current efficiency
by LiOH, whose value directly determines the specific
energy expenditure.

The dependence of the current efficiency on the
concentration of the LiOH being obtained, shown in
Fig. 1, indicates that the transfer of Li+ ions linearly
decreases as the content of Li+ ions in the catholyte
becomes higher. This leads to a proportional rise in
the specific expenditure of electric power. The mini-
mum specific expenditure of electric power for elec-
trochemical conversion corresponds to concentrations
of LiOH obtained equal to 20�25 g l�1. However, ob-
taining a more concentrated LiOH solution is ad-
vantageous as regards energy saving in evaporation of
a solution of conversion LiOH in production of LiOH �
H2O.

Rough feasibility studies demonstrated that, as
regards lowering to the maximum possible extent the
total energy expenditure for obtaining LiOH �H2O as
a commercial product, the optimal concentration of
conversion LiOH is 40�50 g l�1. In this case, the con-
centration of the acid in the anolyte does not exert, in
a rather wide range (up to 50 g l�1 of H2SO4), any
noticeable influence on the cathode current efficiency
by LiOH (Fig. 2). A moderate increase in the acidity
even improves the process parameters because of a
certain enhancement of the transfer of Li+ ions and the
corresponding increase in the current efficiency (by
approximately 5%). The possible reason is that, when
the acidity of the anolyte increases, H+ ions neutralize
OH� ions in the membrane or in the near-membrane
layer on the anode side to give water. The reaction
between H+ and OH� ions, which are charge carriers,
is compensated for by an increase in the fraction of
current transported by Li+ ions. The optimal concen-
tration of H2SO4 in the anolyte in production of LiOH
is in the range 15�40 g l�1. Impurity ions constantly
delivered into the anolyte with Li2CO3 in the neutrali-
zation of the acid cannot affect the process parameters
to any noticeable extent because of their insignificant
content in the anolyte.

In addition to the parameters described above,
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those affecting the feasibility of electrolysis include
the current density, which determines the specific
output capacity of the process. The dependences in
Figs. 3 and 4 clearly demonstrate that raising the cur-
rent density leads to an increase in the electrolyzer
voltage (Figs. 3, 4) and to the corresponding rise
in the specific energy expenditure (Fig. 4, straight
line 2). At the same time, raising the current density
leads to a proportional increase in the rate of transfer
of Li+ ions, �PLi+, i.e., in the specific output capacity
of the process (Fig. 4, straight line 1). For example,
a threefold increase in the current density leads to an
identical increase in the specific output capacity of
the process, whereas the energy expenditures grows
by only 36.6%. It was also established that the current
density does not affect significantly the qualitative
composition of the LiOH obtained. The electrolysis is
more efficient at higher current densities, because the
component of the production cost, associated with the
capital cost and running expenses, decreases in this
case. This conclusion is also supported by the fact that
the concentration polarization of the electrodes and
membranes, which makes shorter their service life, is
not observed at the current densities studied. This is
indicated by the stable current efficiency by LiOH and
by the sufficiently high chemical and corrosion resist-
ance of the membranes and electrodes, observed in the
course of the study.

The main disadvantage of MK-40 membranes is
their high permeability to OH� ions, which leads to
low current efficiency. At the same time, these mem-
branes enable production of LiOH that is virtually free
of any foreign anions. The main impurities that pass
from Li2CO3 into a LiOH solution in electrochemical
conversion are Na+ and Ca2+ ions, whose concentra-
tions in the 2 M LiOH solution obtained in a station-
ary electrolysis mode are 35�40 and 12�15 mg l�1,
respectively. A decrease or increase in the concentra-
tion of LiOH does not affect their relative concentra-
tion in solution. The study performed demonstrated
that, as expected, the concentration of Ca2+ ions in
alkali can be diminished to 2�4 mg l�1 by purifying
the anolyte by the carbonate�alkaline method. No
transfer of lead ions into the LiOH solution was ob-
served in the course of electrolysis.

The parameters characterizing the purification of
LiOH �H2O by evaporation, crystallization, and wash-
ing of the crystals obtained to remove the remainder
of contaminated mother liquor are listed in Tables 1
and 2.

Table 2 shows that the maximum content of Na+

ions in the LiOH �H2O samples obtained, at which

U, V

j, A dm�2

Fig. 3. Voltage U vs. the current density j in production
of LiOH.

j, A dm�2

�PLi+, (g Li) h�1 dm�2 W, W h (g Li)�1

Fig. 4. (1) Rate of transfer of Li+ ions and (2) specific
energy expenditure W vs. the current density j in production
of a LiOH solution. (�PLi+) Specific transfer of Li+ ions to
the cathode chamber.

high-purity LiOH �H2O can be obtained by their wash-
ing to remove mother liquor (residual content of
Na+ � 0.002 wt %), is about 0.06 wt %. As seen from
Table 1, the concentration of Na+ ions in a LiOH
solution from which LiOH �H2O with a residual sodi-
um content c � 0.06 wt % can be obtained should not
exceed 1.4 g l�1.

As expected, Ca2+ is removed by washing to a
considerably lesser extent than Na+, and, therefore,
the maximum content of Ca2+ impurity in the LiOH �
H2O samples delivered to the washing stage should
not exceed 0.003 wt % for LiOH �H2O of required
purity as regards Ca2+ ions (residual content of Ca2+

c � 0.001 wt %) to be obtained. In this case, the con-
centration of Ca2+ in a LiOH solution from which
LiOH �H2O with a residual content of Ca2+ c �
0.003 wt % can be obtained should not exceed
0.05 g l�1. Provided that the concentration of Ca2+ in
the starting solution of conversion LiOH is lowered to
2�4 mg l�1 by its alkaline�carbonate removal from the
anolyte delivered to electrolysis, it may be stated that
Ca2+ is not an impurity component that determines
the quality of LiOH �H2O produced by the technique
suggested.
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Table 1. Characteristics of starting solutions and crystalline LiOH 	H2O samples obtained from these solutions
������������������������������������������������������������������������������������

Sam-
�

LiOH solution

�
Solution

�
cLiOH in

� Na+ content � Ca2+ content
� � � ��������������������������������������������ple � � volume, l� solution, g l�1 � in solution, � in LiOH 	H2O, � in solution, � in LiOH 	H2O,no. � � � � g l�1 � wt % � g l�1 � wt %

������������������������������������������������������������������������������������
1 �Starting � 7.00 � 45.5 � 0.070 � 0.008 � 0.015 � 0.003
2 �Mother liquor after � � � � � �

�crystallization: � � � � � �
� first � 1.25 �Saturated solu-� 0.520 � 0.017 � 0.051 � 0.004
� � �tion, 
120 g l�1 � � � �

3 � second � 0.75 � � � 0.784 � 0.057 � 0.056 � 0.006
4 � third � 0.42 � � � 1.435 � 0.061 � 0.078 � 0.012
5 � fourth � 0.23 � � � 2.200 � 0.092 � 0.088 � 0.036
6 � fifth � 0.11 � � � 3.560 � � � 0.084 � �

������������������������������������������������������������������������������������
Note: The concentration of K+ ions in all the samples and solutions studied is an order of magnitude lower than that of Na+ ions.

Table 2. Results of a comparative analysis of LiOH 	H2O samples for the content of impurities after washing to remove
mother liquor
������������������������������������������������������������������������������������

Sample no.
� Content of Na+, wt % � Content of Ca2+, wt %
��������������������������������������������������������������������������
� before washing � after washing � before washing � after washing

������������������������������������������������������������������������������������
1 � 0.008 � 0.0006 � <0.003 � <0.001
2 � 0.017 � 0.0020 � <0.004 � <0.002
3 � 0.057 � 0.0024 � <0.006 � <0.003
4 � 0.061 � 0.0022 � 0.012 � <0.006
5 � 0.092 � 0.0103 � 0.036 � 0.020

������������������������������������������������������������������������������������

In order to test the process on an enlarged scale,
a pilot batch of the product was prepared from lithium
carbonate of Chilean manufacture.

In the process, 8.5 l of a conversion solution of

Table 3. Composition of Li2CO3 manufactured by SQM
(Chile) and of LiOH 	H2O obtained
����������������������������������������

Main substance
� Content, wt %
����������������������������and impurities � Li2CO3 � LiOH 	H2O

����������������������������������������
Li2CO3 � 99.0 � 0.6*
Cl� � 0.02 � 0.1 � 10�3

Na+ � 0.12 � 2 � 10�3

K+ � 0.05 � 0.2 � 10�3

Ca2+ � 0.04 � 
4 � 10�3

Mg2+ � 0.011 � 
1 � 10�3

� �SO4
2� � 0.1 � 
0.1 � 10�3

Fe2O3 � 0.03 � 
1 � 10�3

Insolubles � 0.02 � �
Pb � � � �
����������������������������������������
* The product contains a CO3

2� impurity because of its storage
conditions.

LiOH with an average concentration of 45 g l�1 was
obtained. The average concentrations of the main
impurities in the resulting solution are as follows
(mg l�1): Na+ 70, Ca2+ 15, CO3

2� 300. The contents of
other impurities (Pb, Fe2+, Mg2+, SO4

2�, Cl�) were
either an order of magnitude lower than that of Na+

and Ca2+, or these impurities could not be detected
at all by the analytical methods used.

It follows from Table 3 that the quality of LiOH �
H2O satisfies the requirements of GOST (State Stan-
dard) 8595�83 (LGO-1 brand) in all the parameters
except the content of Ca2+.

The increased content of Ca2+ (�0.004 wt % against
0.001 wt % required by GOST) can be brought to
satisfactory values by preliminary alkaline�carbonate
purification of the anolyte delivered to electrolysis.

A study of the carbonation of alkaline mother
liquors obtained after evaporation and crystallization,
which cannot be used to produce commercial LiOH �
H2O because of the high content of impurities, dem-
onstrated sufficiently high efficiency of this process
for utilization of Li+. Li2CO3 obtained by carbonation
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Scheme 2

LiOH solution

Li2SO4 + H2SO4 solution
Membrane
electrolysis

Evaporation

Crystallization

Centrifugation

Neutralization

Li2SO4 solution, pH 7.5�8 Washing
solution

Washing

Centrifugation

Li2SO4 solution
alkaline

Carbonate�

Mother liquor

Carbonation

Filtration

Washing

Filtration

Aqueous solution
of alkali metal

carbonates

purification
of anolyte

Flowsheet for production of high-purity LiOH 	H2O.

contains only 0.007 wt % Na+ and 0.043 wt % Ca2+,
which allows its recycling into the stage of electro-
chemical conversion. It was established that the main
part of Ca2+ passes into the solid phase of Li2CO3
and cannot be removed by subsequent washing. Part
of Na+ ions (88%) remains in solution, and 12% Na+

coprecipitates with Li2CO3, and this Na+ can be com-
pletely removed by washing.

A calculation of the conversion of Li2CO3 into
LiOH �H2O of LGO-1 brand demonstrated that the

loss of Li+ without utilization from mother liquors
formed in crystallization of LiOH �H2O is 5.4%. With
utilization of Li+ from mother liquors by their carbo-
nation and recycling of Li2CO3, the loss of Li+ is
about 1%.

The results obtained were used to develop a tech-
nique for manufacture of high-purity LiOH �H2O
from Li2CO3 by membrane electrolysis (Scheme 2).
The technique was patented in the Russian Federa-
tion [18].
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CONCLUSIONS

(1) The experimental study of production of LiOH �
H2O from technical-grade Li2CO3 by membrane elec-
trolysis via Li2SO4 demonstrated that the use of a sul-
fate solution of Li+ makes it possible to perform the
process in an intensive mode at high current densities
and allows use of lead anodes and MK-40 cation-
exchange membranes of domestic manufacture.

(2) The use of these materials in a practical im-
plementation of the process of electrochemical con-
version demonstrated their high stability and effi-
ciency. The technique is distinguished by an in-
tegrated approach to solution of the problem of use of
technical-grade Li2CO3 and, in particular, that of
Chilean manufacture. It yields high-purity LiOH �H2O
with a minimum amount of reagents used and does
not produce any toxic waste.
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Abstract�The inhibiting effect of N-phenacylpyridinium bromides with the amide group in the pyridine ring
on corrosion of carbon steel in 3 M sulfuric acid is studied. A relationship between the nature of substituents
at the amide group and the corrosion-protective properties of the compounds studied is revealed. Compounds
demonstrating high protection efficiency in acid solutions at elevated temperatures are found.

In the previous work [1] we demonstrated that the
corrosion-protective efficiency of N-phenacylpyridini-
um bromides (I)

��
���

R

Br� ��
O

N

�
+��
���

R

Br� ��
O

N

�
+

at 20 and 40�C can be characterized as the correlation
between the inhibiting factor � and �0

c constants of
the substituent R. At higher temperatures (60 and
80�C), they demonstrate considerably higher inhibit-
ing efficiency, depending on the nature of the sub-
stituent. As the temperature increased from 20 to
60�C, the inhibiting factor of the compound with the
NH2 group increased by a factor of 8 (from 23.7 to
200.3), while that of the compound with the acetyl
group, by a factor of 35 (from 7.6 to 262.8). Such
a difference in the increase of the inhibiting efficiency
between these compounds is due to the fact that, at the
elevated temperature, the metal surface more actively
interacts with the COCH3 group as compared to the
amino group under the same conditions. Therefore, for
further study of the relationship between the structure
of N-phenacylpyridinium bromides and their corro-
sion-protective properties, we selected compounds
bearing carbonyl substituents at the position 2 of the
pyridine ring. These are the amides 2-benzoylamino-
1-(2-oxo-2-phenylethyl)pyridinium bromide (II),
2-(3-phenylacryloyl)amino-1-(2-oxo-2-phenylethyl)-
pyridinium bromide (III), 2-(4-methoxybenzoyl)ami-
no-1-(2-oxo-2-phenylethyl)pyridinium bromide (IV),
2-(2-furylcarbonyl)amino-1-(2-oxo-2-phenylethyl)pyri-
dinium bromide (V), 2-(2-tetrahydrofurylcarbonyl)-
amino-1-(2-oxo-2-phenylethyl)pyridinium bromide

(VI), 2-(thienylcarbonyl)amino-1-(2-oxo-2phenyl-
ethyl)pyridinium bromide (VII), 2-(3-(2-furyl)-
acryloyl]amino-1-(2-oxo-2-phenylethyl)pyridinium
bromide (VIII), 2-(1-adamantoyl)amino-1-(2-oxo-
2-phenylethyl)pyridinium bromide (IX), and 2-octa-
decanoylamino-1-(2-oxo-2-phenylethyl)pyridinium
bromide (X).

These compounds bearing three and, in some cases,
even four reactive centers capable of interacting with
the metal surface are of particular interest for further
investigation of the effect of intramolecular synergism
in corrosion-protective action of organic compounds.
They were synthesized by the reaction of 2-aminopyri-
dine with the corresponding acid chlorides, followed
by alkylation of the resulting amides with �-bromo-
acetophenone:

��
2 N

RCOCl
����

Et N3
�R���

O

��N

������
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H

�R���
O

�N
H

�
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,

��
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����
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�R���
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��N

������
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�R���
O
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H

�
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O
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�

BrCH COPh2

�
+

Br�

�

,

where R = C6H5 (II), C6H5CH=CH (III), 4-CH3C6H4 (IV),

��	O

(V), �O
(VI),��	
S

(VII),

��	O

CH��CH
(VIII),�


�
����		

(IX), CH CH(
3 )162 (X).

��	O

(V), �O
(VI),��	
S

(VII),

��	O

CH��CH
(VIII),�


�
����		

(IX), CH CH(
3 )162 (X).

The structures of the products were confirmed
by IR and 1H NMR spectra.
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Table 1. Inhibiting factors � of phenacylpyridinium bromides II�X and protection rates Z of 0.8KP steel in 3 M H2SO4
������������������������������������������������������������������������������������
Compound �

R
� 20�C � 40�C � 60�C � 80�C

� ������������������������������������������������������������
� � � � Z, % � � � Z, % � � � Z, % � � � Z, %

������������������������������������������������������������������������������������
II �C6H5 � 2.60 � 61.54 � 4.78 � 79.08 � 17.20 � 94.19 � 12.00 � 91.66
III �C6H5CH=CH � 32.10 � 96.88 � 43.45 � 97.70 � 365.90 � 99.73 � 360.10 � 99.72
IV �4-CH3OC6H4 � 33.30 � 96.99 � 47.80 � 97.91 � 731.85 � 99.86 � 595.00 � 99.83
V �2-Furyl � 24.30 � 95.88 � 33.70 � 97.03 � 317.15 � 99.68 � 220.20 � 99.55
VI �2-Tetrahydrofuryl � 30.00 � 96.66 � 43.45 � 97.70 � 365.90 � 99.73 � 333.80 � 99.70
VII �2-Thienyl � 28.10 � 96.44 � 43.45 � 97.70 � 456.16 � 99.78 � 453.00 � 99.78
VIII �2-Furyl�CH=CH� � 36.00 � 97.22 � 45.52 � 97.80 � 475.70 � 99.79 � 360.10 � 99.72
IX �1-Adamantyl � 26.60 � 96.24 � 28.80 � 96.53 � 432.45 � 99.77 � 318.26 � 99.69
X �1-Octadecyl � 24.30 � 95.88 � 43.45 � 97.70 � 365.90 � 99.73 � 325.80 � 99.69

������������������������������������������������������������������������������������

EXPERIMENTAL

A mixture of 0.02 mol of appropriate acid chloride,
prepared from the acid and thionyl chloride, 0.02 mol
of 2-aminopyridine, 0.22 mol of triethylamine, and
20 ml of anhydrous benzene was refluxed for 3 h.
Then benzene was removed in a vacuum (water-jet
pump), and the residue was treated with water. Solid
amides were separated, and oily amides were extracted
with benzene. The resulting benzene solutions were
dried over anhydrous sodium sulfate, and benzene was
removed in a vacuum (water-jet pump). Equimolar
amounts (0.0015 mol) of the amides thus obtained and
�-bromoacetophenone were refluxed with 15 ml of
ethyl acetate for 3 h. The reaction mixture was treated
with diethyl ether, and a solid (II, V, VIII, or IX) was
separated. In the case of oily products, the solvent was
removed by decantation, and the residue was washed
with ether and dried in a vacuum (water-jet pump).
The yields (%) and melting points (�C) of compounds
II, V, VIII, and IX are as follows: II 80, 176�179;
V 75, 210�212; VIII 72, 180�181; and IX 82, 237�
240.

The corrosion-protective properties of compounds
II�X were studied at their concentration of 1�10�2 M
by determining the inhibiting factor � and protection
rate Z of 08KP steel in 3 M H2SO4 at 20, 40, 60, and
80�C using the gravimetric method. The results are
summarized in Table 1.

Since substitution of the hydrogen atom of the
amino group by an acyl residue is accompanied by
a decrease in the electron-donating power of this
group, it could be expected that the compounds in
hand would demonstrate lower protective efficiency at
room temperature as compared to their unsubstituted
analogs. Indeed, we found that, on passing from I

(R = NH2) to amide II, the inhibiting factor consider-
ably decreases not only at 20 or 40�C, but also at
higher temperatures. Evidently, in this case, the proc-
esses blocking the negative electron induction of the
benzamide group and promoting protective action
do not occur.

Different behavior was observed for the other
amides, whose acyl residue contains (in addition to
the phenyl group or in its place) such substituents as
an ethylene bridge (compound III), p-methoxy group
(IV), heterocyclic systems: furan, tetrahydrofuran, and
thiophene rings (compounds V�VII), or a vinyl group
and a furan ring (VIII). The inhibiting factor of these
compounds at all the temperatures studied was con-
siderably higher as compared not only to amide II,
but also to the compound with an NH2 group. In-
crease in the protective rate was observed also with
substitution of the phenyl group in II by a bulky
adamantyl group (compound IX) or stearic acid resi-
due (X). Following [1�4], enhancement of the inhibit-
ing action in compounds II�VIII is caused to a con-
siderable extent by immediate participation of the
substituents R in adsorption, and, in amides IX and X,
by either the shielding effect of the adamantyl and
octadecyl groups or small electron-donating effects
characteristic of these groups [2�5].

For compounds I, II, and V�VII we have made
quantum-chemical calculations of the charge distribu-
tion in the molecules (Table 2). The geometry was
optimized by the B3LYP method [6] with the standard
basis 6-31G using the GAUSSIAN program pack [7].
All the stationary points were fixed on the basis of
full analysis of normal modes of harmonic vibrations,
where NIMAG = 0 corresponds to the minima on the
potential energy surfaces for all the optimized struc-
tures. The results showed that, on passing from I (R =
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Table 2. Effective charges q on the heteroatoms of the compounds
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�����
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��
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R��
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������������������������������������������������������������������������������������

R*
� q
�������������������������������������������������������������������������
� O1 � N2 � N3 � O4 � O(S)5

������������������������������������������������������������������������������������
C6H5 � �0.54580 � �0.29956 � �0.66758 � �0.58872 � �

� � � � �

��	
O5
� �0.54576 � �0.32251 � �0.65968 � �0.55209 � �0.50162
� � � � �
� � � � �

�O
5 � �0.53863 � �0.32422 � �0.65884 � �0.55516 � �0.64280
� � � � �
� � � � �

��	5
S
� �0.56683 � �0.34702 � �0.65833 � �0.56042 � 0.46288
� � � � �

������������������������������������������������������������������������������������
* Effective charges q in I (R = NH2): �0.57072 (O1), �0.35093 (N2), and �0.80152 (N3).

NH2) to compounds II and V�VIII, the negative
charge on the nitrogen atom N3 at the pyridine ring
decreases to about the same level (somewhat higher
value was obtained for II). This fact and also practic-
ally equal charges on the oxygen atoms of the acyl
groups in these compounds suggest that the value of
the negative charges on the amide nitrogen and oxy-
gen atoms is not the factor determining the inhibiting
factor of the compounds studied, and the observed dif-
ferences in their protective characteristics are caused,
without question, by the nature of substituents R.

The calculation data showed that, in amides V�VII,
the oxygen atoms of the furan and tetrahydrofuran
rings bear negative charges, and the sulfur atom of
the thiophene ring, a positive charge, which is re-
sponsible for different mechanisms of interaction of
the heterocyclic fragments in the indicated compounds
with the metal surface. Adsorption of the oxygen-con-
taining heterocyclic structures on the metal proceeds
via the nucleophilic oxygen atoms. Therefore, the
larger negative charge localized on the oxygen atom
of the tetrahydrofuran ring is responsible for some-
what higher protective performance of VI as com-
pared to amide V. In compound VII containing a
thiophene ring, specific adsorption on the steel surface
can occur by virtue of formation of back coordination
bond with electron transfer from the metal to the
sulfur atom, thanks to its ability to accept electrons
on d orbitals.

The electrocapillary curves obtained on mercury in
3 M H2SO4 at 20�C in the presence of some of the
compounds studied showed that these compounds are
readily adsorbed on both negatively and positively
charged electrode surfaces (maximum in the electro-
capillary curve slightly shifted toward positive values).
This suggests the possibility that oppositely charged
reactive centers of the compounds participate in the
adsorption and that their presence induces a positive
adsorption jump of the potential.

The voltammetric measurements made in the pres-
ence of compounds V and IX revealed that they are
corrosion inhibitors of a mixed type. Being adsorbed
on a negatively charged surface of corroded steel,
these compounds inhibit both the anodic and cathodic
corrosion processes. Comparison of the experimental
and theoretical (calculated from the kinetic equations
[8]) inhibiting factors showed that, in the presence of
some of the compounds, inhibition of acid corrosion
of steel at 40 and 60�C proceeds by the coupled
energy-blocking mechanism. However, making such
calculations at 20�C is complicated by the occurrence
of a mixed hydrogen�oxygen depolarization in their
presence.

As the temperature increased from 20 to 60�C, the
inhibiting factor of amide II increased by a factor
of 6, and that of compounds II�X, by a factor of
11�22, which is higher by a factor of 1.5�3.6 than the
inhibiting factor of the unsubstituted compound at the
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same temperature. Such an enhancement of the protec-
tive properties of the indicated compounds is due to
increase in the contribution of the specific adsorption
via the carbonyl group of the phenyl residue, and also
to more effective participation of the acylamide
groups in adsorption. With further increase in the
temperature, the protective activity of the most of
these compounds slightly decreases, which, as known,
is a result of a high renewal rate of the surface of
corroded steel, retarding adsorption of the inhibitor.

It should be pointed out that the inhibiting factors
of the compounds in hand at 20 and 40�C only slight-
ly differ from each other, suggesting that the effect of
substituents in the acyl groups is leveled off under
these conditions. As the temperature rises to 60�80�C,
interaction of these compounds with the metal surface
considerably increases, and the differences in their in-
hibiting activity become more pronounced. For exam-
ple, at 20�C, the inhibiting factors of compounds III
and IV differ by about unity (or by a factor of 1.04),
while at 60�C, this difference becomes equal to 366
(or by a factor of 2). The difference between IV and V
is 6 (1.37) at 20�C and 414 (2.31) at 60�C. The reason
is that, at low temperatures, the same reactive centers
are responsible for adsorption of all the amides
studied, and the substituents R have only insignificant
effect. At higher temperatures, more favorable condi-
tions for effective participation of the substituents are
realized, whose different structure provides their dif-
ferent contributions to the corrosion-inhibiting activity
of the molecule as a whole.

CONCLUSIONS

(1) N-Phenacylpyridinium bromides bearing an
amide group in the pyridine ring are highly efficient

acid corrosion inhibitors. The inhibiting factor of
these compounds depends on the nature of substit-
uents in the acyl group, insofar as they can directly
participate in the interaction with the metal surface.

(2) High inhibiting value of N-phenacylpyridinium
bromides is a result of a combined action of all the
reactive centers of the molecules, which is particularly
pronounced at elevated temperatures. The inhibiting
factor of the compounds is as high as 300�700, and
the protective rate of steel, 99.7�99.9%.
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Abstract�Some kinetic aspects of the catalytic oxidation of carbon with atmospheric oxygen and nitrogen
oxide NO in the presence of catalysts based of cesium lanthanum vanadate were studied. The influence
exerted by a promoter, cesium sulfate, and its content on the course of catalytic reactions was analyzed.

Recently, the interest of researchers has been at-
tracted by catalytic oxidation of carbonaceous sub-
stances (carbon black) with oxygen and with nitrogen
oxides. These reactions are of practical importance for
treatment of effluent gases in thermal power engineer-
ing, metallurgy, building, and at garbage incineration
plants. The interest is due to the fact that fume gases
contain, in addition to other toxic components, carbon
black, nitrogen oxides, and residual oxygen. These
reactions can be used to neutralize exhausts of diesel
engines and to decrease the exhaust smoke emission.
Discharges of carbon black are dangerous because of
the carcinogenic compounds it contains. Deposits of
carbonaceous substances impair the efficiency of
thermocatalytic neutralizers. There exist complex
oxide catalysts that markedly accelerate the oxidation
of carbon black with the residual oxygen, and some of
these can be used to oxidize carbonaceous substances
via reduction of nitrogen oxides to molecular nitrogen.

Carbon can be oxidized in the presence of solid or
partly molten catalysts [1�7], with complex com-
pounds of vanadium distinguished by their high
catalytic activity. The activity of, e.g., lanthanum
vanadate increases dramatically when alkali metal ions
are incorporated into its structure, with the catalytic
activity the higher, the larger the atomic mass of a
metal [2, 3]. In addition, the promoting effect is
exhibited by alkali metal salts and, in particular,
Cs2SO4 introduced into the catalyst composition.
The mechanism of catalysis of the reactions men-
tioned above is rather complicated; to similar types of
interactions can be referred processes occurring in
catalytic gasification of coal and other carbonaceous
substances [8]. Steam�oxygen gasification is catalyzed
by compounds of alkali metals, e.g., by their carbo-
nates. The activity of alkali metal compounds also

increases in going from lithium to cesium. A similar
behavior has been observed for carbon oxidation with
nitrogen oxide N2O [9].

Thermocatalytic devices for neutralization of waste
gases [10], working in the continuous or batch mode,
should ensure a virtually complete burning-out of the
carbon black absorbed. Carbon black substances of
different origins have different structure and composi-
tion [11]. However, finer structures are stronger than
more complex ones, and, therefore, deposits of diesel
carbon black are mainly composed of formations not
larger than 5�10 �m in size. The particles may contain
incompletely burnt oils, mineral components of addi-
tives to combustive-lubricating materials, products
formed in wear of the piston and cylinder, etc. [10].
Impurities of this kind diminish the effective oxida-
tion surface of carbon black and hinder access of
oxidizing agents into pores, so that the particles are
only oxidized on their surface.

The kinetic parameters of combustion of various
carbonaceous substances strongly differ [12]. For
dust-like particles of various coals, the overall activa-
tion energy E of combustion in air varies from 75 to
170 kJ mol�1. Very strongly (by several orders of
magnitude) differ the pre-exponential factors K0 in the
Arrhenius equation, obtained for these reactions.
Determining the kinetic parameters is experimentally
difficult. The individual specific features of materials
lead to a wide scatter of points in experimental depen-
dences. However, despite this circumstance, empirical
equations relating E and K0 have been derived. To
higher activation energies correspond greater values of
K0. There exists an opinion that K0 is proportional to
the number of active centers on the carbon surface
[12]. As their number grows, the energy of each center
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decreases, which leads to an increase in the activation
energy. It has been suggested to use as a parameter
describing the process the specific surface rate of reac-
tion with carbon, KC

S [12]. This quantity depends on
whether the process is kinetically or diffusion-con-
trolled. It is related to the concentration of O2 in the
gas medium, relative amounts of the forming oxides
CO and CO2, etc. It is commonly believed that, for
carbonaceous particles of size not exceeding 10 �m,
reactions at their internal surfaces at low temperatures
are not important, and the overall combustion rate is
determined by the kinetics of the chemical reaction
between O2 and carbon. If carbon combustion occurs
within a bed, the key importance is acquired by diffu-
sion processes, and E decreases severalfold [12].

For the properties of samples in modeling of reac-
tions with gases to be reproducible, a certain type of a
carbonaceous material is chosen [9, 12], e.g., activated
carbon. In this study, experiments were performed
with activated carbon ground to 10 �m, which makes
the samples similar in particle size and specific sur-
face area of particles to carbon black. The presence of
mineral substances in the carbon makes the experi-
mental conditions close to reality. An attempt was
made to carry out a comparative analysis of kinetic
features of the process of carbon oxidation by at-
mospheric oxygen and nitrogen oxide NO in the pres-
ence of a cesium lanthanum vanadate catalyst with
a monazite structure, promoted with various amounts
of Cs2SO4.

EXPERIMENTAL

Powder catalysts were synthesized using La(NO3)3 �
6H2O, CsNO3, KNO3, and AgNO3 (all of chemically
pure grade), NH4VO3 of pure grade, Cu(NO3)2 �3H2O,
and polyvinyl alcohol of 11/2 brand. CsxLa1 � xVO4� y
(x = 0�0.5) was synthesized by pyrolysis of polymer�
salt formulations [13, 14]. A 5�10% solution of poly-
vinyl alcohol in distilled water was prepared on a
water bath and prescribed amounts of La(NO3)3 �
6H2O and CsNO3 were dissolved in this solution.
Ammonium vanadate was dissolved in water under
heating, and the resulting solution was mixed with
a separate portion of the aqueous solution of polyvinyl
alcohol and with an aqueous-polymeric solution of the
nitrates. A gel prepared using the methods described
in [15, 16] was dried in a thin layer under an infrared
lamp and subjected to pyrolysis and then to calci-
nation (4 h at 600�C). The product obtained was
analyzed on a DRON-1.5 diffractometer with CoK�
radiation using the JCPDS file. To introduce the

promoter, cesium sulfate Cs2SO4, an aqueous�alco-
holic solution of a technical-grade reagent was pre-
pared, and the catalyst powder was impregnated with
a prescribed volume of this solution and then dried
at 90�C. Other samples were also prepared by
pyrolysis of polymer�salt compositions from the
appropriate salts [13, 17].

The catalyst (Ssp = 8�15 m2 g�1) was ground in
an agate mortar and mixed in a mass ratio of 4 : 1 with
a preliminarily ground activated carbon of BAU brand
[18] (Ssp � 100 m2 g�1, ash content 4 wt %). The ash
contained oxides of aluminum, iron, silicon, and other
metals (microimpurities). The catalytic activity in
carbon oxidation by atmospheric oxygen was deter-
mined gravimetrically in an open reactor, with the
layer of a mixture of a powdered catalyst with carbon
placed in ceramic boats. Oxidation of carbon with
nitrogen oxide NO was studied in a similar manner in
a flow-through quartz reactor through which NO ob-
tained in a reaction of a concentrated solution of
NaNO2 or KNO2 and a solution of FeSO4 acidified
with hydrochloric acid (all reagents of chemically
pure grade) was passed at a flow rate of 30 ml min�1.
The first solution was added dropwise to the second.

To determine the optimal composition of the cata-
lyst, CsxLa1 � xVO4� y (x = 0 to 0.5; monazite struc-
ture), and M0.1La1.9Cu0.95V0.05O4� y (M = K, Cs),
which belong to the K2NiF4 structural type, were syn-
thesized as single-phase samples. The introduction of
alkali metals changed the constants of the crystal
lattice of the K2NiF4 type. On introducing the larger
cesium ion, these constants were 0.2% greater than
those upon substitution of lanthanum with potassium.
The activity of multicomponent compounds was eval-
uated in carbon oxidation with atmospheric oxygen,
with step-by-step isothermal (20 min) exposures of
the reaction mixtures in the temperature range from
100 to 600�C. As a reference sample served carbon
without a catalyst or with addition of indifferent sub-
stances of mass equal to that of the catalyst. The
nominal reaction ignition temperature Tig was deter-
mined from the temperature dependences of the degree
of carbon burning-out. The activity of CsxLa1 � x �
VO4� y exceeded (Tig = 300�310�C) that of
M0.1La1.9Cu0.95V0.05O4� y. An analysis of the activ-
ity of catalysts of the last type confirmed its relation-
ship with the atomic mass of the alkali metal ion
incorporated into the structure. For the composition
containing Cs+ or K+, the ignition temperatures were
330 and 340�C, respectively. For samples without
a catalyst, the ignition temperature was 410�C. It
was found that the optimal catalyst composition is
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Cs0.3La0.7VO4� y, and just this composition was used
in further experiments. A higher content of Cs+ com-
monly gives no additional increase in the catalytic
activity. A heterogeneous catalyst [17, 19, 20] of the
empirical formula Ag0.25La0.75MnO3� y (Tig =
360�C), which exhibits high activity in oxidation of
CO and organic compounds, was also inferior in ac-
tivity to Cs0.3La0.7VO4� y.

In studying the kinetics of carbon oxidation, iso-
thermal experiments were performed in the practically
important working temperature range of catalysts,
300�400�C. As promoter for Cs0.3La0.7VO4� y served
Cs2SO4. The conversion was determined at exposures
ranging from 5 min to 1�1.5 h. At a relatively short
duration of an experiment, the time of heating of the
samples exerts a noticeable influence, and there is
an induction period of the reaction, associated with
the sorption of O2 on the carbon surface. It was con-
firmed in the course of the study that addition of
Cs2SO4 to the catalyst markedly raises the rate of
carbon oxidation with oxygen and lowers the ignition
temperature of the reaction (Table 1, Fig. 1). In car-
bon oxidation in the kinetic mode at the external sur-
faces of grains, the dependences of the conversion
� on time � at isothermal exposures must be described
by the equation of a �collapsing sphere�

[1 � (1 � �)1/3] = k�, (1)

where k is the rate constant.

On the whole, the experimental data can be de-
scribed, within the experimental error, by the above
equation, which is confirmed by data processing in the
coordinates of reduced time. However, deviations
from this dependence are observed in some cases at
relatively high conversions, with the conversion found
to be somewhat lower than the calculated value. This
may be due to existence in the final stage of residues
of the coarsest or difficultly oxidizable particles,
because the carbon powders used were not exactly
monodisperse and homogeneous: they were produced
from raw materials of natural origin. Moreover, a cer-
tain contribution may come from carbon particles with
nonspherical shape. Such particles are similar to stable
chains in carbon black. For formations of this kind,
the time dependence of the conversion is described by
the equation of a �collapsing cylinder,� which also
leads to a certain decrease in the rate of the overall
oxidation process:

[1 � (1 � �)1/2] = k�. (2)

For practical implementation of oxidation of car-

Table 1. Ignition temperature of carbon oxidation
����������������������������������������
Sam- �

Sample composition
�Ignition temperature Tig, �C

� ��������������������ple
� � air � NOno. � � �

����������������������������������������
1 �Carbon � 410 � 500
2 �Carbon + catalyst � 300�310 � 380
3 �Carbon + catalyst + � �

�promoter, wt %: � �
� 1 � 350 � 480

4 � 5 � 290 � 440
5 � 10 � 270 � 360

����������������������������������������

bonaceous particles in gas flows, it is advisable to
bring them in contact with solid surfaces at a suf-
ficiently high velocity, e.g., with a special baffler for
disintegration of ensembles of particles. Further, to
determine the kinetics of carbon oxidation in more
detail, it would be appropriate to perform experiments
with monodisperse powders. The carbon combustion
observed could also be described using the equation
of a first-order reaction with respect to carbon

ln [1/(1 � �)] = k�. (3)

A calculation of the rate constants of the combus-
tion reaction by Eqs. (1) and (3) gave similar results.

In the presence of catalysts based on cesium lan-
thanum vanadate, the overall rate constant of carbon
oxidation, K, was higher (Table 2), compared with the
case of their absence. The values of E for carbon oxi-
dation in the presence of catalysts for sample nos. 2�5
are in good agreement with the data obtained by other
authors [12]. Consequently, it may be considered
that the oxidation mode is close to that of burning of
separate particles in a gas medium; the preexponential
factors also conform to this model.

Introduction of 1 wt % Cs2SO4 dramatically
changes the properties of the catalyst: E and Tig
increase (Tables 1, 2; Figs. 2, 3). Also strongly grows
the pre-exponential factor, with the result that the rate
of carbon oxidation, on the whole, increases. The
phenomenon observed can be attributed to changes in
the nature of the phases present in the catalyst and the
extent of contact with carbon particles at the boundary
of the catalyst. As the content of Cs2SO4 in the
catalyst increases, the activation energy of combustion
becomes lower, as also does the ignition temperature.
In the presence of 10 wt % Cs2SO4 (Table 2), E
has a value characteristic of burning in a bed.
For noncatalytic carbon oxidation, the E obtained has
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C C
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(a)

(b)

C C
(c)

t, s t, s

Fig. 1. Examples of the dependences of the extent of carbon removal, C, on the process duration t in oxidation with (I) nitrogen
oxide and (II) atmospheric oxygen. Temperature (�C): (a) 300, (b) 350, and (c) 400. Sample: (1) without catalyst, (2) carbon
with catalyst without promoter, (3) carbon with catalyst containing 1 wt % promoter, (4) the same with 5 wt % promoter, and
(5) the same with 10 wt % promoter.

an intermediate value between the cases of particle
burning and carbon oxidation in a bed [12]. In this
case, the values of K0 (Table 2) do not correspond
to those calculated using the particle burning
equations. Because the rate of noncatalytic oxidation
of carbon is, on the whole, lower, the combustion
parameters are strongly affected by reactions that

occur at the internal surface of particles, which
require an internal diffusion of oxygen and back
transport of oxidation products, in accordance with
the equation derived by L.N. Khitrin [12]:

K S
C = �c0(1/K1 + R/D)�1, (4)

where c0 is the ambient oxygen concentration; D, the
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Table 2. Kinetic parameters of catalytic oxidation of carbon with oxygen
������������������������������������������������������������������������������������

Sample
�

Sample composition
�

E,
� Pre-exponential factor log K0 (K0, s�1)

� � ������������������������������������������
no. � � kJ mol�1

� experiment � 1* � 2* � 3*
������������������������������������������������������������������������������������

1 �Carbon � 55 � 0.52 � 1.80 � 1.69 � 3.10
2 �Carbon + catalyst � 70 � 1.93 � 2.42 � 2.05 � 3.40

�Carbon + catalyst + promoter, wt %: � � � � �
3 � 1 � 88 � 3.64 � 3.18 � 2.48 � 3.76
4 � 5 � 80 � 3.30 � 2.84 � 2.29 � 3.60
5 � 10 � 25 � �1.40 � 0.54 � 0.99 � 2.50
6 �Carbon + Ag0.25La0.75MnO3 � y � 88 � 3.53 � 3.18 � 2.48 � 3.76

������������������������������������������������������������������������������������
* Calculated by equations [16] suggested by (1) L.A. Vulis, logK0 = 1.75�10�4E � 0.5; (2) G.F. Knorre, I.I. Paleev, and

K.M. Aref’ev, logK0 = 0.991 �10�4E + 0.398; and (3) S.M. Shestakov, logK0 = 0.838 �10�4E + 2.

diffusion coefficient; K1, the overall reaction rate con-
stant; and R, the particle radius.

Here, we should take into account the factor 	,
which is the stoichiometric coefficient (mass ratio of
reacted carbon to spent oxygen) determined by rela-
tive yields of CO and CO2 in oxidation of carbon:

12
� = ��� (1 � �), (5)

32

where 
 = 1 for yield of only CO, 
 = 0 for yield of
CO2, and 
 = 0.33 at CO/CO2 = 1; 12 and 32 are the
molecular weights of carbon and oxygen.

The value of 	 in the presence of catalysts is, prob-
ably, substantially higher. The catalysts can affect
both the reaction of carbon with atmospheric oxygen
[reaction (6)] and the oxidation of CO formed in the
process [reaction (7)]:

C + 1/2O2 � CO, (6)

CO + 1/2O2 � CO2. (7)

Both the reactions are rather complex. Depending
on the influence exerted by a catalyst on processes (6)
and (7), the overall oxidation mechanism may also
vary. In the absence of a promoter or at its low con-
tent, it may be assumed, by virtue of the limited area
of contact between carbon and the catalyst, that CO
oxidation (7) predominates. This leads to a higher
value of factor 	. In the presence of a catalyst, reac-
tion (7) is, probably, localized at the surface of the
complex oxide. In this case, the effective activation
energy is comparable with the values of E for CO oxi-
dation on complex oxide catalysts (64 to 132 kJ mol�1)
[17], which confirms the assumption made. Estimat-
ing the specific rate of oxidation at the catalyst surface

C, %

T, �C

Fig. 2. Extent C of carbon removal at a 20-min exposure in
oxidation with (1, 2, 4) atmospheric oxygen and (3, 5�9) ni-
trogen oxide vs. temperature T. Sample: (1 [9], 3) carbon
without catalyst, (6) carbon with catalyst without promoter,
(7) carbon with catalyst containing 1 wt % promoter,
(8) the same with 5 wt % promoter, (4, 9) the same with
10 wt % promoter, and (2, 5) carbon with promoter.

Tig, �C E, kJ mol�1

m, wt %
Fig. 3. Nominal ignition temperature Tig and effective
activation energy E vs. the amount of promoter introduced,
m, in carbon oxidation with (1) nitrogen oxide and
(2) atmospheric oxygen.
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of CO formed in the combustion of carbon gives
values that are close to the rate of catalytic CO oxida-
tion proper [17]. In oxidation of carbon in the pres-
ence of catalysts in the temperature interval 300�
400�C, the amount of burning CO is within the range
(1.3�6.1) �1017 molecules/(m2 s). According to [17],
2.12 �1017�3.44 �1018 CO molecules/(m2 s) burns
at 240�C on complex oxide catalysts. This also con-
firms the hypothesis formulated here. The possible
elementary event determining the rate of the overall
process is interaction of adsorbed CO with dissocia-
tively adsorbed oxygen at the surface of the complex
oxide. Intermediate species of the carbonate type are
formed in the course of the reaction, and decomposi-
tion of these species is facilitated by transfer of an
electron from a cation of the d metal of the complex
oxide to the oxygen molecule. Thus, a local reduction
of the surface of the catalyst, which contains ions with
variable oxidation state, occurs in the course of the
reaction. Vanadium can change its oxidation state as
follows: V5+ �

	 V4+. In addition, an intrinsic non-
stoichiometry may exist in the compound CsxLa1�x �
VO4� y, and, therefore, oxygen incorporated into the
structure of the vanadate may be partly involved in the
reactions at elevated temperatures. It can be seen from
the previously obtained gravimetric curves [21] that
reversible changes in the mass of complex oxide sam-
ples occur at the working temperatures in the presence
of a carbon residue. After local reduction, the catalyst
surface is again oxidized with oxygen, and the next
cycle of CO oxidation occurs. However, the described
factor affecting the oxidation is hardly the only factor,
because catalysts based on manganites (Table 2) and
cuprates are somewhat inferior to vanadate catalysts in
their activity in oxidation of carbon, although the
bonding energy of oxygen, which commonly deter-
mines the catalytic activity in CO oxidation [22, 23],
is substantially lower than that in the vanadium
compounds.

The aforesaid suggests that there should exist a
direct influence of the catalyst on the primary oxida-
tion reaction (6) in the zone of contact with carbon,
which may be particularly strongly manifested in the
presence of a considerable amount of a promoter. This
is confirmed by the fact that the catalytic activity of
the compounds under study in the given reaction
depends on the atomic mass of the dopant cation. At
places of contact between the catalyst and carbon, the
alkali metal ion can form surface salt complexes of
the carbonate type [8]. In addition, raising the amount
of promoter makes lower the melting point of the
catalytic formulation, and it gains the capacity to

envelop carbon particles, thereby increasing the extent
of contact. In this case, it becomes understandable
why the effective E for sample no. 5 (Table 2) strong-
ly decreases and the process passes into the diffusion-
controlled mode, in which the overall rate of carbon
oxidation is limited by the supply of the oxidizing
agent from air into the reaction zone or by removal of
gaseous products. Here, as also for sample no. 1, a
discrepancy is observed between the experimental
values of K0 and those calculated using the particle
combustion equations. It was shown in special-pur-
pose experiments (Fig. 2) that the promoter itself also
affects the carbon oxidation. Technical-grade Cs2SO4
shows an acid reaction and contains CsHSO4 impuri-
ties. It may be assumed that the oxidation reaction is
initiated by interaction with this impurity contained in
the promoter, e.g.:

4CsHSO4 + C � 2H2O + CO2 + 2Cs2SO4 + 2SO2, (8)

or

2CsHSO4 + C � Cs2CO3 + H2O + 2SO2, (9)

2CsHSO4 + C � Cs2SO4 + H2O + SO2 + CO. (10)

Reactions of this kind give rise to carbon burning,
and they are complete after the acid part of the pro-
moter is exhausted and no considerable amounts of
SO2 are evolved. A thermodynamic estimation of
reactions of this type, with compounds of alkali met-
als involved, demonstrated that they can be performed
at low temperatures. The probability of occurrence of
reaction (8) is the highest, and that of reaction (10),
the lowest. Some promoter samples contained admix-
tures of CsNO3, which has a melting point of 417�C
and can act as a carbon-oxidizing agent, especially
in a melt. However, when a promoter containing no
impurities of the above kind was used, the type of
its influence on the carbon oxidation remained un-
changed. It should be assumed in this case that the
promoter has a catalytic effect, which is determined
by the fact that Cs2SO4 is an alkali metal salt. As
already mentioned, alkali metal compounds exhibit a
catalytic activity in heterogeneous reactions with
carbon [8]. It may be stated that cesium lanthanum
vanadate and, if present in a considerable amount,
Cs2SO4 are cocatalysts.

The carbon oxidation with nitrogen oxide NO is
also accelerated in the presence of a catalyst. At rela-
tively low temperatures (Figs. 1, 2), the rates of oxi-
dation with nitrogen oxides and atmospheric oxygen
are comparable or the rate of the former process is
somewhat higher. On raising the temperature, the oxi-
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Table 3. Exponent b in the kinetic equation k� = a�b for carbon oxidation with nitrogen oxide
������������������������������������������������������������������������������������

Sample no.
�

Sample composition
� b at indicated temperature, �C

� ���������������������������������������������
� � 300 � 350 � 400

������������������������������������������������������������������������������������
1 �Carbon � 0.50 � 0.36 � 0.20
2 �Carbon+ catalyst � 0.37 � 0.36 � 0.45

�Carbon + catalyst +promoter, wt %: � � �
3 � 1 � 0.34 � 0.39 � 0.33
4 � 5 � 0.43 � 0.41 � 0.69
5 � 10 � 0.24 � 0.23 � 0.44

������������������������������������������������������������������������������������

dation with nitrogen oxides is slower than that with
O2. The complete oxidation of carbon includes two
main stages:

C + NO � CO + 1/2N2, (11)

CO + NO � CO2 + 1/2N2. (12)

There is published evidence that the oxidizing
capacity of nitrogen oxides NO [23] and N2O [9]
toward CO is lower than that of O2. This is accounted
for, in particular, by the strong difference between
the sorption properties of nitrogen oxides and O2 on
the surface of complex oxide catalysts. A possible
rate-determining stage of the overall process of carbon
oxidation with nitrogen oxide is reaction (12), which
is localized at the surface of the complex oxide. To
verify this assumption, it is important to study the in-
fluence exerted by the promoter on the interaction of
carbon with NO. Addition of Cs2SO4 plays a less
positive role in reactions with NO, compared with the
effect of the promoter Cs2SO4 on the carbon oxidation
with oxygen (Figs. 1, 2). This, probably, occurs
because of the change in the sorption capacity of
the catalyst surface in the presence of Cs2SO4. To
evaluate the nominal ignition temperatures, experi-
ments were performed with catalyst�carbon mixtures
kept at prescribed temperatures for 20 min (Table 1;
Figs. 2, 3). As also in the case of carbon oxidation
with O2, introduction of 1 wt % Cs2SO4 markedly
changes the properties of the catalyst.

In the temperature range studied, it was more dif-
ficult to estimate the effective activation energy of
carbon oxidation with nitrogen oxide NO, compared
to oxidation with atmospheric oxygen, because the
activation energy is temperature-dependent. This
points to a significant change in the reaction mechan-
ism with increasing temperature. It is known for
carbon that the mechanism of formation of a surface
oxide changes in the range 300�550�C [18]. Proces-

sing of experimental data by Eqs. (1)�(3) failed to
produce any satisfactory result. It was established
using the Table Curve 2D v2.0 program by AISN
Software Inc. that the experimental data are better
described by power-law equations. This software
made it possible to find the exponent b in an equation
of the type k� = a�b (Table 3). The most pronounced
change in the reaction mechanism is observed for
noncatalytic oxidation and for catalysts containing 5
and 10 wt % Cs2SO4. The trends exhibited by the
exponent b for different samples are the opposite. For
sample no. 1, E increases as the temperature is raised,
and for sample nos. 4 and 5, contrariwise, decreases.

These facts may point to an oxidation mechanism in
which direct chemical interaction is not the key factor.
It is known [9] that carbon oxidation with nitrogen
oxide NO can be hindered at relatively low tempera-
tures by formation of N2O, whose catalytic decom-
position rate is low. In the temperature range studied,
formation of N2O is hardly possible. This is also in-
dicated by effective values of E for samples with the
weakest temperature dependence of the exponent b.
These values are markedly lower than those for the
carbon oxidation with O2 and N2O (146 kJ mol�1) [9],
being equal to 6�20 kJ mol�1, which is characteristic
of sorption or diffusion processes. The decrease in the
activation energy for the reaction of carbon oxidation
with nitrogen oxide NO, compared to that with at-
mospheric oxygen, can be attributed to differences
between the heats of O2 and NO sorption on the cata-
lyst surface. Moreover, the oxidation of carbon with
nitrogen oxide is more thermodynamically feasible
than that with oxygen: the enthalpy of formation of
nitrogen oxides is positive. The low effective activa-
tion energy of carbon oxidation with nitrogen oxide
results in that the oxidation can occur in this case at
lower temperatures, compared to the reaction in air
(Fig. 2), with only stage (11) probable. At the same
time, oxidation of CO with nitrogen oxide NO [reac-
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tion (12)] occurs at the catalyst surface. The rate of
reaction (12) is considerably lower than that of the
CO oxidation with oxygen [reaction (7)], even in the
presence of catalysts.

Thus, specific features of the course of practically
important reactions were studied. The results obtained
in testing of pilot neutralizers of exhaust gases pro-
duced by the engine of a ChMZ-3 diesel locomotive
and engine of a ZIL-157K truck, operating on natural
gas, demonstrated the high performance of combined
complex oxide catalysts, including afterburners of car-
bon black [21, 25, 26]. Catalysts of the composition
Cs0.3La0.7VO4+y (with a promoter) and Ag0.25 �
La0.75MnO3�y were fabricated on foamed-nickel sup-
ports with an intermediate layer of aluminum oxide
stabilized with lanthanum oxide. Catalytic elements of
different compositions were assembled in a single
unit. The exhaust smoke emission (content of carbon
black particles) by the diesel locomotive decreased, on
the average, by 50�60%, the decrease in the level of
nitrogen oxides was also as large as 60%. As carbon
black accumulated in the neutralizer of the ZIL-157K
engine because of the burning of oil entrained by
pistons, the degree of exhaust purification to remove
nitrogen oxides increased by 30�40%. The total de-
crease in the concentration of CO was 60�80%. Con-
sequently, the reactions studied can, indeed, be carried
out under real conditions.

CONCLUSION

A study of some kinetic features of the reactions
of carbon oxidation with nitrogen oxide NO and
atmospheric oxygen demonstrated that lanthanum�
cesium vanadate CsxLa1�xVO4� y is an effective cata-
lyst in the temperature range studied. Its activity in
the reaction with oxygen increases in the presence of a
promoting additive Cs2SO4, whose effect on the reac-
tion with NO is considerably weaker. The carbon oxi-
dation occurs in the working temperature range of the
catalysts by different mechanisms, whose changeover
is associated with, e.g., such a factor as the quantita-
tive content of the promoter.
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Abstract�Transformations of inert cyclohexane into dimethyldecalins under mild conditions in the presence
of a simple catalytic system consisting of aluminum metal and halomethanes were studied.

The catalytic activation of C�H bonds in cyclic and
acyclic alkanes with transition metal complexes or
electrophilic agents such as Friedel�Crafts catalysts
is a promising field of research. As a rule, the cata-
lysts used for activating hydrocarbons are aprotic
Lewis acids based on salts of transition and main-
group metals in combination with active additives.

Superelectrophilic complexes RCOX �2AlX3 and
CX4 �2AlX3 (X = Cl, Br) are the most effective in
transformations of saturated hydrocarbons under mild
conditions [1�3]. It was shown recently [4] that the
reaction system consisting of an organoaluminum
compound (OAC) and halomethane in the presence of
catalytic amounts of transition metal complexes ex-
hibits similar activity toward cycloalkanes. The activ-
ity of this system was tentatively explained by gen-
eration of AlCl3 in the reaction of OAC with halo-
methane, catalyzed with a transition metal, which is
followed by formation of a superelectrophilic complex
with the starting halomethane, similar to CX4 �2AlX3.
If this is true, then it will be possible to generate
a similar complex in situ using a simpler and more
available agent, aluminum metal [5]:

2Al + 6CCl4 � 2AlCl3 + 3C2Cl6. (1)

This work is the first study of chemical transforma-
tions of cyclohexane under the action of aluminum
halides generated in situ by the reaction of halometh-
anes (CCl4, CHCl3, CHBr3, CH2Cl2, CH2Br2) with
aluminum metal preliminarily activated with iodine or
AlR3.

The choice of cyclohexane as investigation object
was governed by the large body of data available on
the effect of aluminum halides in combination with
various promoters on cyclohexane.

Pure anhydrous AlCl3 is virtually inert toward
cyclohexane [6]. However, in the presence of water
[6], HCl, and acetyl chloride [7] AlCl3 effects isomer-
ization of cyclohexane into methylcyclopentane. The
reaction of cyclohexane with cyclohexyl bromide [8]
in the presence of AlCl3 yields a mixture of dimethyl-
decalins. A similar mixture of dimethyldecalins is
formed by dimerization of methylcyclopentane, effect
by the reaction system AlCl3 + t-BuCl in the
HCl [9]. Dimethyldecalins were detected in the reac-
tion of chlorocamphor with AlBr3 in cyclohexane [9].
Heating of cyclohexane with AlCl3 and HCl in an
autoclave for 1 day to 140�150�C results not only in
isomerization into methylcyclopentane but also in
formation of dicyclohexyl and di(methylcyclopentyl)
[10]. At 180�C, methylcyclopentane, 1,3-dimethyl-
cyclohexane, dicyclohexyl, and di(methylcyclopentyl)
C12H22 were detected together with a small amount of
isobutane [11]. Formation of dimethyldecalins was
also reported in [12]. Transformation of cyclohexane
into alkyladamantanes was noted in [13].

Under the action of superelectrophilic systems
RCOX �2AlBr3 [2] and CHnX4�n �AlX3 (X = Cl, Br)
[3], cyclohexane transforms into dimethyldecalins at
room temperature or 40�C with 22 and 10% yield
based on cyclohexane, respectively. With excess
cyclohexane, dimethyldecalins are formed selectively
in low yields.

Aluminum metal was activated by a common proce-
dure by heating under argon in the presence of several
iodine crystals until iodine sublimed virtually com-
pletely and was removed from the reaction vessel. In
some cases, to accelerate the start of the reaction of
aluminum with halomethane, a small amount (�0.1 ml)
of i-Bu3Al and Et3Al was added to the reaction
mixture.
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Yields of major products of cyclohexane transformations under the action of the reaction system Al�halomethane*
������������������������������������������������������������������������������������

Run no.
�

CXnH4 � n

�
C6H12 : CXnH4 � n : Al

�
C6H12 con-

� Product yield,** mol %
� � � ���������������������������������������
� � � version, % � alkylcyclohexanes � dimethyldecalin � tricyclanes

������������������������������������������������������������������������������������
1 �CCl4 � 100 : 22 : 8 � 20 � � � 27 � �
2 �CCl4 � 100 : 32 : 20 � 62 � 4 � 47 � 13
3 �CCl4 � 100 : 45 : 28 � 74 � 13 � 49 � 25
4 �CCl4 � 100 : 45 : 28 � 80 � 19 � 40 � 28
5 �CCl4 � 100 : 160 : 23 � 56 � 4 � 46 � 21
6 �CHCl3 � 100 : 34 : 25 � 48 � 6 � 35 � 13
7 �CHCl3 � 100 : 54 : 27 � 51 � 6 � 38 � 11
8 �CHCl3 � 100 : 100 : 49 � 47 � 4 � 50 � 14
9 �CHCl3 � 100 : 108 : 30 � 52 � 4 � 23 � 9

10 �CHBr3 � 100 : 74 : 31 � 49 � 9 � 48 � 13
11 �CH2Br2 � 100 : 154 : 40 � 21 � 29 � 33 � �
12 �CH2I2 � 100 : 80 : 31 � 42 � 14 � 17 � �
13 �BuCl � 100 : 57 : 27 � 47 � 24 � 22 � 13

������������������������������������������������������������������������������������
* Some other products (see text for details) were detected in insignificant amounts.

** Yield based on converted cyclohexane.

Transformations of the hydrocarbon start simulta-
neously with the onset of the reaction of aluminum
with halomethane. The exothermic reaction is accom-
panied by the release of HCl and tarring. The major
chlorinated reaction products in the case of CCl4 are
CHCl3 and CH2Cl2. In contrast to the reaction of Al
with CCl4 without a solvent, in which the yield of
hexachloroethane is virtually quantitative, in the pres-

�, s
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I, arb. units

Chromatogram of a mixture of products obtained in run no. 4 (see table) and their identification. (I) Intensity and (�) retention
time. (1) Methylene chloride, (2) methylcyclopentane, (3) cyclohexane, (4) alkylcyclohexanes, (5) perchloroethylene, (6) decalin,
(7) hexachloroethane, (8) methyldecalin, (9) methyl-substituted adamantanes, (10) isomeric dimethyldecalins, (11) trimethyl-
decalins, (12, 13) tricyclanes with [M]+ 192, and (14) tricyclanes with [M]+ 248.

ence of the hydrocarbon the yield of C2Cl6 is low.
Among other chlorinated prodcts, trace amounts of
tetrachloroethylene and tetrachloroethane were de-
tected.

According to GLC and GC/MS, the major products
of cyclohexane transformation are isomeric dimethyl-
decalins (see table). The figure shows as example the
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chromatogram of a mixture of products obtained in
run no. 4 (see table). The mass spectrum of each iso-
mer contains a fairly strong molecular peak ([M]+

166) and the same set of fragment peaks characteristic
of dimethyldecalins (m/z 151, 137, 124, 123, 110, 109,
96, 82, etc.), corresponding to elimination of alkyl
radicals [14] from CH3 to C6H12 from the moleclar
ion. The isomeric mixture mainly consists of the most
thermodynamically stable [15] E3,E8-dimethyl-trans-
bicyclo[4.4.0]decane and E3,E9-dimethyl-trans-bicy-
clo[4.4.0]decane. The structures of these isomers were
determined from the 13C NMR spectra by comparison
with the reference data [16] after isolation of the
group of compounds corresponding to M 166 from the
product mixture by preparative chromatography. As
seen from the chromatogram (see figure), other iso-
mers of dimethyldecalin are also present.

Among other products, we detected alkyl-substi-
tuted cyclohexanes whose total yields are also given
in the table. For example, in run no. 4 we detected
methylcyclohexane ([M]+ 98, 2.5%), dimethyl- ([M]+

112, 4%), trimethyl- ([M]+ 126, 2.4%), tetramethyl-
([M]+ 140, 5.8%), ethyl- ([M]+ 112, traces), methyl-
ethyl- ([M]+ 126, 0.15%), and dimethylethylcyclohex-
anes ([M]+ 140, 1.5%). Also, in the same experiment
we detected methylcyclopentane ([M]+ 84, 5%), dec-
alin ([M]+ 138, 0.3%), methyldecalin ([M]+ 152,
1.3%), and trimethyldecalin ([M]+ 180, 5.5%). These
compounds were identified by GC/MS. The mass
spectra obtained by us coincided with the reference
data (NBS library) to 90�96%.

In the mixture of products, we also detected small
amounts of methyl-substituted adamantanes: dimeth-
yladamantane ([M]+ 164, 0.5%), trimethyladamantane
([M]+ 178, 1.4%), and tetramethyladamantane ([M]+

192, 1,1%). The assignment was based on comparison
with published data [17].

Peaks 12 and 13 in the chromatogram (see figure)
correspond to hydrocarbons with [M]+ 192 and 206,
respectively. Group of peaks 14 mainly belongs to hy-
drocarbons with [M]+ 248. The mass spectra of com-
pounds giving the strongest chromatographic peaks in
this group are characterized by the base peak at m/z
233 [M+ � CH3] and medium-intensity peaks at m/z
177, 163, 123, and 109. Some of them contain ions
with m/z 219 [M+ � C2H5]. The products of oxidative
dimerization of cyclohexane formed under the action
of the superelectrophilic complex [3] CBr4 �2AlBr3
contain hydrocarbons with [M]+ 248 giving similar
mass spectra. Apparently, in our case these com-
pounds can also be identified as alkylated tricyclanes

C18H32 with methyl and, possibly, ethyl substituents.
In addition, compounds with molecular weights of
206, 220, 234, and 262 were identified in trace
amounts:

complex mixture
of cyclic alkanes,

where R = Me, Et; n = 1, 2, 3, 4.

The relative yields of all the heavy products are
listed in the table.

As in [2], in experiments with excess cyclohexane
alkylcyclohexanes and tricyclanes are not formed, and
the reaction products contain dimethyldecalins and
methylcyclopentane. As the content of halomethane
and aluminum in the starting mixture is increased, the
content of methylcyclopentane in the reaction prod-
ucts decreases simultaneously with an increase in the
content of dimethyldecalin, alkylcyclohexanes, and
tricyclanes. Analysis of the reaction products in vari-
ous steps showed a similar dependence of the product
concentrations on the reaction time. The content of
methylcyclopentane grows in the initial steps and then
decreases. This fact indicates that cyclohexane first
isomerizes into methylcyclopentane, transforming
then into dimethyldecalin and other products. This
result is consistent with the available data [6, 7] on
equilibrium isomerization of cyclohexane into methyl-
cyclopentane under the action of AlCl3 with additions
of various promoters and on dimerization of methyl-
cyclopentane under the action of AlCl3 and t-BuCl [9].

Cyclohexane is successfully involved in transfor-
mations also on replacement of CCl4 by other halo-
methanes. Data obtained with chloroform, bromoform,
methylene bromide, methylene iodide, and butyl chlo-
ride are given in the table.

It should be noted that the order of adding reagents
[successively (see table, run no. 4), with CCl4 added
to activated Al first and cyclohexane added after the
reaction completion, or simultaneously (run no. 3)]
have no noticeable effect on the yield of the major
products.

As it is difficult to isolate AlCl3 from the reaction
mixture and determine its content, we determined the
residual content of active aluminum in the reaction
mixture after the reaction completion. We found that,
after activation of Al with iodine, the amount of Al3+

did not exceed 0.5% of the initial amount; after treat-
ment with CCl4, it was �42%, and after the reaction
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with cyclohexane, �64%. Carbon tetrachloride was
taken in 3 : 1 ratio relative to Al. A noticeable in-
crease in the Al3+ content in the presence of cyclo-
hexane can be accounted for as follows. In the reac-
tion of Al with CCl4 in the absence of the hydrocar-
bon, the main reaction products are C2Cl6 and AlCl3
in the complex with CCl4, and also tars. On adding
cyclohexane, the complex AlCl4

� �CCl3
+ reacts with the

hydrocarbon to form CHCl3 and cyclohexyl carbocat-
ion. Chloroform subsequently reacts with a new por-
tion of Al to give AlCl3. AlCl3 effects transformations
of cyclohexane. Thus, AlCl3 is formed not only in the
initial step of the reaction, but also directly in the
course of transformations of the hydrocarbon.

It should be noted that oxidative dimerization of
cyclohexane to dimethyldecalin under the action of
the system Al�CCl4 occurs selectively when cyclo-
hexane is in excess.

Our results and published data suggest the follow-
ing reaction mechanism. In the first step, aluminum
metal reacts with CCl4 to give AlCl3 which forms the
complex AlCl�4 �CCl3

+ with the starting halomethane:

AlCl3 + CCl4 � AlCl�4 �CCl3
+. (2)

Then formation of dimethyldecalins follows the
known scheme [9] according to which CCl3

+ abstracts
the hydride ion from a cyclohexane molecule to give
cyclohexyl cation and chloroform. Cyclohexyl carbe-
nium ion isomerizes into more stable methylcyclopen-
tyl carbenium ion:

�
��H H

CCl3 �AlCl4 + ���
�H +

�AlCl4
�

+ CHCl ,3 (3)
+ �

(4)�
�H +

�AlCl
�
���
�+

�AlCl
�

.44

�
��H H

CCl3 �AlCl4 + ���
�H +

�AlCl4
�

+ CHCl ,3 (3)
+ �

(4)�
�H +

�AlCl
�
���
�+

�AlCl
�

.44

The latter transfers the charge to the cyclohexane
molecule to give methylcyclopentane:

�
�+

�AlCl4
� +����

�

(5)�
�H +

�AlCl4
�

.+

�
�+

�AlCl4
� +����

�

(5)�
�H +

�AlCl4
�

.+

Alternatively, proton abstraction yields methylcy-
clopentene, AlCl3, and HCl (HCl evolution is indeed
observed in the course of the reaction):

�
�

�AlCl4
� ���
�
�+ HCl + AlCl3 . (6)�

�
�AlCl4

� ���
�
�+ HCl + AlCl3 . (6)

Addition of the olefin to methylcyclopentyl carbe-
nium ion yields dicycloalkylcarbenium ion, whose
rearrangement yields thermodynamically stable di-
methyldecalinium ion. The subsequent charge transfer
from the cyclohexane molecule to the dimethyldecali-
nium ion results in formation of dimethyldecalin and
generation of cyclohexyl cation:

�
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�

+�
�
�

+

�����
���
�+

, (7)

(8)

�
���
�+

����
��

+

����
�
���
�
�

Me

Me

�
	
		


 �

+

, (8)

�
���
�+

����
��

+

����
�
���
�
�

Me

Me

�
	
		


 �

+

,

�
���
�
�

Me

Me

�
	
		


 �

+��� ��
�
�

Me

Me

+

+�
�H +

. (9)

�
���
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�

Me

Me

�
	
		


 �

+��� ��
�
�

Me

Me

+

+�
�H +

. (9)

According to [3], the activity of the complex CCl4 �
2AlBr3 toward cyclohexane is noticeably higher than
that of the complex CCl4 �2AlCl3. In our case, the
complex based on in situ generated AlCl3 shows high
activity, comparable with that of the superelectrophilic
complex CCl4 �2AlBr3 which is today one of the most
effective initiators of alkane activation under mild
conditions, along with the system RCOX �2AlBr3.

EXPERIMENTAL

CCl4, CHCl3, CHBr3, CH2Br2, CH2I2, t-BuBr, and
cyclohexane (chemically pure grade) were dried and
distilled from P2O5. Aluminum (chemically pure
grade) was used as powder. For comparison, we tested
preliminarily ground granulated aluminum (analytical-
ly pure grade) and aluminum wire. The results were
identical. The 13C NMR spectra were recorded on a
JEOL-FX90Q spectrometer. The products were ana-
lyzed on a Chrom-5 chromatograph with a capillary
column (25 m, SE-30). The GC/MS analysis was per-
formed on a VG TRIO 1000 device (the United King-
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dom). We used a JZW Scientific DB-5 capillary col-
umn (60 m � 0.25 mm � 0.2 �m) (the Unted States) in
the linear heating mode and the NBS library of mass
spectra (the United States) containing 75000 mass
spectra.

To perform the reaction of cyclohexane with the
system Al�CCl4, a 50-ml glass reactor was charged
under Ar with 0.348 g (13 g-at) of Al and several
crystals of iodine. The mixture was heated on an
alcohol burner until the iodine completely sublimed
and was removed from the reactor. The reactor was
placed on a magnetic stirrer, and 7 ml (65 mmol) of
cyclohexane and 2 ml (19 mmol) of CCl4 were added.
Stirring was continued at room temperature for 2 h.
The reaction was accompanied by HCl evolution.
After reaction completion, two layers formed: a trans-
parent upper layer and a dark brown viscous lower
layer containing aluminum chloride and residual alu-
minum metal. The upper layer was separated and
filtered through Al2O3. Determination of the bromine
number showed the absence of unsaturated bonds in
the products. A GLC analysis of the resulting trans-
parent liquid revealed the presence of dimethyldeca-
lins (39%) nd unchanged cyclohexane (19.6%). The
products giving a group of peaks with [M]+ 166
(GC/MS) were isolated by preparative chromatog-
raphy. Their 13C NMR analysis showed that the sam-
ples contained 45% E3,E8-dimethyl-trans-bicyclo-
[4.4.0]decane, 41% E3,E9-dimethyl-trans-bicyclo-
[4.4.0]decane, four unidentified isomers of dimethyl-
decalin with [M]+ 166 (2�3% each), and five other
isomers with [M]+ 166 (0.2�0.3% each).

E3,E8-Dimethyl-trans-bicyclo[4.4.0]decane. 13C
NMR spectrum (CDCl3), �, ppm (in parentheses are
published data [16]): C1, C2, C6, C7 43.0, (43.0); C3,
C8 33.1 (33.1); C4, C9 35.6 (35.6); C5, C10 34.3
(34.2); C3 CH3, C8 CH3 22.8 (22.8); [M]+ 166.

E3,E9-Dimethyl-trans-bicyclo[4.4.0]decane. 13C
NMR spectrum: C1, C2, C10 43.3 (43.3); C3, C9 33.1
(33.1); C4, C8 35.7 (35.7); C5, C7 34.0 (34.0); C6

42.9 (42.9); C3 CH3, C9 CH3 22.9 (22.8); [M]+ 166.

Mass spectra. Methylcyclopentane. Experiment:
rt [retention time (min)] 5.98; m/z (Irel, %): 84 [M]+

(17), 69 (59), 57 (5), 56 (100), 55 (28), 42 (24), 41
(51); published data [18]: 84 [M]+ (16), 69 (32), 57
(5), 56 (100), 55 (26), 42 (28), 41 (64).

Methylcyclohexane. Experiment: rt 8.13; 98 [M]+

(51), 84 (7), 83 (100), 82 (18), 70 (20), 69 (20), 67
(5), 56 (21), 55 (59), 42 (19), 41 (31); published data
[18]: 98 [M]+ (41), 84 (7), 83 (100), 82 (17), 70 (20),
69 (21), 67 (4), 56 (28), 55 (83), 42 (30), 41 (46).

Ethylcyclohexane. Experiment: rt 11.85; 112 [M]+

(25), 84 (7), 83 (100), 82 (47), 69 (7), 67 (13), 57 (1),
56 (10), 55 (77), 42 (8), 41 (33); published data [18]:
112 [M]+ (19), 84 (6), 83 (100), 82 (41), 69 (9), 67
(11), 57 (5), 56 (12), 55 (75), 42 (8), 41 (34).

Dimethylcyclohexane. Experiment: rt 9.83; 112
[M]+ (29), 97 (100), 84 (2), 83 (5), 70 (8), 69 (17), 56
(15), 55 (63), 43 (6), 41 (19); published data [18]
(1,3-dimethylcyclohexane): 112 [M]+ (28), 97 (100),
84 (3), 83 (5), 70 (10), 69 (19), 56 (21), 55 (88),
43 (9), 41 (27).

Methylethylcyclohexane. Experiment: rt 14.03;
126 [M]+ (19), 111 (2), 97 (100), 96 (14), 83 (2), 81
(7), 70 (3), 69 (19), 56 (9), 55 (86), 43 (7), 41 (21);
published data [18] (cis-1-methyl-3-ethylcyclohexane):
126 [M]+ (15), 111 (2), 97 (100), 96 (14), 83 (2), 81
(5), 70 (3), 69 (20), 56 (10), 55 (91), 43 (8), 41 (23).

Trimethylcyclohexane. Experiment: rt 11.75; 126
[M]+ (26), 111 (97), 97 (3), 84 (2), 83 (4), 70 (10), 69
(100), 56 (12), 55 (51), 43 (8), 42 (9), 41 (26); pub-
lished data [18] (cis,cis-1,3-trimethylcyclohexane):
126 [M]+ (23), 111 (95), 97 (2), 84 (2), 83 (4), 70
(10), 69 (100), 56 (12), 55 (56), 43 (10), 42 (5), 41
(30).

Tetramethylcyclohexane. Experiment: rt 14.82;
140 [M]+ (2), 125 (100), 97 (1), 84 (7), 83 (40), 70
(12), 69 (99), 57 (14), 56 (9), 55 (33), 43 (12), 41
(26); published data [18] (1,1,3,5-tetramethylcyclo-
hexane): 125 (92), 97 (3), 84 (7), 83 (53), 70 (6), 69
(100), 57 (15), 56 (11), 55 (34), 43 (13), 41 (27).

Decalin. Experiment: rt 21.55; 138 [M]+ (99), 110
(9), 108 (18), 96 (71), 95 (60), 82 (71), 81 (61), 69
(41), 68 (87), 67 (100), 55 (34), 41 (51); published
data [18] (trans-decalin): 138 [M]+ (100), 110 (7),
109 (17), 96 (58), 95 (63), 82 (60), 81 (54), 69 (45),
68 (91), 67 (91), 55 (41), 41 (82).

Trimethyldecalin. Experiment: rt 29.25; 180 [M]+

(74), 165 (98), 138 (3), 137 (4), 123 (15), 109 (94),
95 (100), 83 (34), 82 (18), 81 (67), 69 (30), 67 (37),
55 (55); published data [18] (3,4,8-trimethyldecalin):
180 [M]+ (74), 165 (97), 138 (5), 137 (6), 123 (21),
109 (94), 95 (100), 83 (40), 82 (21), 81 (70), 69 (30),
67 (39), 55 (68).

Dimethyladamantane. Experiment: rt 24.30; 164
[M]+ (10), 150 (13), 149 (100), 107 (18), 95 (6), 93
(31), 91 (9), 81 (7), 79 (9), 77 (7), 67 (6), 55 (6); pub-
lished data [17] (1,4-dimethyladamantane): 164 [M]+

(14), 150 (13), 149 (100), 107 (18), 95 (11), 93 (35),
91 (11), 81 (17), 79 (16), 77 (11), 67 (13), 55 (14).

Trimethyladamantane. Experiment: rt 24.67; 178
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[M]+ (8), 164 (13), 163 (100), 150 (1), 149 (2), 135
(3), 121 (8), 107 (48), 93 (10), 91 (9), 79 (7), 77 (6),
55 (8); published data [17] (1,3,5-trimethyladaman-
tane): 178 [M]+ (8), 164 (12), 163 (100), 150 (11),
121 (16), 107 (62), 93 (17), 91 (12), 81 (8), 79 (10),
77 (8), 67 (6), 55 (8).

Tetramethyladamantane. Experiment: rt 24.80;
192 [M]+ (5), 178 (14), 177 (100), 163 (2), 135 (3),
121 (42), 107 (13), 95 (6), 93 (5), 91 (7), 81 (3), 79
(5), 77 (5), 67 (4), 55 (9); published data [17] (1,3,5,6-
tetramethyladamantane): 192 [M]+ (7), 178 (16), 177
(100), 163 (4), 135 (5), 121 (37), 107 (25), 95 (9), 93
(8), 91 (10), 81 (6), 79 (7), 77 (6), 67 (6), 55 (13).

Tricyclane (see figure, peak 12). Experiment: rt
35.59; 192 [M]+ (100), 177 (62), 151 (33), 149 (22),
135 (27), 121 (22), 109 (20), 107 (16), 95 (85), 93
(25), 81 (49), 79 (29), 77 (13), 67 (35), 55 (24).

Tricyclane (see figure, peak 13). Experiment: rt
37.32; 206 [M]+ (100), 191 (70), 165 (15), 149 (18),
135 (44), 121 (19), 109 (61), 107 (17), 95 (72), 91
(16), 81 (43), 79 (26), 67 (34), 55 (33).

To determine active aluminum, a three-necked
flask was charged under Ar with 100 mg of Al. Sever-
al crystals of iodine were added, and the flask was
heated until the iodine completely sublimed and was
removed from the vessel. To the resulting activated
Al, 50 ml of distilled water was added, and the mix-
ture was analyzed according to [19].

Two three-necked flasks were charged under Ar
with 100 mg of Al each. After actvation with iodine,
the reaction with 2 ml of CCl4 was performed in both
flasks, and then the reaction with 5 ml of cyclohexane
was performed in one of them. After the reaction com-
pletion, the resulting mixtures were hydrolyzed with
50 ml of water. The subsequent analysis was per-
formed similarly.

CONCLUSION

The readily available reaction system consisting of
activated aluminum metal and halomethane efficiently
induces chemical transformations of cyclohexane at
20�60�C and atmospheric pressure. The major prod-
uct is an equilibrium mixture of dimethyldecalin iso-
mers; methyl-substituted cyclohexanes and tricyclic
compounds are formed in smaller amounts.
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Abstract�X-ray phase analysis and the temperature-programmed reduction method were applied to study
the activation (reduction) of copper�zinc catalysts of the NTK-10 series. The catalytic activity of catalysts
reduced under various conditions in steam conversion of carbon monoxide was determined.

Copper�zinc catalysts are widely used in various
processes of chemical, petrochemical, and metallurgi-
cal industries. To these belong, in particular, the fol-
lowing: steam conversion of carbon monoxide; syn-
thesis of methanol, butyl alcohols, and aniline; and
purification of waste gases to remove organic com-
pounds. In recent years, copper�zinc�alumina�calcium
catalysts, which are distinguished by high service
parameters, such as activity and mechanical strength,
have exhibited good performance. The main distinc-
tive feature of catalysts of the NTK-10 series from
most of analogs is that they are manufactured in an
uncalcined form [1, 2].

The active surface of both calcined and uncalcined
catalysts is formed in the course of activation, i.e.,
heating in a reducing atmosphere. Activation of cal-
cined copper�zinc catalysts (NTK-4) is sufficiently
well understood, and it is noted that lowering the
activation temperature affects positively the formation
of the active surface of the catalysts and their catalytic
activity [3�5].

The activation of NTK-10 catalysts is accompanied
by two parallel processes: decomposition of copper-
containing compounds contained in the catalyst and
reduction of copper. The decomposition of copper-
containing compounds is accompanied by heat absorp-
tion, whereas the reduction of copper is characterized
by an exothermic effect; thus, the overall heat effect
of activation is virtually zero. This makes it possible
to prevent undesirable overheating in the course of
reduction of the catalyst and, thereby, to use a gas
with a higher content of a reducing agent, which
markedly shortens the activation time. According to
the recommendations developed for charging and

activation of catalysts of the NTK-10 series, a catalyst
is to be heated to 210�230�C and then a gas with
the content of the reducing agent increasing from 0 to
20�30% is to be supplied [2]. However, the equip-
ment used in some processes, such as synthesis of
aniline and conversion of carbon monoxide on instal-
lation for obtaining hydrogen in metallurgical and
electrochemical industries does not allow activation
at temperatures higher than 200�C, which makes
markedly narrower the field of application of NTK-10
catalysts. In this context, it was necessary to study
the activation of NTK-10 catalysts in order to assess
the possibility of their activation at lowered tempera-
tures and reveal the influence exerted by various
parameters of the activation process on the catalytic
activity of these catalysts.

For this purpose, the following samples of NTK-10
catalysts were studied: NTK-10-2FM catalyst for low-
temperature conversion of CO; NTK-10-7F catalyst,
containing manganese oxide, for treatment of waste
gases to remove organic compounds; and NTK-10-
2FA catalyst for synthesis of aniline.

For comparison was studied NTK-4 catalyst, which
is also used in synthesis of aniline [6].

X-ray studies were performed on a DRON-2 dif-
fractometer with monochromatized copper radiation
(graphite monochromator in the path of the diffracted
beam). The data obtained were used to identify the
phase composition of catalysts and determine the
dispersity (size of coherent domains) of copper.

The catalyst activation was studied by the method
of temperature-programmed reduction. A sample was
heated in a flow of H2, with the temperature raised
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Table 1. Chemical and phase composition of catalysts
������������������������������������������������������������������������������������

Catalyst
� Chemical composition, wt % �

Phase composition��������������������������������������������
� CuO � ZnO � Al2O3 � CaO � MnO � Cr2O3 �

������������������������������������������������������������������������������������
NTK-10-2FM � 49.5 � 20.3 � 18.2 � 12 � � � � �A, R, HA, CuO, calcite, CA2,* gibbsite,

� � � � � � �aragonite
NTK-10-7F � 48.5 � 19.8 � 18.9 � 12 � 0.8 � � �HA, A, calcite, R, CA2, CuO, MnCO3,

� � � � � � �gibbsite, aragonite, Cu(OH)2
NTK-10-2FA � 44.6 � 20.3 � 21.6 � 13.5 � � � � �CuO, HA, R, A, calcite, CA2, gibbsite,

� � � � � � �aragonite
NTK-4 � 54.5 � 10.5 � 20.5 � � � � � 14.5 �CuO, ZnCr2O4, boehmite, graphite
������������������������������������������������������������������������������������
* CaO �2Al2O3.

linearly at the prescribed rate of 2.5 deg min�1. The
amount of products released in activation was deter-
mined with a katharometer.

The activities of the catalysts were determined in
the steam conversion of CO. The test were performed
on a flow-through laboratory installation under the
following conditions: gas composition 10.9% CO,
89.1% He; steam/gas ratio 0.2�0.25; space velocity
15000 h�1. The activity of a catalyst was judged from
the reaction rate constant calculated using the first-
order equation with respect to carbon monoxide:

kv = ln [1/(1 � x)]W(1 + S/G),

where kv is the reaction rate constant (s�1); x, average
CO conversion; W, space velocity of dry gas (s�1);
and S/G, steam/gas ratio.

Prior to a test, a sample was activated.

The chemical and phase compositions of the sam-
ples studied are listed in Table 1. The catalysts of the
NTK-10 series contain copper in the form of various
compounds that are precursors of the active compo-
nent of the catalyst. The main phases are the follow-
ing: rosasite (R), which is a solid solution of zinc ions
in the structure of (CuOH)2CO3; aurichalcite (A),
a solid solution of copper(II) ions in the structure of
(ZnOH)2CO3; and hydroxoaluminate (HA) of copper
and zinc.

The catalyst activation leads to thermal decomposi-
tion and reduction of these compounds to form a solid
solution of copper in an anion-modified zinc oxide;
and it is this solid solution that ensures the high activ-
ity of a catalyst [2].

The profiles of temperature-programmed reduction
of NTK-10-series and NTK-4 catalysts are shown
in Fig. 1.

The activation of NTK-10 catalysts is accompanied
by two processes: decomposition of copper-contain-
ing compounds and reduction of copper. The first
stage in the range 170�175�C refers to the process of
decomposition�reduction of a copper-containing com-
pound with a rosasite structure, reduction of copper
oxide, and removal of interlayer water from hydroxo-
aluminate of copper and zinc. At 195�205�C, copper
from a compound with a structure of aurichalcite and
from hydroxoaluminate of copper and zinc is reduced
[2, 7] (Fig. 1).

The sample activation is accompanied by release of
considerable amounts of H2O and CO2. The tempera-
tures at which their release has the maximum intensity
coincide with the reduction temperatures of copper-
containing compounds contained in catalysts of the
NTK-10 series (Fig. 2). The total weight loss in ac-
tivation is approximately 25%, of which 60�70% is
H2O and 30�40% CO2.

In contrast to uncalcined NTK-10 catalysts, the
activation of a calcined NTK-4 sample occurs in a
single stage, and the activation profile of this sample
contains the only peak at 160�170�C. The activation
consists in this case in reduction of copper from its
oxide [3�5].

Ta, �C
Fig. 1. Activation profiles of (1) NTK-4 and (2) NTK-10
series catalysts. (Ta) Activation temperature; the same for
Fig. 2.
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Table 2. Phase composition of catalysts at different activation temperatures Ta
������������������������������������������������������������������������������������

Catalyst
� Phase composition at indicated Ta, �C
��������������������������������������������������������������������������
� 160 � 170 � 180 � 250

������������������������������������������������������������������������������������
NTK-10-2FM �Cu, ZnO, CaCO3, A, �Cu, ZnO, CaCO3, A, �Cu, ZnO, CaCO3, A, �Cu, ZnO, CaCO3, CA2,

�HA, CA2, gibbsite, �HA, CA2, gibbsite, �HA, CA2, gibbsite, �gibbsite, aragonite
�aragonite, R �aragonite �aragonite �
� � � �NTK-10-2FA �Cu, ZnO, CaCO3, A, �Cu, ZnO, CaCO3, A, �Cu, ZnO, CaCO3, A, HA,�Cu, ZnO, CaCO3, CA2,
�HA, R, CA2, gibbsite, �HA, CA2, gibbsite, �CA2, gibbsite, aragonite �gibbsite, aragonite
�aragonite �aragonite � �
� � � �NTK-10-7F �Cu, ZnO, CaCO3, �Cu, ZnO, CaCO3, �Cu, ZnO, CaCO3, CA2 �Cu, ZnO, CaCO3, CA2,
�CA2, A, HA, gibbsite,�CA2, A, HA, gibbsite, �A, HA, gibbsite, �MnCO3, aragonite,
�aragonite, R, MnCO3 �aragonite, MnCO3 �aragonite, MnCO3 �boehmite, CA
� � � �NTK-4 �Cu, ZnCr2O4, boehmite,�Cu, ZnCr2O4, boehmite, �Cu, ZnCr2O4, boehmite, �Cu, ZnCr2O4, boehmite,
�ZnO, Cu2O �ZnO, Cu2O �ZnO, Cu2O �ZnO, Cu2O

������������������������������������������������������������������������������������

In the first set of experiments, the catalysts were
activated in a flow of 100% H2 at temperatures of
160, 170, 180, and 250�C for 1.5 h.

The completeness of reduction of the samples was
judged from the decrease in the intensity of the lines
in the X-ray diffraction patterns, associated with the

Ta, �C

Fig. 2. Intensity of release of (1) water and (2) CO2 in
activation of catalysts of NTK-10 series.

Tr, �C

I, mm

Fig. 3. Intensity I of the line associated with aurichalcite in
X-ray diffraction patterns vs. the reduction temperature Tr.

initial copper-containing compounds. The results of
an X-ray phase analysis of samples activated under
these conditions are listed in Table 2. Figure 3 shows
how the intensity of the aurichalcite lines in the X-ray
diffraction patterns depends on the temperature Tr
at which the sample was reduced.

Table 2 and Fig. 3 show that the reduction of cop-
per-containing compounds contained in catalysts of
the NTK-10 series at 160�C is incomplete. The phase
composition of the sample contains insignificant
amounts of rosasite. The intensity of the aurichalcite
lines remained virtually unchanged, compared to the
initial sample. Activation with hydrogen at 170�C
leads to complete reduction of copper contained in the
structure of rosasite, whereas aurichalcite is reduced
only partly (the intensity of lines in the X-ray diffrac-
tion patterns decreases only slightly). As the activa-
tion temperature is raised to 180�C, there occurs in-
tensive reduction of copper from the aurichalcite
structure, which is indicated by a pronounced decrease
in the intensity of its lines in the X-ray diffraction
patterns. And finally, reduction at 250�C leads to
complete reduction of copper from its compounds.

Figures 4a and 4b show how the dispersity of
reduced copper (judged from the results of an X-ray
phase analysis) and intensities of copper lines vary
with the activation temperature.

The intensity of copper lines increases dramatically
as the activation temperature increases from 160 to
180�C, which points to intensive reduction of copper
in this temperature range. When the temperature is
elevated further from 180 to 250�C, the intensity of
copper lines increases only slightly, i.e., additional
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(a)I, arb. units

170 210 250 Ta, �C

(b)a, �

Ta, �C

Fig. 4. (a) Intensity I of copper lines in X-ray diffraction patterns and (b) sizes a of crystallites of reduced copper vs. the activa-
tion temperature Ta. (1) NTK-4 and (2) NTK-10.

reduction of copper compounds and crystallization of
X-ray amorphous copper occurs at these temperatures.

The dependence of the dispersity of reduced copper
on the activation temperature shows an extremum.
Raising the reduction temperature from 160 to 180�C
leads to a gradual decrease in the size of copper crys-
tallites from 180 to 165 �, because the most finely
dispersed part of copper is reduced just from the struc-
ture of aurichalcite, which is mostly reduced just in
this temperature range, As the activation temperature
is elevated to 250�C, the size of copper crystallites
increases to 210�C, which is due to agglomeration of
copper.

The activities of the samples were determined at
three temperatures: 160, 180, and 200�C. The results
obtained (Table 3) are in good agreement with the
data furnished by X-ray phase analysis.

The activity of samples reduced at 160�C is low,
because considerable part of copper remains un-
reduced. Raising the activation temperature to 170�C
leads to a certain increase in the activity of the sam-
ples; however, as the copper-containing compounds
are reduced to an insignificant extent, the reaction rate
constant grows only slightly. When the reduction
temperature is elevated to 180�C, copper is reduced
virtually completely, which leads to a high activity
of the samples. Further increase in the activation tem-
perature to 250�C makes the activity lower, which can
be attributed to agglomeration of copper in the course
of reduction.

With NTK-4 catalyst, the influence of the activa-
tion temperature on formation of the active surface
and on the activity is somewhat different.

It can be seen that complete reduction of the copper
component of this catalysts occurs even at 160�C.
Raising the activation temperature (Figs. 4a, 4b) leads

to a minor increase in the intensity of copper lines in
the X-ray diffraction patterns, which is due to crystal-
lization of X-ray amorphous copper. The size of crys-
tallites of metallic copper increases in this case from
195 to 270 � because of copper agglomeration. Ac-
cordingly, the activity of the samples decreases as the
activation temperature is elevated.

A clearly observable feature is that the thermal
stability of NTK-4 catalyst is considerably lower than
that of NTK-10 catalysts: the size of copper crystal-
lites in NTK-4 increases by more than 40% as the
activation temperature is elevated to 250�C, with the
resulting substantial loss of activity.

Thus, the study performed shows that an activation
temperature of 180�C not only ensures sufficient
reduction of NTK-10 catalysts, but also leads to an

Table 3. Activities of catalysts reduced at different tem-
peratures
����������������������������������������
Ta � Tr � Activity, s�1

����������������������������������������

�C
� NTK- � NTK- � NTK- �

NTK-4� 10-2FM � 10-7F � 10-2FA �
����������������������������������������
160 � 160 � 2.2 � 2.5 � 2.1 � 3.4

� 180 � 4.3 � 4.7 � 4.2 � 6.2
� 200 � 7.9 � 8.1 � 7.9 � 10.1
� � � � �180 � 160 � 2.7 � 2.7 � 2.8 � 3.0
� 180 � 5.3 � 5.4 � 5.5 � 5.8
� 200 � 9.1 � 9.2 � 9.2 � 9.7
� � � � �180 � 160 � 3.9 � 3.9 � 3.7 � 2.6
� 180 � 7.0 � 6.8 � 6.9 � 5.4
� 200 � 11.2 � 10.9 � 11.5 � 9.4
� � � � �250 � 160 � 3.5 � 3.2 � 3.4 � 2.2
� 180 � 6.5 � 6.4 � 6.4 � 4.7
� 200 � 10.6 � 10.4 � 10.5 � 8.5

����������������������������������������
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(a)I, arb. units

(b)a, �

cH2, vol %

Fig. 5. (a) Intensity I of copper lines in X-ray diffraction
patterns and (b) size a of crystallites of reduced copper vs.
the content of H2 in the reducing gas.

increase in their initial activity because of the forma-
tion of a more finely dispersed copper.

In the next stage of the study, it was necessary to
evaluate the influence exerted by the concentration of
H2 in the reducing gas on the activity of NTK-10

Table 4. Activities of catalysts reduced at different con-
tents of H2 in the reducing gas
����������������������������������������

cH2
, � Tr,

� Activity, s�1

� �������������������������������
vol %� �C � NTK-10-2FM�NTK-10-7F� NTK-10-2FA
����������������������������������������

20 � 160 � 1.2 � 1.5 � 1.2
� 180 � 4.3 � 4.7 � 4.2
� 200 � 6.9 � 7.1 � 6.9
� � � �30 � 160 � 4.2 � 4.3 � 4.2
� 180 � 7.1 � 7.2 � 7.2
� 200 � 11.8 � 11.9 � 11.8
� � � �50 � 160 � 4.0 � 4.1 � 4.0
� 180 � 7.0 � 7.0 � 7.0
� 200 � 11.5 � 11.4 � 11.6
� � � �75 � 160 � 3.9 � 3.9 � 3.7
� 180 � 6.9 � 6.8 � 6.8
� 200 � 11.3 � 11.0 � 11.4

����������������������������������������

catalysts, obtained at an activation temperature of
180�C.

Figures 5a and 5b show how the intensities of lines
of reduced copper and the dispersity of copper depend
on the content of H2.

It can be seen that the intensity of copper lines in
the X-ray diffraction patterns grows as the content of
H2 in the gas becomes higher. The steepest increase is
observed in the range from 20 to 30 vol %. This is
due to intensive reduction of copper from the aurichal-
cite structure, which is also indicated by the decrease
in the size of copper crystallites in this range of H2
contents. As the content of H2 in the gas increases
further, the intensity of copper lines increases only
slightly, i.e., the hydrogen content of 30 vol % en-
sures virtually complete reduction of copper.

The copper particle size grows from 135 to 165 �
as the content of H2 in the reducing gas becomes
higher than 30 vol %.

The highest activity was observed (Table 4) for
samples reduced with a gas containing 30 vol %
hydrogen. Thus, the hydrogen content of 20�25 vol %
is insufficient for complete reduction of copper com-
pounds. Further increase in the content of H2 in the
gas leads to formation of coarser copper crystallites,
which adversely affects the activity of the catalysts.

Thus, lowering the activation temperature to 180�C
at a sufficient content of the reducing agent in the gas
positively affects the formation of the active surface in
NTK-120 catalysts, which leads to an increase in their
activity, compared with the initial value. At the same
time, the activation conditions should ensure complete
reduction of copper from its compounds. It is critical-
ly important for NTK-10 catalysts that aurichalcite,
which contains the most active copper, should be
completely reduced. Therefore, lowering the reduction
temperature to an even greater extent and diminishing
the content of hydrogen are undesirable.
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Abstract�A study was made of neutralization and clarification of wastewater from silicate production, which
exhibits buffer properties. The promise of a two-stage procedure involving the primary thickening of the
dispersed phase, followed by separation of the dispersed phase and water by flotation, was elucidated. The
choice of the polymeric reagent and its concentration was substantiated.

Wastewater from production of silicate building
materials, including cement, brick, etc., cause sig-
nificant damage to soils via cementation, alkalization,
and pollution with gypsum. Huge areas allocated for
burial of wastes from silicate production virtually lose
their fertility. This is especially pressing for cities
consuming large amounts of building materials.
Nowadays, silicate-producing enterprises have settlers
for separation of coarse fractions, whereupon waste-
water is neutralized with sulfuric acid and then re-
moved from the production process. Such procedures
pose environmental problems and are cost-ineffective
because of large amounts of sulfuric acid and water
they require. This makes urgent water reuse at silicate-
producing enterprises.

In this work we studied neutralization of strongly
alkaline wastewater from silicate production and
developed a procedure for reuse of the purified water.

The subjects of our study were cement suspensions
comprising calcium silicates, aluminosilicates, ferrites,
and aluminoferrites, as well as various additions [1].
Wastewater from cement production contains not only
cement components but also their hydration and hy-
drolysis products formed by the reactions [1, 2]

3CaO �SiO2 + mH2O � xCaO �SiO2 �nH2O

+ (3 � x)Ca(OH)2, (1)

2CaO �SiO2 + nH2O � 2CaO �SiO2 �nH2O, (2)

3CaO �Al2O3 + 6H2O � 3CaO �Al2O3 �6H2O, (3)

4CaO �Al2O3 �Fe2O3 + mH2O � 3CaO �Al2O3 �6H2O

+ CaO �Fe2O3 �nH2O, (4)

3CaO �Al2O3 �6H2O + 3(CaSO4 �2H2O) + 19H2O

� 3CaO �Al2O3 �3CaSO4 �31H2O. (5)

Analysis of the products of hydrolysis and hydra-
tion of the initial ingredients of cement shows that the
dispersion medium for the suspensions is, essentially,
a solution of calcium hydroxide in equilibrium with
the dispersion of solid Ca(OH)2 particles. This strong-
ly complicates sedimentation of the suspension in
settlers, as well as neutralization of the wastewater. In
this connection, we paid much attention to the choice
of flocculants able of efficiently binding the sus-
pended particles at pH above 11, as well as to isola-
tion of the solid dispersed phase by flotation to enable
extraction of colloidal impurities from the wastewaters
within a not very long time [3].

EXPERIMENTAL

We used M-400 D 20 [GOST (State Standard)
10178�85] Portland cement, pure grade sulfuric acid
H2SO4 (GOST 4204�77), and pure grade orthophos-
phoric acid H3PO4 (GOST 6552-80).

Polyelectrolytes (flocculants) were prepared from
cationic polymers: Praestol 644BC, Praestol 650BC
(Moscow�Stockhausen�Perm Closed Joint-Stock
Company); Polymin SK, Katiofast SF, Polymin KP
(BASF, Germany); Kat-flok-487F (KEM-TRON Inc.,
Germany).
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The efficiency of thickening and compaction of the
sediments was assessed from the velocity of displace-
ment of the interface between the clarified and non-
clarified parts of the solution in a volumetric flask
with a working volume of 2000 cm3. The sedimenta-
tion was assessed quantitatively using the dimension-
less parameter D [4]:

D = � /�0 � 1,

where � and �0 are the sedimentation rates of the
cement suspension with and without cationic floc-
culant, respectively.

In all the experiments we estimated � from attain-
ment of a fixed degree of clarification at identical
concentration of the flocculant in the thickening solu-
tion (cf = 0.5%).

The acidity of the medium and of the buffer solu-
tions was monitored with a pH 320 SET (Wissen-
schaftlich-Technische-Werkst�atten GmbH) micro-
processor-based pH meter.

The charge density of the cationic flocculants,
mg-equiv g�1, was determined by colloidal-chemical
titration with a 0.01% solution of the polymer with
aqueous potassium polyvinyl sulfate (molecular
weight M = 132000, 60 mg l�1) in the presence of
Toluidine Blue as indicator [5]. Flotation isolation
of the cement suspension sediment was carried out on
a pilot pressure installation. The experiments were
run in a cylindrical flotator equipped with a facility
providing for tangential motion of the flow. The air
pressure in the saturator was 3.5 MPa. In the course of
the process, we monitored the size of the air bubbles
at the outlet of the reducing valve, as well as the
degree of clarification of water and the concentration
of the ions of pollutant remaining in water. The size
of the bubbles was estimated optically, in an MBP-2
horizontal microscope.

Neutralization of a 1% cement suspension (pH
11.8) was studied under the static (a 5-s single stirring
run at the beginning of the process) and dynamic
(continuous stirring) conditions.

Under static conditions, upon addition of 60 ml l�1

of a 5% H2SO4 solution to 1 l of 1% cement suspen-
sion, pH of the suspension initially decreased to 7.0
and then slowly increased, virtually regaining the ini-
tial value. The experiments under dynamic conditions
showed that, upon neutralization, stirring accelerates
the growth of pH. In this connection, we studied the
dynamics of variation of pH of the cement suspension
during its neutralization with a 5% solution of H2SO4

(a)

V, ml l�1

(b)

V, ml l�1

Fig. 1. Variation of pH of a 1% aqueous cement suspension
upon introduction of 5% solutions of (a) H2SO4 and
(b) H3PO4 in amount V in portions under stirring.

under continuous stirring. The first 60 ml of the
H2SO4 solution was introduced into the suspension
under stirring in 10-ml portions at 30-s intervals.
Next, the acid solution was added in 10-ml portions
at 30-min intervals. Figure 1a shows how the acidity
varied with the volume of the acid solution intro-
duced; it is seen that pH of the suspension, which
strongly decreased under the action of the acid, in-
creased again several minutes later, virtually regaining
its initial value. Upon introduction of additional por-
tions of the acid into the solution, this process was
reproduced, resulting in a gradual final decrease in
the acidity of the solution. The amount of the acid
spent is very significant. For example, decreasing pH
of the suspension from 11 to 8 requires adding 110 ml
of 5% H2SO4 to 1 l of the suspension. This also holds
for 5% H3PO4 (Fig. 1b); neutralization requires
a much greater amount of H3PO4 and is much slower.
Neutralization to pH 6.5 is achieved by introducing
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Table 1. Main properties of polymeric cationic flocculants
������������������������������������������������������������������������������������

Flocculant
�

pH of 0.5% polymer
� Charge density, � Test

� � ���������������������������������������
� solution � mg-equiv g�1

� for thickening* � for clarification**
������������������������������������������������������������������������������������
Praestol***: � � � �

611BC � 4.91 � 1.43 � 3 � 3
644BC � 4.58 � 2.72 � 1 � 1
650BC � 4.34 � 1.94 � 3 � 3

Polymin SK � 7.17 � 5.5 � 0 � 0
Katiofast SK � 6.85 � 13.9 � 0 � 0
Polymin KP � 4.64 � 1.0 � 3 � 3
Kat-floc-487F � 4.85 � 2.85 � 3 � 3
������������������������������������������������������������������������������������

* Three-point scale: 0 means no thickening, and 3, efficient thickening (D = 10) yielding strong floccules.
** Three-point scale: 0 means turbid water, and 3, exhaustive clarification within 5 min.

*** Polymer with a molecular weight above 500000.

320 ml of 5% H3PO4 solution per liter of suspension.
Notably, in both cases the solid dispersed phase did
not disappear: Instead of solid cement particles, we
observed appearance of poorly soluble sulfates, phos-

V, ml l�1

(a)

V, ml l�1

(b)

Fig. 2. Variation of pH of a 1% aqueous cement suspension upon
introduction of combined flocculants based on Katfloc-487F
polymer and (a) H2SO4 and (b) H3PO4 in amount V in portions
under stirring.

phates, and other products of solid-phase reactions
and topochemical processes. This is most probably
due to the buffer action of the suspended Ca(OH)2
particles.

Since solutions of acids proved to be inefficient in
neutralization of cement suspensions, we studied
neutralization of suspensions with combined acid
solutions containing a polymeric flocculant.

A preliminary study showed that nonionic polyacyl-
amide (PAA) exerts a very weak flocculation effect on
cement suspensions. The same is true of anionic poly-
electrolytes like hydrolyzed PAA. Since cement sus-
pensions contain negatively charged particles with
a fairly high negative electrokinetic � potential, it is
most probable that, along with �bridging,� neutraliza-
tion of the surface charge by macromolecular com-
pounds is important in flocculation.

In view of the above-said, we studied in this work
cationic polyelectrolytes, namely, cationic polymeric
flocculants (Table 1). When choosing a polyelectro-
lyte, we estimated the flocculation effect from the
results of the qualitative tests on clarification of the
suspension and thickening (compaction) of the sedi-
ment. In tests, we added 7 ml of a 0.5% solution of a
flocculant to 1 l of a 1% aqueous cement suspension.
Among the polymeric flocculants studied, satisfactory
results were obtained with Praestol 611BC, Praestol
650BC, Polymin KP, and Kat-floc-487F with a cation-
ic charge of 1�3 mg-equiv g�1.

Neutralization of the suspension with compositions
combining aqueous solutions of the above-mentioned
flocculants and acids showed that these are more ef-
ficient than solutions of acids traditionally used for
neutralization. Figures 2a and 2b show how pH varies
during neutralization of a suspension with a combined



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

NEUTRALIZATION AND CLARIFICATION OF STRONGLY ALKALINE WASTEWATER 1145

Table 2. Formulations of combined flocculants and the main characteristics of the two-stage purification of wastewater
from cement production
������������������������������������������������������������������������������������

Version

� Stage 1 (thickening)
������������������������������������������������������������������������������

no.
� formulation no. 1 �

amount spent,
�

pH of suspension upon�������������������������������������� �
� Kat-flok-487F, g l�1 � H3PO4 (30 wt %), ml l�1 � ml l�1

� adding the formulation

������������������������������������������������������������������������������������
1 � 4.0 � 10 � 7.0 � 11.6
2 � 4.0 � 20 � 7.0 � 11.2
3 � 4.0 � 30 � 7.0 � 11.0
4 � 2.5 � no. 3* � 7.0 � 6.7

������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Version

� Stage 2 (flotation) �
Amount of dry poly-����������������������������������������������������������������

no.
� formulation no. 2** � amount � pH of �pH of aqueous� diameter of� mer spent in two
���������������������������� � � � �
�Kat-flok-487F, g l�1� Na2CO3, g l�1 �

spent,
�

composi-
�

phase upon
�

flotation
�

stages, mg l�1

� � �
ml l�1 � tion � flotation �bubbles, �m�

������������������������������������������������������������������������������������
1 � 2.0 � 20 � 3.0 � 1.0 � 7.0 � 450 � 34.0
2 � 2.0 � 20 � 6.0 � 2.0 � 7.3 � 800 � 40.0
3 � 2.0 � 20 � 3.0 � 1.0 � 6.9 � 400 � 34.0
4 � � � � � � � 1.5 � 6.6 � 170 � 17.5

������������������������������������������������������������������������������������
* Composition no. 3 was prepared according to version no. 2; concentration of Na2CO3 was 20 g l�1.

** The composition was prepared by adding concentrated HCl into an aqueous solution of Na2CO3 to pH 1.5 (pH 1.5 corresponds to
the concentration of excess HCl; concentration of H2CO3 is 3.8 �10�2 M; there are no carbonate ions).

composition based on Kat-floc-487F. In this case,
the required amount of the chemicals decreases to
30�40 ml l�1; compositions containing phosphoric
acid (Fig. 2b) are more efficient. On the whole, how-
ever, the acidity of the suspensions remains unstable
during neutralization.

In this connection, we tested neutralization involv-
ing removal of the Ca2+ ions from solution by con-
verting them into a poorly soluble form. One way of
binding Ca2+ ions in an alkaline medium is converting
them to a poorly soluble carbonate, CaCO3, by the
scheme

Ca2+ + CO3
2�

� CaCO3, (6)

Ca(OH)2 + CO2 � CaCO3 + H2O. (7)

Simultaneously, soluble hydrocarbonate can be
formed in an acid medium:

Ca(OH)2 + 2HCO3
�
� Ca(HCO3)2

�
� Ca2+ + 2HCO3

�. (8)

This assumption was verified experimentally; we
found that passing CO2 through the cement suspen-
sion upon isolation of coarse fractions leads to a sharp
and, what is essential, irreversible decrease in pH and
clarification of the solution.

Our results allowed us to propose compositions in-
cluding cationic polyelectrolyte and a solution yielded
by the reaction of Na2CO3 with excess HCl (to pH
1.5) [6].

Figure 3 shows how the flocculation effect D varies
with the concentration of the combined flocculant

c � 104, wt %
Fig. 3. Flocculation effect D as a function of the concentra-
tion of the combined flocculant c. Formulation no. 1
(Table 2): (1) version 3 and (2) version 4.
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proposed. Curve 2 in Fig. 3 shows that the composi-
tion proposed is much more efficient. Thus, the com-
bined flocculants can be regarded as agents favoring
neutralization in a strongly alkaline medium contain-
ing Ca(OH)2, which makes such compositions suit-
able for separation of complex dispersed systems.

We separated the suspension into fractions by pres-
sure flotation at the air pressure in the saturator of 3.5
MPa, using a pilot installation proposed in [7, 8].
Table 2 summarizes the results of two-stage purifica-
tion of the wastewater from cement production, based
on separation of the solid and liquid phases by flota-
tion. Stage 1 of removal of the suspension from water
involved thickening of the dispersion by combined
flocculants (versions 1�4). Neutralization of the
wastewater was achieved only with a combined floc-
culant (version 4). Stage 2 involved flotation with
(versions 1�3) and without (version 4) additionally
introduced agents. Table 2 suggests high efficiency of
purification and neutralization of strongly alkaline
wastewater from cement production in a two-stage
process involving flotation separation. Water purifica-
tion was the most efficient in the case of version 4,
when a combined flocculant was used in stage 1 of the
process (thickening).

CONCLUISONS

(1) Neutralization of strongly alkaline wastewater
with H2SO4 and H3PO4 solutions occurs as an un-
stable and reversible process, as shown by the exam-
ple of a 1% cement suspension containing silicates,
aluminosilicates, and ferrites.

(2) Efficient neutralizing compositions for waste-
water from silicate productions are combined floc-
culants based on cationic polymers with a cationic
charge of 1�33 mg-equiv g�1, including polymers
with a molecular weight above 500000 and the solu-
tion yielded by the reaction of sodium carbonate with
excess HCl (to pH 1.5).

(3) The combined flocculants proposed allow
highly efficient flotation treatment of strongly alkaline
wastewater from silicate production.
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Abstract�Acylation of aromatic amines with carboxymethyl dextran and its ethyl ester in dioxane, ethanol,
1-propanol, and 2-propanol in the presence of small amounts of water was studied.

It was shown previously that esters of polysaccha-
ridecarboxylic acids are convenient agents for acyla-
tion of amines in synthesis of physiologically active
polymers (PAPs) [1�3]. They can be used for fixation
on a polysaccharide matrix of such biologically active
substances as antibiotics and enzymes. In this connec-
tion, we developed simple procedures for synthesis
and analysis of carboxymethyl polysaccharide (CMP)
esters and determined conditions of their reactions
with various amines in water, dioxane, and DMSO

[1�5]. However, difficult isolation of CMP esters
from the reaction mixture after their synthesis is a
significant drawback of this procedure for PAP prepa-
ration. Therefore, we studied the reaction of carboxy-
methyl dextran (CMD) with aromatic amines in lower
alcohols with the aim to eliminate the step of CMD
ester isolation and make the modification of dextran
less time- and labor-consuming.

Chemical modification of polysaccharides was per-
formed by the following scheme:
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Carboxymethyl dextran 1 and its ethyl ester
(CMDEE) 2 were prepared as described in [4�6]. The
resulting CMD and CMDEE samples were character-
ized by the degree of carboxymethylation Ccm and
degree of alkoxycarbonylmethylation Cacm (number
of carboxymethyl or ester groups per polysaccharide
monomeric unit). Acylation of amines with CMD and
CMDEE was performed in dioxane [3]. The reaction
of CMD with amines in ethanol was performed sim-
ilarly to the reaction of CMDEE with amines in diox-

ane but by two procedures: with preliminary esterifi-
cation of poly acid (procedure 1) and without it (pro-
cedure 2). In procedure 1, the H+ form of CMD was
refluxed in excess ethanol for 4�6 h, after which an
amine was added to the resulting CMDEE-containing
mixture, and refluxing was continued for an additional
4 h. In procedure 2, the reaction mixture containing
the H+ form of CMD, amine, and excess alcohol was
refluxed for 4 h. In so doing, it was suggested that
first the CMD ester is formed, which is followed by
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Table 1. Results of acylation of amines with CMD (Ccm = 0.9) and its ethyl ester (Ccm = 0.94, Cacm = 0.41) in anhydrous
dioxane at 100�C [3] and with CMD in ethanol at 78�C. Reaction time 4 h, 5 mol of amine per mole of carboxy groups
������������������������������������������������������������������������������������

Amine
�

pKa of amine
� Cam in dioxane, % � Cam of CMD in ethanol, %

� ������������������������������������������������������
� � CMD � CMDEE � procedure 1 � procedure 2

������������������������������������������������������������������������������������
p-Nitroaniline � 1.02 � 2 � 0 � 0 � 7
p-Bromoaniline � 3.93 � � � � � 18 � 32
Aniline � 4.61 � 24 � 21 � 29 � 41
p-Toluidine � 5.12 � 29 � 26 � 35 � 46
p-Phenetidine � 5.25 � 29 � 27 � 35 � 49
������������������������������������������������������������������������������������

acylation, since aromatic amines are not noticeably
acylated with the poly acid at 78�C in dioxane [3].

Products 3 were isolated, purified, and analyzed as
described in [3].

The number of amide groups in samples of poly-
saccharides 4 was determined by elemental analysis
and UV spectroscopy. Acylation was characterized by
the degree of amidation Cam (percentage of polysac-
charide acyl groups involved in the reaction). The
results are given in Table 1.

We found that acylation of aromatic amines in eth-
anol at 78�C by the suggested procedures gives better
results than acylation with CMD and its ethyl ester in
dioxane at 100�C. In acylation of amines in dioxane,
Cam is lower than in acylation of amines in alcohol,
on the average, by 20�30 (in procedure 1) and 65�
85% (in procedure 2).

With the aim to increase the conversion of CMD
carboxy groups into amide groups, we studied the
reactions of CMD with aromatic amines in 1- and
2-propanol whose boiling points are higher than that
of ethanol (97 and 82�C, respectively). However,
despite higher reaction temperature, Cam of CMD in
these alcohols appeared to be lower than in ethanol.

Cam, %

c, %
Fig. 1. Degree of amidation Cam of CMD (Ccm = 1.45) in
reaction with aniline as a function of water content c in
dioxane. Reaction time 4 h, 70�C, 10 ml of amine per mole
of monosaccharide units.

This may be due to steric effects associated with
longer carbon chain in the alcohol molecule or its
branching. A similar trend was observed in acylation
of benzylamine with CMD esters in water [4]. How-
ever, more detailed examination of the reaction condi-
tions and reagent purity showed that dioxane, 1-prop-
anol, and 2-propanol (chemically pure or pure grade)
contained no more than 1% water, whereas rectified
ethanol contained 4% water. Therefore, we suggested
that water could exert a certain effect on the reaction.
Under the conditions of procedure 2, when the H+

form of CMD and amine are added to the alcohol sim-
ultaneously, the carboxylic acid (CMD) rather than
CMD ester reacts with the amine, and the acid is a
stronger acylating agent. This accounts for the fact
that acylation of amines in ethanol by procedure 2
gives the target product in a higher yield compared to
preliminary esterification of carboxy groups.

A study of the reaction of CMD with aniline in
dioxane containing small amounts of water showed
that the efect of water on the reaction is maximal at
a water concentration of 2.5�5% (Fig. 1) [7].

In this connection, we suggested that addition of
this amount of water to dioxane and 1-propanol will
increase the yield of the target product in reactions
with the other amines also. The boiling points of
dioxane and 1-propanol are approximately equal and
higher than that of ethanol; therefore, we expected
that the degrees of CMD amidation in acylation of
aromatic amines in 1-propanol or dioxane containing
4% water will be the same or even greater, compared
to the reaction in ethanol.

Indeed, addition of 4% water to dioxane and
1-propanol increased Cam relative to the anhydrous
solvent, in some cases by a factor of more than 2
(Table 2). As expected, the yield of CMD amide in
1-propanol was higher than in ethanol (by approxi-
mately 30%). Comparison of Cam of CMD in water-
containing 1-propanol and dioxane is difficult, since
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Table 2. Results of acylation of amines with CMD (Ccm =
0.9�1.1) in solvents containing 4% water. Reaction tem-
perature 100�C, 4 h, 5 mol of amine per mole of carboxy
groups
����������������������������������������

Amine

� Cam of CMD, %
�����������������������������
�anhydrous�

dioxane
� 1-pro- �

ethanol*� dioxane � � panol �
����������������������������������������
p-Bromoaniline� 26 � 42 � 32 �
Aniline � 24 � 47 � 55 � 41
p-Toluidine � 29 � 57 � 59 � 46
p-Phenetidine � 29 � 65 � 65 � 49
����������������������������������������
* At 75�C.

the dependences of the product yield on pKa of the
amine in these solvents are essentially different
(Fig. 2).

Thus, addition of 2.5�5% water to dioxane and
lower alcohols at temperatures above 70�C allows
efficient acylation of aromatic amines with CMD used

Cam, %

Fig. 2. Degree of amidation Cam of CMD in reactions with
aromatic amines in (1) ethanol, (2) propanol, and (3) diox-
ane, containing 4% water, vs. pKa of the amine. Boiling
point of the solvent, 4 h, fivefold excess of the amine.

instead of its ethyl ester, which considerably simpli-
fies the modification of the polysaccharide and in-
creases the yield of the target product by a factor of
more than 2.

CONCLUSION

Experiments on acylation of aromatic amines with
carboxymethyl dextran and its ethyl ester in wet diox-
ane, ethanol, 1-propanol, and 2-propanol show that
addition of 2.5�3% water to dioxane and lower alco-
hols allows acylation of aromatic amines at tempera-
tures above 70�C to be performed with carboxymethyl
dextran instead of its ethyl ester, which considerably
simplifies the modification of the polysaccharide and
increases the yield of the target product by a factor of
more than 2.
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Abstract�A method for determination of catecholamines (adrenaline, noradrenaline, and dopamine) by
capillary electrophoresis�electrospray ionization�mass spectrometry is described. The electrospray operating
mode is optimized as well as the system for capillary electrophoresis.

Quantitative analysis for the most important neuro-
transmitters such as adrenaline (A), noradrenaline
(NA), and dopamine (DA) is of great significance for
diagnostics and treatment of various brain diseases.
In this case it is required to determine individual
catecholamines, but not their total. Since the concen-
tration of catecholamines in actual objects is extreme-
ly low (nano- and picograms), the methods for their
determination should be highly sensitive and selective.
In recent years, a novel method for separating com-
plex mixtures, capillary electrophoresis (CE), is being
actively developed. Its doubtless advantages are very
high performance, surpassing that of the chromato-
graphic methods by several orders of magnitude; very
small sample volume required for analysis (several
nanoliters); small consumption of reagent solutions;
and a shorter analysis time than in HPLC.

The most of published works deal with capillary
zone electrophoresis with UV detection, which is
characterized by insufficient concentration sensitivity.
The zone CE�mass spectrometry (MS) combines the
high efficiency of separation of components with
highly sensitive and selective detection. A great
advantage of an MS detector is the possibility of
identifying unknown components in matrices of com-
plex samples.

A liquid chromatograph or a CE system can be
connected to a MS detector via ESI (electrospray
ionization) interface. In the case of CE, such a hybrid
mode of determination is known as CE�ESI�MS
(capillary electrophoresis�electrospray ionization�
mass spectrometry). The method is based on separa-

tion of components of a sample in a quartz capillary
under the action of an applied potential, electrospray
of an electrolyte and the sample followed by ioniza-
tion in an electrosprayer of a mass analyzer, and re-
cording of an analytical signal from ions in a quadru-
pole MS detector. Electrospray is electrokinetic injec-
tion of the solution to be analyzed to a mass spec-
trometer under the action of a high potential differ-
ence applied to the ends of the quartz capillary, and
under a voltage applied between the capillary outlet
and MS inlet.

Three major engineering solutions of the ESI inter-
face, to connect a CE block to a mass analyzer are
currently used: employment of a quartz capillary with
a metal sputtered on its pointed end through which
spraying occurs; the use of a gold wire microelectrode
arranged into the capillary outlet; and the use of a
three-layer metallic needle.

The study was carried out on an Agilent instrument
with an ESI interface using a three-layer metallic
needle. Three flows are coaxially fed into the needle
serving as an electrosprayer: a drying gas (external
coating) ensuring transfer of the solvent into the vapor
phase; coating liquid [through a high-pressure isocrat-
ic pump used in HPLC to ensure liquid contact of
the needle (serving also as an electrode) with the
liquid flowing from the capillary]; and, finally, a flow
of a liquid from the quartz capillary. Particles of the
aerosol, formed in the electrosprayer cell under the
action of high voltage applied between the needle and
the electrode of the inlet capillary of the mass spec-
trometer (�3000�4000 V), start to crush down. As
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a result, the initially high charge density on their
surface decreases, and ions, having no solvation
shell, i.e., solvent molecules in the gaseous state,
are formed.

The goal of this study is to develop a method for
determination of the most important catecholamines
by capillary electrophoresis�mass spectrometry. In the
work we used an Agilent 1100 CE�MS system, Tsvet
Yauza liquid chromatograph with an amperometric
detector, and MALDI TOF Voyager DE mass spec-
trometer. The inner and outer diameters of the capil-
lary were 50 and 375 �m, respectively, and the effec-
tive length, 80�90 cm. The inner capillary wall was
coated with a polymer. The capillary projected from
the ESI needle by 0.3 mm. The voltage applied to the
capillary ends was 30 kV. A sample was taken from
a sampler wheel (hydraulic input 900 mbar s�1). The
capillary was conditioned with water (5 min), 10%
ammonia (5�10 min), and again with water (5 min)
under a pressure of 1 atm. After completion of the
analysis, the capillary was washed with a buffer elec-
trolyte for 4 min.

In detecting positive ions in the mass spectrometer,
we used an ESI interface with a three-layer metallic
needle. Into the needle serving as an electrosprayer,
flows of a drying gas and coating liquid were coaxial-
ly fed. The ESI voltage was +4 kV. The coating liquid
flow rate was 4 �l min�1, and that of the drying gas
(nitrogen), 5 l min�1; temperature 200�C. The objects
to be analyzed were dry adrenaline, dopamine, and
noradrenaline hydrotartrates (Fluka).

Stock buffer solutions were prepared from stan-
dard titrants [Na2B2O4 �10H2O (pH 9.18), HCl,
CH3COOH, aq. NH3, diethylamine hydrochloride
(C2H5)2NH �HCl, and Na2EDTA]. The effect of an
organic solvent as a component of the electrolyte
on the parameters of separation of the mixtures was
studied with 2-propanol. All the chemicals used were
of chemically pure grade. All the solutions were pre-
pared with double-distilled water. The buffer electro-
lyte was 0.05�0.1 M acetate buffer containing 5 �

10�3 M (C2H5)2NH �HCl; pH was adjusted to 4.5
by adding 10% aq. NH3. The resulting solutions were
filtered through a membrane filter (pore size 1.2 �m)
and then degassed under vacuum (water-jet pump).

Stock solutions of the catecholamines (1000 mg l�1)
were prepared in 0.1 M HCl and stored at �20�C.
Under these conditions, the solutions were stable for
a year. Working solutions of catecholamines were
prepared by dilution of the stock solutions with water.
The coating liquid was prepared from a mixture of

Table 1. Relative contribution of protonated molecular
ions [M + H]+ and daughter ions in the mass spectra of
catecholamines
����������������������������������������
Major species formed �

A
�

NA
�

DA
in MS � � �

����������������������������������������
[M + H]+, m/e �184 (100) �170 (100) �154 (100)
Fragment, m/e �166 (10) �152 (12) �137 (11)
Neutral fragment, m ��18 (H2O)��17 (NH3)��17 (NH3)
SIM, m/e � 184 � 170 � 154
����������������������������������������

methanol or 2-propanol and water (40 : 60�95 : 5 v/v)
with addition of 0.5 vol % acetic acid.

Solid-phase extraction of catecholamines was per-
formed with active alumina. CE separation of compo-
nents improves the sensitivity of the MS quadrupole
detector, which is caused primarily by the fact that, in
this case, operation in the SIM mode becomes pos-
sible. We have found only a few versions of determi-
nation of catecholamines by CE�MS with electrospray
ionization [1�3], and about ten versions, by CE [4�7].
It appeared promising to use capillary electrophoresis
with MS detection. Prior to CE�MS analysis, we re-
corded the MS spectra of standard catecholamines.
They show two types of ions: a molecular ion and a
daughter ion formed by elimination of the H2O or
NH3 molecule from the protonated molecular ion. By
varying the drying gas temperature and pressure under
which it is fed to the needle, we made it possible that
the mass spectrometer recorded molecular peaks of
the components with practically no fragmentation
(Table 1). Above 250�C, the catecholamine molecules
are fragmented with the loss of NH3. Therefore, detec-
tion of catecholamines is based, primarily, on the cor-
responding signals of molecular ions.

There are two modes of MS detector. In the SCAN
mode, ions from a selected mass range (m /e) are
detected, and the total ion current is recorded as a
function of the time. In the SIM mode, signals from
the only ion with a fixed mass are integrated. Signals
from other ions are not recorded, and that is why it
becomes so important to separate components of
the sample prior to input into the mass analyzer. In
operating in this mode, the sensitivity of analysis in-
creases by several times. In this case, it is important to
attain a good reproducibility in the migration time
of components (time in which a component passes
through the quartz capillary). Therefore, the quality of
preparation of the capillary for analysis is of a great
significance in the CE�MS method. We registered the
MS spectra under the following conditions: SCAN
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mode: m /e 150�185 and SIM mode: m /e 154 (0�
11.25 min), 170 (11.25�11.8 min), and 184 (11.8�
12.0 min).

In capillary zone electrophoresis, components of
a sample are separated as cations or anions, depending
on pH.

At pH >10, catecholamines occur in the anionic
form [3], and at pH <8, in the cationic form (pKa of
catecholamines �8.5) [2, 6]:
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We tested both alternatives. We optimized the com-
position of the sample and buffer electrolyte by vary-
ing the concentration, pH, salt additives, and organ-
ic modifiers (Table 2). It was demonstrated that the
use of buffer solutions with pH > 7 provides better
separation, but, in this case, oxidation of catechol-
amines can occur. Here the requirements to the MS
detector should also be taken into account. For exam-
ple, the use of low-volatile borate buffer makes it
impossible to attain stable spraying of the components
to be analyzed. Therefore, in the subsequent, all the
experiments were carried out in a buffer solution with
pH < 7. To increase the solution viscosity and improve
the separation, we added 10�20% 2-propanol. How-
ever, this resulted in broadening of the peaks and de-
creased resolution. To overcome these effects through
preventing adsorption of the analytes on the capillary

wall, we added (C2H5)2NH �HCl in the buffer elec-
trolyte. The optimal conditions were found to be as
follows: 0.05 M acetate buffer containing 5�10�3 M
diethylamine hydrochloride (pH 4.5) and separating
voltage +30 kV. Note that, in the CE�MS analysis,
the voltage should be higher than in CE�UV, since
the ESI voltage applied to the end of the capillary
decreases the total electric field in it.

An important step in carrying out this study was
optimization of the MS detection conditions. It was
necessary to select the ratio of the rates of the drying
gas and coating liquid and the coating liquid composi-
tion so as to maximize the analytical peaks.

Taking the published data [2, 6, 8] into account, we
tested the systems methanol�water and 2-propanol�
water (50 : 50 v/v) with addition of an acid. Since
acetate buffer was used in separating catecholamines
in CE, we selected acetic acid, so as to introduce no
additional ions into the system. The maximal intensity
of signals of the analytes was observed in the system
with 2-propanol, which is consistent with the results
of Peterson et al. [2] who demonstrated that 2-pro-
panol is the best suited solvent for the coating liquid.
Nevertheless, the authors have preferred to use meth-
anol, since, in this case, the signal/noise (S/N) ratio
appeared to be higher. Under our experimental con-
ditions, the noise level was higher with methanol.
After optimization of the solvent, we selected the sys-
tem 2-propanol�water (50 : 50 v/v). Additionally, it
should be pointed out that the stability of electrospray-
ing decreases as the fraction of the organic solvent in
the coating liquid increases. The acetic acid concentra-
tion was varied from 0.1 to 1.0%, which had only
slight effect on the signal intensity. Thus, the optimal
composition of the coating liquid is 2-propanol�water
(50 : 50 v/v) + 0.5% acetic acid.

Another significant parameter influencing the re-
sponse is the coating liquid flow rate. This parameter
was optimized over the range of flow rates at which
electrospraying is stable (2�8 �l min�1).

According to [8], the coating liquid, being around
the capillary and mixing with the outflowing sample,
dilutes by half the sample zone when flowing out
from the capillary with increasing flow rate from 2 to
8 �l min�1. The highest response and the best sep-
aration efficiency were obtained at a flow rate of
4 �l min�1.

To realize stable spraying, it is important to op-
timize the position of the capillary end relative to
the coating liquid outlet. If the end of the capillary
projects too much from the ESI needle, there is no
way to realize stable spraying. In turn, spraying is also
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Table 2. Parameters of separation of catecholamines optimized with standard solutions
������������������������������������������������������������������������������������

Run
�

Sample composition
�

Supporting electrolyte
� Electrospray operation mode

� � �������������������������no. � � �flow rate, l min�1� T, �C �P, kPa
������������������������������������������������������������������������������������

1 �20 mg l�1 A, NA; 0.01 M ammonia buffer �0.01 M* � 2 � 150 � 69
�(pH 9.4) � � � �
� � � � �2 �� �0.01 M, 7�10�3 M NaCl*� 2 � 150 � 69
� � � � �3 �� �0.01 M; 0.015 M NaCl* � 0.3 � 60 � 55
� � � � �4 �20 mg l�1 A, NA; 0.05 M ammonia buffer (pH �0.05 M, 1�10�3 M � 10 � 55 � 55
�9.4); 1�10�3 M Na2EDTA; 3�10�3 M Na2SO3 �Na2EDTA* � � �
� � � � �5 �� �0.05 M; 1�10�3 M � 10 � 55 � 55
� �Na2EDTA; 20% 2-propanol*� � �
� � � � �6 �20 mg l�1 A, NA; 0.07 M ammonia buffer (pH �0.07 M; 1�10�3 M � 10 � 55 � 55
�9.4); 1�10�3 M Na2EDTA; 3�10�3 M Na2SO3;�Na2EDTA; 20% 2-propanol*� � �
�20% 2-propanol � � � �
� � � � �7 �20 mg l�1 A, NA; 2% CH3COOH (pH 2.8)�0.09 M; 10% 2-propanol � 6 � 130 � 117
� � � � �8 �� �0.1 M; 10% 2-propanol** � 6 � 130 � 117
� � � � �9 �� �0.05 M � 3 � 300 � 7
� � � � �10 �10 mg l�1 A, NA; 2�10�3 M diethylamine hy- �0.1 M; 2�10�3 M diethyl- � 5 � 200 � 14
�drochloride �amine hydrochloride** � � �

11 �10 mg l�1 A, NA in water �0.1 M** � 5 � 200 � 14
� � � � �12 �� �0.05 M; 5 �10�3 M diethyl � 5 � 200 � 14
� �amine hydrochloride** � � �

������������������������������������������������������������������������������������
* Ammonia buffer (pH 9.4).

** Acetate buffer (pH 4.5).

Table 3. Detection limits of catecholamines, as determined by CE�MS, CE�UV, and HPLC�amperometry
������������������������������������������������������������������������������������

Compound
�

m/e [M + 1]
�

Normal catecholamine
� Detection limit, nM

� � �������������������������������������������
� � concentration range � CE�MS � CE�UV � HPLC�amperometry

������������������������������������������������������������������������������������
DA � 154.1 � 649�4930 � 110 � 3 � 650 � 2 � 1.87 � 0.04
A � 184.1 � 81.5�200 � 90 � 2 � 540 � 1 � 0.15 � 0.03

NA � 170.1 � 58.8�230 � 100 � 1 � 590 � 3 � 0.27 � 0.03
������������������������������������������������������������������������������������

unstable if the end of the capillary is arranged inside
the needle. In this case, the eluent is diluted, and
the sample can be broken. The best results were ob-
tained in the case when the capillary projected from
the ESI needle by 0.3 mm, which is consistent with
data of [9].

Under the optimal conditions, using MS detection
in the SIM mode, detection limits of 110, 100, and
90 nM were achieved for dopamine, noradrenaline,
and adrenaline, respectively (at S/N = 3).

It should be pointed out that an ESI�MS detector is
highly sensitive to the sample salinity. At high salt
content, the stability of spraying decreases. Therefore,
samples should be purified prior to analysis.

Sample preparation procedure was optimized with
a model system using solid-phase extraction (SPE) on
alumina pretreated with an acid.

Preparation of a sample (2 ml) was carried out as
follows. The solution pH was adjusted to 8.5 by add-
ing Na2CO3. Alumina (20 mg) was added, and the
mixture was stirred for 3 min. After filtration, alu-
mina was washed with water (3 � 2 ml), and the
catecholamines were then eluted with 300 �l of 1 M
CH3COOH. Finally, the eluate was analyzed by CE�
MS, CE�UV, or reversed-phase HPLC�amperometry.

As eluents we tested 0.6 and 0.1 M HClO4 [7],
0.3 M HCl [6], 0.3 and 1 M CH3COOH [8], and a
mixture of 0.6 M HClO4 with 1 M CH3COOH
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(a)

170
t, minI, arb. units

I, arb. units

I, arb. units
152.5 153.5 154.5

182.5 183.5 184.5

(b)

t, min
Fig. 1. Electrophoregram of standard samples: (1) dopamine,
(2) noradrenaline, and (3) adrenaline. Agilent instrument;
sample: 1 mg l�1 catecholamine in 1�10�2 M HCl; CE
conditions: supporting electrolyte acetate buffer (pH 4.45),
0.005 M diethylamine hydrochloride; hydrodynamic injec-
tion: 50 mbar�10 s; separation: 27 kV, 10.5 �A; MS detec-
tion: SIM, m /e 154 (0�11.25 min), 170 (11.25�11.8 min),
and 184 (11.8�12.2 min). (I) Intensity of MS signal,
(A) absorbance, (m /e) mass to charge ratio, and (t) migra-
tion time. (a) SIM mode (MS detector) and (b) UV detector.

(20 : 80). When optimizing the SPE conditions, we
varied the amount of alumina from 10 to 100 mg and
the eluent concentration from 0.3 to 5 M. The most
efficient extraction was obtained with 20 mg of alu-
mina as a sorbent and 1 M CH3COOH as an eluent.
The extract was then analyzed by CE�MS. The re-
coveries of dopamine, noradrenaline, and adrenaline
with 1 M CH3COOH were 90�2, 104�2, and 82�
2%, respectively. The results of analysis of the model
mixtures by CE with MS detection (SIM) are pre-
sented in Fig. 1, and with UV detection, in Fig. 2
(10- and 25-fold preconcentration).

Table 3 shows that the CE�MS method is inferior
to HPLC�amperometry in the sensitivity, the total
analysis time being well comparable for both meth-
ods. As a conclusion, thanks to the high efficiency of
CE and versatility of MS detection, CE�MS can be
used also for determination of neurotransmitters other

(a)

(b)

t, min

Fig. 2. Electrophoregram of a model mixture of catechol-
amines after purification by SPE on alumina. (A) Ab-
sorbance and (t) migration time. Kapel’ 103 RE instrument;
hydrodynamic injection: 10 mbar�10 s; separation: 25 kV;
UV detection at 254 nm. Model mixture: (1) dopamine,
(2) noradrenaline, and (3) adrenaline (2 mg l�1). Sample
volume (ml): (a) 2 and (b) 5.

than those described in this work as well as of various
organic compounds with an amino group in complex
mixtures.

CONCLUSIONS

(1) A method for electrophoretic determination of
catecholamines (adrenaline, noradrenaline, and dop-
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amine) with mass-spectrometric detection wss devel-
oped on simulated mixtures, and the detection limits
for the analytes were determined. The supporting elec-
trolyte was 0.05 M acetate buffer containing 0.05 M
diethylamine hydrochloride. The electrospray opera-
tion mode was optimized to improve the sensitivity of
mass-spectrometric detection. The optimal conditions
are as follows: drying gas flow rate 5 l min�1, tem-
perature 200�C, pressure 14 kPa, composition of the
coating liquid for the inner capillary 2-propanol�
H2O = 1 :1 + 0.5% CH3COOH, and flow rate
4 �l min�1.

(2) A comparative study was made of the methods
of capillary electrophoresis�UV spectrometry, capil-
lary electrophoresis�mass spectrometry, and reversed-
phase HPLC�amperometry, as applied to determina-
tion of catecholamines. It was demonstrated that
adrenaline, noradrenaline, and dopamine can be deter-
mined in a biological object by capillary electro-
phoresis�UV spectrometry and HPLC�amperometry
without preconcentration. Capillary electrophoresis
surpasses HPLC�amperometry in the performance

by an order of magnitude, being inferior to it in the
sensitivity.
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Abstract�Synthesis of poly(methyl methacrylate) in the bulk and in dimethylformamide under conditions
of radical initiation in the presence of bis(isopropylcyclopentadienyl)tungsten dichloride was studied.

Radical polymerization of methyl methacrylate
(MMA), initiated with azobis(isobutyronitrile) (AIBN)
in the presence of bis(isopropylcyclopentadienyl)tung-
sten dichloride (I) in the bulk and in dimethylforma-
mide (DMF), is characterized by uniform course with
significant reduction of the gel effect and its shift
toward higher conversions; the viscosity-average and
number-average molecular weights (MW) of the re-
sulting polymer linearly grow with conversion, and
the molecular-weight distribution (MWD) curves shift
toward higher molecular weights.

Radical polymerization by the mechanism involv-
ing a change in the metal atom valence (atom transfer
radical polymerization, ATRP) with participation
of organometallic compounds as chain-transfer agents
is a promising line in controlled polymerization under
conditions of radical initiation [1, 2].

A specific feature of ATRP is its applicability to
a wide range of monomers, including acrylic mono-
mers [1]. In particular, poly(methyl methacrylate)
(PMMA), one of the most important large-tonnage
polymeric products, was prepared by the ATRP mech-
anism in the presence of various complexes of transi-
tion metals, in particular, Mo(III) [3], Cu(I) [1, 4, 5],
Ru(II) [6, 7], Fe(II) [1, 8�11], etc. It was shown [3]
that oxidation of a transition metal by the reversible
Kharasch reaction [12] with alkyl halide RX in the
medium of a vinyl monomer allows fragment-by-
fragment chain propagation:

RX + MnYmLx
�
� R. + X�Mn + 1YmLx, (1)

R. + M � RM., (2)

where Mn is the metal atom in oxidation state n; L,
ligand; Y and X, halogen atoms; and M, monomer.

This method, however, has signficant drawbacks:
toxicity of some organic halides RX, instability of
many organometallic compounds in air [10], and rela-
tively low reaction rate. To solve this problem, so-
called �reverse� or �alternative� polymerization by the
ATRP mechanism was suggested [4, 8, 10, 11]; in the
process, standard radical initiators, e.g., azo com-
pounds [4, 10], are used in combination with organic
compounds of transition metals in higher oxidation
state. In this case, after decomposition of the initiator
into radicals, the reversible Kharasch reaction formal-
ly �starts� from the left side of Eq. (1) (Reverse Atom
Transfer Radical Polymerization, RATRP).

In this study, we examined the prospects for using
compound I [hereinafter, W(IV)L2X2, L = i-PrC5H4]
for controlled synthesis of PMMA under conditions of
radical initiation in the bulk and in DMF.

EXPERIMENTAL

W(IV)L2X2 was purchased from Aldrich. AIBN
(polymerization initiator) [13], MMA (monomer) [14],
and organic solvents [15] were purified by standard
procedures.

The calculated amounts of W(IV)L2X2 and AIBN
were dissolved in MMA and DMF (for the process in
the solvent), and PMMA was prepared in evacuated
ampules at a residual pressure of 1.3 Pa. The kinetics
of MMA polymerization in solution was studied grav-
imetrically and thermographically [16]. The molecu-
lar-weight characteristics of PMMA were determined
viscometrically [17] and by gel permeation chroma-
tography (GPC) on an installation equipped with a set
of five Styrogel columns with pore diameters of 105,
3 � 104, 104, 103, and 250 � (Waters, the United
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Molecular-weight characteristics of PMMA synthesized in the presence of 0.1 mol % AIBN in DMF*
������������������������������������������������������������������������������������
W(IV)L2X2 : AIBN weight ratio � �, % � M��10�3 � Mn�10�3 � Mw�10�3 � Mw /Mn
������������������������������������������������������������������������������������

0 : 1 � 11.6 � 218 � � � � � �

� 22.0 � 239 � 189 � 365 � 1.9
� 43.8 � 365 � 233 � 603 � 2.6
� 58.0 � 545 � 319 � 908 � 2.8
� 61.3 � 697 � � � � � �

� 78.2 � 737 � � � � � �

� 86.7 � 658 � 403 � 1121 � 2.8
5 : 1 � 6.3 � 156 � � � � � �

� 13.7 � 181 � 155 � 301 � 1.9
� 21.0 � 185 � � � � � �

� 27.5 � 217 � 188 � 376 � 2.0
� 37.0 � 233 � � � � � �

� 52.0 � 295 � 219 � 548 � 2.5
� 61.3 � 383 � � � � � �

� 69.7 � 322 � � � � � �

� 78.2 � 369 � 274 � 663 � 2.4
������������������������������������������������������������������������������������
* (Mw) Weight-average MW.

States). An R-403 differential refractometer (Waters)
was used as detector. The eluent was THF. Calibration
was done with close-cut polystyrene references [18].

The kinetic data on MMA polymerization initiated
with AIBN in the presence of 0.1 mol % W(IV)L2X2
in the bulk at 70�C show that the gel effect at the
equimolar content of W(IV)L2X2 relative to AIBN
(0.1 mol %) considerably decreases. Figure 1a shows
typical kinetic curves for MMA polymerization with
the W(IV) complex as the chain-transfer agent. The
possible concentration of the organometallic complex
for the reaction in the bulk is restricted by its solubil-
ity in MMA. Therefore, radical polymerization of
MMA with additions of W(IV)L2X2 was performed in
a solvent, DMF. The kinetic data on polymerization of
MMA at 70�C in the presence of W(IV)L2X2 dis-
solved in DMF ([MMA] : [DMF] = 5 : 1, [AIBN] =
0.1 mol %) indicate that the autoacceleration is sup-
pressed to a significantly greater extent compared to
the process in the bulk; with increasing concentration
of W(IV)L2X2, the controlling effect becomes more
pronounced (Fig. 1b).

Study of the molecular-weight characteristics of the
polymers prepared in the presence of W(IV)L2X2 con-
firms a significant effect of the organotungsten com-
pound on the chain propagation step in MMA poly-
merization both in the bulk and in DMF (see table).
As seen from the table, and also from Figs. 2a and 2b,
the viscosity-average (M�) and number-average (Mn)
molecular weights linearly grow with the monomer
conversion � in MMA polymerization both in the bulk

and in the solvent. The MWD curves of PMMA sam-
ples show a shift toward higher MW, typical of con-
trolled polymerization (Fig. 3). The polydispersity
coefficients Mw /Mn (see table) of the polymers pre-
pared in polymerization of MMA in DMF are consid-
erably lower as compared to the polymer prepared in
the bulk, although in this case the growth of Mw /Mn
at high conversions is observed also. Such a phenom-

vp, % min�1

vp, % min�1
(a)

(b)

�, min
Fig. 1. Differential kinetic curves of MMA polymerization,
initiated with AIBN (0.1 mol %) and W(IV)L2X2 (a) in the
bulk and (b) in DMF at 70�C. (vp) Polymerization rate
and (�) time. W(IV)L2X2 concentration relative to MMA,
mol %: (a) (1) 0 and (2) 0.1; (b) (1) 0, (2) 0.3, and (3) 0.5.
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(a)

(b)
MW � 10�3

�, %

MW � 10�3

Fig. 2. Molecular weight (MW) of PMMA as a function of
convesion � (0.1 mol % AIBN, 70�C) (a) in the presence of
W(IV)L2X2 (0.1 mol %) and (b) in DMF (1) in the absence
and (2, 3) in the presence of W(IV)L2X2 (0.5 mol %). Mo-
lecular weight: (a) (1) viscosity-average and (2) number-av-
erage; (b) (1, 2) viscosity-average and (3) number-average.

log MW

Fig. 3. Molecular-weight distribution of PMMA samples
prepared in the presence of 0.5 mol % W(IV)L2X2 and
0.1 mol % AIBN in DMF. (Wi) Weight proportion of given
fraction. Conversion, %: (1) 13.7, (2) 27.5, (3) 52, and
(4) 78.2.

enon is observed fairly frequently in polymerization
in the presence of other organometallic compounds as
chain-transfer agents [4, 5, 11]. The growth of the
polydispersity coefficients is apparently due to simul-
taneous occurrence both of the controlled synthesis
and of common radical polymerization with bimolecu-
lar chain termination, and also of other side reactions
[2]. In particular, in the presence of organometallic
compounds the growth of the polydispersity coeffi-
cients is often associated with the catalytic chain
transfer [3].

Thus, polymerization of MMA in the presence of
W(IV)L2X2 in the amount comparable with that of the
initiator has features of a controlled process. The

strongest controlling effect is observed at the 1 : 5
ratio of the initiator and additive (polymerization in
a solvent). In particular, at the 0.5 mol % concentra-
tion of the organometallic compound, the gel effect is
virtually suppressed, the number-average molecular
weight linearly grows with conversion, and Mw /Mn is
considerably lower than in the case of the polymer
prepared under comparable conditions but without
additive.

By analogy with data on polymerization of vinyl
monomers in the presence of organomolybdenum
complexes [C5H5Mo(PH3)2BrCl2 and C5H5MoCl3L,
where L = P(CH3)3, PCH3Ph2, etc.] by the ATRP
mechanism [3], we can assume that, in the case of
W(IV)L2X2, whose electronic structure is similar to
that of the Mo(IV) complex, the control of the poly-
meric chain is also accomplished by the ATRP mech-
anism. Since in the system under consideration the
source of primary initiating radicals is AIBN and not
the organic halide, the overall reaction scheme will
somewhat differ from the usual ATRP mechanism
[4, 8, 10, 11]. In particular, in contrast to the ATRP
mechanism [reactions (1), (2)], in our case the initiat-
ing radicals R

.
are generated by homolytic cleavage

of AIBN:

AIBN � 2R., (3)

R. + nM � RM.
n. (4)

Then the arising propagation radicals RM
.
n react

with the organometallic compound to give the adduct
RMnX with chlorine abstraction from W(IV)L2X2. In
the process, the oxidation state of the metal decreases:

RM.
n + W(IV)L2X2

�
� RMnX + W(III)L2X, (5)

where X is the halogen atom.

The organic halide formed in the reaction can re-
versibly react with W(III)L2X [schemes (1), (5)]. This
results in regeneration of radicals which can react with
the monomer to form propagating chains [scheme (2)].
Taking into account the kinetic features of MMA
polymerization in the presence of W(IV)L2X2 in
DMF, and also the molecular-weight characteristics of
the synthesized polymers, we can conclude that this
chain-transfer agent takes a direct part in the step of
chain propagation by the RATRP mechanism.

CONCLUSIONS

(1) Bis(isopropylcyclopentadienyl)tungsten dichlo-
ride exerts a significant effect on the kinetic param-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

SPECIFIC FEATURES OF SYNTHESIS OF POLY(METHYL METHACRYLATE) 1159

eters of methyl methacrylate polymerization and
molecular-weight characteristics of polymethyl meth-
acrylate at temperatures similar to those of commer-
cial synthesis of this polymer (70�C).

(2) The controlling effect of the organotungsten
compound is associated with a reversible change in
the oxidation state of the metal in the course of the
polymer synthesis.
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Abstract�The possibility of preparing polymers based on N,N-diallylhydrazine derivatives by allylation
of carboxylic acid hydrazides was considered.

The range of nitrogen-containing allyl compounds
from which linear macromolecular polymers can be
produced by radical homo- and copolymerization is
very limited. Actually, only quaternary diallylammo-
nium salts are widely used as monomers for synthesis
of polyfunctional polymers [1�3]. At the same time,
such polymers exhibit unique properties [4�6], which
makes it urgent to search for and study nitrogen-con-
taining allyl monomers of new structural types. In this
respect, promising monomers are N-allylated deriva-
tives of carboxylic acid hydrazides. Hydrazides of
aliphatic acids have flotation properties [7], and hy-
drazides of naphthenic acids are selective extracting
agents for copper [8, 9].

Preparation of derivatives of N,N-diallylhydrazines
(DAHs) is the way not only to produce new polyfunc-
tional polymers but also to impart to them certain
physicochemical and biological characteristics typical
for the initial compounds. The first stage on this
way is to establish the possibility of involving these
derivatives in radical polymerization.

Here we attempted to prepare polymers based on
DAHs, in particular, N,N-diallyl-N�-acylhydrazine
(DAAH), N,N-diallyl-N�-propanoylhydrazine (DAPH),
and N,N-diallyl-N�-benzoylhydrazine (DABH).

EXPERIMENTAL

N,N-Diallylhydrazines were synthesized by the
reaction of hydrazides of aliphatic and aromatic acids
with allyl halides (AllHlg):

R�CO�NH�NH2 + 2AllHlg � R�CO�NH�N(All)2

+ 2HHlg,

where R is CH3, C3H7, or C6H5.

The monomers used for the synthesis of copoly-
mers were acrylonitrile (AN), acrylamide (AA), meth-
yl methacrylate (MMA), vinyl acetate (VA), N-vinyl-
pyrrolidone (VP); the initiators were azobis(isobutyro-
nitrile) (AIBN), potassium persulfate (PP), and ben-
zoyl peroxide (BP); the solvents were methanol,
chloroform, and dimethyl sulfoxide. After purification
by common procedures, the characteristics of all
chemicals were in good agreement with published
data. Sulfur dioxide was dried by passing through
concentrated H2SO4 and freshly calcined CaCl2.

Copolymerization of DAHs with vinyl monomers
(VMs) was carried out in a vacuum in the bulk and in
a solution in the presence of radical initiators (for
polymerization conditions, see Table 1).

Copolymerization of DAHs with sulfur dioxide
was carried out in a glass reactor by the procedure
described in [10] (for polymerization conditions, see
Table 2). The polymers were dried by twofold repre-
cipitation from a solvent to a precipitant chosen in-
dividually for each system. The purified polymers
were dried in a vacuum at 50�C to constant weight.
The compositions of copolymers were evaluated from
the results of elemental analysis. The 13C NMR spec-
tra were recorded on a Bruker AM-300 spectrometer
operating at 75.46 MHz. DMSO-d6 and D2O were
used as solvents, and tetramethylsilane and DSS, re-
spectively, as internal references. The UV spectra were
recorded on a Shimadzu UV-VIS-NIR 3100 spectro-
photometer. The composition of the complex was
determined by the method of isomolar series [11].

Under usual conditions, DAHs practically do not
enter into homopolymerization by a free-radical mech-
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Table 1. Copolymerization of diallylhydrazine derivatives (M1) with VMs (M2) [AIBN] = 3.0 wt %, T = 90�C
������������������������������������������������������������������������������������

M1

�

M2

�Composition of initial�

Medium

�
Yield,

� Copolymer com- �

Solvent for copolymers
� � mixture, mol % � �

%
� position, mol % �

� ������������������ � ����������������
� � M1 � M2 � � � m1 � m2 �

������������������������������������������������������������������������������������
DAAH �MMA � 50.0 � 50.0 �In the bulk � 31.5 � 18.3 � 81.7 �DMSO, methanol, acetone,

� � 66.6 � 33.4 � � � 12.8 � 23.0 � 73.0 �benzene, THF, chloroform
DAAH �AN � 50.0 � 50.0 � � � 18.0 � 14.2 � 85.8 �DMSO, DMF, pyridine

� � 57.9 � 42.1 � � � 12.8 � 25.0 � 75.0 �
DAAH �AA � 50.0 � 50.0 �H2O* � 41.0 � 20.3 � 79.7 �DMSO, H2O

� � 64.4 � 35.6 �Methanol � 21.0 � 28.0 � 72.0 �
DAAH �VA � 50.0 � 50.0 �In the bulk � 11.0 � 38.0 � 62.0 �DMSO, methanol, acetone

� � 65.7 � 34.3 � � � 3.0 � � � � �
DAAH �VP � 50.0 � 50.0 � � � 28.2 � 19.0 � 81.0 �H2O, methanol, acetone

� � 55.0 � 45.0 � � � 10.0 � � � � �
DAAH �Acrylic � 50 � 50 � � � 27.2 � 15.0 � 85.0 �DMSO

�acid � � � � � � �
DABH �AN � 34 � 66 �Methanol � 29.3 � 10.2 � 89.8 �DMSO, DMF, pyridine, acetone
DABH �AA � 33 � 37 � � � 38.2 � 10.5 � 89.5 �Insoluble
������������������������������������������������������������������������������������
* Potassium persulfate initiator.

Table 2. Copolymerization of diallylhydrazine derivatives (M1) with SO2. Composition of the initial mixture:
M1 : M2 = 1 : 1; [In] = 3.0 wt %, T = 90�C
������������������������������������������������������������������������������������

M1

�
Medium

�
Initiator

�
Yield, %

� Copolymer composition, % �
Solvent for copolymer� � � ������������������������

� � � � m1 � m2 �
������������������������������������������������������������������������������������

DAAH �In the bulk � AIBN � 41.7 � 48.0 � 52.0 �DMSO, water
� � AIBN* � 48.2 � 49.0 � 51.0 �
�� � BP � 5.6 � 47.0 � 53.0 �
�Aqueous � PP � 38.5 � 47.0 � 53.0 �
�Acetone � AIBN � 50.2 � 53.0 � 47.0 �
�Chloroform � AIBN � 60.0 � 48.0 � 52.0 �
� � � � � �DAPH �In the bulk � AIBN � 50.0 � 49.0 � 51.0 �DMSO, methanol
�Chloroform � AIBN � 70.4 � 48.0 � 52.0 �
�Methanol � AIBN** � 34.3 � 49.0 � 51.0 �
�DMSO � AIBN** � 44.4 � 50.0 � 50.0 �
�Chloroform � AIBN** � 57.4 � 48.0 � 52.0 �
� � � � � �DABH �In the bulk � AIBN � 23.1 � 49.0 � 51.0 �DMSO, DMF
�Methanol � AIBN � 35.5 � 50.0 � 50.0 �

������������������������������������������������������������������������������������
* In the presence of HCl.

** Polymerization duration 1 h.

anism. The activity of DAHs somewhat increases on
adding protic and aprotic acids, which is a well-
known procedure for activation of allyl monomers.
However, in this case, e.g., in polymerization of
DAAH in the presence of HCl, H3PO4, and ZnCl2 at
the ratio DAH : acid = 1 : 1.2 (T = 90�C, initiator
AIBN, 30 h), the yield of the homopolymer did not
exceed 6�10%.

The use of DAHs in radical copolymerization with
VMs containing both electron-acceptor (AA, AN, and
methacrylic acid) and electron-donor (VA and VP)
substituents is significantly more efficient. Copoly-
merization of DAHs (M1) with vinyl monomers (M2)
proceeds at a noticeable rate at a temperature above
80�C and initiator concentration of no less than
2.5 wt %. DAHs are less active than vinyl monomers.
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�, nm
Electronic absorption spectra of solutions in chloroform.
(D) Optical density and (�) wavelength. (1) DAAH
([DAAH] 1 � 10�1 M), (2) SO2 ([SO2] 1 � 10�3 M),
(3) a mixture of DAAH and SO2 ([DAAH] 5 � 10�3 M,
[SO2] 5 � 10�4 M), and (4) difference of spectrum 3 and
half-sum of spectra 1 and 2.

Copolymers of all the monomer pairs are enriched
with VM units as compared to the composition of the
initial mixture (Table 1). At the equimolar ratio of the
monomers in the initial mixture, the content of DAHs
in the copolymers (excluding the copolymer with VA)
does not exceed 20 mol %.

In spite of high temperature (90�C) and high ini-
tiator concentration (3 wt %), the rate of copolymeri-
zation of DAHs with VM is low, especially at the
content of M1 in the reaction mixture exceeding
50 mol %.

DAHs are significantly more active in copolymeri-
zation with sulfur dioxide having high electron-
acceptor power. All the DAHs copolymerize with SO2
to form alternating copolymers with equimolar com-
position, irrespective of the ratio of the monomers in
the initial mixture, solvent and initiator nature, and
reaction temperature (Table 2). The constancy of the
composition of the copolymers, irrespective of the
ratio of the monomers in the reaction mixture, sug-
gests that copolymerization of DAHs with SO2 pro-
ceeds with formation of complexes [DAH���SO2].
The UV spectra of a mixture of DAAH with SO2 in
chloroform contain a new band of charge transfer with
�max = 263 nm (for SO2, �max = 275.9 nm),
suggesting formation of a donor�acceptor complex
(see figure).

The reaction conditions do not affect the composi-
tion of copolymers but significantly affect the co-
polymer yield (Table 2). In particular, higher yields of
copolymers of DAH with SO2 were obtained with
AIBN and PP as an initiator; with BP, there was vir-
tually no copolymerization.

In the systems under consideration, the yields of

polymers in copolymerization in the bulk do not ex-
ceed 50% even at extremely long reaction time (up to
10 h). In copolymerization in a solution, the yield
of copolymer depends on the solvent. In particular, in
chloroform the yields of DAPH copolymers are higher
than those in the bulk and can reach 70%.

The structure of the copolymers was determined
by 13C NMR. In the spectra of copolymers (Table 3)
of derivatives of DAHs with SO2 (nos. 6�8), along
with the signals of substituent atoms at the �NHR
group, where R is CH3, C3H7, and C6H5, there are
only three pairs of signals corresponding to two
methylene and one methine groups of the polymer
chain, which are stereoisomeric. This suggests the
structural homogeneity of the copolymers. Two pairs
of low-field triplets correspond to cis /trans stereo-
isomeric carbon atoms C1C1� and C3C3�; two doublet
signals correspond to stereoisomeric C2 and C2� atoms
of the heterocycle. The relative content of cis /trans
stereoisomeric units of DAH was estimated from the
13C NMR spectrum to be approximately 4/1. The
chemical shifts of the above carbon atoms, consider-
ing the additive effect of substituents, �SO2� and
NH�R groups, are close to the chemical shifts of the
corresponding atoms of the copolymer of N,N-dimeth-
yl-N,N-diallylammonium chloride with SO2 [10].
The chemical shifts of VM units in the spectra of the
copolymers are practically the same as those for the
corresponding carbon atoms of their homopolymers
[12�16]. In the spectra of the copolymers with broad-
band proton decoupling, similarly to the spectra of
VM homopolymers, there are configuration multiplets
belonging to pseudo-asymmetric C7 atom and adjacent
� and � carbon nuclei. These data suggest that the
copolymer contains VM blocks alternating with sepa-
rate DAH units.

The resulting copolymers are soluble in polar
solvents such as DMSO and DMF. Copolymers of
DAAH with SO2, AA, and VP are also soluble in
water. Preliminary tests showed that copolymers of
DAAH with SO2 have flocculation properties, in par-
ticular, in precipitation of Cu(OH)2.

CONCLUSIONS

(1) Derivatives of diallylhydrazines are a new
structural type of N-allylated monomers promising for
production of polyfunctional polymers, among them
water-soluble, in radical polymerization.

(2) Diallylhydrazines enter into copolymerization
reactions with participation of both double bonds to
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Table 3. Chemical shifts and multiplicity of the signals in the 13C NMR spectra of copolymers
������������������������������������������������������������������������������������
Copoly- � Stereo- �

C1, C1� � C2, C2�� C3, C3� � C4 �
C5 �

C6 �
C7 �

C8 �
C9 �

C10 �
C11

mer no.� isomer � � � � � � � � � � �
������������������������������������������������������������������������������������

1 � cis � 62.20 � 40.19 � 28.09 �175.04 � 21.69 � 36.19 � 44.40 � 182.09 � � �
� trans � 62.35 � 40.88 � 28.41 �174.75 � q � 37.14 � 44.18 � 183.05 � � �
� � t � d � t � s � � 36.82 � 43.82 � s � � �
� � � � � � � t � d � � � �

2 � cis � 58.96 � 39.69 � 25.44 �173.71 � 21.17 � 32.56 � 27.86 � 120.28 � � �
� trans � 60.08 � 41.53 � 28.73 �173.58 � 19.62 � 32.88 � 27.38 � 120.83 � � �
� � t � d � t � s � q � t � 26.72 � 121.94 � � �
� � � � � � � � d � s � � �

3 � cis � 58.76 � 34.80 � 29.76 �176.74 � 21.16 � 43.85 � 44.38 � 19.47 � 177.15 � 51.60 �
� trans � 59.32 � 36.05 � 32.77 � s � q � t � s � 18.45 � 176.17 � q �
� � t � d � t � � � � � q � s � �

4 � cis � 59.98 � 40.25 � 27.30 �178.30 � 20.40 � 32.80 � 66.51 � 170.15 � 21.12 � �
� trans � 62.81 � 43.41 � 29.94 � s � q � 31.94 � 69.31 � 169.87 � 19.48 � �
� � t � d � t � � � t � 72.19 � s � q � �
� � � 34.91 � 32.77 � � � � d � � � �
� � � 35.63 � 35.44 � � � � � � � �
� � � d � t � � � � � � � �

5 � cis � 62.25 � 35.08 �29.14 �173.54 � 21.45 � 31.85 � 46.25 � 179.78 � 33.67 � 19.95 � 44.76
� trans � 64.85 � 40.63 �32.14 � s � q � t � 48.06 � s � t � t � t
� � t � d � t � � � � d � � � �
� cis � � 38.13 � � � � � � � � �
� trans � � 41.05 � � � � � � � � �
� � � d � � � � � � � � �

6 � cis � 61.90 � 35.41 � 54.01 �177.13 � 22.42 � � � � � �
� trans � 61.33 � 37.82 � 57.02 � s � q � � � � � �
� � t � d � t � � � � � � � �

7 � cis � 57.80 � 33.53 � 52.19 �165.51 �133.09 � 127.45 � 128.55 � 131.83 � � �
� trans � 58.35 � 36.51 � 55.45 � s � s � d � d � d � � �
� � t � d � t � � � � � � � �

8 � cis � 57.41 � 33.27 � 52.09 �170.73 � 35.58 � 18.50 � 13.45 � � � �
� trans � 58.04 � 33.27 � 55.26 � s � t � t � q � � � �
� � t � d � t � � � � � � � �

������������������������������������������������������������������������������������
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form soluble cyclolinear polymers of pyrrolidone
structures.

(3) Copolymerization of diallylhydrazines with
vinyl monomers yields random copolymers, and that
with sulfur dioxide, alternating copolymers of equi-
molar composition.
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Abstract�Thermal transformations of sodium 2-acrylamido-2-methylpropanesulfonate�N-vinylpyrrolidone
copolymers of various chemical compositions were studied by thermogravimetric, differential thermal, and
thermomechanical analyses within 20�600�C in air. The thermal degradation parameters in various tempera-
ture ranges were estimated, as well as the heat resistance of the copolymers.

Random copolymers of sodium 2-acrylamido-
2-methylpropanesulfonate (Na-AMS) with N-vinyl-
pyrrolidone (VP) are of great technical and medical
importance owing to high flocculation [1] and adhe-
sion and antistatic [2], as well as thickening and com-
plexing powers. During preparation, dissolution, and
application, these copolymers can be subjected to
various thermal impacts, but thermal properties of the
copolymers are studied inadequately. Only thermal
degradation of poly-2-acrylamido-2-methylpropane-
sulfonic acid (H-PAMS) [3, 4] and its salts with
single- and double-charged cations [5], as well as of
poly-N-vinylpyrrolidone (PVP) [6, 7], was reported.

In this work, we characterize the thermal properties
of Na-AMS�VP copolymers of various compositions
in the temperature range 20�600�C and compare
them with those for homopolymers, Na-PAMS and
PVP.

EXPERIMENTAL

Copolymers of Na-AMS with VP, as well as
Na-PAMS, were prepared by radical (co)polymeriza-
tion in aqueous solutions at pH 9 and 50�C, initiated
with potassium persulfonate, and PVP, by bulk poly-
merization at 60�C, initiated with azobis(isobutyroni-
trile). The procedure of synthesis of (co)polymers was
identical to that described in [8]. The resulting (co)-
polymers were precipitated into acetone, washed with
acetone, and vacuum-dried at 50�C to constant weight.
Table 1 presents the molecular characteristics of the
(co)polymers.

The content of the Na-AMS units in the Na-AMS�
VP copolymers was estimated from the sulfur content
determined by elemental analysis [9]. The molecular
weight MW of the copolymers was estimated from the
intrinsic viscosity [�], for which the Mark�Houwink
equation [�] � MW holds. The intrinsic viscosity [�]
was measured in 0.5 M NaCl at 25�C in a VPZh-3
capillary viscometer (capillary diameter 0.56 mm).
The intrinsic viscosity [�] was determined from the

Table 1. Molecular characteristics of the (co)polymers
����������������������������������������

(Co)polymer
� Sam- �Content of units, mol %� [�],
� �������������������
�

ple
� Na-AMS � VP �cm3 g�1� no. � � �

����������������������������������������
Na-PAMS � 1 � 100 � 0 � 180
Na-AMS�VP � 2 � 52.8 � 47.2 � 230

� 3 � 44.1 � 55.9 � 120
� 4 � 21.4 � 78.6 � 172
� 5 � 8.9 � 91.1 � 37

PVP � 6 � 0 � 100 � 30
����������������������������������������
* (Co)polymer:

CH�[ �CH ]n
�
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�

2

CHC(�CH�SNaO3 2
Sample no. 1

��

NH2)
�

,

3

CH�[ 2
�CH ]�n
�

C=O
�

CH[ 2
�CH ]�����

N
�

�

�
C=O
����

�
m

CHC(�CH�SNaO3 2 NH2
�)3

CH2

CH2
CH2

,

Sample nos. 2�5

CH[ �CH ]�����

N
�

�

�
C=O
����

�
m2

CH2CH2

CH2

Sample no. 6

.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

1166 KURENKOV et al.

(a)�m, %

200 400 600 T, �C

(b)
Exo

Endo

T, �C
Fig. 1. (a) TG and (b) DTA curves for Na-AMS�VP copolymers. (�m) Mass loss and (T) temperature; the same for Fig. 2.
Sample no.: (1) 2, (2) 3, (3) 4, and (4) 5.

�m, % (a)

200 400 600 T, �C

(b)
Exo

Endo

T, �C

Fig. 2. (a) TG and (b) DTA curves for (1) Na-PAMS and (2) PVP. Sample no.: (1) 2 and (2) 6.

linear plot of (�sp/cp) vs. cp, where cp is the copoly-
mer concentration, and [�] = lim (�sp/cp) at cp � 0.

The differential thermal (DTA) and thermogravi-
metric (TG) analyses were carried out on an MOM
derivatograph (heating rate 3 deg min�1 in air; 20-mg
weighed portion).

Thermomechanical analysis (TMA) was carried out
on a modified Kargin balance at a load of 100 g mm�2

and a heating rate of 3 deg min�1 in air. The (co)poly-
mer samples were 2-mm-thick films.

The qualitative and quantitative transformations of
the (co)polymers in air at 20�600�C were determined
from analysis of the DTA and TG curves (see Figs. 1a
and 1b for copolymers of Na-AMS with VP and
Figs. 2a and 2b for Na-PAMS and VP homopoly-
mers). Table 2 presents the temperature ranges and the
mass loss percentages for thermal degradation of the
polymer samples. Figures 1 and 2 and Table 2 suggest
that thermal transformations of Na-AMS�VP copoly-
mers and PVP include two, and those of Na-PAMS,

three stages. According to the TG curves (Figs. 1a and
2a) and to Table 2, heating of the polymer and co-
polymer samples is accompanied by gradual mass loss
from 40�50 to 150�C, followed by a plateau extend-
ing to 295�350�C, depending on the specific polymer
sample.

The mass loss recorded in the first stage of de-
gradation for all the polymer samples can, evidently,
be due to release of water and volatiles, as well as to
partial thermal and (possible in air) thermooxidative
degradation of the (co)copolymers. These assumptions
were confirmed by identification of the products of
thermal degradation of H-PAMS [3, 4] and of depoly-
merization of PVP within 230�270�C [6]. Also, we
did not rule out release of ammonia, yielded by imidi-
zation, in the first stage of degradation. This assump-
tion was confirmed by identification of the products
of thermal degradation of H-PAMS [3] and polyacryl-
amide [10].

Further heating leads to the second stage of de-
gradation, when the DTA curves for all the copoly-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

THERMAL PROPERTIES OF COPOLYMERS 1167

Table 2. Temperature characteristics of the (co)polymers*
������������������������������������������������������������������������������������

(Co)polymer

�

Sample no.

� DTA � TG �
TMA, Tsoft� ��������������������������������������������������

� �
degradation stage

�
T, �C

�
�m, %

� T10 � T50 �
� � � � ����������������������������
� � � � � �C

������������������������������������������������������������������������������������
Na-PAMS � 1 � 1 � 40�307 � 26 � 110 � 320 � 55

� � 2 � 307�500 � 70 � � �
� � 3 � 500�600 � 100 � � �

Na-AMS�VP � 2 � 1 � 50�322 � 18 � 125 � 340 � 57
� � 2 � 322�600 � 100 � � �
� 3 � 1 � 40�295 � 25 � 125 � 310 � 61
� � 2 � 295�600 � 100 � � �
� 4 � 1 � 50�307 � 19 � 115 � 318 � 60
� � 2 � 307�500 � 100 � � �
� 5 � 1 � 50�307 � 15 � 115 � 360 � �

� � 2 � 307�600 � 100 � � �
PVP � 6 � 1 � 40�350 � 21 � 115 � 400 � 57

� � 2 � 350�560 � 100 � � �
������������������������������������������������������������������������������������
* T10, T50 are temperatures corresponding to 10 and 50% mass loss, respectively; Tsoft is the softening point.

meric (Fig. 1b) and polymeric samples (Fig. 2b)
exhibit clear endothermic peaks with maxima at vari-
ous temperatures within 300�405�C, depending on
the specific sample. This results in substantial ac-
celeration of the mass loss by copolymers (Fig. 1a)
and polymers (Fig. 2a). Above 310�435�C, depend-
ing on the specific sample, the mass loss by Na-AMS�
VP copolymers and PVP tends to decelerate. At the
same time, for Na-PAMS, the third stage of degrada-
tion began above 500�C, and the mass loss accelerated
again.

More profound, compared to the first stage, trans-
formations of the (co)polymers in the second stage of
thermal degradation suggest intensified thermal and
thermooxidative degradation, as seen from the DTA
and TG curves. This process involves cleavage of the
main chains of the macromolecules and imide rings
formed in the first stage of degradation. This is ac-
companied by release of various liquid and gaseous
products, in accordance with the published data on
thermal degradation of H-PAMS [3, 4] and its salts
[5], as well as of PVP [6, 7]. At 500�600�C we ob-
served formation of an insoluble carbon-like powder
in all cases.

From the TG curves (Figs. 1a and 2a), we deter-
mined the temperatures corresponding to 10 (T10) and
50% (T50) mass loss as the characteristics of the heat
resistance of the (co)polymers. The T10 and T50 pa-
rameters are listed in Table 2. Comparison of the T10
parameters shows that, at low degradation tempera-

tures, sample nos. 2 and 3 of Na-AMS�3VP copoly-
mers are the most thermally stable among the (co)-
polymer samples studied by us. Evidently, enhanced
thermal stability of sample nos. 2 and 3 having ap-
proximately equimolar composition is due to the
donor�acceptor interactions between the Na-AMS and
VP units in the macromolecules (Na-AMS has a
medium electron-acceptor, and VP, a medium elec-
tron-donor power). At higher temperatures, as judged
from the T50 parameters (Table 2), the copolymers
become less stable than the homopolymers [except for
sample no. 2 having the highest MW among the sam-
ples studied by us (Table 1), which is responsible for
its slightly higher T50 compared to Na-PAMS]. A de-
crease in the thermal stability of the copolymers at
high temperatures is, evidently, due to degradation of
the donor�acceptor complexes between the Na-AMS
and VP units in the macromolecules.

Figure 3 shows the TMA curves recorded at 20�
200�C. It is seen that the strain tends to increase in
the course of heating for all the samples. This is
due to �defrosting� of the segmental activity of the
macromolecules, when softening occurs at the soften-
ing point and co(polymer) converts from the glassy to
hyperelastic state. Further heating does not change
the strain, and the polymer degradation temperature
corresponds to the upper limit of the hyperelastic
state. Based on Fig. 3, we estimated the softening
points (Table 2), which proved to be slightly higher
for the copolymers than for the polymers. The highest
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�, %

T, �C

Fig. 3. TMA curves for (1) Na-PAMS, (2�4) Na-AMS�VP
copolymers, and (5) PVP. (�) Strain and (T) temperature.
Sample no.: (1) 1, (2) 2, (3) 3, (4) 4, and (5) 6.

softening points were recorded for copolymeric sam-
ple no. 2. This can be due to formation of donor�
acceptor complexes between the Na-AMS and VP
units in the macromolecules. However, it is difficult
to derive a correlation between the softening point and
the chemical composition of the copolymer macro-
molecules because of the difference in the MWs of the
samples (Table 1).

CONCLUSION

The differential thermal, thermogravimetric, and
thermomechanical analyses of the copolymers of
sodium 2-acrylamido-2-methylpropanesulfonate with

N-vinylpyrrolidone and of the corresponding polymers
in air at 20�600�C showed that, at low temperatures,
the thermal stabilities and softening points of the
copolymers with approximately equimolar composi-
tions are higher than for the other samples studied, but
at high temperatures this trend is lost.
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Abstract�Mathematical simulation and optimization of graft polymerization and polymer-analogous transfor-
mations in grafted chains of polycaproamide�polyglycidyl methacrylate copolymers were carried out.

A great number of ion-exchange fibers based on
graft polycaproamide�glycidyl methacrylate (PCA�

GMA) copolymers were developed. Preparation of
ion-exchange fibers involves two stages: (1) graft
polymerization of PCA and PGMA and (2) polymer-
analogous transformations (namely, phosphorylation)
of grafted polyglycidyl methacrylate (PGMA) chains.

Polymer-analogous transformations in grafted
chains of PGMA are an efficient way to introduce new
functional groups into the side chain. In particular,
phosphorylation of graft copolymers of PCA with
introduction of phosphorus into the side chains of the
macromolecule not only improves the characteristics
of the initial fiber but also makes the polymer materi-
als capable of ion exchange and sorption of transition
metal ions from solutions [1�3].

Previous studies [4, 5] allowed determination of the
main kinetic parameters affecting the yield of grafted
PGMA and the efficiency of heterophase graft poly-
merization and polymer-analogous transformations of
grafted PGMA chains with 1-hydroxyethylidenedi-
phosphonic acid (HEDP) C2H3(OH)5(P=O)2. The
kinetic parameters affecting the phosphorus content in
the graft copolymer and transformation of �-oxide
groups were found.

The aim of this work was to develop a mathemati-
cal model of synthesis of PCA�PGMA graft copoly-
mers and subsequent polymer-analogous transforma-
tions in grafted chains of a certain composition
(PGMA content 43�48%, phosphorus content in
PCA�PGMA 2.8�3%). For this purpose, a mathemati-
cal model of the process was developed from the
experimental data. This model was used for determi-
nation of the process parameters to obtain the required

amount of PGMA and phosphorus in the graft co-
polymer. It was found that the main parameters affect-
ing the yield of the graft polymer are concentration of
Cu2+ X1, concentration of H2O2 X2, initiation time
X3, temperature of PCA initiation X4, concentration of
GMA X5, concentration of emulsifying agent X6,
grafting temperature X7, and duration of graft poly-
merization X8. The process was evaluated by such
an output parameter as the amount of grafted PGMA
Y1, since this parameter governs the content of
�-oxide groups. Among the main parameters charac-
terizing the second stage of the process in hand are
concentration of HEDP in the solution X9, reaction
temperature X10, and reaction duration X11. The out-
put parameter for the second stage of the process was
the amount of phosphorus in graft copolymer Y2,
since this parameter governs the amount of sorption-
active groups in the fiber.

To develop a mathematical model, we used the ex-
perimental data on the process. The initial data were
brought to the dimensionless form using the parameter
values averaged over the sample. In the subsequent
discussion, by the process parameters Xi we will mean
the normalized values of the variables.

We suggest to describe graft polymerization proc-
ess by the product of polynomials and exponential
functions of the above process parameters:

Y1 = a2 exp (b0 Xb
11)(b2X2

2 + b21X2 + b31) exp (b30 Xb
3)

�(b4 X4
2 + b41 X4 + b42)(b5X5

2 + b51X5 + b52)(b6X6
2 + b61 X6

+ b62)(b7 X7
2 + b71X7 + b72)[1 � exp (d1 X8

2 + d2 X8)]. (1)

The coefficients aj, bj, and dj were selected so as to
attain the best agreement between the calculated and
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Process parameters, Q = 0.972
������������������������������������������������������������������������������������

Parameter � Xi
0 � Xi

# � Xi
opt � q

������������������������������������������������������������������������������������
Concentration of copper ions X1, M � 0.018 � 0.01 � 0.015 � 0.91
Concentration of hydrogen peroxide X2, M � 0.12 � 0.075 � 0.08 � 0.1
Initiation duration X3, s � 90 � 60 � 66 � 0.99
Initiation temperature X4, �C � 90 � 75 � 77 � 0.99
GMA concentration X5, M � 3 � 1 � 2.2 � 0.94
PVA (polyvinyl alcohol) concentration X6, M � 0.15 � 0.09 � 0.12 � 0.93
Grafting temperature X7, �C � 80 � 69 � 73 � 0.99
Grafting duration X8, s � 900 � 55 � 75 � 0.96
Amount of grafted PGMA Y1, M � 47 � 47 � 47 � 47
HEDP concentration X9, M � � 2.4 � 2.3 � 1
Phosphorylation temperature X10, �C � 100 � 90 � 89 � 1
Phosphorylation duration X11, s � 300 � 220 � 259 � 0.98
Phosphorus amount in graft copolymer Y2, % � 2.8 � 2.8 � 2.8 � 2.8
������������������������������������������������������������������������������������

experimental data. For this purpose we minimized by
the modified Newton method the standard deviation
(Y 1

exp
� Y1

calc)2, where Y 1
exp are experimental data and

Y1
calc are the corresponding estimated parameters

[formula (1)].

In a similar manner, for phosphorylation of graft
chains of PGMA, the dependence was searched for in
the form

Y2 = a0(a1X9
2 + a2X9 + a3)(b1X2

10 + b2X10 + b3)

� [1 � exp (d1X2
11 + d2X11)]. (2)

The same procedure was used for choosing the
coefficients.

It should be noted that the standard deviation obeys
the Gauss law and does not exceed 20%. This fact
allows conclusion that data obtained by formulas (1)
and (2) are in satisfactory agreement with experi-
mental data.

The best quality of modified PCA is obtained at
the amount of the grafted component of 43�48% and
phosphorus amount in the graft copolymer of 2.8�3%.
In this case, it is evident that material and power con-
sumption will be characterized by the process param-
eters Xi, i = 1, 11, and a decrease in these parameters
will result in a decrease in the above expenditures in
production of modified PCA. Thus, the problem of
optimization involves choice of the process parameters
so that

Xi � min (i = 1, 11),

Yi � max(i = 1, 2). (3)

To realize the computation procedure of choosing
the optimal process parameters, we introduced Q-cri-
terion of quality, which is an integral parameter char-
acterizing to what extent the specific set of parameters
and the results obtained correspond to our views
on the process quality. The maximum value of the
quality criterion is obtained when all parameters reach
maximum and minimum, respectively [formula (3)].
If one of the parameters lies out of the tolerable inter-
val [X i

0, X j
#], the quality criterion Q abruptly de-

creases.

For each of the parameters (3), in turn, we deter-
mined the local quality criterion gi, where i = 1, 13
(partial qualities) are numerical characteristics, which
increase to 1 when conditions (3) are obeyed and de-
crease to 0 when these conditions are not obeyed.

The total quality of the process is defined as the
exponential mean of its partial qualities [6]:

13� �� �
Q = �ln��� exp (�gi)� /13�. (4)

i = 1� 	� 	

Thus, the optimization problem is reduced to the
search for the maximum of the function Q, which
depends only on the process parameters Xi (i = 1, 11),
since the parameters Yi (i = 1, 2) are related to Xi
by (1) and (2).

Let us consider that partial qualities gi (i = 1, 11)
are polynomial functions of the corresponding process
parameters:


 Xi � Xi
# �k

gi = 1 � ��������
 , (5)
Xi

# � Xi
0

� �
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where Xi
0 and X i

# are so-called �mediocre� and
�excellent� values of parameter Xi, governing the
interval of desirable values.

For qualities corresponding to the amount of the
resulting product in the first and in the second stage,
respectively, we take the following functions of partial
qualities:

X12 � X0
g12 = ��������,

X #
12 � X0

X13 � X0
g13 = ��������. (6)

X #
13 � X0

The �mediocre� and �excellent� values taken for
optimization of the process are listed in the table.

The problem of searching the maximum of the
target function Q is by far extremal in the range
specified by the boundaries of possible values of proc-
ess parameters. To solve the extremal task, we used
the method of gradient descent.

As a result of the calculations we obtained the
optimal values of process parameters in the frame-
work of the considered model (see table), which
provide preparation of high-quality product with the
minimal expenditures.

EXPERIMENTAL

PCA was modified by graft polymerization in
GMA monomer emulsion (2.35 M) for 60 min at
70�C with the Cu2+

�H2O2 redox initiating system.

The graft copolymer was modified by treatment
with HEDP (4.86 M) in a flask with a reflux con-
denser for 300 min at 90�C.

CONCLUSIONS

(1) The constructed mathematical model provides
good agreement between the calculated and experi-
mental data.

(2) The mathematical model allows determination
of the process parameters providing preparation of
polycaproamide�polyglycidyl methacrylate graft
copolymers with specified characteristics.

(3) The optimization of the process allows deter-
mination of the process parameters providing the
value of the target function close to 1 (0.972).
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Abstract�Molecular characteristics of cellulose during accelerated aging were studied over wide temperature
and time ranges. Also studied were mechanical properties of model samples of paper made of cotton, sulfate,
and sulfite cellulose. Interrelation of the molecular characteristics of cellulose and strength properties of
paper was investigated.

In the recent 20 years, nonpaper information car-
riers such as compact disks and microfilms found
wide use in storage and use of reference, information,
and bibliographical literature in libraries and archives.
At the same time, there are contradictory published
data concerning the lifetime of the information stored
on these carriers (from 5 to 100 years). Thus, prepara-
tion of high-strength acid-free paper suitable for long-
term (up to 500 years) storage of information is still
urgent.

In this work, we studied the trends in variation of
the molecular characteristics of cellulose and strength
properties of paper thereof under accelerated thermal
aging.

EXPERIMENTAL

We studied model paper samples manufactured
under pilot conditions at the Goznak factory on a
38-cm-wide planar-grid paper-making machine. Cot-
ton (C), sulfate (SFA), and sulfite (SFI) celluloses
served as semifinished products. The paper was made
without use of sizing and bleaching substances and
fillers; therefore, model paper samples were all-cel-
lulose (sulfate bleached, sulfite bleached, or cotton)
fiber compositions. After conditioning, the paper
samples were placed into hermetically sealed glass
tubes and kept in an air thermostat at 80, 100, 120,
150, and 180�C for 3, 9, 12, 18, and 30 days.

The molecular weight M of cellulose was deter-
mined from the intrinsic viscosity [�] measured in
a Cadoxen solution at 25�C, by the formula [1]

[�] = 3.85�10�4M0.76.

The functional groups in the cellulose samples
before and after accelerated aging were determined
photocolorimetrically (carbonyl groups, by the Subolx
technique, and carboxy groups, by the Weber tech-
nique) [2]. The mechanical characteristics of paper
were determined according to appropriate GOSTs
(State Standards), namely, the folding resistance at a
tension of 4.9 N according to GOST 13525�80, and
the breaking force according to GOST 13525.1�79.

It is essential to study how molecular character-
istics of cellulose paper vary during aging, since the
molecular weight M and the chemical composition
of cellulose affect the process characteristics of the
resulting paper.

Table 1 presents the calculated intrinsic viscosities
[�] and molecular weights M of the cellulose samples,
calculated from the relative viscosities of solutions
�rel measured in the chosen modes of accelerated
thermal aging of the paper samples in the tubes. In
the case of the SFI samples, we failed to measure the
relative viscosity under accelerated aging because of
a low velocity of the solution outflow, close to that of
the solvent outflow. Table 1 suggests that the initial
molecular weights M of the cellulose samples tend to
decrease during accelerated aging, most rapidly in
the case of C cellulose. As known, polymers with
high molecular weights degrade more rapidly that
those with lower molecular weights under identical
conditions, which is true of cellulose as well. The
specific pattern of decrease in the molecular weight
of the samples studied was explained by the fact that
the supramolecular structure of cellulose comprises
various ordered domains (amorphous and crystalline).
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Table 1. Variation of the molecular characteristics of cellulose during accelerated thermal aging
����������������������������������������������������������������������������������

�,*

� Aging temperature
�������������������������������������������������������������������������������

days
� 80 � 100 � 120 � 150 � 180
�������������������������������������������������������������������������������
�[�], dl g�1� M, kDa �[�], dl g�1� M, kDa �[�], dl g�1� M, kDa �[�], dl g�1� M, kDa � [�], dl g�1 � M, kDa

������������������������������������������������������������������������������������
Cotton cellulose

0 � 8.8 � 543 � 8.8 � 543 � 8.8 � 543 � 8.8 � 543 � 8.8 � 543
3 � 7.4 � 433 � 7.3 � 425 � 5.0 � 257 � 2.0 � 79 � 1.3 � 44
9 � 3.7 � 175 � 4.3 � 213 � 1.8 � 75 � 1.9 � 74 � 1.0 � 32

18 � 2.2 � 88 � 3.6 � 166 � 2.0 � 79 � 1.6 � 59 � 0.9 � 28
30 � 0.7 � 19 � 3.4 � 153 � 2.0 � 79 � 1.4 � 51 � 0.6 � 15

SFA cellulose

0 � 8.1 � 488 � 8.1 � 488 � 8.1 � 488 � 8.1 � 488 � 8.1 � 488
3 � 3.8 � 180 � 3.6 � 167 � 3.6 � 167 � 2.1 � 84 � 1.2 � 58
9 � 3.5 � 163 � 2.8 � 121 � 1.9 � 74 � 1.1 � 33 � 0.8 � 23

18 � 3.3 � 146 � 2.7 � 88 � 2.8 � 124 � 1.1 � 33 � 0.6 � 17
30 � 3.4 � 156 � 2.9 � 92 � 2.2 � 88 � 1.2 � 43 � 0.6 � 17

SFI cellulose

0 � 4.4 � 221 � 4.4 � 221 � 4.4 � 221 � 4.4 � 221 � 4.4 � 221
3 � 4.2 � 203 � 3.6 � 169 � 3.4 � 156 � 1.1 � 35 � � � �
9 � 3.8 � 177 � 3.7 � 174 � 2.9 � 126 � 1.0 � 32 � � � �

18 � 3.9 � 188 � 3.0 � 132 � 2.6 � 108 � 0.9 � 29 � � � �
30 � 4.2 � 203 � 2.6 � 112 � 1.8 � 69 � 0.7 � 19 � � � �

������������������������������������������������������������������������������������
* � is aging time.

For example, a sharp decrease in M in the initial stage
of depolymerization occurs initially in amorphous
domains, which are more sensitive to thermal impact
than crystalline domains.

Using the data from Table 1, we constructed the
log [�] vs. logM plots (Fig. 1). For cellulose types
studied in this work (C, SFA, and SFI), these plots
are linear for M within 15�540 kDa (for the relative
viscosity determined accurately to within 10%). The
viscometrically estimated molecular weights of cellu-
lose agree well with the published data. For example,
a number of researchers [3�5] reported similar [�] vs.
M dependences recorded in Cadoxen for both non-
fractionated samples of cellulose and their close-cut
fractions; these plots were also linear for molecular
weights of up to �600 kDa. However, for cotton cellu-
lose and cotton linter samples with higher molecular
weights (M � 1000 kDa) the log [�] vs. logM plot
tended to deviate from linearity, which was explained
in [5] by deteriorated thermodynamic quality of the
solvent.

As known, natural aging of paper in air involves
slow oxidation with oxygen, which somewhat
weakens the 1�4 glycoside bonds without rapid de-
gradation and significant decrease in the molecular

weight of cellulose. Accelerated thermal aging can be
run in several ways: in air thermostats under natural
air circulation at 102�C (TAPPI standard), at 100�C
[6, 7], in hermetically sealed glass tubes (sealed am-

(a)

log M

log M

log M

(b)

(c)

log [�] [dl g�1]

log [�] [dl g�1]

log [�] [dl g�1]

Fig. 1. Intrinsic viscosity [�] as a function of the viscosity-
average molecular weight M of solutions of (a) C, (b) SFA,
and (c) SFI cellulose in Cadoxen.
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Table 2. Average degree of polymerization of cellulose during aging at 100�C
������������������������������������������������������������������������������������

�, days

� Degree of polymerization P of cellulose
����������������������������������������������������������������������������
� cotton � SFA � SFI
����������������������������������������������������������������������������
� [11] � [10] � experiment*� [11] � [10] � experiment*� [12] � [10] � experiment*

������������������������������������������������������������������������������������
0 � 2900 � 2950 � 3351 � 1200 � 1054 � 3017 � 1073 � 935 � 1364
3 � � � 2750 � 2623 � 1100 � 1030 � 1037 � 881 � 1043 �
5 � � � � � � � � � � � � � 828 � � � �

6 � 2500 � � � � � 1100 � � � � � � � � � �

9 � � � � � 1025 � � � � � 744 � � � � � 1074
10 � 2200 � 2470 � � � 1000 � 1000 � � � 690 � 737 � �

15 � � � � � � � � � � � � � 690 � � � �

18 � � � � � 1315 � � � � � 525 � � � � � 815
20 � 1600 � 2165 � � � 900 � 980 � � � 690 � 660 � �

30 � 1100 � 1960 � 944 � � � 890 � 568 � � � � � 691
������������������������������������������������������������������������������������
* The degrees of polymerization P determined in this work during aging in tubes.

pules) [8], and in climatic chambers with controllable
temperature and relative air humidity [9].

Paper aging conditions predetermine the physico-
chemical reactions of degradation of cellulose macro-
molecules. When the temperature in an air thermostat
exceeds 100�C, the paper rapidly loses moisture.
Therefore, this procedure is regarded as �dry� aging,
and degradation mechanism is conventionallytreated
as thermoooxidative. In a climatic chamber, the mate-
rial is exposed simultaneously to two factors, heat and
moisture (modern chambers are additionally supplied
with UV radiation sources). Under these conditions,
aging follows two mechanisms, thermooxidative and
hydrolytic. From the chemical viewpoint, thermal
degradation involves cleavage of the 1�4 glycoside
bonds and oxidation of the hydroxy groups in the
cellulose macrochains. Both reactions proceed simul-
taneously and are accelerated with rising temperature
and increasing exposure time, thus decreasing M (or
the degree of polymerization P).

Various authors showed that the extent of degrada-
tion depends not only on the temperature, time of heat
treatment, and initial degree of polymerization of
cellulose, but also on the composition and nature of
the medium in which degradation occurs. Aging of
paper made of C, SFA, and SFI cellulose, which is
free from fillers and sizing agents, was studied by
Belen’kaya and Alekseeva [10] and by Perl’shtein [11,
12] by the dry aging technique at 100�C in thermo-
stats under natural air circulation.

Table 2 compares the data on variation of the
degree of polymerization P of the samples in air,

reported in [10�12], and during aging in tubes at
identical temperatures (100�C). It is seen that P tends
to decrease more rapidly under thermal aging in tubes
than in air. The extent of degradation of C and SFA
cellulose is greater (see the limiting P for 30-day
aging). Therefore, paper in tubes ages (or suffers
damage) more rapidly than in air. A possible reason
is a decrease in the free oxygen concentration and
simultaneous accumulation of thermal degradation
products in the reaction medium in a closed space of
tubes, which accelerates oxidative and hydrolytic
degradation of the macromolecules. This effect is less
pronounced in the case of SFI cellulose having a
lower molecular weight; the limiting P = 690 for SFI
cellulose agrees well with the published data.

Three hydroxy groups in the unit of cellulose
make it very susceptible to oxidation, which modifies
the chemical composition of the macromolecules via
formation of carbonyl CHO� and carboxy COOH�
groups at the C1, C2, C3, C4, and C6 atoms during
natural aging of cellulose materials in air [13]. Oxida-
tion is significantly accelerated under artificial thermal
aging, which increases the content of the above-men-
tioned groups in the samples [7�14]. It should be
noted that the contents of the CHO� and COOH�
groups, reported by different authors, differ sig-
nificantly depending on the specific analytical method
[10, 13�15].

Table 3 lists the contents of the CHO� groups in
cellulose for the samples of paper made of C, SFA,
and SFI cellulose after thermal aging in tubes. The
content of CHO� groups in the samples before and
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after heat treatment tends to vary as C < SFA < SFI.
These data agree with the available published data
[7, 10, 13, 14, 16]. For example, Alekseeva and Be-
len’kaya [16] found a minimal content of the CHO�
groups in cotton cellulose samples, and a maximal, in
SFI cellulose samples. As the temperature increases to
100�120�C, oxidation is accelerated due to accumula-
tion of the degradation products in tubes. This in-
creases the content of the CHO� groups in cellulose
for each aging time fixed. The scatter of data is the
greatest for high temperatures (150�180�C), possibly
due to release and accumulation of volatile degrada-
tion products. On the whole, our results agree with the
published evidence of increase in the content of the
functional groups in cellulose macromolecules under
thermal aging.

Because of easy oxidation, virtually all cellulose
materials contain a small amount of carboxy groups,
along with the carbonyl groups. For example, C,
SFA, and SFI celluloses contain 0.005, 0.047, and
0.053 mg g�1 COOH� groups, respectively [13].
Table 4 lists the contents of the COOH� groups of cel-
lulose for the paper samples subjected to accelerated
thermal aging in tubes. These results still remain to be
interpreted, but it is seen that the content of the
COOH groups of cellulose in the paper samples before
and after aging is the lowest for the cotton paper and
tends to vary as C < SFA < SFI. As the heating
time increased from 3 to 30 days, the content of the
COOH� groups either decreased or remained un-
changed at all the temperatures.

A similar trend was revealed by Belen’kaya and
Alekseeva [10], who attributed it to deceleration of
oxidation and domination of decarboxylation reactions
at high temperatures (above 100�C). Thus, our data
suggest a change in the molecular characteristics and
chemical composition (M and content of the func-
tional groups) in macromolecules of C, SFA, and SFI
cellulose upon degradation. In view of the fact that no
other chemicals were applied in preparation of the
model samples, we could trace the trends in variation
of the estimated strength properties of the paper with
the molecular weight M of cellulose. In this work, we
estimated two indicators of the mechanical strength,
namely, folding resistance N (N is the number of
double folds at a load of 4.9 N) and breaking force
F, N. Our mechanical tests showed the following. For
the samples of paper from the C cellulose, N remained
within 2400�2700 as the initial M decreased from 543
to 175 kDa. Similarly, as M decreased from 543 to
66 kDa, F remained virtually unchanged (75�80 N).
Further decrease of M from 175 to 57 kDa caused N

Table 3. Content of the carbonyl groups of cellulose in
paper samples under thermal aging in tubes*
����������������������������������������

�,
� Content of the CHO� groups, %, at indicated

days
� aging temperature, �C
�����������������������������������
� 80 � 100 � 120 � 150 � 180

����������������������������������������
Cotton cellulose

3 � 0.074 � 0.075 � 0.126 � 0.237 � 0.231
6 � 0.072 � 0.059 � 0.118 � 0.213 � 0.319
9 � 0.058 � 0.079 � 0.099 � 0.322 � 0.270

12 � 0.049 � 0.089 � 0.114 � 0.245 � 0.357
15 � 0.046 � 0.081 � 0.095 � 0.216 � 0.479
18 � 0.088 � 0.048 � 0.119 � 0.307 � 0.351
21 � 0.060 � 0.086 � 0.185 � 0.324 � 0.573
24 � 0.045 � 0.083 � 0.179 � 0.358 � 0.411
27 � 0.073 � 0.126 � 0.278 � 0.453 � 0.374
30 � 0.061 � 0.087 � 0.147 � 0.307 � 0.387

SFA cellulose

3 � 0.103 � 0.113 � 0.144 � 0.451 � 0.514
6 � 0.168 � 0.170 � 0.241 � 0.470 � 0.545
9 � 0.154 � 0.222 � 0.241 � 0.573 � 0.588

12 � 0.145 � 0.225 � 0.219 � 0.563 � 0.684
15 � 0.103 � 0.222 � 0.159 � 0.553 � 0.680
18 � 0.137 � 0.204 � 0.188 � 0.520 � 0.621
21 � 0.161 � 0.175 � 0.219 � 0.402 � 0.585
24 � 0.165 � 0.198 � 0.299 � 0.596 � 0.662
27 � 0.119 � 0.194 � 0.324 � 0.583 � 0.701
30 � 0.128 � 0.194 � 0.229 � 0.569 � 0.845

SFI cellulose

3 � 0.204 � 0.259 � 0.274 � 0.669 � 0.496
6 � 0.237 � 0.286 � 0.359 � 0.556 � 0.612
9 � 0.254 � 0.285 � 0.318 � 0.551 � 0.593

12 � 0.256 � 0.321 � 0.424 � 0.486 � 0.566
15 � 0.258 � 0.320 � 0.334 � 0.580 � 0.643
18 � 0.286 � 0.318 � 0.296 � 0.508 � 0.417
21 � 0.232 � 0.304 � 0.488 � 0.568 � 0.664
24 � 0.260 � 0.237 � 0.439 � 0.482 � 0.684
27 � 0.275 � 0.310 � 0.426 � 0.575 � 0.769
30 � 0.212 � 0.292 � 0.364 � 0.629 � 0.542

����������������������������������������
* Content of the carbonyl groups before aging, %: 0.045 for C,

0.058 for SFA, and 0.215 for SFI cellulose.

to sharply decrease to 1; F also decreased (from 80 to
15 N) as M decreased from 66 to 30 kDa.

In the case of the samples of paper made of SFA
cellulose, N remained virtually unchanged (900�
1000) as the molecular weight decreased from 488 to
140 kDa. The parameter F also remained at a level of
93�95 N as M decreased from 488 to 120 kDa. Fur-
ther decrease of M from 140 to 70 kDa caused N to
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Table 4. Content of carboxy groups of cellulose in the paper samples upon thermal aging in tubes*
������������������������������������������������������������������������������������

T, �C

� Cotton cellulose � SFA cellulose � SFI cellulose
����������������������������������������������������������������������������
� content of COOH� groups, %, at indicated aging time, days
����������������������������������������������������������������������������
� 3 � 18 � 30 � 3 � 18 � 30 � 3 � 18 � 30

������������������������������������������������������������������������������������
80 � 0.020 � 0.006 � 0.005 � 0.043 � 0.030 � 0.031 � 0.063 � 0.062 � 0.037

100 � 0.014 � 0.005 � 0.008 � 0.044 � 0.043 � 0.013 � 0.065 � 0.043 � 0.038
120 � 0.006 � 0.005 � 0.010 � 0.038 � 0.029 � 0.035 � 0.041 � 0.036 � 0.039
150 � 0.016 � 0.008 � 0.008 � 0.038 � 0.032 � 0.038 � 0.043 � 0.028 � 0.015
180 � 0.020 � 0.043 � 0.028 � 0.048 � 0.083 � 0.020 � 0.022 � 0.009 � 0.017

������������������������������������������������������������������������������������
* Content of carboxy groups before aging, mg g�1: 0.005 for C, 0.034 for SFA, and 0.065 for SFI cellulose.

sharply decrease to 1; F also decreased from 95 to
38 N as M decreased from 120 to 33 kDa.

In the case of the samples of paper made of SFI
cellulose with a lower molecular weight, a decrease
in M from 220 to 70 kDa resulted in regular decreases
in both strength indicators, namely, from 170 to 1 for
N and from 75 to 56 N for F.

Figures 2 and 3 represent our results as the logN =
f (logM) and F = f (logM) plots. It is seen that, with
decreasing molecular weight of cellulose due to de-
gradation, the strength of the paper tends to decrease.
For the C and SFA cellulose samples, whose molecu-
lar weights exceed that of SFI cellulose, we revealed

(a)

(b)

(c)

log M

log N

log N

log N

Fig. 2. Variation of the number of double folds N with
the viscosity-average molecular weight M for model sam-
ples of paper made of (a) C, (b) SFA, and (c) SFI cellulose
under thermal aging in tubes.

the ranges of the molecular weights M within which
N and F remained virtually unchanged. For example,
the �limiting� molecular weight above which the
mechanical strength was independent of M was es-
timated at ca. 175 kDa (P � 1100) for C cellulose and
at ca. 140 kDa (P � 860) for SFA cellulose. An in-
flection in the logN vs. logM and F vs. logM plots
can be due to degradation of various types of struc-
tural bonds (intra- and interfibrillar) during mechani-
cal tests of the samples and to the morphological dif-
ferences in their structure (length and flexibility of
fibers). Belen’kaya et al. [6] and Sadovskaya and
Blank [8] carried out a comparative study of the

(a)

(b)

(c)

F, N

F, N

F, N

log M

Fig. 3. Variation of the breaking force F with the viscosity-
average molecular weight M for model samples of paper
made of (a) C, (b) SFA, and (c) SFI cellulose under chemi-
cal aging in tubes.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 7 2004

INFLUENCE OF THERMAL AGING CONDITIONS 1177

mechanical properties of the paper made of C, SFA,
and SFI cellulose under pilot conditions when sub-
jected to accelerated thermal aging in closed tubes and
in air. Despite certain differences in the procedures for
determining the molecular weight of cellulose and
strength of paper, we can also postulate, on the whole,
a similar trend, namely, a thermal degradation-induced
decrease in the mechanical strength of the paper sam-
ples; this trend is the most pronounced in the case of
aging in tubes. Thus, our results supplement the pre-
viously revealed trends in variations of the chemical
composition and the degree of polymerization of cel-
lulose, as well as of the mechanical properties of
paper, upon heat treatment.

CONCLUSIONS

(1) Accelerated thermal aging decreases the
molecular weight M and modifies the chemical com-
position of the macromolecules of cotton, sulfate, and
sulfite cellulose. Thermal degradation of the samples
in tubes is faster than in air.

(2) At molecular weights above 100 kDa, the
strength properties of the paper made of cotton and
sulfate cellulose remain unchanged and tend to de-
crease with decreasing molecular weight of cellulose
below this limit.
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Abstract�The content, structure, and monosaccharide composition of polysaccharides recovered by sequen-
tial extraction with water, ammonium oxalate solution, and sodium hydroxide solution from wastes from
production of a series of buckwheat strains were studied. Data characterizing the raw material (ash residue),
aqueous, oxalate, and alkaline extracts (list of metals and their concentration in solution), polysaccharides
(structure, content of metals absorbed from solution), and insoluble residue of the raw material (weight of the
residue) are presented.

In the course of growing and cleaning buckwheat
grains, large amounts of wastes are formed (straw,
husk, fine particles of grains). These wastes can be
considered as valuable renewable raw materials for
chemical, food, and pharmacological industries, suit-
able for production of polysaccharides [1�3], cellulose
[4], dyes and food additives [5, 6], furfural [1], and
drugs [7]. To develop a scheme for integrated process-
ing of buckwheat production wastes, it is necessary to
know the compositions of the raw materials depend-
ing on the plant strain and on the site of its growth.
Available data on this matter are insufficient.

In this work, we studied the composition and con-
tent of carbohydrates from husk and straw of a series
of buckwheat strains grown in Primorskii and Krasn-
oyarsk krais.

EXPERIMENTAL

Polysaccharides (PSs) were recovered from buck-
wheat husk (BH) and straw (BS) by sequential extrac-
tion with water, ammonium oxalate solution, and
sodium hydroxide solution; their qualitative and quan-
titative monosaccharide compositions were deter-
mined. Husk and straw samples (particle size �2 and
�10 mm, respectively) were washed with water and
dried in air to constant weight.

Samples (70 g) of BH and BS were sequentially
treated with water and 0.5 N solutions of ammonium
oxalate and sodium hydroxide. Water was added to a

raw material sample to S : L = 1 : 10 by weight, and
the mixture was heated on a boiling water bath for
3 h. The solution was filtered, concentrated on a rot-
ary evaporator, and centrifuged (4500�5000 rpm, 20�
25 min) to remove the residual raw material; poly-
saccharides were precipitated with a fourfold volume
of acetone. The resulting precipitate was separated by
centrifugation, dissolved in water, and lyophilically
dried to obtain water-extractable PSs.

To the solid residue after extraction with water, a
0.5 N solution of ammonium oxalate was added to
S : L = 1 : 10, and the mixture was heated on a water
bath under the same conditions as described above.
The solution was filtered and dialyzed against running
water for 2�3 days and against distilled water for
1�2 days, after which it was concentrated on a rotary
evaporator, and a fourfold volume of acetone was
added. The precipitate was separated by centrifuga-
tion, dissolved in water, and lyophilically dried to
obtained oxalate-extractable PSs.

The solid residue after extraction with water and
ammonium oxalate was suspended in a 0.5 N NaOH
solution and heated on a water bath for 2 h. The solu-
tion was separated by centrifugation and worked up as
described above to obtain alkali-extractable PSs.

The qualitative and quantitative monosaccharide
compositions of the isolated PSs were determined
after their acid hydrolysis, which was performed with
1 N trifluoroacetic acid (TFA) at 100�C for 4�5 h.
Analysis was performed by paper chromatography
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Table 1. Content, structure, and monosaccharide composition of PSs from extracts of buckwheat husk and straw.
Extractant: (1) H2O, (2) (NH4)2C2O4, and (3) NaOH
������������������������������������������������������������������������������������

Raw

�

Ex-

�
PS characteristics

�
Monosaccharide composition,* mol %

� Presence of

mate-

�

trac-

� � � uronic acids
� ���������������������������������������������������������������������������

rial
�

tant
�yield based�

color
�

struc-
�

Rha
�

Ara
�

Xyl
�

Man
�

Glc
�

Gal
�

Int
�

GalA
�

GlcA� �on raw ma-� �
ture

� � � � � � � � �
� �terial, wt %� � � � � � � � � � �

������������������������������������������������������������������������������������
BH-6� 1 � 2.63 �Light brown � a � 3 � 4 �Traces � 8 � 64 � 21 �Traces � + �Traces

� 2 � 1.40 �Light brown �c + a � 8 � 21 � 5 � 9 � 39 � 18 � � � + � �

� 3 � 4.4** �Black � a � 10 � 18 � 25 � 7 � 22 � 18 � � � + � +
BH-8� 1 � 2.76 �Light brown � a �Traces �Traces �Traces � 13 � 72 � 15 �Traces �Traces � �

� 2 � 1.52 �Light brown �c + a � � � 18 �Traces � Traces� 61 � 21 �Traces � + �Traces
� 3 � 1.31** �Black � a � 8 � 13 � 17 � 10 � 33 � 19 � � � + � +

BH-10� 1 � 2.14 �Brown � a �Traces � 6 �Traces � 7 � 73 � 14 � � � + � �

� 2 � 0.52 �Light brown � a � 4 � 13 � 8 � 7 � 60 � 8 � � � + � �

� 3 � 1.1** �Black � a � 8 � 24 � 25 � 6 � 19 � 18 � � � + � +
BS-4 � 1 � 4.84 �Yellow- � c � 4 � 4 � 2 � 5 � 59 � 9 � 17 � + � �

� � �brown � � � � � � � � � �
� 2 � 2.71 �White �c + a � 12 � 21 � 4 � 7 � 32 � 24 � � � + � �

� 3 � 0.32** �Black � a � 14 � 23 � 6 �Traces � 31 � 26 �Traces � + � �

BS-7 � 1 � 9.28** �Brown � a � 9 � 19 � 8 � 8 � 16 � 4 � 31 � + � �

� 2 � 1.60 �Light brown � c � 17 � 41 � 8 �Traces � 11 � 22 � � � + � �

� 3 � 1.37 � � � a � 7 � 36 � 23 � 3 � 11 � 20 � � � + � +
������������������������������������������������������������������������������������
* Monosaccharides: (Rha) rhamnose, (Ara) arabinose, (Xyl) xylose, (Man) mannose, (Glc) glycose, (Gal) galactose, and (Int) inosi-

tol; uronic acids: (GalA) galacturonic and (GlcA) glucuronic; structure: (a) amorphous and (c) crystalline.
** Soluble + insoluble PS.

(PC), gas�liquid chromatography (GLC), and gas
chromatography�mass spectrometry (GC�MS), after
conversion of the polyols to acetates. The descending
PC was performed on Filtrak FN-12 paper in the sol-
vent system 2-butanol�pyridine�water (6 : 4 : 3 by
volume). The monosaccharides were detected by treat-
ment with an alkaline solution of silver. Uronic acids
were detected by GLC in the form of methyl glycoside
acetates after methanolysis of PSs (acetyl chloride :
methanol 1 : 10 by volume, 100�C, 7�8 h) followed
by acetylation. Gas�liquid chromatography was per-
formed with an Agilent 6850 chromatograph (the
United States) equipped with a flame-ionization detec-
tor; an HP 5MS capillary column (30 m � 250 �m)
was coated with 0.25 �m of 5% phenylmethylsilox-
ane; the temperature schedule was as follows: 150�C,
1 min; heating to 230�C, 3 deg min�1; 230�C, 10 min.
The GC�MS analysis was performed with a Hewlett�
Packard 6890 chromatograph (the United States) con-
nected to a Hewlett�Packard 5973 mass spectrometer
(the United States). The column and temperature
schedule were the same as in the GLC analysis.

Data on the PS structure were obtained by X-ray
phase analysis (XPA) on a DRON-2.0 diffractometer

(CuKa radiation) by the standard procedure.

Data on PSs recovered by sequential extraction in
stepwise hydrolysis of the raw material from buck-
wheat production wastes are listed in Table 1.

It should be noted that, when recovering alkali-
extractable PSs from the raw mateiral and water-
extractable PSs from BS-7, the PS precipitate formed
on adding a fourfold volume of acetone to the extract
did not fully dissolve in water again; therefore, the
soluble PSs (supernatant) and PSs insoluble in water
(precipitate) were lyophilically dried separately. The
total yield of these polysaccharides is given in Table 1,
with the monosaccharide composition given only for
the soluble fraction.

The PS content depends on the raw material (husk
or straw) and plant strain. The total yield of PSs from
buckwheat husk varies from 3.2 (BH-10) to 6.3 wt %
(BH-6) based on the raw material, and that from buck-
wheat straw, from 7.6 (BS-4) to 12.2 wt % (BS-7).

The highest yield of PSs from buckwheat wastes
in all the cases is attained in the first extraction (with
water) (Table 1). The product color depends on the
raw material and extractant, being white, light brown,
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Table 2. Ash residue, yields of soluble substances sequentially extracted from buckwheat husk and straw with water,
0.5 N ammonium oxalate, and 0.5 N NaOH, and weight of insoluble residue Mres
������������������������������������������������������������������������������������

Raw material
�

Ash residue, wt %
� Content of soluble substances, %, extracted with �

Mres, %� �����������������������������������������
� � H2O � (NH4)2C2O4 � NaOH �

������������������������������������������������������������������������������������
BH-6 � 2.3 � 14.3 � 2.6 � 19.2 � 63.9
BH-8 � 2.1 � 14.7 � 2.8 � 23.7 � 58.7
BH-10 � 1.8 � 14.4 � 2.6 � 18.7 � 64.3
BS-4 � 6.3 � 21.3 � 3.8 � 14.4 � 60.4
BS-7 � 11.1 � 18.6 � 1.7 � 24.3 � 55.4

������������������������������������������������������������������������������������

Table 3. Content of metal cations in aqueous and oxalate extracts from buckwheat husk and straw and in polysaccharides
������������������������������������������������������������������������������������

� Content
������������������������������������������������������������������������

Mn+ � in extract, g l�1 � in PSs, %
������������������������������������������������������������������������
� BH-6, 8, 10 � BS-4, 7 � BH-6, 8, 10 � BS-4, 7

������������������������������������������������������������������������������������
K+ � (1.2�1.8)�10�1 � (2.0�10.6)�10�1 � (1.5�3.4)�10�1 � 2.8�10�1

�1.6
Na+ � (1.0�2.0)�10�2 � (0.7�1.5)�10�2 � 8.5�10�3

�1�10�1 � 3.5�10�3
�1.5�10�1

Ca2+ � (0.2�1.2)�10�2 � (0.2�1.0)�10�2 � 6.5�10�3
�2.2�10�2 � 6.5�10�3

�1�10�1

Mg2+ � (2.0�7.0)�10�2 � (2.5�6.7)�10�2 � 5.5�10�2
�1.1�10�1 � 7.5�10�2

�1.3�10�1

� � � �Zn2+ � (0.5�4.5)�10�3 � (0.9�1.5)�10�3 � 4.6�10�4
�2.4�10�3 � 6.1�10�4

�1.8�10�3

Mn2+ � (0.7�8.5)�10�3 � (0.7�1.7)�10�3 � 8.5�10�4
�2.5�10�3 � (1�1.9)�10�3

Fe3+ � (0.5�6.2)�10�3 � (0.2�1.3)�10�3 � 1�10�4
�1.5�10�3 � (1�4.5)�10�3

Cu2+ � (0.4�2.8)�10�4 � (0.2�0.5)�10�4 � 3.5�10�5
�4.1�10�4 � (3.1�5.1)�10�5

������������������������������������������������������������������������������������

or dark. According to XPA, the polysaccharides have
an amorphous or crystalline structure, and the major-
ity of PSs extractable with oxalate have mixed amor-
phous-crystalline structure.

Polysaccharides extractable with water and oxalate
from all the BH samples and from BS-4 have in-
creased glucose content. All the PSs extractable with
alkali have a more complex monosaccharide composi-
tion and contain residues of rhamnose, arabinose,
xylose, mannose, glucose, and galactose. Water-
extractable straw PSs (BS-4 and BS-7) contain a sig-
nificant amount of inositol (17 and 31 mol %, respec-
tively). In some other polysaccharides studied, it was
detected on the trace level.

All the recovered PSs were analyzed for the pres-
ence of uronic acids (Table 1). The major component
among uronic acids is galacturonic acid (GalA). Gluc-
uronic acid (GlcA) was detected in trace amounts and
not in all the PSs studied. All the water-extractable
PSs, from both husk and straw, have a low content of
uronic acid, except BS-7 in which the content of
galacturonic acid is comparable with that of hexoses.
On the contrary, oxalate-extractable PSs from buck-
wheat husk and straw are characterized by a high con-

tent of uronic acids, and in BH-6, BS-4, and BS-7
polysaccharides the GalA content substantially (by a
factor of 2�4) exceeds the total content of hexoses.
In soluble alkali-extractable PSs, as in water-extracta-
ble PSs, the content of uronic acids (GalA and GlcA,
with GalA apparently prevailing) is lower than in the
oxalate-extractable PSs from the same sources. Insol-
uble alkali-extractable PSs, like oxalate-extractable
PSs, contain a large amount of galacturonic acid,
especially straw PSs.

Available data on properties of PSs from buck-
wheat processing wastes are extremely scarce. Dudkin
and Ozolina [2] reported on synthesis of carboxymeth-
yl cellulose from buckwheat husk; this product has
already found use in medicine [7]. It is also known
that many PSs from higher plants exhibit a wide spec-
trum of biological activity: immunomodulating, anti-
phlogistic, antiviral, antitumor, anticomplementary,
and wound-healing [8].

The insoluble BH and BS residue after three suc-
cessive extractions is cellolignin, which can be used
as a secondary raw material for production of various
materials from plant fibers [9�13].
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Data on the content of soluble substances recovered
by sequential extraction from buckwheat husk and
straw, on the weight of the insoluble residue, and on
the ash residue after oxidative calcination of the raw
material at 600�C are listed in Table 2. Oxidative cal-
cination of the raw material and analysis of elements
in the ash and extracts were performed according
to [13].

The results show that the ash residue from BH is
lower than from BS. The ash contained K, Ca, Mg,
Na, Si, Zn, Mn, Fe, Al, Cu, Ni, Cr, and Ag; their
content depended on the plant strain and kind of the
waste (husk or straw). Potassium, magnesium, and
calcium compounds prevailed in all the ash samples.

In extraction, metals are recovered to some extent
along with organic substances. The list of the metals
detected in the extracts and their concentrations are
given in Table 3. The polysaccharides recovered from
the extracts in the solid state take up some metals
present in solution, as seen from Table 3. The insolu-
ble residue after the extraction gives virtually no ash.

CONCLUSIONS

(1) The content of polysaccharides recovered from
buckwheat processing wastes and their monosaccha-
ride composition (qualitative and quantitative) depend
on the kind of the raw material (husk or straw) and
recovery procedure. The total yield of polysaccharides
from buckwheat husk varies within 3.2�6.3 wt %
based on the dry raw material, and that from buck-
wheat straw, within 7.6�12.2%.

(2) Polysaccharides extractable with water and ox-
alate from buckwheat husk and straw have increased
glucose content. Polysaccharides extractable with
alkali have a more complex monosaccharide composi-
tion and contain residues of rhamnose, arabinose,
xylose, mannose, glucose, and galactose in different
ratios depending on the raw material source.

(3) The inositol content in aqueous extracts from
buckwheat straw is substantially higher (17�31 mol %)
than in those from buckwheat husk, in which inositol
was detected in trace amounts.

(4) Uronic acids are present in all the polysaccha-
rides obtained, and their content is the highest in
oxalate-extractable and insoluble alkali-extractable
polysaccharides, especially in those recovered from
buckwheat straw. The major component among uronic
acids is galacturonic acid.

(5) In extraction of buckwheat husk and straw,
metals are also recovered into solution and are then
taken up by polysaccharides; the insoluble residue of
the raw material gives virtually no ash.
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Abstract�The composition of water vapor saturated gases of various temperatures from reserve wells of
Yangantau health resort was studied. The dependence of the concentration and composition of organic sub-
stances from the vapor condensate and of the extent of thermal oxidative degradation of the shale organic
matter on the rock temperature in the heating zone was examined.

Unique vapor�gas thermal phenomena of the Yan-
gantau mountain attract researchers’ attention for more
than two centuries. A number of hypotheses associat-
ing the origin of the thermal anomaly with exo- and
endogenic factors were put forward; however, there is
still no common opinion on the origin and evolution
of this phenomenon [1, 2]. The component composi-
tion of the organic matter (OM) of Yangantau bitu-
minous shales has not been studied. According to the
elemental composition {C 78.35, H 6.84, (S + N + O)
14.51% [3]}, the OM of shales can be classed with
asphaltites [4].

In this work, we studied the composition of water
vapor saturated gas from wells by a set of spectral
methods to elucidate the physicochemical processes
occurring in the bulk of bituminous rocks of the
mountain; also, we examined how the temperature
conditions in a well affect the composition of the
organic components of the vapor condensate (VC).

EXPERIMENTAL

We studied the gas and vapor (vapor condensate)
components of water vapor saturated gases from re-
serve wells 22 and 27 (Yangantau health resort, Yan-
gantau mountain, Salavat raion, Bashkortostan, Rus-
sia), differing in the maximal temperature of rocks
along the well shaft (temperature in the heating zone
Tmax 81�86 and 140�150�C at a depth of 70.0 and
65.7 m, respectively [1, 5]). The gas phase was stud-
ied with a Varian MAT CH-5 mass spectrometer.

The concentration of nonferrous and ferrous metal
ions in VC was determined by atomic absorption
spectrophotometry on a Hitachi 508 device (acetyl-
ene�air flame). The pH values of the condensate were
measured on an OP-211/1 pH meter with a combined
glass electrode.

Moderately and slightly volatile organic compo-
nents of the vapor condensates were isolated by se-
quential extraction from acidic (concentrate I), alka-
line (concentrate II), and neutral (concentrate III)
solutions [6]. The isolated extracts of organic sub-
stances are greasy yellow-brown substances with spe-
cific odor. Each concentrate was examined by spec-
troscopy and elemental analysis. The gas chromato-
graphic�mass spectrometric (GC�MS) analysis of the
concentrates was performed with an HP 5890 chroma-
tograph equipped with an HP 5972A mass-selective
detector and a 50 m � 0.20 mm capillary column
with the grafted phase 5% methylphenylsilicone�95%
methylsilicone rubber. The column was heated from
40 to 250�C at a rate of 10 deg min�1. The data were
processed on an HP ChemStation computer. The sol-
vent was CCl4. The spectra were identified using the
artificial intellect program included in the HP Chem-
Station software. The index of agreement between the
experimental mass spectra and published data in most
cases was no less than 75%. At lower indices, the
methods of spectrum�structure correlations [7] were
used. The presence of the main classes of compounds
identified by GC�MS was confirmed by the electronic
absorption (Specord M40, acetonitrile, cell thickness
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0.2 cm) and IR (300�4000 cm�1, Specord M80,
liquid film, KRS5 windows, assignment according to
[8�10]) spectra.

The gas phase of water vapor saturated gases from
wells 22 and 27 contains, along with air components,
also methane + ethane (>0.5 vol % relative to the
total gas sample volume) and increased amount of
CO2. The gas sample from well no. 27 also contained
small amounts of CO and H2 (0.052 and 0.028 vol %,
respectively [5]). According to the observations, the
content of CO2, CO, and O2 and the temperature of
the water vapor saturated gas appreciably vary de-
pending on the season and wind rose. In summer, the
concentration of CO2 grows, and that of O2 decreases
[11]. The increased content of CO2 in water vapor
saturated gases cannot be attributed to thermal decom-
position of the inorganic components of bituminous
rocks, CaCO3 and MgCO3 [3], since the maximal
temperature of the heated rocks, 380�C [5], is consid-
erably lower than the decomposition temperatures of
CaCO3 and MgCO3 (825 and 500�C, respectively
[12]). It is known that oxidation of petroleum residues
with atmospheric oxygen is characterized by an in-
crease in the oxygen uptake with temperature and by
formation of CO2 in the amount exceeding that of the
forming CO [13]. Thus, the presence of CO and of in-
creased amounts of CO2 and the absence of hydrogen
in the sample of the burned out rock (results of ele-
mental analysis), taken on the southern slope of the
mountain at the site of the outcrop of thermally altered
rocks to the diurnal surface, confirms the hypothesis
about thermal oxidative degradation of the organic
matter of shale. On the southern steep slope of the
Yangantau mountain, there are a lot of cracks arising
from slope deformations and providing natural venti-
lation of the mountain with prevailing SW winds [11].
This provides the oxygen access to the heating sites
to sustain the exothermic thermal oxidative reactions
of the organic matter of shales.

The vapor condensates from wells 22 and 27 have
pH 7.43 and 7.34, respectively. We found that, as
Tmax grows, the total content of organic matter in VC
(46.3 and >124.5 mg l�1 for wells 22 and 27, respec-
tively) and the content of phenols (0.8 and 25 mg l�1

for wells 22 and 27, respectively) increases. The un-
suitability of vapor from well 27 for balneological pur-
poses [14] is due to the high content of phenols.

The C : H atomic ratio in concentrates I (1 : 1.84
and 1 : 1.03 in wells 22 and 27, respectively), ob-
tained under the conditions of predominant concentra-
tion of neutral substances, acids, and phenols [6],

suggests lower content of aromatic substances in the
concentrate from well 22.

The results of GC�MS analysis of concentrate I
from well 27 show that its major organic component
is phenol (21.2%); the other components are thioben-
zoic acid (6.91%), o-, p-, and m-cresols (1.8%), 3-eth-
ylphenol (<1%), and benzoic (0.6%), �-naphthoic
(<1%), and octenoic acids (<1%). The IR spectrum of
the concentrate confirms the presence of aromatic
compounds [�(CH) 3080 cm�1; �(C=C) 1600, 1580,
1496 cm�1; �(CH) 1176 cm�1 for mono- and 1,3-
disubstituted rings, 808 cm�1 for 1,3- and 1,4-disub-
stituted rings and �-naphthoic acid] and thiobenzoic
acid [�(C=S) 1324 cm�1]. The spectrum contains
the bands �(OH) at 3360, 3180 cm�1 of phenols and
carboxylic acids; strong �(C=O) bands of aliphatic
carboxylic acids (1704 cm�1) and carbonyl groups
conjugated with an aromatic ring (1690 cm�1, benzoic
acid, aryl alkyl ketones); �(COC) at 1288 and
1128 cm�1 belonging to carboxylic acid esters; �(CH)
at 936 cm�1 of unsaturated compounds of the type
trans-R1CH=CHR2. The electronic absorption spec-
trum of this substance contains bands at 228 (s, sh)
and 277 nm (w), assignable to the � � �* electronic
transitions in phenol and cresols (E2 and B bands,
respectively) and in benzoic acid (bands K and B,
respectively) [8]. The presence of weak bands at 302
(sh) and 310 nm (sh) suggests the presence of com-
pounds with a thiocarbonyl group (� � �* and n �
�* in the range 250�320 nm [8]) and of the naphtha-
lene core (221, 286, 312 nm [8]).

The previous [5] study of the composition of or-
ganic microimpurities in VC from well 27 revealed
also the presence of aliphatic (29 kinds) and aromatic
carboxylic acids, nitrogen bases (quinolines, benzothi-
azoles, indoles, carbazoles), sulfur compounds (benzo-
thiophenes, dibenzothiophenes), and hydrocarbons of
the naphthalene and anthracene series. Among volatile
organic compounds, toluene, ethylbenzene, chloroben-
zene, xylene, carbon disulfide, and thiophene were
detected in the vapor condensate.

In the organic matter isolated from vapor conden-
sate from well 22 in the form of three concentrates,
we identified by GC�MS the following compounds
(% of total organics): n-alkanes C10�C25 7.20 (with
even C16 and C18 homologs prevailing, odd/even co-
efficient 0.54); branched alkanes 3.51 (including iso-
prenanes 2.37); naphthenes 1.41; alkenes 2.19; ali-
phatic saturated (13.45) and unsaturated (13.28) car-
boxylic acids; phenols 1.71; aromatic ketones 2.98;
�-hydroxyphenylacetic acid and/or 2-hydroxy-1,2-di-
phenylethanone 12.84; aliphatic and aromatic alde-
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Table 1. Alkanes and aliphatic acids detected by gas chromatography�mass spectrometry in the vapor condensate from
well 22
������������������������������������������������������������������������������������

Compound
�

Formula
� Content, % of OM � Tm � Tb

� � ��������������������
� � of vapor condensate � �C [12, 15, 16]

������������������������������������������������������������������������������������
n-Alkanes: � � � �

decane � C10H22 � 0.02 � �29.8 � 174.0
undecane � C11H24 � 0.12 � �25.7 � 195.8
dodecane � C12H26 � 0.42 � �9.7 � 216.2
tridecane � C13H28 � 0.18 � �6.2 � 234.0
tetradecane � C14H30 � 0.65 � 5.5 � 252.5
pentadecane � C15H32 � 0.18 � 10.0 � 270.5
hexadecane � C16H34 � 0.82 � 18.2 � 287.5
heptadecane � C17H36 � 0.66 � 22.5 � 303.0
octadecane � C18H38 � 1.03 � 28.0 � 317.0
nonadecane � C19H40 � 0.58 � 32.0 � 330.0
eicosane � C20H42 � 0.64 � 36.4 � 344.0
heneicosane � C21H44 � 0.49 � 40.4 � 356.0
docosane � C22H46 � 0.57 � 44.4 � 368.0
tricosane � C23H48 � 0.37 � 47.7 � 380.0
tetracosane � C24H50 � 0.53 � 50.9 � 389.2
pentacosane � C25H52 � 0.06 � 54.0 � 405.0

Branched alkanes: � � � �
2-methyltridecane � C14H30 � 0.08 � �
3-methyltridecane � C14H30 � 0.49 � �
5-methyltetradecane � C15H32 � 0.01 � �
7-methylhexadecane � C17H36 � 0.10 � �
8-methylheptadecane � C18H38 � 0.18 � �
6-propyltridecane � C16H34 � 0.06 � �
4,5-dimethylnonane � C11H24 � 0.02 � �
2,3-dimethylundecane � C13H28 � 0.02 � �
3,6-dimethylundecane � C13H28 � 0.06 � �
3-methyl-3-ethyldecane � C13H28 � 0.02 � �
2-methyl-6-propyldodecane � C16H34 � 0.11 � �

Isoprenanes: � � � �
2,6,10-trimethylpentadecane � C18H38 � 0.15 � <�70 � 300.0
2,6,10,14-tetramethylpentadecane (pristane)� C19H40 � 0.95 � <�70 � 331.2�332.5
2,6,10,14-tetramethylhexadecane (phytane)� C20H42 � 1.14 � <�70 � 352.5�353.0
2,6,10,14-tetramethylheptadecane � C21H44 � 0.14 � �

Alkanoic acids: � � � �
hexanoic � C5H11COOH � 0.71 � �1.5 � 205.3
heptanoic � C6H13COOH � 0.28 � �10.5 � 223
2-ethylhexanoic � C7H15COOH � 0.11 � �
octanoic � C7H15COOH � 0.05 � 16.2 � 237.5
nonanoic � C8H17COOH � 1.07 � 12.5 � 254
decanoic � C9H19COOH � 0.26 � 31.5 � 268.4
dodecanoic � C11H23COOH � 0.26 � 44.2 � 298.9
tetradecanoic � C13H27COOH � 0.79 � 54.1 � 330
hexadecanoic � C15H31COOH � 8.21 � 62.6 � 340�356
octadecanoic � C17H35COOH � 1.68 � 69.3 � 360�383
3,7,11,15-tetramethylhexadecanoic � C20H41COOH � 0.03 � �
2-hydroxydecanoic �C8H17CH(OH)COOH � 0.05 � �

Unsaturated aliphatic acids: � � � �
hexadec-9-enoic � C15H29COOH � 0.90 � �
octadec-9-enoic (oleic) � C17H33COOH � 12.22 � 16.0 �
eicosa-8,11,14-trienoic � C19H33COOH � 0.16 � �

������������������������������������������������������������������������������������
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hydes 0.58; aliphatic primary alcohols 0.46 and ke-
tones 0.20; unsaturated oxidized cyclohexane deriva-
tives 1.34; carboxylic acid esters 2.25; oxidized com-
pounds of the naphthalene series 0.17; furan deriva-
tives (isobenzofuran-1,3-dione, 2-pentylfuran) 0.12;
S,N-containing compounds (4-methylthiazole, 4-meth-
ylisothiazole, benzothiazole) 0.60; nitrogen com-
pounds (3-benzylquinoline, quinoline N-oxide, 2,5-di-
phenyloxazole) 0.50 (Tables 1, 2).

The electronic absorption spectra of the concen-
trates contain three absorption bands at 222 (s, sh),
272�273 (m), and 278 nm (m, sh) of the substituted
aromatic ring. The intensity ratio of these bands in
the spectrum of concentrate I A222/A272 = 4.6 and
A222/A278 = 3.9 allows their assignment to the � � �*
electronic transitions in phenols and substituted phen-
ols (for phenol, 	210/	270 = 4.3). The R band (n � �*)
makes, apparently, a certain contribution to the band
at 278 nm. In the spectra of concentrates II and III, the
band at 222 nm is considerably more intense, proba-
bly owing to the contribution from nonconjugated
alkenes. The presence of a very weak broad band at
370�455 and 382�434 nm in the spectra of concen-
trates II and III, respectively, suggests the presence of
small amounts of compounds of the anthracene and
naphthacene series [8].

The IR spectra of the concentrates contain the ab-
sorption bands of the following structures (cm�1):
alkanes and cycloalkanes [�(CH) 3008�3010; �(CH)as
2960 (CH3), 2928 (CH2); �(CH)s 2856 (CH2, CH3);
�(CH3)as, �(CH2)s 1464�1456; �(CH3)s 1376; 
(CH2)
720�736]; alkenes R1HC=CHR2 of the cis [�(C=C)
1660] and trans configurations [�(C=C) 1680, �(CH)
960�965], RHC=CH2 [�(C=C) 1645�1648, �(CH)
908�916]; substituted aromatics [�(CH) 3072�3080;
�(C=C) 1600�1624, 1576, 1500�1495]. Also present
are vibration bands of oxygen-containing compounds
(cm�1): �(OH) 3472�3336, 3220 of carboxylic acids,
phenols, alcohols; �(C=O) of alkanoic acid esters and
aliphatic aldehydes at 1740�1744, of carboxylic acids
and ketones at 1720�1728, of conjugated aromatic
acids and aryl alkyl ketones at 1696, of diaryl ketones
at 1680; �as(COC) 1272�1288 and �s(COC) 1120 of
esters; �(C�O) 1145 of phenols and aliphatic ethers.

The C (70.4%) and H (10.9%) content in OM re-
covered from well 22 suggests lower content of aro-
matic compounds, compared to OM from shales, and
the C : H ratio of 1 : 1.85 is close to that in nonoxi-
dized bitumenoids [17].

Among branched alkanes, biomarkers of the iso-
prenoid structure (Table 1), in particular, phytane and
pristane, prevail. The detected naphthenes are mainly

monocyclic. On the whole, the composition of alkanes
and naphthenes suggests that they belong to nonoxi-
dized bitumenoids or oil component of OM of shales
[15, 18�20].

The detected olefins are mainly n-alkenes corre-
sponding to the prevailing n-alkanes (Tables 1, 2).
The presence of olefins is untypical of OM of shales
[20]. It is known that intrastratal burning of bitumin-
ous shales is accompanied by thermal, catalytic, and
oxidative cracking of OM of shales, with formation of
unsaturated hydrocarbons [20, 21]. Inorganic compo-
nents of the rocks (clay, silica, minerals containing
oxides and salts of transition metals Cu, Ni, Co, Mn,
Fe, REE) catalyze this process [15, 21, 22]. The bitu-
minous rocks of Yangantau contain clay, quartz sand,
and fairly large amount of pyrite (up to 2�3%) [3].
The increased H2 concentration in the vapor from
Yangantau [5] suggests that the presence of alkanes
in the vapor from well 22 is due to thermocatalytic
dehydrogenation of oil alkanes.

Among the eleven fatty acids detected (Table 1),
hexadecanoic acid prevails; also present, in smaller
amounts, are C18, C14, and C9 acids, and one isopre-
noid C20 acid. The composition of the acids and the
prevalence of the even homologs are typical of bitu-
menoids from shales of the algal origin [18, 23]. The
maximal temperature of the rocks along well 22 Tmax
is insufficient for efficient and intense thermocatalytic
oxidation of paraffins and alkanoic acids of oil in the
presence of transition metal compounds from the rock
(100�120�C [16, 24]).

Therefore, all the fatty alkanoic and unsaturated
acids are mainly oil acids and acids released by hy-
drolysis. As Tmax increases (well 27), the composition
of the alkanoic acids changes substantially: the num-
ber of the detected acids and the total content of low-
molecular-weight acids C5�C10 increase. Among fatty
acids, isopentanoic acid prevails [5]. This suggests
higher extent of thermal oxidative degradation of oil
alkanes and acids, and also of eliminated side alkane
and acid groups of asphaltenes. Oxidation of saturated
monocarboxylic acids in the presence of initiators
(oxidizable oil hydrocarbons and eliminated side al-
kane groups of resin�asphaltene substances of OM of
shales) mainly occurs at the �- or �-CH2 group and is
accompanied by conjugated decarboxylation [24]:

���

O2
RCH CH COOH2 2 �

��RCCH + CO2 + H2O.�
3

�
RCH COOH2 + CO2

+ H O2
,

��

O
��

���

O2
RCH CH COOH2 2 �

��RCCH + CO2 + H2O.�
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RCH COOH2 + CO2

+ H O2
,

��
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Table 2. Naphthenes, olefins, and oxygen-containing and aromatic compounds detected in the vapor condensate from
well 22 by gas chromatography�mass spectrometry
������������������������������������������������������������������������������������

Compound � Formula � Content, % of OM of vapor condensate
������������������������������������������������������������������������������������
Cycloalkanes: � �

cyclododecane � C12H24 � 0.32
cyclotetradecane � C14H28 � 0.55
decylcyclopentane � C15H30 � 0.06
heneicosylcyclopentane � C26H52 � 0.13
1,2-dimethylcyclooctane � C10H20 � 0.07
1-methyl-1-ethylcylcohexane � C9H18 � 0.05
1,2,3-trimethylcyclopentane � C8H16 � 0.21
(3-methylbutyl)cyclopentane � C10H20 � 0.02

Olefins: � �
3,3-dimethyl-1-butene � C6H12 � 0.14
2-octene � C8H16 � 0.32
1-dodecene � C12H24 � 0.02
1-tetradecene � C14H28 � 1.28
(E)-3-tetradecene � C14H28 � 0.07
(E)-5-tetradecene � C14H28 � 0.04
(Z)-7-tetradecene � C14H28 � 0.02
1-hexadecene � C16H32 � 0.08
(E)-5-octadecene � C18H36 � 0.17
9-eicosene � C20H40 � 0.05

Aliphatic and cyclic alcohols, aldehydes, ketones, ethers:� �
2-ethyl-1-butanol � C6H13OH � 0.17
4-methyl-1-hexanol � C7H15OH � 0.03
2-ethyl-1-hexanol � C8H17OH � 0.01
1-octanol � C8H17OH � 0.10
1-nonanol � C9H19OH � 0.01
2,2-dimethyl-1-octanol � C10H21OH � 0.02
tetradecanol � C14H29OH � 0.05
1-hexadecanol � C16H33OH � 0.07
cyclohex-2-enol � C6H9OH � 0.01
2,2-dimethylpropanal � C5H10O � 0.41
3-methylhexanal � C7H14O � 0.03
nonanal � C9H18O � 0.06
7-hydroxy-3,7-dimethyloctanal � C10H20O2 � 0.05
6-methyl-3-heptanone � C8H16O � 0.12
5-methyl-3-heptanone � C8H16O � 0.02
3-octanone � C8H16O � 0.06
2,6-di-tert-butylcyclohexa-2,5-diene-1,4-dione � C14H20O2 � 1.32
4-methyl-4-phenylcyclohex-2-enone �(CH3)(C6H5)C6H6O� 0.09
1-ethoxyhexane � C2H5OC6H13 � 0.92

Carboxylic acid esters: � �
hexyl hexanoate � C6H13O2C6H11 � 0.04
3-methylbutyl octanoate � C5H11O2C18H35 � 0.12
isopropyl tetradecanoate � C3H7O2C14H27 � 0.56
methyl hydrogen butanedioate �CH3O2C3H4COOH � 0.08
didecyl decanedioate �(C10H21)2O4C10H16� 0.64
methyl tetracos-15-enoate � CH3O2C24H45 � 0.23
3-methylbutyl benzoate � C5H11O2CC6H5 � 0.58

Aromatic compounds: � �
phenol � C6H5OH � 0.11
2,4-dimethylphenol � (CH3)2C6H3OH � 0.16

������������������������������������������������������������������������������������
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Table 2. (Contd.)
������������������������������������������������������������������������������������

Compound � Formula � Content, % of OM of vapor condensate
������������������������������������������������������������������������������������

2,6-di-tert-butylphenol � (C4H9)2C6H3OH � 1.20
3-methyl-4-ethylphenol �(CH3)(C2H5)C6H3OH� 0.15
1-naphthol � C10H7OH � 0.09
1-(3-methylphenyl)-1-ethanone � CH3C6H4C(O)CH3 � 0.74
1-(4-ethylphenyl)-1-ethanone � C2H5C6H4C(O)CH3 � 0.07
diphenylmethanone � (C6H5)2CO � 1.72
2-hydroxy-1,2-diphenylethanone and/or �-hydroxy- �C6H5C(O)CH(OH) � � 12.84
phenylacetic acid �C6H5 �

�C6H5CH(OH)COOH �
3-methylbenzophenone � CH3C6H4C(O)C6H5 � 0.36
1-naphthyl-1-ethanone � C10H7C(O)CH3 � 0.08
benzaldehyde � C6H5CHO � 0.03

������������������������������������������������������������������������������������

The rate of the conjugated decarboxylation grows
with an increase in the molecular weight of the mono-
carboxylic acid and temperature (from 120 to 145�C).
Under similar conditions, C6�C9 fatty acids are more
resistant to oxidation than C10�C20 acids [24].

In VC from well 22, we identified two monoun-
saturated and one trienoic acids, among which oleic
acid prevailed (Table 1). The high content of natural
unsaturated acids C18 and C16 suggests the algal ori-
gin of OM os Yangantgau shales [18]. Thermocatalyt-
ic oxidation of oleic acid is possible at 70�100�C.
The process yields aldehydes and aldehydo acids with
6�12 carbon atoms, which are readily oxidized to the
corresponding carboxylic and dicarboxylic acids at
temperatures less than 60�C [24]. Therefore, decane-
dioic acid (present as ester), nonanal (Table 2), and a
part of C6�C11 alkanoic acids can be considered as
products of thermocatalytic oxidation of oleic acid.

Primary alkanols present in small amounts (Table 2)
may originate from elimination of side groups of
resins and asphaltenes by hydrolytic cleavage of ether
and ester bonds; they may also be components of oil
(n-alcohols) [18]. Aliphatic esters, ketones, phenols,
furan derivatives, S,N-containing compounds, and ni-
trogen bases have the composition typical of bitumen-
oids [15, 18, 23] or are oxidized bitumenoids (isoben-
zofuran-1,3-dione, quinoline N-oxide). Unsaturated
oxidized cyclohexane derivatives are probably prod-
ucts of thermal oxidative elimination of cyclohexane
cores from resins and asphaltenes. The presence of
metal ions (Pb [5], Fe 0.4, Cu 0.5, Zn 2.1�6.3 mg l�1)
in the vapor condensates is due to steam distillation
of their complexes with methylthiazoles, benzothia-
zole, benzoquinoline, and other low-molecular-weight
complexing agents from OM of shales [15, 20].

Identified (alkylphenyl)ethanones, benzophenones,

and 2-hydroxy-1,2-diphenylethanone are apparently
products of thermocatalytic oxidation of the corre-
sponding aromatic components of bitumen oil: (alkyl-
phenyl)ethanes and bridged diphenylalkanes [15]
which are less resistant to oxidation than alkanes [24].
Significant content of 2-hydroxy-1,2-diphenylethan-
one (or �-hydroxyphenylacetic acid) in VC from well
22 is probably due to oxiative elimination of peripher-
al groups from bitumen resins. Bitumen resins are
unstable to oxidation with atmospheric oxygen even
at low temperature [15]. It is known that, in oxidation
of hydrocarbons, the hydroperoxy radical attacks the
least stable C�H bond. In the aromatic bitumenoids
under consideration, this is the C�H bond in the meth-
ylene group in the �-position to the benzene ring [24].
Oxidation of a part of 2-hydroxy-1,2-diphenylethan-
one yields benzaldehyde and benzoic acid. Benzalde-
hyde is oxidized to benzoic acid even at moderate
temperatures (<60�C) [24].

Oxidation of asphaltenes with atmospheric oxygen
is accompanied by formation of arenes, ketones, and
acids (mainly benzenecarboxylic) and by a decrease
in the number of aromatic and aliphatic rings and long
alkyl chains [15]. Therefore, high content of aromatic
compounds in vapor condensate from well 27 is attri-
butable to thermal oxidative degradation of resin�
asphaltene components of OM of shales. Relatively
high content of phenol in VC from well 27 may be
due to thermocatalytic oxidation of benzoic acid in
the presence of atmospheric oxygen, water vapor,
MgCO3, and transition metal ions (Cu [3]) from the
rock at a relatively high temperature. It is known that
catalytic decarboxylation of aromatic acids (benzoic,
toluic) in the liquid phase in the presence of Cu(II)
compounds or Mg(II) and Cu(II) benzoates at 200�
300�C, conjugated with oxidation with atmospheric
oxygen, yields phenols with the release of CO2 [15,
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24]. Thus, an increase in the total content of organic
impurities and phenols in the vapor condensate with
increasing Tmax suggests greater extent of thermal
oxidative degradation of OM of shales, involving
oxidation of condensed compounds of resins and as-
phaltenes.

The bulk of bituminous shales of the Yangantau
mountain is considerably heated above and below the
heating sites. Regions heated to 50�C sometimes
reach the external surface and groundwater [2]. The
melting points of oil alkanes, fatty acids, phenols, and
unsaturated acids detected in VC from well 22 do not
exceed 70�C (Table 1) [12]. Hence, the majority of
components of bitumen oils and unsaturated acids
occur in the molten state in a wide region of heated
rocks and can migrate in the bulk of the mountain as
melts, solutions, and colloids under the influence of
temperature, concentration, and pressure gradients; in
the regions of elevated temperatures, they can also be
steam-distilled in the native form or as products of
thermal oxidative degradation. The mobile compo-
nents of OM, when appearing in heating sites with
temperatures T � 100�C, undergo intense exothermic
thermocatalytic oxidation with atmospheric oxygen
[16, 24]. This provides supply of hydrocarbons to the
heating sites and maintenance of high temperatures
required for thermal oxidative degradation of resin�
asphaltene components of bitumen. Thermal oxidative
degradation of polymeric components of bitumen is
also exothermic [20, 23]. Local accumulation of heat
and slow progress of the combustion front to the
depth of the mountain are favored by the low thermal
conductivity of the rocks [21] (
1 W m�1 K�1 for
Green River dolomite marls [18]).

The presence of methane and ethane in water vapor
saturated gases from Yangantau suggests supply of the
combustion sites with light oil and gas hydrocarbons
migrating along natural cracks from deep oil- and gas-
bearing strata. The Yangantau mountain is located on
the Yuryuzan�Aya depression of the Yuryuzan�Sylva
region of South Cis-Ural oil and gas fields [25, 26];
it is located in the zone of oil and gas collectors
widely occurring in carbonate deposites of early
Carboniferous�early Permian periods [27]. The seis-
mic and tectonic activity in the region of the Yangan-
tau mountain [2] may facilitate distortion of rocks
covering deep oil- and gas-bearing strata [28].

CONCLUSIONS

(1) Water vapor saturated gases of the Yangantau
mountain contain products of therma oxidative degra-
dation of organic matter of shales, unsaturated hydro-

carbons, CO, and increased amounts of CO2 and H2,
which suggests the occurrence of thermal and thermo-
catalytic degradation of the organic matter of shales
with atmospheric oxygen in the presence of inorganic
components of the rock [pyrite, Cu(II), silica].

(2) With increasing Tmax, the extent of thermal
oxidative degradation of the organic matter of shales
and the concentration of organic matter (and, in par-
ticular, phenol) in the vapor condensate increase.

(3) The presence of moderately and slightly vola-
tile organic (in particular, resin) substances and of
metal ions in water vapor saturated gases is due to
steam distillation of mobile components and products
of thermal oxidative degradation of the organic matter
of shales, and also of complexes of rock metal ions
with complexing compounds of the organic matter of
shales.

(4) The heat release in the Yangantau mountain is
due to the occurrence of exothermic thermal and ther-
mocatalytic oxidation of the organic matter of shales
with atmospheric oxygen. The local accumulation of
heat is favored by low thermal conductivity of the
carbonate rocks. The supply of organic matter to the
combustion sites and slow progress of the combustion
front to the depth of the mountain are provided by
migration of molten components of the organic matter
of shales from the heated adjacent rocks and, possibly,
of light hydrocarbons of oil and gas from deep oil-
and gas-bearing strata along natural cracks.
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Abstract�Decomposition of cyclohexyl hydroperoxide in the presence of 3d-metal acetylacetonates was
studied by mathematical simulation.

Previously [1] we considered the kinetic features of
the catalytic decomposition of secondary and tertiary
naphthene hydrocarbon hydroperoxides and showed
that the complexing power of 3d metal acetylaceto-
nates with respect to cyclohexyl hydroperoxide (CHP)
correlates with the metal electronegativity and in-
creases in the order V(II) � Cr(III) < Mn(III) �
Fe(III) < Co(III) < Ni(II) < Cu(II). The activation
energy of hydroperoxide decomposition increases in
the same order.

CHP decomposes homolytically at the 3d-metal
acetylacetonate concentrations of 6�10�5�6�10�4 M
and, in addition, heterolytically at 8.8�10�4�8.8�
10�3 M [1]; the catalysts studied and CHP [2] exist
not only as monomers but also as self-associates.
3d-Metal acetylacetonates catalyzing CHP decomposi-
tion can be subdivided into three groups. Compounds
of first group do not change the metal oxidation state
in the reaction event [Fe(acac)3, Zn(acac)2]; com-
pounds of the second group undergo one-electron
transition and alternately transfer during the reaction
with CHP into oxidized and reduced states (Co, Mn,
Cu); and in compounds of the third group the metal
oxidation state partially changes (V, Cr).

In this work, we developed a mathematical model
of the CHP catalytic decomposition in the presence
of 3d-metal acetylacetonates. The methods were
described previously [1, 3].

The typical kinetic curves of CHP (ROOH) de-
composition (Fig. 1a) in the presence of the catalysts
studied and of accumulation of the reaction products
[cyclohexanol (ROH), cyclohexanone (R=O), isomeric
decanols] show that, in the overall process of CHP

decomposition, these products are formed in compar-
able amounts and that catalyst occurs in the free state
(in the heterogeneous form) and as a complex with
CHP. The content of the catalyst heterogeneous form
monotonically increases with time from the start of the
CHP decomposition, whereas the contents of the free
and complexed forms decrease. The whole set of our
experimental and published data [1, 2] suggests the
following scheme of the CHP decomposition, where
HS is decane (diluent); SOH, isomeric decanols;
ROH, cyclohexanol; RO

.
, cyclohexylalkoxy radical;

S
.
, secondary isomeric alkyl radicals; kh, constant

of catalyst heterogenization; and kd, constant of
CHP dimerization.

(a) Catalysts in which the metal oxidation state is
preserved [Fe(acac)3, Zn(acac)2]:

K1 = 38.5 M�1

mM(acac)n ������ [M(acac)n]m, (1)������

K2 = 4.6 M�1

M(acac)n + ROOH ������ ROOH �M(acac)n, (2)������

ROOH .M(acac)n

�
�����

RO. + .OH + M(acac)n

H O + R=O + M(acac)n ,2

0.41� =

� = 0.59

,
= 5 min�1k1

(3)ROOH .M(acac)n

�
�����

RO. + .OH + M(acac)n

H O + R=O + M(acac)n ,2

0.41� =

� = 0.59

,
= 5 min�1k1

(3)

k2
HS. + .OH �� H2O + S., (4)

k3
S. + .OH �� SOH, (5)

k4
RO. + HS �� ROH + S., (6)
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k5 = 0.06 l mol�1 min�1

M(acac)n �ROOH + HS ���������� HOS����������

+ ROH + M(acac)n, (7)

K3 = 20.3 M�1

ROH + M(acac)n ������ M(acac)n �ROH, (8)������

K4 = 163 M�1

M(acac)n + H2O ������ M(acac)n �H2O, (9)������

Kd = 0.26 M�1

2ROOH ������ (ROOH)2, (10)������

(ROOH)���
��

�

ROH + RO + OH

RO + RO + H O,2 2

(11)

,
*
2

k 6 = 0.425 min�1

2

. .

.

(ROOH)���
��

�

ROH + RO + OH

RO + RO + H O,2 2

(11)

,
*
2

k 6 = 0.425 min�1

2

. .

.

RO2
� + RO2

� �� O2 + ROH + R=O, (12)

kh = 0.01 min�1

M(acac)n(hom) ������� M(acac)n(het), (13)

k8 = 0.2 M�1

M(acac)n(het) + ROOH ������ R=O + H2O. (14)

Let us consider the above scheme of the CHP de-
composition in the presence of Fe(acac)3 quantitative-
ly. The rate of the overall process of CHP decomposi-
tion v is described by the equation

v = (1.95�0.2)[ROOH]1 � 0.08[(Fe(acac)3)0]0.6 � 0.02. (I)

At [ROOH] = 0.1 M and [Fe(acac)3] = 8.8 �10�3 M,
v = 12.5 �10�3 mol l�1 min�1.

The following system of differential equations cor-
responds to the above mechanism:

�d[ROOH]/d� = (k1 + k5[HS])K2[Fe(acac)3]fr[ROOH]fr

+ 2k6Kd[ROOH]2 + k8[ROOH][Fe(acac)3](het), (II)

Fe(acac)3(het) = [Fe(acac)3]fr(hom)(ek� � 1), (III)

d[R=O]/d� = d[H2O]/d� = �k1K2[Fe(acac)3)]fr[ROOH]fr

+ k6Kd[ROOH]2 + k8[ROOH][Fe(acac)3)](het), (IV)

d[ROH]/d� = (�k1 + k5[HS])K2[ROOH]fr[Fe(acac)3]fr

+ 2k6Kd[ROOH]2, (V)

d[SOH]/d� = (�k1 + K5[HS])K2[Fe(acac)3]fr[ROOH]fr

+ k6Kd[ROOH]2. (VI)
������������

* Association via �- and �-oxygen atoms of CHP is presumed.

(a)c, M

c1, M
(b) c 	 104, M

c, M c 	 104, M(c)

�, min

c, M

c 	 104, M

Fig. 1. Consumption and accumulation of (1) CHP, (2) cyc-
lohexanone, (3) cyclohexanol, (4) isomeric decanols,
(5) (a, b) [Fe(acac)3]fr and (c) [Co(acac)2]fr, (6) (a, b)
[Fe(acac)3](het) and (c) Co(acac)2(het), and (7) (a, b)
[Fe(acac)3 �ROOH] and (c) Co(acac)2OH at 95	C.
[Fe(acac)3]0: (a) 8.8
10�3 and (b) 8.8
10�4 M;
[Co(acac)2]0: (c) 8.8
10�3 M. (c, c1) concentration and
(�) time. Points; experiment; curves: calculation.

The initial concentrations of free CHP and catalyst
([ROH] = [H2O] = 0) were found from the material
balance:

[ROOH]0 = [ROOH]fr = [ROOH] [Fe(acac)3] + [(ROOH)2]


 [(ROOH)]fr, (VII)

[Fe(acac)3]0 = [Fe(acac)3]fr + [Fe(acac)3]m

+ [Fe(acac)3] �ROOH. (VIII)
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The stoichiometric coefficient in Eq. (1) allows cal-
culation of the concentration of the free catalyst
[Fe(acac)3]fr = 5.3 �10�3 M at [Fe(acac)3]0 = 8.8 �

10�3 M.

The equilibrium constant of ROOH �Fe(acac)3
complex formation was found from the CHP decom-
position kinetics as a slope of the 1/Keff�1/[ROOH]
dependence; it is equal to 4.6 l mol�1 (95�C). Know-
ing K2, [ROOH]fr, and [M(acac)3], we can calculate
K1 from Eq. (VII). K1 = 38.5 l mol�1 for Fe(acac)3
dimer and 0.54 �104 l2 mol�2 for the trimer. Taking
into account the ratio of the yields and initial rates of
formation of alcohol, ketone, and isomeric decanols
(Fig. 1) and assuming dimerization of the catalyst, we
can find k1, k5, and k6 from the above system of dif-
ferential equations.

The CHP dimerization constant kd and the constant
of RO2

.
recombination were taken from the literature

[4, 5]. Calculations show that the initial rates of the
CHP consumption and of accumulation of the reaction
products in the whole range of ROOH (0.02�0.1 M)
and catalyst (8.8 �10�4�8.8 �10�3 M) concentrations
are satisfactorily described by the system of differen-
tial equations with the found values of the correspond-
ing rate constants. However, during the CHP decom-
position, heterogenization of the catalyst occurs con-
currently with formation of complexes with the reac-
tion products (alcohol and water). At the further op-
timization of the CHP decomposition, we refined the
equilibrium constants K3 and K4 and determined k5
and k8. The concentration of the free catalyst with
regard to formation of all the above complexes and
partial transformation into heterogeneous form was
found from the condition of the material balance

[Fe(acac)3]0 = [Fe(acac)3]fr + [Fe(acac)3](het)

+ [Fe(acac)3]m + [Fe(acac)3] �ROOH + [Fe(acac)3 �ROH]

+ [Fe(acac)3 �H2O. (IX)

(b) Catalysts in the lower oxidation state
[Co(acac)2], in which the metal oxidation state
changes during the hydroperoxide decomposition:

K1 = 226 M�1

2Co(acac)2 ������ (Co(acac)2)2, (15)
������

K2 = 8.62 M�1

2Co(acac)2 + ROOH ������ Co(acac)2 �ROOH,
������

(16)

k1 = 67 l mol min�1

Co(acac)2 �ROOH + ROOH �������� ROOH��������

+ H2O + Co(acac)2OH, (17)

k2 = 36.9 l mol min�1

Co(acac)2OH + ROOH ��������� RO2
. + H2O

+ Co(acac)2, (18)

k3 = 0.07 l mol min�1

Co(acac)2 �ROOH + HS ��������� SOH + ROH

+ Co(acac)2, (19)

k4RO2
. + RO2

.
�� ROH + R=O + O2, (20)

K3 = 80.3 M�1

ROH + Co(acac)2 ������ ROH �Co(acac)2, (21)������

K4 = 363 M�1

H2O + Co(acac)2 ������ H2O �Co(acac)2, (22)������

k5Co(acac)2 + RO2
.
�� Co(acac)2OH + R=O, (23)

k6 = 7.55
10�4 l mol min�1

ROH + Co(acac)2OH ����������� Co(acac)2

+ R=O + H2O, (24)

k7RO2
. + Co(acac)2 �� ROO �Co(acac)2, (25)

k8ROO �Co(acac)2 �� RO. + O.Co(acac)2, (26)

k9O.Co(acac)2 + SH �� S . + Co(acac)2OH, (27)

k10RO. + SH �� ROH + S., (28)

k11S. + OH �� SOH, (29)

k12 = kh = 0.02 M�1

Co(acac)2(hom) ��������� Co(acac)2(het), (30)

Co(acac)2(het) + ROOH

K5 = 9.1 M�1

������ ROOH �Co(acac)2(het), (31)������

k13 = 5 M�1

ROOH �Co(acac)2(het) ������ Co(acac)2(het)������

+ HO. + RO., (32)
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Kd = 0.26 M�1

2ROOH ������ (ROOH)2, (33)������

(34)���
�ROH + RO + OH2

2� = 0.05

(a),

RO + RO + H2 O (b).
(ROOH) ���

= 0.425 min14k
� = 0.95*

2

�1

. .

. .

(34)���
�ROH + RO + OH2

2� = 0.05

(a),

RO + RO + H2 O (b).
(ROOH) ���

= 0.425 min14k
� = 0.95*

2

�1

. .

. .

The scheme of the above mechanism of CHP de-
composition considers dimerization of both CHP and
catalyst, formation of complexes of the catalyst with
CHP and reaction products (alcohols, water), and the
observed heterogenization of the catalyst proceeding
as a first-order reaction. This scheme corresponds to
the total order of approximately 2 with respect to CHP
and 0.5 with respect to the catalyst. The reactions of
formation of the alcohol and ketone from CHP radical
reacting with the reduced form of the catalyst [6] and
oxidation of the alcohol with cobalt(III) were also
considered. It is known that the rate constants of reac-
tions (9) and (11) in the case of the Co catalyst differ
by a factor of 2.

The following system of differential equations cor-
responds to the mechanism considered:

�d[ROOH]/d� = 2k1[Co(acac)2 �ROOH] [ROOH]

+ k2[Co(acac)2OH] [ROOH] + k3[HS] [Co(acac)2 �ROOH]

+ k13[ROOH �Co(acac)2(het)] + k14[(ROOH)2], (X)

d[ROH]/d� = 2k1[ROOH] [Co(acac)2 �ROOH] + k3[HS]

	 [Co(acac)2 �ROOH] + k13[ROOH �Co(acac)2(het)]

� k6[ROH] [Co(acac)2OH] + (1.5 + 0.5�

� 0.5�)k14[(ROOH)2], (XI)

d[R=O]/d� = k1[ROOH] [Co(acac)2 �ROOH] + 0.25(2 + �

� �)k14[(ROOH)2] + k6[ROH][Co(acac)2OH], (XII)

d[H2O]/d� = k2[ROOH] [Co(acac)2OH]

+ k6[ROH][Co(acac)2OH] + �k14[(ROOH)2], (XIII)

d[SOH]/d� = k3[HS] [Co(acac)2 �ROOH]

+ k13[ROOH �Co(acac)2(het)] + �k14[(ROOH)2], (XIV)

[Co(acac)2]fr = [(B2 + 4K1C � B)/2K1]0.5, (XV)
������������

* Association via �- and �-oxygen atoms of CHP is presumed.

B = K2[ROOH] + k1/k2K2[ROOH] + K3[ROH] + K4[H2O]

+ (ek� � 1)(1 + K5[ROOH]), (XVI)

C = [Co(acac)2]0 � 0.5D/k8 � 0.5D/k9 [SH]

� 0.75D/k2[ROOH] 
 [Co(acac)2]0, (XVII)

D = (� � �)k14[(ROOH)2],

[Co(acac)2](het) = [Co(acac)2]fr(e
k� � 1), (XVIII)

[RO2] = {k1[ROOH][Co(acac)2 �ROOH]

+ 0.5k14[(ROOH)2]/k4]0.5, (XIX)

[Co(acac)2OH] = (k1[ROOH] [Co(acac)2 �ROOH]

+ 0.75D)/(k2[ROOH] + k6[ROH]


 (k1[ROOH] [Co(acac)2 �ROOH] + 0.75D)/k2[ROOH].
(XX)

The rate of the overall process of CHP decomposi-
tion v in the presence of Co(acac)2, expressed by the
equation v = 32.5[ROOH]0

1.8� 0.15[MeLn]0
0.5� 0.35, is

equal to 5�10�2 mol l�1 min�1. At [ROOH] = 0.1 M
and [Co(acac)2] = 8.8�10�3 M, we found K1 =
226 l mol�1 (95�C) from the equation of the material
balance with respect to the catalyst at the initial time
of the reaction (Fig. 1b). Taking into account that the
initial process is steady-state with respect to RO2

.
, S

.
,.

OH,
.
OCo(acac)2, and Co(acac)2OH, from the content

of Co(II) and Co(III) (in the absence of the hetero-
geneous form of the catalysts) and of complexes with
alcohol and water, we calculated k1�k3 and coeffi-
cients � and � from the system of differential equa-
tions (X)�(XX). The equilibrium constant was deter-
mined previously [1]; the constants k4�k7 are given
in [5, 7�9]. The initial stage of the decomposition is
well described with the rate constants found [scheme
(15)�(34)]. In the developed reaction, the concurrent
formation of the CHP complexes with reaction prod-
ucts (alcohol and water) and the catalyst heterogeniza-
tion should be considered. The subsequent optimiza-
tion allows selection of the equilibrium constants
K3�K5 and determination of k13. The constant of the
catalyst heterogenization kh was determined in the
special experiments. The system of differential equa-
tions (X)�(XX) integrated with the rate constants
obtained adequately describes the CHP decomposition
(Fig. 1c) {[ROOH] = 0.02�0.1 M, [Co(acac)2]0 =
8.8�10�4�8.8�10�3 M}.
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In accordance with the calculated coefficients �
and �, the association with respect to �-atom of CHP
is preferable, which agrees with data of [10] and con-
tradicts the results of [4]. The contribution of this
reaction to the overall process of the CHP decomposi-
tion is small.

(c) For catalysts in which the metal is in the higher
oxidation state [Co(acac)3, Cu(acac)2, Mn(acac)3] and
is partially reduced during the CHP decomposition,
the scheme of the reaction mechanism should be sup-
plemented by the reactions of one-electron transfer
and substitution of acetylacetone with CHP in the
coordination sphere of the metal ion. The observed
high order of the reaction with respect to ROOH [in
the presence of Co(acac)2] indirectly suggests the
possibility of two-sphere coordination of CHP.

From the data obtained, we can conclude that the
lower catalytic activity of 3d-metal acetylacetonates as
compared to 3d-metal stearates is caused by the dif-
ferent electron density on the metal ion, which affects
the strength of the CHP O�O bond because of the
change in the degree of delocalization of the unpaired
electron to the ligand. The system of conjugated atoms
in the chelates provides the enhanced stability of the
complex. Increase in the ligand bonding with 3d-metal
ion decreases its acceptor power; as a result, the rate
constant is lower than with the corresponding car-
boxylates [11, 12].

The catalytic power of 3d-metal acetylacetonates
and carboxylates in decomposition of hydroperoxides
depends on a number of factors: catalyst tendency to
self-association and heterogenization, hydroperoxide
association, and catalyst complexing power with re-
spect to hydroperoxides and products of their trans-
formation (RO

.
2, alcohol, water). As a rule, the equi-

librium constants of the catalyst complex formation
with hydroxyperoxides and alcohols and the relative
contribution of the ROOH radical decomposition in-
crease as the 3d-metal electronegativity increases.

CONCLUSIONS

(1) A mathematical model of cyclohexyl hydro-
peroxide decomposition in the presence of 3d-metal
acetylacetonates was developed.

(2) Along with the mechanism involving one-elec-
tron transfer (change in the metal oxidation state in
the catalyst), cyclohexyl hydroperoxide can decom-

pose without changes in the oxidation state of the
3d metal [Fe(III), Zn(II) acetylacetonates], as it takes
place in the presence of alkali and alkaline-earth
(s metals) metal ions. The catalyst controlling func-
tion is manifested in the step of the cyclohexyl hy-
droperoxide decomposition.

REFERENCES

1. Syroezhko, A.M. and Begak, O.Yu., Zh. Prikl. Khim.,
2004, vol. 77, no. 1, pp. 54�59.

2. Syroezhko, A.M., Liquid-Phase Oxidation of Alkanes,
Cycloalkanes, and Their Oxygen-Containing Deriva-
tives with Oxygen and Ozone in the Presence of
Compounds of s and 3d Elements, Doctoral Disserta-
tion, Leningrad, 1985.

3. Proskuryakov, V.A., Syroezhko, A.M. and Smir-
nov, P.A., Zh. Prikl. Khim., 1976, vol. 49, no. 7,
pp. 1588�1592.

4. Yablonskii, O.P., Complex Formation and Its Role in
Oxidation and Separation of Hydrocarbons, Doctoral
Dissertation, Ivanovo, 1979.

5. Denisov, E.T., Konstanty skorosti gomoliticheskikh
zhidkofaznykh reaktsii (Rate Constants of Homolytic
Liquid-Phase Reactions), Moscow: Nauka, 1971.

6. Denisov, E.T. and Kovalev, G.I., Okislenie i stabiliza-
tsiya reaktivnykh topliv (Oxidation and Stabilization
of Jet Fuels), Moscow: Khimiya, 1983.

7. Emanuel’, N.M., Denisov, E.T., and Maizus, Z.K.,
Tsepnye reaktsii okisleniya uglevodorodov v zhidkoi
faze (Chain Reactions of Liquid-Phase Oxidation of
Hydrocarbons), Moscow: Nauka, 1965.

8. Denisov, E.T., Mitskevich, N.I., and Agabekov, V.E.,
Mekhanizm zhidkofaznogo okisleniya kislorodsoder-
zhashchikh soedinenii (Mechanism of Liquid-Phase
Oxidation of Oxygen-Containing Compounds), Minsk:
Nauka i Tekhnika, 1975.

9. Emanuel’, N.M., Zaikov, G.E., and Maizus, Z.K.,
Rol’ sredy v radikal’no-tsepnykh reaktsiyakh okisle-
niya organicheskikh soedinenii (Role of the Medium
in Radical-Chain Oxidation of Organic Compounds),
Moscow: Nauka, 1973.

10. Sapunov, V.N., Kudryavtsev, A.B., Litvintsev, I.Yu,
and Diall, Kh.M., Tr. Mosk. Khim.-Tekhnol. Inst.
im. D.I. Mendeleeva, 1978, issue 99, p. 123.

11. Azhikova, R.M., Syroezhko, A.M., and Proskurya-
kov, V.A., Zh. Prikl. Khim., 1984, vol. 57, no. 8,
pp. 1792�1797.

12. Azhikova, R.M., Oxidation and Epoxidation of Cyclo-
olefins, Cand. Sci. Dissertation, Leningrad, 1980.



1070-4272/04/7707-1195�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 7, 2004, pp. 1195�1197. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 7,
2004, pp. 1210 �1212.
Original Russian Text Copyright � 2004 by Lutsyk, Suikov, Chuprina, Portnyanskii.

BRIEF
������������������������������� �������������������������������

COMMUNICATIONS

Solubility of Iodine in the System Water�Nitric Acid

A. I. Lutsyk, S. Yu. Suikov, V. S. Chuprina, and V. Yu. Portnyanskii

Litvinenko Insitute of Physical Organic and Coal Chemistry, National Academy of Sciences of Ukraine,
Donetsk, Ukraine

Received October 29, 2002; in final form, November 2003

Abstract�The solubility of iodine in 30�55% nitric acid at 25�C was measured. Particular attention was
given to the control of equilibration in the system. An equation was suggested for estimating the iodine
solubility in nitric acid in the concentration range 0�70 wt % HNO3.

Iodine solutions in concentrated nitric acid are of
great practical importance. They found wide applica-
tion as relatively cheap strong oxidants. Recently,
the interest in solubility of iodine in nitric acid in-
creased in the context of utilization of substandard
concentrated solutions of nitric acid.

Experimental measurement of the iodine solubility
in nitric acid and data interpretation is a complex
problem, despite availability of high-sensitivity meth-
ods and pronounced absorption of iodine solutions in
the visible and UV ranges. Iodine is relatively poorly
soluble in polar solvents and forms solutions with
considerable deviation from ideality [1]. In oxidative
systems, iodine can enter numerous reactions. For
example, in concentrated fuming nitric acid it can be
oxidized to iodates in preparative yield [2].

Carter [3] measured the iodine solubility in 3.3�
72.6% HNO3 at 10, 25, and 35�C. According to these
data, at all the temperatures studied the iodine solubil-
ity grows over the entire examined range of the acid
concentrations.

Sozontov et al. [4] measured the iodine solubility
in 20�100% HNO3 in the range 0�80�C. They found
that, at all the temperatures studied, the iodine solubil-
ity decreased as the acid concentration increased to
60�80 wt % (depending on temperature), reached
a minimum (lower by a factor of 4�5 compared to
water), and then, at higher concentrations up to 100%
HNO3, increased slowly to the value remaining, how-
ever, lower than that in water. Sozontov et al. [4]
explained a decrease in the I2 solubility with HNO3
concentration increasing from 0 to 60% by binding of
water molecules to the molecules of nitric acid, and
the subsequent growth of the solubility, by the reac-
tion of iodine with HNO3 to form more soluble iodic
acid. However, it seems incorrect to consider this

process in terms of the solubility (and the solubility
models), since formation of iodic acid in concentrated
nitric acid is irreversible. The iodine compound
formed in 100% HNO3 is also sparingly soluble, as
can be observed visually as transformation of violet
iodine crystals into the orange precipitate.

The experimental data [3, 4] at 25�C are compared
in Fig. 1. As seen, the difference in the numerical
solubility values reaches an order of magnitude and
more. It should be noted that, according to [4], the
iodine solubility in 100% nitric acid is lower than that
in water, which is rather unusual for a nonelectrolyte.

Carter’s results [3] were obtained by iodometric
titration of saturated iodine solutions, whereas Sozon-
tov et al. [4] used the dynamic method with gravi-
metric determination of the solute amount. In these
studies, the mechanism by which the equilibrium was
attained was not considered.

Here we tried to reveal the causes of the discrep-
ancy of the iodine solubility values reported by vari-
ous authors and to determine the values suitable for
practical use.

EXPERIMENTAL

The equilibration in the system in the course of the
iodine dissolution was monitored spectrophotometric-
ally. The iodine electronic spectrum in acid (H2SO4)
solutions was described in [5], and a long-wave shift
(by 50 nm in going from 0 to 94.9% H2SO4) of the
absorption maximum and slight variation of the ex-
tinction with increasing acid concentration were
reported.

In this study, the total spectra of iodine in nitric
acid were obtained with a Specord-2000 spectropho-
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R, mM

c, wt %
Fig. 1. Iodine solubility R in the H2O�HNO3 system vs.
HNO3 concentration c at 25�C. Data from (1) [3], (2) [4],
and (3) this study; (line) calculation by model (1).

aw

�max, nm

Fig. 2. Position of the absorption maximum �max for the
iodine solutions in (1) H2SO4 [5] and (2) HNO3 vs. water
activity aw [6] at 25�C.

�, h
Fig. 3. Solution optical density D vs. time � for the system
I2�30% HNO3 (1) kept without stirring and (2) stirred 3�
5 times daily. � = 465 nm (SF-46), 25�C.

tometer (Fig. 2). As in the case of H2SO4, the maxi-
mum shifts to the long-wave region with decreasing
water activity, without changes in the line shape. In
this case, the data for both sulfuric and nitric acids are
fitted by the same straight line (Fig. 2).

As seen from Fig. 3, without stirring the equi-
librium in the iodine�water�nitric acid system is not
attained even in more than 160 h (line 1). If the vessel
for dissolving iodine is shaken at regular intervals
(3�5 times daily), then the equilibrium can be attained
in 5�6 days (line 2). Therefore, the solutions were
prepared by saturating nitric acid with iodine for 7�
8 days in an air thermostat at 25�C with regular shak-
ing. The dissolved iodine was extracted with carbon
tetrachloride, and its concentration was determined
by iodometric titration. The titer of the thiosulfate
solution was determined using chemically pure grade
K2Cr2O7 and ultrapure grade KI. The reproducibility
was within 0.3%.

Unfortunately, none of the methods considered is
suitable for measuring the iodine solubility in concen-
trated nitric acid, since observations at 25�C show
that, under these conditions, iodine is completely oxi-
dized within several minutes.

It was found previously [7] that, over the entire
composition range, from 0 to 100%, the solubility of
saturated hydrocarbons in the water�nitric acid system
is adequately described by the equation

(log�)E � log� � xw log�w � xa log�a = L (V E/V), (1)

which relates the excess (log�)E value, expressed in
terms of mole fractions of water and acid, xw and xa,
to the excess volume VE = V � xwVw � xaVa (compres-
sion) of a water�acid two-component solvent; �w,
�a, Vw, and Va refer to pure components; � is the
equilibrium coefficient of distribution of the sub-
strate between the gas phase and the solution, � =
lim (cgas/cliq) at cgas � 0; ��1 is equal to the substrate
solubility (M etc.) at its given concentration in the gas
phase. Among the forms accepted in the literature for
describing the solubility of gases and volatile com-
pounds (molarity, mole and weight fractions and
percents, Henry and Bunsen constants, solvomolality,
etc.), it is reasonable to use just the distribution coef-
ficient, because it is equal to the activity coefficient of
the substrate in a solution if ideal gas is chosen as
the standard system [8].

Taking into account that Eq. (1) quantitatively de-
scribes the salting-out effects in concentrated electro-
lyte solutions, including water�acid (sulfuric, nitric,
phosphoric, and other acids) systems, and in a variety
of nonelectrolytes [9�11], we suggest that the solubil-
ity of such a typical nonelectrolyte as iodine in the
water�nitric acid system can be adequately described
by this equation. In calculation by Eq. (1), we used the
value of 1.32�10�3 M for iodine solubility in water
[5]. The solubility in M was converted to � using
the value of 0.309 mm Hg for the iodine saturated
vapor pressure at 25�C from [12], according to which
the concentration of saturated iodine vapor is equal to
1.66�10�5 M: � = (1.66�10�5 M)/(1.32�10�3 M) =
1.3�10�2.

The � coefficient for the iodine solution in 100%
HNO3 (�a = 0.00073) and the L (L = �2.2) param-
eter were calculated from the dependences presented
in [7]:

L = �5.2 + 0.054�Vs
0,

log (�a/�w) = 0.37 � 0.029�Vs
0,
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where
�
Vs

0 is the partial molal volume of the nonelec-
trolyte in water.

We used the value
�
V0

iod = 56 cm3 mol�1, as esti-
mated from data of [13]. The excess volume of the
solvent VE was calculated using the density of HNO3
solutions [14]. The calculated curve of the iodine
solubility in the water�nitric acid system (line in
Fig. 1) at [HNO3] < 70 wt % adequately describes the
experimental data of [3] and those obtained in this
study. The fact that the experimentally measured
solubility exceeded the calculated value at [HNO3] >
70 wt % may be due to the contribution of iodine oxi-
dation under these conditions.
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Abstract�Average concentrations of Ni(II) in suspended hydroxide and basic salts precipitated with NaOH
from NiSO4 solutions and the degree of concentration of Ni(II) as functions of the initial concentration of
Ni(II) salt in solution were studied.

Precipitation methods have long been in use in
chemical technology and chemical analysis for con-
centrating, separating, and purifying various sub-
stances.

Much attention is given now to secondary use of
both precious and non-ferrous metals (zinc, chromi-
um, nickel, and copper), which are lost in electroplat-
ing industry when washing workpieces. A reliable
method of nickel regeneration is its precipitation as
poorly soluble salts and hydroxide using such cheap
precipitants as NaOH and Na2CO3.

The precipitates obtained should have favorable
technological characteristics: high filtration factor,
high sedimentation rate, and small volume of the final
sediment.

The kinetics of precipitation of poorly soluble nick-
el(II) compounds with sodium hydroxide and sodium
carbonate solutions from dilute Limed NB-I electro-
lyte with nickel(II) concentration of 0.2�20 g l�1 was
studied previously. It is believed that, when nickel(II)
is precipitated with sodium hydroxide from NiSO4
solutions (of concentration less than 1 M), two basic
salts, NiSO4 �9Ni(OH)2 and NiSO4 �4Ni(OH)2, or
Ni(OH)2 is precipitated depending on the concentra-
tion [1]. The self-compaction of the precipitates prac-
tically stopped after the lapse of 1.5�4 h, though a
slight volume reduction was observed within a few
days.

The results obtained show that the average concen-
tration cNi of nickel in the precipitate depends on its
initial concentration c0

Ni.

It is known that, when some metals hydroxides are
precipitated from solutions of their salts, the density
of pseudo-amorphous precipitates increases with in-
creasing concentrations of the salts (Tananaev’s effect)
[2]. There are no quantitative relationships for this

effect; therefore, we decided to study this phenome-
non in more detail.

EXPERIMENTAL

The experiments were carried out at room tempera-
ture (17�20�C) with solutions of NiSO4 in which
the nickel(II) concentration was varied from 0.1 to
20.0 g l�1. The solutions were prepared by dilution
of the starting solution with c0

Ni = 30 g l�1. The pre-
cipitant (20% aqueous solution of NaOH) was added
dropwise with stirring to 25 ml of the starting solution
until the required pH was reached (8.0, 9.0, 10.0, and
11.0), as monitored with a pH-340 pH-meter. After
the precipitation, the resulting suspensions of in-
soluble compounds were poured in calibrated test
tubes and allowed to settle for 24 h.

The average concentration of nickel(II) in suspen-
sions cNi (g l�1) was calculated by the formula

cNi = c0
NiV0/Vn,

where V0 is the initial volume of NiSO4 solution (ml),
and Vn, the volume of the precipitate (ml).

The degree of concentration � was expressed as

� = cNi /c
0
Ni.

In the calculations, we did not take into account the
concentration of nickel(II) in an aqueous phase above
a precipitate, as it is less than the initial concentration
by more than two orders of magnitude and thus can be
neglected. The pH of solutions above the precipitate
gradually decreases (after four days, �pH is 0.2�1.5
depending on initial pH and c0

Ni), which seems to be
due to the hydrolysis of Ni(II) basic salts [1, 2].

It should be noted that the results obtained are well
reproducible. In two series of five parallel experi-
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cNi, g l�10

cNi, g l�1

Fig. 1. Average nickel(II) concentration in the precipitate
cNi as a function of its initial concentration in solution
c0
Ni. Precipitation with 20% NaOH solution up to the

following final pH values: (1) 8.0, (2) 9.0, (3) 10.0, and
(4) 11.0; the same for Fig. 2.

cNi, g l�10

Fig. 2. Degree of concentration � as a function of the initial
nickel(II) concentration c0

Ni.

ments, the deviation from the average cNi and �

values does not exceed 5%.

The experimental results are given in Fig. 1, which
shows that the dependences of cNi on c0

Ni in the pH
range under study are similar and can be described
by the equation

cNi = c0
Ni/(acNi + b) + ccNi, (1)

where a, b, and c are empirical coefficients. At pH
8.0, a = 0.14, b = 0.02, and c = 1.14; at pH 9.0 and
10.0, a = 0.24, b = 0.06, and c = 1.00; and at pH 11.0,
a = 0.098, b = 0.09, and c = 0.98. It is interesting
that the curves obtained at pH 9.0 and 10.0 practically

coincide (all the three coefficients are identical), and
the curves obtained at pH 8.0 and 11.0 are close to
each other. At pH 8.0 and 11.0, cNi is much higher
than that at pH 9.0 and 10.0.

The initial steep ascent of the curves is attributable
to the fact that, as c0

Ni increases, the composition of
the precipitate changes from less dense Ni(OH)2 to
more dense basic salts. The further increase in the
density of the precipitates is explained by the effect
of coagulating ions [nickel(II)] at their increased con-
centration [2].

Furthermore, we have found that the volume of the
precipitate is independent of the concentration of
sodium hydroxide used for the precipitation (concen-
tration range 2�20% NaOH).

The density of the forming precipitates is important
for the technology. Denser precipitates have more per-
fect structure; they are better filtered and contain less
impurities.

The degree of concentration of Ni(II) is plotted
in Fig. 2 vs. the initial nickel(II) concentration in
solution. It is seen that the precipitation of nickel(II)
as poorly soluble compounds with an NaOH solution
is an efficient concentrating method at moderate initial
concentrations (c0

Ni �3 g l�1). At higher nickel concen-
trations (c0

Ni > 3 g l�1), the degree of concentration
approaches unity, i.e. the volume of the precipitate
approaches the volume of the initial solution. In the
industry such precipitates are subsequently compacted
(dehydrated) using press-filters, vacuum filters, or
centrifuges.

CONCLUSIONS

(1) At pH 8�11, the dependence of the average
nickel(II) concentration cNi in the precipitate on its
initial concentration c0

Ni in the solution can be de-
scribed by Eq. (1) with empirical coefficients a, b,
and c.

(2) The precipitation of nickel(II) as poorly soluble
compounds with NaOH solutions as an efficient con-
centrating method at moderate initial concentrations
(c0

Ni � 3 g l�1).
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Abstract�Bismuth(V) oxide, silver bismuthate, and a mixture of bismuth(V) oxide with fine silver powder
were studied as oxidizing additives in gas-chromatographic elemental microanalysis of readily combustible
organic substances and coal.

Gas-chromatographic elemental analysis (GCEA) is
one of fast and automated methods for analyzing
organic compounds. The accuracy and reproducibility
of this method are comparable with, and sometimes,
exceed those of conventional elemental analysis.

One of serious problems of GCEA is efficient and
almost instantaneous oxidative thermolysis of an
organic sample to form products suitable for chroma-
tographic analysis. To provide compete oxidation of
a sample, appropriate oxidizing agents or their mix-
tures with combustion catalysts are added to the
sample, and oxidation is performed in a carrier gas
(usually helium) containing oxygen. A wide range of
oxidizing agents and combustion catalysts providing
reliable and complete oxidation of a sample are used
in modern GCEA. However, frequently samples of
organoboron, organosilicon, and organogermanium
compounds, salts of polybasic carboxylic acids, salts
of sulfonic acids, various solid caustobioliths, and
their derivatives (lignite, coal, peat, sapropels, humic
acids, and their extracts) are incompletely burnt
in the presence of these oxidizing agents. This is due
to high content of mineral fraction (up to 95%) in
these materials. Therefore, a search for new effective
oxidizing agents and combustion catalysts for dif-
ficultly oxidizable organoelemental compounds and
solid caustobioliths is an urgent problem.

Diverse inorganic compounds and their mixtures
were studied as oxidizing additives to samples to be
burnt up [1�4]. Some of them such as PbO2 and
MnO2 are oxygen donors. Other compounds, e.g.,
NiO, Cr2O3, WO3, and CeO2 are surface combustion
catalysts. Compounds of the third groups (V2O5,

Ag2O, AgMnO4, AgVO3, Ag2Cr2O7, and Ag2O2) are
both oxygen donors and oxidation catalysts. Among
compounds of the third group, silver-containing sub-
stances AgMnO4 and Ag2O2 are the most effective.
Metallic silver formed in their thermolysis is a very
active catalyst for surface oxidation of the organic
component of organoelemental compounds as well as
high-ash and high-carbon caustobioliths. These oxi-
dizing agents are suitable for highly effective and
complete combustion of difficultly combustible sam-
ples in GCEA. The procedure of GCEA of solid caus-
tobioliths, with coals as example, using a Carlo Erba-
1100 elemental analyzer was developed and optimized
in [4]. AgMnO4, PbO2, Ar2Cr2O7, and Ag2O2 were
studied as oxidizing catalysts for sample combustion.
The most effective were AgMnO4, PbO2, and Ag2O2.
In addition, the procedures for weighing and pretreat-
ment of the samples were substantially modified, and
mathematical treatment of the chromatrograpms was
improved. As a result, the accuracy and reproducibil-
ity of the analysis sharply increased.

Bismuth(V) compounds, Bi2O5, and AgBiO3, have
not been used as oxidizing agents for GCEA. We
suggest that bismuth(V) oxide should be an active
oxygen donor; AgBiO3 should be both an oxygen
donor and a catalyst of surface oxidation owing to
the presence of silver in its composition. The influ-
ence of catalytic additives of fine metallic silver
powder on the oxidizing power of inorganic com-
pounds that are used in modern GCEA as oxygen
donors but are not oxidation catalysts was not fully
understood. In this work we studied synthesis of
bismuth(V) oxide and silver bismuthate and tested
these compounds as oxidizing agents for GCEA. We
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Average results of elemental analysis of p-nitrophenol and coal of Yakutiya basin in the presence of the oxidizing agents
������������������������������������������������������������������������������������

Oxidizing agent
� p-Nitrophenol, % � Coal, %
�����������������������������������������������������������������������
� C � H � N � C � H � N

������������������������������������������������������������������������������������
AgMnO4 � 51.83 � 3.58 � 10.05 � 68.37 � 5.18 � 0.20
Bi2O5 � 51.79 � 3.55 � 10.05 � 54.01 � 5.06 � 0.23
Bi2O5 + Ag � 51.81 � 3.57 � 10.06 � 68.24 � 5.21 � 0.21
AgBiO3 � 51.82 � 3.63 � 10.08 � 57.08 � 5.17 � 0.21
Calculated data � 51.80 � 3.60 � 10.07 � 68.38* � 5.19 � 0.20
������������������������������������������������������������������������������������
* Determineded by conventional elemental analysis

also studied the influence of catalytic additives of fine
metallic silver powder on the oxidizing properties of
these compounds in combustion of microamounts of
difficultly combustible samples.

EXPERIMENTAL

�-Bi2O5 was prepared by treatment of NaBiO3 �
2H2O with a large excess of 68% HNO3 at �15�C for
1 h [5�7]:

2NaBiO3 �2H2O + 2HNO3 + (n � 5)H2O � Bi2O5 �nH2O�

+ 2NaNO3.

After reaction completion, excess HNO3 was
neutralized to pH 7 with an NaHCO3 solution cooled
to 0�C. The Bi2O5 �nH2O precipitate was filtered off,
washed many times with water, and predried at 20�C
for 48 h over freshly calcined CaCl2. Anhydrous
bismuth(V) oxide was prepared by drying Bi2O5 �
nH2O at 105�C for 10 h in a drying oven:

Bi2O5 �nH2O � Bi2O5 + nH2O.

AgBiO3 was prepared by reaction of 28-fold excess
of AgNO3 with NaBiO3 �2H2O in an aqueous solution
at 20�C for 1 h [5]:

NaBiO3 �2H2O + AgNO3 � AgBiO3� + NaNO3 + 2H2O.

The AgBiO3 precipitate was filtered off, washed
many times with distilled water, and predried at 20�C
for 48 h over freshly calcined CaCl2. Anhydrous
AgBiO3 was obtained by heating at 60�C for 24 h
in a drying oven.

To study the influence of catalytic amounts of
silver on the oxidation power of Bi2O5, bismuth oxide
was mixed with fine silver powder prepared by reduc-
tion of [Ag(NH3)2]Cl with N2H4 �HCl in excess

NH4OH. The resulting mixture was thoroughly ground
in an agate mortar and stored without air access.
The weight fraction of Ag(0) in the mixture was
22.56 wt %.

Bi2O5, AgBiO3, and Bi2O5 + Ag(0) were studied
as oxidizing additives to samples for GCEA. We also
studied AgMnO4 as reference effective oxidizing
agent. The organic compound to be analyzed was
p-nitrophenol. Coal of Yakutiya basin was used as
the sample of difficultly combustible high-carbon
caustobiolith. The average rounded weight (mg) of
Bi2O5, AgBiO3, Bi2O5 + Ag(0), and AgMnO4 added
to the sample was 9.6, 11.4, 28.5, and 43.7, respec-
tively, with their volume being approximately the
same. The chromatographic analysis and mathematical
treatment of the results were performed by the proce-
dure in [4]. The results of the elemental analysis are
summarized in the table.

Since Bi2O5 and AgBiO3 are loose powders, their
bulk density is minimal among the examined oxidiz-
ing agents. AgMnO4 has the highest bulk density.
The bulk density of Bi2O5 increases by a factor of
approximately 3 after addition of Ag(0), i.e., addition
of Ag(0) increases the Bi2O5 amount in the sample,
on the average, by a factor of 2.3. Hence, the amount
of �active� oxygen liberated in thermolysis of Bi2O5
increases by the same factor, which should make oxi-
dation of the sample more complete. Thus, the in-
crease in the bulk density of Bi2O5 after grinding with
fine Ag(0) powder should increase the completeness
of sample combustion owing to an increase in the
amount of the oxidizing agent added to the sample,
even if there were no catalytic effect of Ag(0).

As seen from the table, the results of elemental
analysis of p-nitrophenol, performed with all the
tested oxidizing agents, agree with each other and
with the calculated values. Hence, all these oxidizing
agents can be used in GCEA of readily combustible
organic compounds like p-nitrophenol (or their mix-
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tures). On the contrary, the carbon contents in coal de-
termined in the presence of these compounds strong-
ly differ. Only nitrogen and hydrogen contents are
consistent. The carbon content determined with Bi2O5
(54.01% C) is lower by 14.36% than that determined
with AgMnO4 (68.37% C). The carbon content deter-
mined in the presence of AgBiO3 (57.08% C) is
underestimated by 11.29%. The results obtained with
a Bi2O5 + Ag (68.24% C) mixture are close to those
obtained with AgMnO4. Hence, addition of fine Ag(0)
powder sharply increases the oxidizing power of
Bi2O5 under GCEA conditions. This mixture can be
used to analyze difficultly combustible materials like
caustobioliths. Probably, Ag(0) can also enhance the
oxidizing power of AgBiO3 and other compounds.

CONCLUSIONS

(1) Bismuth(V) oxide, its mixture with fine silver
powder, and sliver bismuthate can be used as effective
oxidizing agents for combustion of readily com-
bustible organic compounds in chromatographic ele-
mental microanalysis.

(2) The nitrogen and hydrogen contents deter-
mined in coal samples by gas-chromatographic ele-
mental microanalysis in the presence of the tested
Bi(V) compounds and their mixtures are consistent.

The carbon content in coal, determined with bis-
muth(V) oxide and silver bismuthate, is lower than
that determined in the presence of AgMnO4. The car-
bon content determined with Bi2O5 + Ag(0) mixture
is close to that determined with AgMnO4. This mix-
ture can be used as oxidizing additive in gas-chroma-
tographic analysis of solid caustobioliths.
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Abstract�A new method for engineering calculation of the limiting volume filling of various composites
with particles of solid components with arbitrary granulometric composition is presented. A calculation of the
density of random packing of dispersed fillers is described, including an algorithm for calculating the porosity
of two fractions. The precision of the method is evaluated.

The limiting degree of volume filling, �m, with
dispersed components of binder matrices of various
composites (asphalts, concretes, polymeric compo-
sites, blended solid propellants) is the most important
characteristic of the aggregate parameter �/�m (�
is the volume fraction of the filler). It has been
shown for rubbers that �m depends on the shape and
granulometric composition of filler particles, as well
as on their physicochemical interaction with binders
[1]. The parameter �/�m invariantly determines the
strengthening of composites in, e.g., the dynamic
viscosity coefficient or the initial modulus of visco-
elasticity. The strongest influence on the strengthening
of composites (at � = const) is exerted by the density
of random packing of filler particles in the original
bulk form.

This communication suggests, in contrast to [2, 3],
a more precise combinatorial-multiplicative method
for engineering calculations of the limiting volume
filling of composites with solid dispersed fillers with
an arbitrary number of fractions and particle size dis-
tribution by determining the density of random pack-
ing of particles of a loose material.

The algorithm for calculating �m is based on deter-
mining the porosity of, first, a mixture of two frac-
tions and then replacing this mixture with a single
fraction with equivalent particle size. After that, the
porosity is calculated for a mixture of the equivalent
and next fraction and so on to nth fraction (n is the
number of fractions in the filler). The (n � 1)th itera-
tion yields the volume fraction of pores in a mixture
of n fractions, equal to �p, with the density of random
packing equal to �m = 1 � �p. A method for calculat-

ing the porosity of a mixture of two fractions from the
known porosity and mass-average particle size (diam-
eter) is described below. The input information for
calculating �p for an arbitrary mixture of filler frac-
tions are the factor vector D = (d1, d2, d3,..., dn), with
fraction particle sizes arranged in increasing (or de-
creasing) order, and the corresponding vectors of frac-
tion porosities Q = (q1, q2, q3,..., qn) and volume
shares of fractions � = (�1, �2, �3,..., �n). Then fol-
lows a calculation of �p by the algorithm. Let the
porosity of a mixture of ith (i = 1, 2, 3,..., n � 1) and
jth (j = i + 1) fractions be qz (for the last iteration,
the porosity qz = �p). Then the result of the first itera-
tion (i = 1) is a fraction that is equivalent to a mixture
of the first and second fractions, whose characteristics
are the following:

q(i + 1) = qz = Fz(d
(i), dj, q(i), qj, �(i), �j ), (1)

d(i + 1) = (�(i) + �j)/(�
(i)/d(i) + �j/dj ), (2)

�(i + 1) = (�(i) + �j ), (3)

where q(i + 1), d (i + 1), �(i + 1) are the porosity, particle
size, and volume share of the equivalent fraction,
which are calculated as a result of (i + 1)th iteration;
Fz, the function determining the dependence of the
porosity of a mixture of two fractions on their charac-
teristic parameters and volume shares; q(i), d (i), �(i),
the porosity, particle size, and volume share of the
equivalent fraction in the ith iteration (q(1) = q1, d(1) =
d1, �(1) = �1); and qj, dj, �j, the porosity, particle
size, and volume share of jth fraction.
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Fig. 1. Dependence Kz(�i(j), �ij) at (a) Ki = Kj and
(b) Ki � Kj.

In the second iteration (i = 2), the equivalent frac-
tion is �mixed� with the third ( j = 3). As a result, the
parameters of a fraction equivalent to a mixture of the
first, second, and third fractions are calculated, with
the characteristics determined by formulas (1)�(3), etc.

The particle size ratio �ij (i < j), the porosity coef-
ficients Ki and Kj of ith and jth fractions, their addi-
tive porosity coefficient Ka, and the optimal volume
share �i

0 of ith fraction in a mixture (�j
0 = 1 � �i

0) are
given by the expressions

�ij = di /dj at di < dj ; (4)

Ki = qi /(1 � qi), Kj = qj /(1 � qj); (5)

Ka = Ki�zi + Kj�zj at �zi = �i /(�i + �j) and

�zj = �j /(�i + �j); (6)

�0
i = Kj /(1 + Ki + Kj), �0

j = (1 + Ki)/(1 + Ki + Kj). (7)

These expressions are derived from the obvious
relation

�0
i /�

0
j = �0

i /(1 � �0
i) = [(1 � �m j )�mi]/�m j, (8)

which is valid at � � 0. Here �mi and �mj are the
packing densities of ith and jth fractions. The geo-
metric interpretation of the algorithm for identifying
how the porosity coefficient of a mixture depends on
volume shares of fractions for known porosity coef-
ficients of the fractions and a prescribed particle size
ratio is shown in Fig. 1a for Ki = Kj and Fig. 1b for
Ki � Kj. The dependence Kz(�i(j)) is determined
by two branches (CA and AD), each of which is
described by a third-degree polynomial (Fig. 1a):

Kz = ai + bi�i + ci�
2
i /2 + di�

3
i /3 at �i � �0

i, (9)

Kz = aj + bj�j + cj�
2
j /2 + di�

3
i /3 at �i � �0

i. (10)

The polynomial coefficients ai( j), bi( j), ci( j), di( j)
are found by solving a system of four equations
written with account of the boundary conditions and
the key dependence W(�) (e.g., curve E�, B�, K�, C�, D�
in Fig. 1a) of the minimum normalized porosity coef-
ficient Kz

min(�) on the particle size ratio (� = �* is
an arbitrary value):

W(�) = [Kz
min(�) � Kz

min(0)]/[Kz
min(1) � Kz

min(0)]

= exp (�1.818 log2�), (11)

which is obtained by summarizing experimental data
obtained by different authors. The system of equations
has the form

Kz = ai( j) + bi( j)�0 + ci( j)�0/2 + di( j)�0/3 = Kj(i)

at �i( j) = 0, (12)

Kz = ai( j) + bi( j)�
0
i( j) + ci( j) (�0

i( j))
2/2 + di( j)(�

0
i( j))

3/3 = K 4
j(i)

at �i( j) = �0
i( j), (13)

dKz/d�i( j) = bi( j) + ci( j)�0 + di( j)�0 = tan�(�) = (Ki( j)

� KB
i( j))/�

0
i( j) at �i( j) = 0, (14)

dKz/d�i( j) = bi( j) + ci( j)�
0
i( j) + di( j)(�

0
i( j))

2 = 0

at �i( j) = �0
i( j). (15)

At Ki � Kj (see Fig. 1b), e.g., for a mixture of par-
ticles of spherical and arbitrary shape, the scheme of
calculation for each branch of the sought-for depen-
dence is first similar to that in the case Ki = Kj, i.e.,
the parameters of the left and right branches are found
to be imaginary. Further, the branches (equations) are
matched to form a common smooth curve CD via a
transformation performed in accordance with the
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Porosity coefficients of four-fraction mixtures
������������������������������������������������������������������������������������

Volume share of fractions � Porosity coefficient
������������������������������������������������������������������������������������

�1

�
�2

�
�3

�
�4

�
experiment

� calculation by
� � � � ��������������������������������
� � � � � MCM � MWS

������������������������������������������������������������������������������������
0.375 � 0.125 � 0.375 � 0.125 � 0.432 � 0.432 � 0.468
0.143 � 0.429 � 0.286 � 0.143 � 0.481 � 0.473 � 0.514
0.333 � 0.333 � 0.222 � 0.111 � 0.445 � 0.450 � 0.473
0.273 � 0.182 � 0.273 � 0.273 � 0.429 � 0.425 � 0.465
0.250 � 0.250 � 0.250 � 0.250 � 0.440 � 0.429 � 0.472
0.200 � 0.300 � 0.200 � 0.300 � 0.424 � 0.429 � 0.473
0.222 � 0.222 � 0.222 � 0.333 � 0.430 � 0.428 � 0.464
0.250 � 0.125 � 0.250 � 0.375 � 0.432 � 0.432 � 0.455
0.167 � 0.167 � 0.167 � 0.500 � 0.457 � 0.452 � 0.456
0.300 � 0.300 � 0.300 � 0.100 � 0.380 � 0.457 � 0.484

������������������������������������������������������������������������������������

congruence rule (	CKE is extended to 	CGE, and
	DFE is contracted to 	DGE; the line CGD corre-
sponds to the additive porosity coefficient of the
mixture).

The table lists experimental values of the porosity
coefficients for four-fraction mixtures of packing ele-
ments of a catalyst for reactions columns, which have
different shapes and sizes [3], and values of Kz, calcu-
lated using a software for the method suggested here
(MCM), in comparison with those furnished by the
method developed by Polish engineers Wienckowsky
and Strek (MWS) [2, 3]. The sizes of fraction ele-
ments, arranged in decreasing order, are as follows:
d1 = 25.4, d2 = 12.7, d3 = 6.35, d4 = 3.18 mm. The
porosity coefficients of the fractions: K1 = 0.765,
K2 = 0.680, K3 = 0.623, K4 = 0.610. Comparison of
the results obtained shows better, on the average,
agreement of the calculated and experimental data for
the method suggested here, compared to the MWS
method. This is due to taking into account the non-
linearity of the dependence Kz(�i( j)) in the optimal
range of volume ratios of the fractions in the calcula-
tion by MCM. The precision of this method for calcu-
lation of the porosity or density of random packing of
particles of granulated materials is about 7%.

A transition from a loose state of the filler to a
composite is done by using as input data the porosity
coefficients of the fractions determined via �m i vis-
cometrically, with account taken of the physicochemi-
cal interaction at the filler�binder interface [1]. The

MCM technique is recommended for optimization of
the granulometric composition of a solid dispersed
filler by the criterion of the limiting volume filling of
a binder in a composite.

CONCLUSIONS

(1) A procedure for calculating the density of ran-
dom packing of particles in loose form is described.
This procedure employs the combinatorial-multiplica-
tive method, suggested by the authors, for calculating
the limiting filling of composites with solid dispersed
components.

(2) The algorithm for calculating the porosity of
a mixture of two fractions of a solid dispersed filler is
described and the approach used is illustrated graphi-
cally.

(3) Comparison of the calculated and experimental
data shows that the precision of the method suggested
is about 7%.
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Abstract�The influence of inhibitors on the rate of polymerization of poly-bis-maleimide in organic solvents
at various temperatures was studied.

One of the most important problems of applied
chemistry of macromolecular compounds is produc-
tion of thermostable composite polymeric materials
reinforced with continuous fibers [1, 2]. In this case,
the main requirement to the binder is high stability of
viscous characteristics of polymer solutions for a long
time; in so doing, the impregnation solution is usually
heated to decrease its viscosity. This problem can be
solved using appropriate inhibitors of thermal poly-
merization. The criterion for the choice of these
inhibitors is high solubility in organic solvents and
high performance in a wide temperature range.

Polymerization of unsaturated monomers and oligo-
mers can be decelerated or inhibited almost complete-
ly with relatively small amounts of an inhibitor. Pre-
vious studies of inhibition of polymerization with
molybdenum, tungsten, and vanadium compounds by
the example of poly-bis-maleimide (PBMI) [3, 4]
showed their high performance.

In this work we studied the inhibiting effect of
heteropoly compounds (HPCs) in thermal polymeriza-
tion of PBMI in organic solvents. The specific vis-
cosity of oligomer in a solvent (�sp), which increases
in high-temperature impregnation of the filler or in
prolonged storage, was selected as a parameter defin-
ing the inhibition efficiency. The specific viscosity
was determined on an Ostwald�Pinkevich viscometer
in the range 25�140�C. The temperature gradient in
the heat-carrier bulk did not exceed �0.5�C.

As inhibitors we took HPCs recrystallized from
aqueous solutions and readily soluble in organic media:
H3PMo12O40 �nH2O (PMO12) and H3PW12O40 �
nH2O (PW12), where n = 6�14. Poly-bis-maleimide
produced by the Karbolit RPA [TU (Technical Speci-
fications) 00-06-173�73] was used without additional
purification. The UV spectra of aqueous solutions

were recorded on an SF-46 spectrophotometer. Typi-
cal dependences of the specific viscosity of PBMI in
DMF and N-methylpyrrolidone (N-MP) solutions with
added HPCs on time at various temperatures and
inhibitor concentrations are shown in Figs. 1a and 1b.
With increasing temperature, the viscosity of the solu-
tions regularly increases. The curves of variation of
the specific viscosity of PBMI solution in the pres-
ence of the inhibitor show that the polymerization rate
significantly decreases. As seen from Fig. 1, the de-
pendence of the specific viscosity on time is character-
istic of a zero-order reaction independent of the con-
centration of the initial reactants. The curves of vis-
cosity variation in time, obtained at various tempera-
tures, are unambiguously related to the presence of
multiple bonds, since polymerization of PBMI though
double bonds results in gelation and an increase in the
solution viscosity. Therefore, the polymerization rates
obtained are relative quantities, and in this stage
they allow us to choose only an inhibitor and its con-
centration.

The time dependences of the viscosity of PBMI
solutions and also the relative rates of PBMI poly-
merization in the presence of various HPCs confirm
higher inhibiting power of PMo12, whose oxidation
potential is higher than that of PW12. The assumption
that the mechanism of inhibition with HPCs is caused
by reduction of heteropoly anion is confirmed by the
electronic spectrum of an aqueous extract of a mixture
of PBMI and HPC, preheated at 200�C for 30 min,
considering this fact that the polymer is insoluble in
water. A broad absorption band in the range 660�
750 nm, characteristic of transitions in reduced HPC
species, appears in the spectrum. Preservation of the
band with a maximum at 750 nm suggests that the
structure of the heteropoly anion remains the same
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(a)�sp

�, h

(b)�sp

�, h
Fig. 1. Specific viscosity �sp of PBMI solutions containing inhibitors as a function of time � at (a) 140 and (b) 120�C. (a) In-
hibitor concentration 2 wt %; (1) PBMI in DMF (no inhibitor), (2) PBMI with PW12 in N-MP, (3) PBMI with PMo12 in N-MP,
(4) PBMOI with PW12 in DMF, and (5) PBMI with PMo12 in DMF. (b) PBMI solution in N-MP, inhibitor PMo12; inhibitor
concentration, wt %: (1) 0, (2) 2, (3) 5, (4) 10, and (5) 20.

[5, 6]. The relative rate of thermal polymerization of
PBMI decreases with increase in concentration from 2
to 10 wt % (Fig. 1b); however, further increase in
the HPC content in the solution does not significantly
affect the inhibition process but deteriorates the final
technical characteristics of polymer.

Since inhibition of the polymerization was moni-
tored by variation of the specific viscosity of the
polymer solution, the effective activation energy of
the process was determined from the coefficients of
transformation of the kinetic curves. This made it
unnecessary to determine the absolute values of the
reaction rate and know of the analytical equation of
the kinetic curve. The effective activation energy of
thermal polymerization of PMBI in the N-MP solution
is 12.2 kJ mol�1, and in the presence of 10 wt %
PMo12, 44.9 kJ mol�1, which suggests that addition
of HPC significantly increases the activation barrier of
PBMI polymerization.

Thus, HPCs can be used as polymerization in-
hibitors in organic solvents. The process mechanism
involves reduction of the heteropoly anion and is in

good agreement with previous data on inhibition of
polymerization in melt.
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Mikhail Mikhailovich Shul’ts
(to 85th Anniversary of His Birthday)

On July 1, 2004, Mikhail Mikhailovich Shul’ts,
Academician of the Russian Academy of Sciences,
Hero of Socialist Labor, and a known Russian scient-
ist in the field of physical chemistry, thermodynamics,
chemistry and electrochemistry of glass, and mem-
brane electrochemistry, was 85.

M.M. Shul’ts is the head of one of the best known
Russian scientific schools. Under his supervision,
45 scientists defended their candidate’s dissertations
and five scientists became doctors of science (and one
of these, a corresponding member of the Russian
Academy of Sciences).

Shul’ts entered the chemical department of the Le-
ningrad State University in 1937, volunteered to the
front line in the Great Patriotic War, and graduated
from the University in 1947, to become a post-
graduate student. His supervisor was an outstanding
scientist, later an academician, Boris Petrovich Nikol’-
skii. In his scientific activities, Shul’ts became the
main continuer of Nikol’skii’s researches.

Most part of the scientific life and activities of
Shul’ts was associated with the St. Petersburg (Lenin-
grad) University, where he successively occupied
positions of an assistant researcher, docent, head of
a laboratory at the Research Institute of Chemistry,
and professor of the Chair of Physical Chemistry. In
1967�1972, he was dean of the Chemical Department.
The main scientific achievements of Shul’ts are asso-
ciated with investigations of the electrode properties
of glasses, solution of a wide variety of theoretical
and applied problems of ionometry, and especially
pH-metry. Shul’ts suggested a rigorous proof of the
metallic function of a glass electrode and studied the
mechanism of ion transport in membranes of varied
nature. Under his supervision, a set of glasses for
pH-metry, glasses with metallic electrode functions,
and glass redox-metric electrodes were developed.
The results of studies in this area found exceedingly
wide use in many fields of industry, in agriculture,
in medicine, and in research.

Another important study by Shul’ts at the Uni-
versity is that of fundamental problems of the thermo-
dynamic theory of heterogeneous systems, performed
together with Professor A.V. Storonkin. Here, a sepa-

rate mention should be made of the following: the
Le Chatelier�Braun principle was refined, fundament-
al thermodynamic aspects of phase and chemical
transformations in closed systems were established,
and methods for investigation of complex systems
forming solid solutions were developed.

In 1972, after he started to work at the Greben-
shchikov Institute of Silicate Chemistry as director of
this institute (till 1998), Shul’ts continued intensive
research work in a third field: he studied the structure
and thermodynamic properties of glasses and oxide
melts. He created a leading scientific school �Ther-
modynamics and Chemical Structure of Glasses and
Oxide Melts,� which now efficiently works under
his supervision. Papers by Shul’ts and co-workers,
devoted to this subject and published in Fizika i Khi-
miya Stekla (Glass Physics and Chemistry) journal,
were distinguished in 1996 and 2000 by an award
established by Interperiodica publishing house.
Shul’ts was twice awarded for his studies State Prizes
of the USSR (1973 and 1986), twice he received the
First University Prize. He was awarded the Greben-
shchikov Prize of the Russian Academy of Sciences
(1999). In 2003, he received Mendeleev Prize in
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Chemical Sciences, established by the Government of
St. Petersburg and by the St. Petersburg Scientific
Center of the Russian Academy of Sciences.

Shul’ts combined intensive research with pedagogi-
cal activities: he delivered a general course of lectures
�Physical Chemistry� and special courses of lectures.
At St. Petersburg State University and Institute of
Silicate Chemistry, he supervised the work of post-
graduate students and consulted those who prepared
doctoral dissertations. His disciples include known
scientists and doctors and candidates of science.
The list of his scientific works contains more than
350 titles, including four monographs, textbooks, and
subject collections of works, edited by him.

Shul’ts is engaged in intensive scientific-organiza-
tional activities, being a member of many interbranch

and academic councils, chairman of the scientific
council of the Russian Academy of Sciences for
ceramic materials, and a member of scientific and dis-
sertation councils at St. Petersburg State University
and Institute of Silicate Chemistry, and a chairman or
member of organizing committees of Russian and
international conferences.

During the days of the remarkable jubilee, 85th
birthday, numerous disciples, friends, and colleagues
of Mikhail Mikhailovich wish him sound health, pre-
servation of his inherent good spirits, creative activity,
and joy of life.

A. G. Morachevskii, N. A. Smirnova,
A. A. Belyustin, and I. S. Ivanovskaya

Editorial Board and Editorial Staff
of Zhurnal Prikladnoi Khimii
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AND CHEMICAL TECHNOLOGY

Professor Nikolai Ivanovich Stepanov
(to 125th Anniversary of His Birthday)

At the very beginning of the XX century, a scientif-
ic school of inorganic chemistry, the largest in Russia
and known worldwide, was formed on the basis of
chemical laboratories of three higher-school institu-
tions of St. Petersburg, Mining, Polytechnic, and
Electrotechnical Institutes, under the supervision of
N.S. Kurnakov (1860�1941, Academician since
1913). One of its most prominent representatives was
N.I. Stepanov, Corresponding Member of the USSR
Academy of Sciences and Professor of the Mining
Institute.

Nikolai Ivanovich Stepanov was born on July 6,
1879, in the town of Tara, uezd center of Tobol’sk
province (now Omsk oblast), into the family of a
doctor at Altai okrug. In spring of 1888, the family
moved to Tomsk, where Stepanov, owing to his good
home training and natural abilities, was accepted
directly in IV form. He finished his secondary educa-
tion at one of the best nonclassical secondary schools
of St. Petersburg, where the Stepanov family moved
in 1895. In 1897, he successfully passed a competition
and entered the Mining Institute. Founded in 1773 by
the empress Catherine II, the Mining Institute was one
of the oldest and best higher-school institutes of Rus-
sia at the end of the XX century. Its lecturers included
in those years such known scientists as chemists
I.F. Schroeder (1858�1918) and Kurnakov, crystallo-
grapher E.S. Fedorov (1853�1919), mathematicians
I.P. Dolbnya (1853�1912) and G.A. Thieme (1831�
1910), and electrical engineer M.A. Shatelen (1866�
1957). Already when being a fifth-year student, Ste-
panov carried out, under Kurnakov’s supervision,
a complex experimental study: he analyzed the phase
diagrams of the magnesium�tin and magnesium�lead
systems and found intermetallic compounds in these
systems. In 1903, he finished, the best among the
graduates of that year, the Mining Institute and was
left as assistant researcher at the Chair of Analytical
Chemistry. Simultaneously, he continued his investi-
gations of metallic alloys with strong interaction
between the components and intermetallic compounds
formed. Together with using thermal analysis as a
method for studying the nature of alloys in the solid
state, Stepanov employed the method of measurement

of the electrical conductivity, having improved the
experimental procedure. The investigations of the
young scientist were honored by a minor Mendeleev
Prize, awarded by the Russian Physicochemical
Society in February 1910.

The whole set of experimental studies, whose
results were published in Zhurnal Russkogo Fiziko-
Khimicheskogo Obshchestva in 1905�1910 under the
general title �On Electrical Conductivity of Metal
Alloys in the Context of the Electronic Theory,� was
submitted by Stepanov as a dissertation for the degree
of an associate professor at the Chair of Chemistry.
The author, in particular, noted that the method of
electrical conductivity measurements proved to be
very sensitive to the boundaries of formation of solid
solutions. All the results were explained in terms of
the electronic theory existing at that time. The study
was highly appreciated by Kurnakov and P.I. Walden
(1863�1957, academician since 1910). The disserta-
tion was successfully defended at the Mining Institute
on December 11, 1911. In accordance with the regula-
tions existing at that time, Stepanov delivered on
December 14 of the same year two trial lectures: �On
the Rule of Phases� and �Extraction of Salts from
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Seawater, According to Studies by van’t Hoff.� After
the degree of an associate professor was conferred on
him, Stepanov was sent to a business trip to Germany
and Switzerland to familiarize himself with the meth-
odology of teaching of chemistry and to visit labora-
tories of higher-school institutions. The scientist had a
perfect command of German and French from child-
hood. During the trip, Stepanov made acquaintance
with the following prominent chemists of that time;
G. Tammann (1861�1938), who left Russia in 1903
and occupied the position of a professor at Goettingen
University (Germany); S.A. Arrhenius (1859�1927),
Swedish physical chemist and 1903 Nobel Prize win-
ner; and Swiss chemist A. Werner (1866�1919, 1913
Nobel Prize in chemistry), founder of the coordination
chemistry.

In 1912�1914, Stepanov published a series of
papers devoted to electrochemistry of aqueous solu-
tions. Beginning in 1913, he studied, on a commission
from the Mining Department, together with a profes-
sor of the Mining Institute A.A. Skochinskii (1876�
1960), the explosive properties of the coal dust at
mines of the Donets basin. This work continued for a
number of years. In 1916, Stepanov was elected an
extraordinary professor at the Chair of Chemistry. In
1918, he was charged with delivery of all the main
chemical courses of lectures at the Mining Institute.
Stepanov’s lectures enjoyed a considerable and well-
deserved success with students.

In 1918, Stepanov commenced, simultaneously
with his pedagogical activities, work at the Institute
for Studies of Platinum and Other Noble Metals,
organized on the initiative of Professor L.A. Chugaev
(1873�1922). However, already in 1920 he went to
the Institute of Physicochemical Analysis, headed by
Kurnakov. Stepanov carried out interesting studies in
the field of kinetics of transformations in metals and
alloys. The main results of these studies were reported
at the III Mendeleev Congress in May 1922. In those
same years, the scientist started a series of his most
important studies devoted to the theory of physico-
chemical analysis. This new research area was named
the chemical metrics of equilibrium systems. The suc-
cess in this area was achieved because Stepanov
showed great abilities in mathematics and had a per-
fect command of the necessary mathematical appara-
tus. Spacious publications by Stepanov in Izvestiya
Instituta Fiziko-Khimicheskogo Analiza in 1928�1933
and in Uspekhi Khimii journal (1936, vol. 5, nos. 7�8)
were devoted to the new field of physicochemical
analysis.

In October 1933, at the First All-Union Conference

Stepanov’s dissertation �On Electrical Conductivity of
Metal Alloys in the Context of the Electronic Theory.�

of Physicochemical Analysis, Stepanov made three
reports at plenary sessions. One of these considered
the relationship between the law of mass action and
the equilibrium composition�property diagram, and
the two others discussed the run of the solubility iso-
therm in ternary systems. At the Jubilee Mendeleev
Congress in Leningrad, in September 1934, Stepanov
summarized the main results of the series of his in-
vestigations in the report �The Critical Points of Men-
deleev’s Theory of Solutions and the Metrics of a
Chemical Diagram.�

On March 28, 1934, the general meeting of the
USSR Academy of Sciences made a decision to unite
the Institute of Physicochemical Analysis, Institute
for Study of Platinum and Other Noble Metals, and
Laboratory of General Chemistry into the Institute
of General and Inorganic Chemistry, Academy of
Sciences of the USSR. Academician Kurnakov was
elected director of the Institute. On June 14, 1934, the
Government of the country included the institute into
the list of institutions transferred from Leningrad to
Moscow [1]. As a closest Kurnakov’s associate and
aide, Stepanov took a rather active part in the organi-
zation of a new scientific institution, in which the
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basic areas of inorganic chemistry were to be re-
presented. In 1936, Stepanov headed the sector of
physicochemical analysis at this institute.

The scientific interests of Stepanov were rather
diverse; a complete list of his scientific works can
be found in [2]. Two scientist’s publications were
devoted to the history of chemistry: �Biographic
Evidence Concerning Some Personalities in the Field
of Russian Platinum Industries� (Izv. Inst. Platiny,
1927, vol. 5) and �Chemistry at the Mining Institute
during the Last 150 Years� (Izv. Inst. Fiz.-Khim.
Anal., 1927, vol. 3). Professors A.T. Grigor’ev [2]
and S.V. Lipin, who were closely acquainted with
Stepanov, noted in the articles devoted to the life and
scientific activities of their colleague the breadth of
his interests, his intimate knowledge of literature,
painting, and sculpture, and his talent for music.

In the last years of his life, Stepanov suffered from
a heart illness, but continued intensive work. Nikolai
Ivanovich Stepanov died on May 19, 1938. Kurnakov
characterized his disciple as follows: �Nikolai Ivano-
vich Stepanov is one of the most prominent and out-
standing alumni of the Mining Institute, who studied
at our chemical laboratory. He combined the capacity
for a fine experimental study and a profound mathe-

matical erudition... The studies of dear Nikolai Ivano-
vich Stepanov will erect an eternal monument to him,
which will serve as a guiding source in the wide world
of the chemical metrics of equilibrium systems� [4].
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REVIEWS

Kovenskii, I.M. and Povetkin, V.V., Elektroliticheskie splavy
(Electrolytic Alloys)

Moscow: Internet Inzhiniring, 2003, 288 pp.

Electroplated coatings find exceedingly wide use in
various fields of technology. Coatings composed of
individual metals are the subject of a vast body of
industrial-technological and reference literature, text-
books, and scientific monographs. A much smaller
number of publications and lesser evidence are de-
voted to electrolytic alloys. At the same time, use of
electrolytic alloys makes it possible to obtain coatings
more completely satisfying the necessary operational
requirements. The monograph by I.M. Kovenskii and
V.V. Povetkin summarizes the presently available
results of investigations of electrolytic alloys, carried
out by the authors and devoted to preparation, proper-
ties, thermal treatment, and amorphization of these
alloys. The primary attention is given by the authors
to electrolytic alloys in the form of single-phase solid
solutions. The book comprises six chapters, each with
its own bibliographic list.

Chapter 1 (pp. 3�19) describes methods for deter-
mining the properties of electrolytic coatings. The
whole set of techniques for evaluating the mechanical,
physical, and chemical properties and service charac-
teristics is briefly considered. Microscopic and X-ray
diffraction analyses, electron spectroscopy, and reson-
ance methods are described.

Chapter 2 (pp. 20�44) is devoted to thermodynam-
ic and kinetic aspects of alloy formation processes.
Also considered are the influence exerted by electroly-
sis parameters on the chemical composition of alloys
and the mechanism by which impurities pass into the
deposit. Chapter 3 (pp. 45�136), which occupies the
central position in the monograph, discusses how the

structure of alloys is formed in the course of electro-
crystallization.

Chapter 4 (pp. 137�179) considers the whole set of
the properties of the alloys: hardness; internal stresses;
electrical, magnetic, and optical properties; wear
resistance; solderability; corrosion resistance; and
catalytic activity. The application fields of electrolytic
alloys are briefly discussed. Chapter 5 (pp. 180�243)
is devoted to various kinds of thermal treatment of
electrolytic deposits. Chapter 6 (pp. 244�286) pre-
sents evidence concerning amorphous alloys: amor-
phization conditions, structure, thermal stability, and
properties.

The monograph contains a total of 281 references,
and many of these, to publications by the authors
themselves. A rather positive impression is created by
the section in which the structure of the alloys and its
formation are considered (Chapter 3). Chapter 1 is
written too concisely, the physical methods of investi-
gation could be described in more detail. There are
debatable critical remarks concerning the description
of the thermodynamic characteristics of alloying proc-
esses.

The monograph is intended for researchers, en-
gineers, and technicians working in the field of depos-
ition of coatings with special properties and corrosion
protection of metals; it can also be of use for post-
and undergraduate students specialized in the corre-
sponding branches of chemical technology and metal-
lurgy.

A. G. Morachevskii
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Abstract�The dependence of the process of conversion of natural langbeinite with carnallite in the presence
of a carnallite solution on the process duration, temperature, and particle size was studied. The mechanism
and kinetics of the process were analyzed.

The most valuable component of Precarpathian
polymineral potassium ores is a sulfate mineral, lang-
beinite, whose content in the ore may be as high as
20�30%. In the mineral-salt technology of ore pro-
cessing, used in practice, only 20�23% of the dif-
ficultly soluble langbeinite passes into solution, with
the rest remaining in the halitelangbeinite residue,
which is the waste. Because of the low solubility of
langbeinite, the recovery of K+ into fertilizer does not
exceed 60%, and the content of chloride ions in the
finished product is not higher than 25% [1]. There-
fore, a study of how the solubility of langbeinite com-
ponents can be raised is a matter of current interest.

A method for processing of langbeinite ores is
known. This method consists in washing-out with
water of well-soluble salts to give a langbeinite
concentrate. Drying of the concentrate yields a com-
pound that contains 18 wt % MgO, 22 wt % K2O, and
�2.5 wt % Cl� [2]. Polymineral ores are also processed
using electrostatic separation [3]. However, these
methods are not applicable to processing of Precar-
pathian polymineral ores because of the high content
of readily soluble potassium�magnesium minerals
kainite, sylvine (20�30%), and clayey admixtures
(up to 20%) [2].

Also known is a method for processing of poly-
mineral ores with preliminary conversion of langbein-
ite into schoenite [4] by the reaction

K2SO4 � 2MgSO4 + 13H2O �
� K2SO4 � MgSO4 � 6H2O

(1)+ MgSO4 � 7H2O.

The recovery of components of the polymineral ore
into fertilizer is 80�82%. This technique cannot pro-

vide a >85% conversion of langbeinite into solution,
because an increase in the concentration of the re-
action product, MgSO4, in the liquid phase leads to
a shift of the point corresponding to the solution com-
position into the region of langbeinite crystallization.
Kainite present in the polymineral potassium ore also
enters into the conversion reaction to give schoenite [3]:

2[KCl �MgSO4 �3H2O] �� K2SO4 �MgSO4 �6H2O + MgCl2.
(2)

The forming MgCl2 hinders the course of reac-
tion (2). The negative effect of kainite on the con-
version of langbeinite into schoenite was noted in [5].
In addition, conversion of langbeinite into schoenite
requires a large amount of water, which is bound into
crystal hydrates, and soluble salts crystallize entrapp-
ing particles of the ore. In dissolution of a schoenite-
containing ore, there occurs crystallization of sec-
ondary leonite, which gives no way of achieving
a high saturation of the solution with sulfate potas-
sium�magnesium salts.

Also, a method for conversion of langbeinite with
a magnesium chloride solution into kainite has been
developed [1]. The process occurs in a suspension and
can be represented as

K2SO4 � 2MgSO4 + 9H2O + MgCl2 + KCl

(3)�
� 3[KCl � MgSO4 � 3H2O].

The reaction of MgCl2 with langbeinite terminates
already at its concentration in solution equal to
16 wt %. The figurative point of the system shifts
from the field of kainite into the field of crystalliza-
tion of langbeinite, where the conversion terminates.
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Fig. 1. Langbeinite conversion � vs. the process duration t.
T (�C): (1) 20, (2) 30, (3) 40, (4) 50, (5) 60, (6) 70,
and (7) 80.

A complete conversion of langbeinite into kainite re-
quires an excess amount of MgCl2. In the subsequent
dissolution of the converted ore, the excess MgCl2
makes lower the dissolution rate and solubility of
potassium�magnesium minerals.

A method for conversion of langbeinite into kainite
with the use of carnalite is suggested. The process can
be described by the equation

K2SO4 � 2MgSO4 + 3H2O + KCl � MgCl2 � 6H2O

�
� 3[KCl � MgSO4 � 3H2O]. (4)

The process occurs at the interface between solid
phases and the minimum amount of a liquid phase;
MgCl2 passes from carnallite crystals into the liquid
phase on their surface and, simultaneously, enters
into the reaction with langbeinite. A limited amount
of the liquid phase acts as a transport medium for
transfer of MgCl2 and as a source of water necessary
for the reaction to occur. By the end of the process,
the reaction mass becomes nearly dry, and, conse-
quently, the remaining amount of free MgCl2 is small.
Therefore, the dissolution of potassium�magnesium
minerals is not decelerated in the stage of ore dis-
solution.

EXPERIMENTAL

The influence exerted by various factors on the con-
version of langbeinite mixed with carnallite into kai-
nite was studied under laboratory conditions. A lang-
beinite rock from the presently used potassium mine
was crushed to particle size of less than 3 mm,
washed to remove admixtures of soluble salts with
a plentiful of tap water under stirring, and filtered.
The remaining intercrystallite moisture was removed
with acetone. The washed langbeinite was dried at

50�C for three days and the 1�3-mm fraction was
separated by sieving on wire sieves. The resulting
product had the following composition (wt %):
K+ 19.12, Mg2+ 11.44, Ca2+ 0.16, Na+ 0.05, Cl� 0.12,
SO4

2� 69.01 (or 97.3% langbeinite, 0.1 anhydrite, 0.9
polyhalite, 0.12 halite, 0.08 sylvine, 1.4 arcanite).

Carnallite was prepared from chloride�magnesium
solutions formed in processing of polymineral potas-
sium ores by synthesis with crystalline KCl. The com-
position of the solid phase of carnallite was as follows
(wt %): K+ 13.04, Mg2+ 8.15, Ca2+ 0.16, Na+ 1.5,
Cl� 38.28, SO4

2� 0.2, H2O 38.67. Also, a carnallite
solution obtained by filtering-off carnallite was used
(wt %): K+ 0.33, Mg2+ 7.52, Ca2+ 0.45, Na+ 0.26,
Cl� 23.42, SO4

2� 0.02, H2O 68.0.

The prepared weighed portions of langbeinite, car-
nallite, and carnallite solution were kept separately in
thermostats for 24 h for heating to the temperature of
the experiment. Then they were mixed together and
a sample was taken for a blank run. The langbeinite
samples and the carnallite solution contain soluble
sulfate impurities, which leads to experimental errors.

The reaction mixtures were kept under isothermal
conditions for 480 h, with agitation and sampling
at regular intervals. Samples of mass 100 g were
dissolved in 400 g of distilled water at 20 � 1.0�C
in the course of 10 min in a thermostated reactor.
The resulting suspension was filtered on a preliminari-
ly weighed Buchner funnel under reduced pressure.
The filtrate was weighed and analyzed for the content
of K+ and Na+ by flame photometry, Mg2+ and Ca2+

by complexonometry, Cl� by mercurimetry, and SO4
2�

by gravimetry [6]. The conversion of langbeinite, �,
was calculated by the formula

� = [m(SO4
2�)sol � m0(SO4

2�)]/[m(SO4
2�)lang � m0(SO4

2�)],

where m(SO4
2�)sol is the mass of sulfate ions in the re-

sulting solution; m0(SO4
2�), the mass of sulfate ions

in the solution from the blank run; and m(SO4
2�)lang,

the mass of sulfate ions in the weighed portion of
the ore.

Also, the effect of temperature on the conversion
process was studied. The conversion of langbeinite
into kainite is accompanied by heat release and warm-
ing-up of the reaction mass. In addition, the carnallite
used for the conversion is formed in evaporation of
solutions obtained in ore processing and has a tem-
perature of 40�70�C. Therefore, the temperature of
the conversion process can be varied.

The results of the study show (Fig. 1) that the re-
action is the slowest at 20�C, with the conversion in
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20 days being as low as 15%. The conversion is also
low at 80�C, which can be attributed to stabilization
of langbeinite at elevated temperatures. At 40�C,
the conversion in 20 days is 89.7%. The maximum
conversion of langbeinite into kainite is achieved at
50�C (93% in 20 days).

The conversion of langbeinite into kainite is a top-
ochemical reaction, whose kinetics is commonly
studied using the Erofeev equations [7, 8]

� = 1 � exp(�ktn ), (5)

where � is the conversion; k, the reaction rate con-
stant; t, time; and n, the reaction order.

The correctness of choosing Eq. (5) for describing
the kinetics of langbeinite conversion into kainite is
confirmed by the plot of the dependence � = f (t) in
the coordinates [1 � (1 � �)1/3]�t (Fig. 2). The kinetic
dependences of the conversion � on the process dura-
tion t are plotted as straight lines in these coordinates,
which indicates that the zone of the conversion reac-
tion is close to the surface of spherical langbeinite
particles. A rearrangement of Eq. (5) yielded

(6)nlog t = log (1/k) + log [�ln (1 � �)].

Figure 3 shows the dependence of the conversion
of langbeinite into kainite, which is linear when
plotted in the coordinates log [�ln (1 � �)]�log t.
The rate constant of the reaction can be determined
graphically from the condition

k = �ln (1 � � t = 1). (7)

The results obtained are listed in the table.

The plot of the rate constant of the reaction of lang-
beinite conversion into kainite against temperature in
the coordinates 1/T�ln k (Fig. 4) was used to de-
termine the activation energy, which was equal to
39.08 kJ mol�1 in the temperature range 40�70�C.
This means that the heterogeneous reaction is gov-
erned both by diffusion and by the chemical process
at the interface. The activation energy of langbeinite
conversion at 20�40�C is 53.2 kJ mol�1, which cor-

Fig. 2. Graphical verification of the occurrence of lang-
beinite conversion into kainite by the mechanism of a con-
tracting sphere. (t) Time. T (�S): (1) 20, (2) 30, (3) 40,
(4) 50, (5) 70, and (6) 80.

Fig. 3. Graphical determination of the reaction rate con-
stants by the Erofeev equation. T (�C): (1) 20, (2) 30,
(3) 40, (4) 50, (5) 60, and (6) 70.

Fig. 4. Rate constants k vs. temperature T.

responds to the kinetic region of the heterogeneous
process. The temperature at which the conversion rate
is the highest was determined graphically (Fig. 4) to
be 39.5�C.

Equation (6) was used to find the reaction order n:
1.418 at 40�C, 1.25 at 50�C, and 0.65 at 80�C, which

Reaction rate constants at different temperatures
������������������������������������������������������������������������������������

T, K � log k � k � T, K � log k � k
������������������������������������������������������������������������������������

293 � �2.17 � 0.0068 � � �� � � � �
303 � �2.57 � 0.0027 � � �� � � � �
313 � �3.48 � 0.0003 � � �

� � � 323 � �2.76 � 0.0017
� � � 333 � �2.39 � 0.0041
� � � 343 � �1.72 � 0.0191
� � � 353 � �2.08 � 0.0083

�����������������������������������������	������������������������������������������
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Fig. 5. Conversion � vs. the process duration for different
langbeinite fractions. Fraction (mm): (1) 0.5�1, (2) 1�3,
and (3) 3�5.

points to a complex nature of the processes accom-
panied by formation of intermediate compounds.

The conversion of langbeinite mixed with carnall-
ite into kainite in a carnallite solution is a heteroge-
neous process whose kinetics is affected by the area
of the phase boundary. Therefore, the influence exerted
by the particle size of langbeinite on the conversion
was studied at 50�C with 3�5-, 1�3-, and 0.5�1-mm
langbeinite fractions. The results obtained are shown
in Fig. 5. It can be seen that the conversion in 10 days
is 48.9% for the 3�5-mm fraction and 70.4% for the
1�3-mm fraction. For the 0.5�1-mm fraction, the con-
version in 10 days is 79.6%. Consequently, the smaller
the langbeinite particles, the faster and the more com-
plete its conversion into kainite. For the 0.5�1-mm
fraction, a 96.8% conversion was achieved in 20 days.

The data obtained can be used in developing a
technique for processing of polymineral potassium
ores. The conversion of langbeinite mixed with car-
nallite into kainite in a carnallite solution makes it
possible to raise the recovery of K+ into a fertilizer
to 85% and diminish the content of Cl� ions in the fer-
tilizer to 3%.

This method can be applied not only to Precar-
pathian polymineral potassium ores, but also to lang-
beinite ores from the United States by adding KCl,
which forms with MgCl2, in the course of solution
evaporation, carnallite necessary for the reaction of
conversion with langbeinite.

CONCLUSIONS

(1) The highest conversion of langbeinite into kai-
nite in the temperature range 20�70�C is achieved at
50�C, and the fastest reaction rate, at 39.5�C.

(2) The activation energy is 53.2 kJ mol�1 in
the temperature range 20�39.5�C, which points to
the kinetic region, and 39.08 kJ mol�1 at 40�70�C,
which corresponds to the transition region of the het-
erogeneous process.

(3) The reaction order n is 1.41 at 40�C, 1.25 at
50�C, and 0.65 at 80�C. As the langbeinite par-
ticles become smaller, the conversion grows and ex-
ceeds 96.8% in 20 days at a particle size of less than
1�0.5 mm.
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Abstract�The distribution of natural nuclides and of the effective specific radioactivity in processing of
the sphene concentrate was studied.

The total specific radioactivity �A of the sphene
concentrate obtained in dressing of Khibiny ores varies
within the range 10�15 kBq kg�1 [1]. In conformity
with the regulations concerning the radiation safety
[2�4], the content of natural radionuclides and the ef-
fective specific radioactivity Aeff (Bq kg�1) in the start-
ing concentrate and in the products obtained from this
concentrate in three main process stages [5] was de-
termined in developing a technology for processing of
the sphene concentrate: titanium-silica product, nitric
acid solution of Ca(NO3)2, meta-titanic acid TiO2 �
nH2O, hydrolytic H2SO4, silica cake, CaSO4 � 2H2O,
and recovered HNO3.

EXPERIMENTAL

The study was carried out on the certified equip-
ment of an accredited laboratory for radiation monitor-

Scheme of the main process stages in processing
of the sphene concentrate.

ing: Progress-AG gamma spectrometer with a 63 �
63 mm NaJ/Tl scintillation detector and a Sputnik
alpha-beta radiometer. Freshly prepared technological
products (see Scheme), kept for 1�45 days for restora-
tion of the radioactive equilibrium in the uranium-238
and thorium-232 series, were analyzed by two meth-
ods under different conditions. It was necessary to use
different methods because of the possible disturbance
of the radioactive equilibrium in radioactive series in
chemical treatment of the concentrate.

Gamma spectrometry was applied to analysis of
solid and liquid products. The measurements were
performed in the �Marinelli� (volume 1 l) and �Petri
dish� (80 � 35 and 90 � 90 mm) configurations at
an exposure duration of 1800�5400 s. Radiometry was
used to analyze powder samples with weighed por-
tions of 3�15 g and exposure duration of 3 � 600 s.

The significance of the results was confirmed by
using control and reference sources of ionizing radia-
tion (OSGI, 90Sr, 238Pu), a reference source of natural
radionuclides (bulk measure of activity), State stand-
ard samples SG-1, SVT-16, OSO-6, and other ref-
erences certified for the content of uranium and thori-
um in the range 2 � 10�4�9 � 10�1 wt % (with varied
U/Th ratio and chemical composition). Control sources
were used to calibrate the gamma spectrometer in
energy and to verify the invariability of parameters of
the spectrometric installation and radiometers. The de-
termination error for a confidence probability of 0.95
was 19�25 rel.% for 238U and 226Ra and 15�18 rel.%
for 232Th. A good agreement between the results ob-
tained by different methods was observed. The preci-
sion and sensitivity of analysis ensured that the radio-
nuclides could be determined at the level required
by NRB-99 (Radiation Safety Standard) and GOST
(State Standard) 30108�94.
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Table 1. Radiation-hygienic characteristics of the main technological products
������������������������������������������������������������������������������������

� Specific radioactivity of indicated � �
Activity, Bq kg�1 �

Product
� radionuclides, Bq kg�1 � Aeff, � �

� /�
���������������������������� �������������������������
� 40K � 226Ra � 232Th �

Bq kg�1

� �- � �- � � A(�, �, �) �
������������������������������������������������������������������������������������
Sphene concentrate � <450 � 190 � 510 � 880 � 4070 � 5010 � 9500 � 0.8
Titanium-silica product � <290 � 86 � 246 � 410 � 2240 � 2500 � 5030 � 0.9
Silica cake � <310 � 90 � 148 � 290 � 850 � 1850 � 3010 � 0.5
Metatitanic acid � <270 � 80 � 94 � 105 � 1760 � 610 � 2640 � 2.9
Gypsum � 160 � 80 � 86 � 210 � � � � � � � �

������������������������������������������������������������������������������������

Table 2. Distribution of uranium-238 and thorium-232 in processing of the sphene concentrate
������������������������������������������������������������������������������������

�
Amount,

� Uranium-238 � � Thorium-232 � �
� ����������������� ����������������� �Product �

kg
� � Q, % � � Q, % � Th/U

� � wt % � g (g l�1)* � � wt % � g (g l�1)* � �
������������������������������������������������������������������������������������

Process stage 1

Sphene concentrate � 1.0 � 0.0015 � 0.015 � 100 � 0.0126 � 0.126 � 100 � 8.4
Titanium-silica product � 0.8 � 0.0007 � 0.0056 � 37.3 � 0.0600 � 0.0480 � 38.1 � 68.6
Ca(NO3)2 solution + HNO3 � 2.1 � 0.0045 � 0.0094 � 62.7 � 0.0400 � 0.0840 � 66.7 � 9.0
������������������������������������������������������������������������������������
Total � 100.0 � � 104.8 �
Unbalance � 0 � � +4.8 �

Process stage 2

Metatitanic acid � 0.42 � 0.0006 � 0.0025 � 16.8 � 0.0023 � 0.0097 � 7.7 � 3.8
Hydrolytic H2SO4 � 0.6 � 0.0015 � 0.0009 � 6.0 � 0.0246 � 0.0148 � 11.7 � 16.4
Silica cake � 0.4 � 0.0007 � 0.0028 � 18.7 � 0.0036 � 0.0144 � 11.4 � 5.1
������������������������������������������������������������������������������������
Total � 41.5 � � 30.8 �
Unbalance � +4.2 � � �7.3 �

Process stage 3

Gypsum � 0.5 � 0.0006 � 0.0030 � 20.0 � 0.0021 � 0.0105 � 8.3 � 3.4
Recovered HNO3 � 2 l � 0.0008 � 0.0032 � 21.4 � 0.0371 � 0.0742 � 58.9 � 46.4
������������������������������������������������������������������������������������
Total � 41.4 � � 67.2 �
Unbalance � �21.3 � � +0.5 �
������������������������������������������������������������������������������������
Sum total for the scheme � 82.7 � � 104.3 �
Unbalance � �17.3 � � +4.3 �
������������������������������������������������������������������������������������
* For liquid products.

Table 1 lists the average results of gamma-spec-
trometric and radiometric analyses of the main tech-
nological products.

The distribution Q of the radionuclides relative
to their content in the sphene concentrate (taken to be

100%) is given in Table 2 for uranium and thorium
and in Table 3 for radium and effective specific ac-
tivity.

As can be seen from Table 2, the radioactivity
of the sphene concentrate under study is due to
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Table 3. Distribution of radium-226 and Aeff for the scheme
������������������������������������������������������������������������������������

�
Amount,

� Radium-226 � � Aeff �
� ������������������� �������������������Product �

kg
� � Q, % � � Q, %

� � Bq kg�1 � Bq � � Bq kg�1 � Bq �
������������������������������������������������������������������������������������

Process stage 1

Sphene concentrate � 1.0 � 190 � 190 � 100 � 880 � 880 � 100
Titanium-silica product � 0.8 � 86 � 68.8 � 36.2 � 410 � 328.0 � 37.3
Ca(NO3)2 solution + HNO3 � 2.1 � 43 � 116.5 � 61.3 � 210 � 564.5 � 64.1
������������������������������������������������������������������������������������
Total � 97.5 � � 101.4
Unbalance � �2.5 � � +1.4

Process stage 2

Metatitanic acid � 0.42 � 77 � 33.34 � 17.0 � 105 � 44.1 � 5.0
Hydrolytic H2SO4 � 0.6 � 15 � 10.95 � 5.8 � 126 � 92.0 � 10.5
Silica cake � 0.4 � 89 � 35.6 � 18.7 � 290 � 116.0 � 13.2
������������������������������������������������������������������������������������
Total � 41.5 � � 25.4
Unbalance � +5.3 � � �11.9

Process stage 3

Gypsum � 0.5 � 80 � 40 � 38.6 � 210 � 105.0 � 11.9
Recovered HNO3 � 2.0 � 8.3 � 19.42 � 10.2 � 178 � 416.5 � 47.3
������������������������������������������������������������������������������������
Total � 48.8 � � 58.2
Unbalance � �12.5 � � �5.9
������������������������������������������������������������������������������������
Sum total for the scheme � 90.3 � � 83.6
Unbalance � �9.7 � � �16.4
������������������������������������������������������������������������������������

0.013 wt % 232Th and 0.002 wt % 238U. The exper-
iments performed demonstrated that the radioactive
equilibrium in the processing products is disturbed
only slightly. The disturbed equilibrium, especially
that in liquid products, was restored during the time
of the experiments, specified above, and was taken
into account when calculating the content of uranium
and thorium.

The ratios of the amounts of alpha- and beta-
emitting substances (� /�) in the final products are
close to those in sphene. In the intermediate titanium-
silica product, � /� increases to 2.9 because of the re-
distribution of radionuclides (Th /U = 68.6).

In leaching of the sphene concentrate with a HNO3
solution, with addition of fluorine compounds, most
part of the radioactivity (up to 65�70%, process
stage 1) passes into the nitric acid solution, which
contains 0.06 g l�1 of 232Th and 0.007 g l�1 of 238U
(Tables 2, 3). In process stage 1, the distribution

of 238U, 226Ra, and 232Th among the solid and liquid
phases is the same and approximately equal to 1 : 2.

In separating titanium from silicon in process
stage 2, there occurs partial separation of the radio-
nuclides. Uranium-238, radium-226, and thorium-232
are virtually evenly distributed among TiO2 and SiO2,
with approximately 15% of these radionuclides re-
maining in the filtrate. A greater amount of uranium
and radium, compared with that of thorium, copre-
cipitates with TiO2. SiO2 contains the largest amount
of radioactivity: 35% relative to that in the titanium-
silica precipitate. The amount of thorium in the filtrate
after hydrolysis is 46.5% relative to that in TiO2 +
SiO2, which is 2.8 times the amount of uranium and
radium.

In precipitation of CaSO4 in process stage 3, 84%
of radium and 15% of thorium passes into solution.
Up to 60�88% of thorium and 16% of uranium and
radium [relative to the intermediate product, Ca(NO3)2
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solution] passes into the filtrate containing nitrates of
rare-earth elements. Thus, partial separation of radio-
nuclides occurs in this stage, too.

On the whole, the unbalance of radioactivity in
the process stages and in the entire scheme is within
the errors of the methods used.

It follows from the results obtained that the effec-
tive specific activity of the sphene concentrate, Aeff =
880 �140 Bq kg�1, i.e., the concentrate belongs to
Class-II materials with increased content of natural
radionuclides (0.74 < Aeff < 1.5 Bq kg�1) [2].

The processing of the concentrate by the technique
developed yields products, both intermediate and final,
whose total specific radioactivity is a factor of 1.6�
3.6 lower than the initial radioactivity; no concen-
tration of radioactivity in a separate product occurs.
The effective specific activity of natural radionuclides
in the titanium-silica product, silica cake, gypsum,
and metatitanic acid is within 50�420 Bq kg�1. Ac-
cording to NRB-99 and OSPORB-99 (Basic Sanitary
Regulations Concerning Radiation Safety), working
with the products under study is radiation-safe and
the products are not radioactive. The effective specific
activity of TiO2 and SiO2, as well as that of CaSO4 �
2H2O, is less than 370 Bq kg�1. According to NRB-99
[2], these products belong to Class-I building materials
and can be used in manufacture of building materials
without any radiation-related restrictions.

The filtrate obtained after separation of TiO2,
which contains 300 g l�1 of H2SO4, is used, upon
an approximately 3-fold dilution, for chemical pur-
ification of the sphene concentrate and after that can
be discharged into a tailing dump [6]. Recovered
HNO3 is recycled into the stage of decomposition of
further batches of the sphene concentrate.

CONCLUSIONS

(1) In radioecological studies, the distribution of
natural radionuclides in products formed in processing
of the sphene concentrate was examined and it was
shown that the total specific radioactivity of both in-

termediate and final products is a factor of 1.6�3.6
lower than its initial value and no concentration of
radioactivity in a separate product occurs.

(2) It was established that the effective specific
activity of natural radionuclides in the final products
of processing: metatitanic acid, gypsum, and silica
cake, is less than 370 Bq kg�1. These products belong
to Class-I building materials and can be used without
any radiation-related restrictions.
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Abstract�Direct synthesis of MgSiN2 from simple substances was performed in a flow-through system.
The sequence of transformations that occur on heating mixed magnesium and silicon powders in flow of
nitrogen was determined by X-ray phase analysis.

Owing to the increasing interest in semiconductor
nitrides, works on synthesis and study of A2B4N2
compounds (A2, Mg or Zn; B4, Si or Ge) have been
resumed recently [1�4]. These compounds inherit
the structure of a double prototype compound A3B5

(wurtzite or a derivative orthorhombic structure) and,
as established by approximate calculations and exper-
iments, must have electronic and optical character-
istics closely similar to those of double nitrides.

Aluminum nitride can not only be used as a wide-
bandgap semiconductor, but is also regarded now as
one of the best materials for substrates of integrated
circuits. It has a higher thermal conductivity than
the traditionally used aluminum oxide, which makes it
possible to raise substantially the degree of integration
and speed of response of integrated circuits. Similar
applications are possible for a direct analogue of alu-
minum nitride, MgSiN2.

The best known methods for synthesis of MgSiN2
in the form of a powder are based on sintering of
mixtures of double nitrides or on nitration of mag-
nesium silicide [4]. The necessity for a preliminary
synthesis of double half-products makes process more
complex and is a potential source of impurities. This
is especially true for the insufficiently chemically
stable magnesium nitride.

This study was aimed to carry out a direct syn-
thesis of MgSiN2 from simple substances: Mg, Si, and
N2. The second goal was to perform a gas-phase syn-
thesis of MgSiN2, using volatile Si compounds as
a source and relying upon the volatility of Mg.

The direct synthesis was performed in a tubular
porcelain reactor connected to a gas-distributing sys-
tem in such a way that a rarefaction, a flow of N2 or

Ar, or a static atmosphere of N2 could be obtained
in it. We used containers made of sintered corundum
and inserts for collection of sublimates. The heating
was performed in a resistance furnace. The tempera-
ture was monitored and controlled using platinum to
platinum�rhodium thermocouples. The flow rates of
high-purity gases {nitrogen [GOST (State Standard)
9293�74] and argon (GOST 101157�79)} was dosed
and monitored using valve floating rotameters.

The starting mixture was prepared by a thorough
dry mixing of powders obtained by mechanical grind-
ing of high-purity ingots of Mg (GOST 6001�79) and
Si (semiconductor-grade purity, GOST 19658�81).
The particle size was 100�200 �m for the magnesium
powder and <10 �m for the silicon powder.

The mass of the starting substances, reaction prod-
ucts, and, in some cases, sublimates was measured on
an analytical balance. X-ray diffraction patterns were
obtained with FeK

�

radiation at angles 2� = 20�120�C.
The processing of the results relied upon the PDF-2
database [5].

The Mg : Si ratio in the starting mixture was varied
within the range 1�1.8 to compensate for the unavoid-
able loss of Mg in the flow-through system. The proc-
ess was performed with an excess of N2 delivered
from an external source, with the temperature gradual-
ly elevated. To reveal the sequence of the occurring
transformations, the experiment was interrupted at one
or another stage, the products were cooled in a flow
of N2 and subjected to analysis.

The results of the experiments are presented in
Fig. 1. The phase composition is shown in the form
of a diagram constructed on the basis the results of
a qualitative XPA of the products formed in the course
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Fig. 1. Direct synthesis of MgSiN2 and variation of
the phase composition of the mixture in the course of
the reaction. (T ) Temperature and (�) time.

of the experiments interrupted at different stages of
synthesis. When constructing the diagram, points of
appearance or disappearance of the reflections of
the corresponding phase were used. Connecting these
points, we obtained the conditional boundaries of
phase coexistence at different stages of the process,
which gives notion of the most probable scheme of
the transformations resulting in the synthesis of
a single-phase product.

After a temperature of 620�C is reached, indica-
tions of a reaction appear. Magnesium starts to be
transformed into nitride:

3Mg + N2 = Mg3N2, �H0
298 = �461.8 kJ mol�1.

Simultaneously, a minor part of magnesium is
bound with silicon into a silicide:

2Mg + Si = Mg2Si, �H0
298 = �79.5 kJ mol�1.

The first reaction is strongly exothermic, and for
a certain time the synthesis proceeds in the self-igni-
tion mode, which is manifested, in particular, in a
dramatic increase in the N2 absorption at the inlet of
the reactor, at its outlet closed and the heater switched
off. During this period of time, local warming-up leads
to difficultly controllable loss of Mg, indicated by the
appearance of sublimates. After this stage is complete,
i.e., intense absorption of N2 stops, the amount of free
Mg in the reaction mixture is insignificant.

On further heating, MgSiN2 starts to be formed,
probably, with partly dissociating Mg3N2 involved.

The appearance of MgSiN2 was observed at those
same temperatures (>900�C) at which the sublima-
tion of Mg3N2 in a flow-through reactor was intensi-
fied. Since no indications of silicon nitration were ob-
served, the most probable schemes of the final trans-
formations do not involve Si3N4 and can be presumab-
ly represented as

Mg3N2 + Si = MgSiN2 + 2Mg�,

Mg2Si + N2 = MgSiN2 + Mg�.

The equations of these reactions include magnesi-
um compounds, which are unstable with respect to
dissociation at the experimental temperatures, on
the left-hand side, and a volatile product (Mg vapor),
which facilitates both the thermodynamic and kinetic
aspects of the process, on the right-hand side.

The final annealing at about 1350�C ensures the
completion of the reaction and improves the crystal-
linity of the product. The excess amount of Mg con-
denses in the cool part of the reactor in the form of
Mg3N2.

The material obtained is a light gray powder,
which is, according to X-ray analysis, a single-phase
MgSiN2 [6].

The reaction yield by silicon approaches 100%. In
the preliminary experiments, compaction of the pow-
der synthesized under RF heating in a mixture N2�H2
produced compact ceramic samples. However, the sin-
tering process was sufficiently successful only with
oxide additives introduced.

The possibility of codeposition of MgSiN2 from
the gas phase is not reflected in the literature, although
this process has been performed previously in a chlo-
ride system for an analogue of this compound, ZnGeN2
[7]. The fact that MgCl2 has a relatively low volatility
(Tboil = 1420�C) and readily undergoes hydrolysis
gives no way of applying the above method directly
to the system studied.

To make control of the process simpler and to
diminish the possible contamination, the following
reaction of hydride synthesis was chosen as the main
reaction

Mg + SiH4 + 2NH3 = MgSiN2 + 5H2.

The involvement of two metastable hydrides in
the process ensures a complete irreversibility of
the deposition of the ternary nitride. At the same time,
there appears a risk of development of a side reac-
tion, pyrolysis of silane. Magnesium (Tboil = 1120�C)
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is considerably more volatile than its chloride MgCl2,
but certain difficulties are caused by the corrosiveness
of the Mg vapor with respect to the container ma-
terials.

We used an axially symmetric vertical reactor with
a graphite reactor unit (Fig. 2). Graphite was covered
with a Si3N4 layer from the inside. A uniaxial feed-
ing of the reagents and the upper, with respect to the
gas-flow inlet, position of the substrate were used.
The position of the substrate was adjusted in the ver-
tical direction. The design of the reactor unit ensured
the minimum time of contact between SiH4 and heated
surfaces to prevent its decomposition. The Mg vapor-
izer was fabricated in the form of an annular cavity
connected with the main channel via effusion orifices.
Within a vaporizer of this type, the Mg vapor pressure
is mainly temperature-controlled and the rate of vapor
outflow from it is rather stable. As the carrier gas
served Ar, the silane�argon mixture or NH3 was fed
through separate pipes. The sealing was ensured by
ground-quartz joints and an upper annular ring-shaped
seal. A two-zone resistance furnace allowed inde-
pendent variation, within certain limits, of the tem-
peratures of the substrate and Mg vaporizer.

Magnesium with less than 0.08 wt % impurities,
a silane�argon mixture containing 96 vol % high-
purity Ar and 4 vol % SiH4, and NH3 with a content
of H2O vapor less than 0.04 vol % were used as start-
ing substances. The consumption of Mg was con-
trolled by varying the temperature within the zone of
its evaporation and monitored by the change in its
mass during the experiment. The partial pressures in
the deposition zone were calculated from the molar
consumption of the reagents.

The deposition was done onto polished leuco-
sapphire substrates etched in a mixture of H2SO4
and H3PO4. The duration of the experiment was about
60 min, and the deposition rate did not exceed
3 �m h�1.

All the experiments were performed at a deposition
temperature of 1050�C. At higher temperatures, the
process is complicated by pyrolysis of SiH4, and at
lower temperature, it is difficul to ensure a sufficient
flow rate of Mg vapor. The ratio of the partial pres-
sures of Mg and SiH4 in the mixture was maintained
close to equimolar value, whereas the excess of NH3
was overwhelming (about 200).

The position of a substrate in the gas flow is an im-
portant parameter [8], because homogeneous trans-
formations, which dramatically affect the result of
deposition, may develop in a thermodynamically un-
stable gas mixture. At different total flow rates in the

Fig. 2. Reactor for synthesis of MgSiN2 in the hydride sys-
tem. (1) Reactor shell (quartz) (2) reactor unit (graphite),
(3) substrate holder, (4) two-zone furnace, (5) effusion
vaporizer of magnesium, and (6) gas-feeding pipes.

Fig. 3. MgSiN2 layers obtained in different zones of
the reaction volume. (a) Spherulitic structure of MgSiN2,
(b) spherulitic structure of MgSiN2 in combination with
Mg3N2 crystals.

reactor, zonal patterns of the same type were observed
for the variation of the composition of the layers
being deposited with the distance between the nozzle
end and the substrate.

In the first, nearest to the nozzle, position on the
substrate, Mg3Ni2 is formed as druses of well-faceted
crystals, which constitute a solid layer at a sufficiently
long duration of the experiment. At longer distances,
a mixture of Mg3N2 and spherulitic MgSiN2 is formed
on the substrate (Fig. 3b). A dense MgSiN2 layer
composed of white spherulitic grains 100�200 �m in
size can be obtained as the distance from the mixing
zone increases further (Fig. 3a). When the distance
from the substrate to the nozzle is too long, the rate
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of layer growth decreases considerably and the film
losses its crystalline structure.

At the optimal position of the substrate, found
under the above conditions, deviations of the vapor
composition from the magnesium-to-silane equimolar
ratio strongly change the deposit properties. In these
experiments, the molar consumption of Mg with re-
spect to SiH4 was varied from 0.5 to 2.0 (at a constant
consumption of SiH4). At a deficit of Mg, the growth
rate of the layer decreases, but its morphology and
phase composition correspond to the pattern shown
in Fig. 3a. At an excess of Mg, the mass of the de-
posit increases and the growth pattern corresponds to
a two-phase mixture MgSiN2 + Mg3N2.

In some experiments, the MgSiN2 film peeled-off
in storage of samples under laboratory conditions.
Most probably, this is due to formation of a Mg3N2
sublayer at the interface with the substrate. Probably,
this phenomenon can be used as a method for separat-
ing thick layers of the ternary nitride. At the same
time, it is necessary to have an opportunity to ensure
a sufficient adhesion of the film to the substrate.

A transition mode precluding formation of a Mg3N2
sublayer may consist in such a sequence of reagent
supply at which the interaction of Mg and NH3 vapors
would be impossible in the first stage of growth.
Special experiments performed under the same con-
ditions, but in the absence of NH3, showed that the
growth rate of Mg2Si films is negligible, compared
with that of MgSiN2 films. This circumstance was
used as follows. Delay in the delivery of NH3 by
180�200 s (time in which a silicide sublayer can be
formed, but its thickness is apparently negligible) with
respect to that of Mg and SiH4 did eliminate the peel-
ing-off even in the case of a subsequent storage in
a water vapor of the sample obtained.

An X-ray analysis of the MgSiN2 deposits obtained
did not reveal any reproducible texture. This may be
due to the presence of a sublayer, which eliminates
the orienting influence of the substrate. The reflec-

tions observed were identified using published data
[6], which yielded, after processing with a UNITCELL
software [9], the following constants of the rhombic
lattice (�): a = 5.26 � 0.03, b = 6.52 � 0.02, and c =
5.04 � 0.01.

CONCLUSIONS

(1) On heating mixtures of Mg and Si powders in
a flow of N2, there occurs an exothermic reaction of
Mg3N2 formation, which makes it difficult to control
the process. By choosing the composition of the start-
ing mixture, the rate at which the temperature is
elevated, and the rate of the N2 flow, it is possible to
optimize the process mode and perform a direct syn-
thesis of MgSiN2.

(2) MgSiN2 is deposited in the hydride system
at 1050�C onto sapphire substrates in the form of
spherulitic polycrystalline layers at the equimolar ratio
of Mg and SiH4 vapors and an overwhelming excess
of NH3.

REFERENCES

1. Uheda, K., Takizawa, H., Endo, T., et al., J. Mat. Sci.
Lett., 2001, vol. 20, pp. 1753�1755.

2. Misaki, T., Wu, X., Wakahara, A., and Yoshida, A.,
IPAP Conf. Ser. 1, 2000, pp. 685�688.

3. Huang, J.U., Tang, L-C., and Lee, M.H., J. Condens.
Matter, 2001, vol. 13, pp. 10 417�10 431.

4. Bruls, R.J., The Thermal Conductivity of Magnesium
Silicon Nitride MgSiN2 Ceramics and Related Ma-
terials, Eindhoven: Eindhoven Tech. Univ., 2000.

5. PCPDFWIN, version 1.30, 1997, JCPDC�ICDD.
6. David, J., Laurent, Y., and Lang, J., Bull. Soc. Fr.

Miner. Crystallogr., 1970, vol. 93, pp. 153�157.
7. Zykov, A.M., Grekov, F.F., and Zykov, V.A., Zh. Prikl.

Khim., 1974, vol. 47, no. 1, pp. 201�205.
8. Grekov, F.F., Zykov, A.M., and Savvin, G.S., Zh. Prikl.

Khim., 1987, vol. 60, no. 9, pp. 1944�1948.
9. Holland, T.J.B., and Redfern, S.A.T., J. Appl. Cryst.,

1997, vol. 30, p. 84.



1070-4272/04/7708-1227 � 2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 8, 2004, pp. 1227�1231. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 8, 2004,
pp. 1245�1248.
Original Russian Text Copyright � 2004 by Malkov, Sosnov, Malygin.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Synthesis and in situ Gravimetric Monitoring of Formation
of Titanium-Oxide Layer on Silica Surface

A. A. Malkov, E. A. Sosnov, and A. A. Malygin

St. Petersburg Technological Institute, St. Petersburg, Russia

Received April 9, 2004

Abstract�Stages of formation of a titanium oxide monolayer in a flow reactor combined with a McBain
balance were studied in situ in successive treatment of porous silica with a TiCl4 vapor, dried inert gas, water
vapor, and again dried inert gas. The chemical composition of the resulting products, calculated using the data
obtained in gravimetric monitoring, is in agreement with the results of a chemical analysis.

Gravimetric methods for studying heterogeneous
processes find wide application owing to the possibil-
ity of in situ monitoring of separate stages of synthe-
sis, high precision of measurements, and convenient-
ly obtained kinetic dependences in varied technologi-
cal modes [1�7]. Synthesis of element-oxide surface
structures by molecular layering (ML) is based on per-
forming chemical reactions between active reagents,
e.g., between chlorides of an element and functional
groups on the surface of oxide solid matrices [8�9]

m(�M�OH) + ECln � (�M�O�)mECln �m + mHCl, (1)

followed by a vapor-phase hydrolysis of element-ox-
ide groups

(�M�O�)mECln �m + (n � m)H2O

� (�M�O�)mE(OH)n �m + (n � m)HCl. (2)

The sample weight may change in the course of
reaction (1) because of the replacement of, first, OH
groups with element-oxochloride groups and then
chloride groups with hydroxide groups [reaction (2)].
Comparing the observed weight changes with the
chemical composition of surface groups, we can gain
insight into the nature of the occurring conversions
on the basis of the material balance. However, only
a linear weight change in relation to the number
of ML cycles has been established and discussed in
the available reports on gravimetric studies of ML
reactions [10�12]. This weight change is determined
after the completion of a separate synthesis cycle,
which gives no way of regarding the thermogravimet-
ric method as a tool for an in situ study of separate
synthesis stages and mechanisms of reactions occur-
ring on the matrix surface.

The purpose of this study was to examine sepa-
rate ML stages for the example of synthesis of a tita-
nium oxide monolayer on the surface of porous silica
on a thermogravimetric installation equipped with
a McBain balance.

The experiments were carried out with a silica
gel of ShSKG brand, purified to remove admixtures
(0.2�0.4-mm fraction, average pore diameter 15.6 nm,
specific surface area by BET [13] 235 m2 g�1) [14].
The thermogravimetric installation used in the study
(Fig. 1) includes a flow reactor 1 with an indirect

Fig. 1. Schematic of the thermogravimetric installation
with a flow reactor and a McBain balance. (1) Quartz flow
reactor, (2) indirect-heating furnace, (3) quartz spring,
(4) cathetometer, (5) container for a matrix, (6) source
of carrier gas, (7) gas-drying unit, (8) container with a re-
agent, (9) microcompressor, (10) bubbler with H2O,
(11) absorber, (12) potentiometer, (13) fine-tuning valves,
(14) thermocouple, (15) cocks, (16) manometer, and
(17) rotameters.
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Fig. 2. Change in the sample weight, �m, during ML syn-
thesis of a titanium oxide monolayer on ShSKG silica
(T0 = Tchs = Th) at (1) 200, (2) 400, and (3) 600�C.
(�) Time. (I ) TiCl4 chemisorption, (II ) removal of the ex-
cess amount of the reagent, (III ) vapor-phase hydrolysis,
(IV ) drying of the sample.

electric heater 2 and a spring balance in the reactor.
A quartz spring 3 with a constant of 3.25 mg mm�1

was used in the experiments. Estimating the relative
spring extension with a KM-6 cathetometer 4 ensured
that changes in the sample weight were measured
with an accuracy of �0.03 mg. With a weighed sam-
ple of about 0.1 g, placed in pan 5, the change in
the sample weight was measured with an accuracy of
�(0.3�0.4) mg g�1. Reagents were transported by
an inert gas, air or high-purity nitrogen from a cyl-
inder 6, with a residual oxygen content less than
0.0001 vol %. After being passed through a unit 7,
which ensured a residual moisture content correspond-
ing to a dew-point temperature not higher than �60�C
(4.5 mg H2O/m3), the dry gas was saturated with
TiCl4 vapors in batcher 8 at room temperature and
fed into the reactor. The vapor-phase hydrolysis of
titanium chloride surface groups was carried out with
a humid air passed through a bubbler 10 with distilled
water at room temperature and fed into the reactor by
a microcompressor 9. The excess amount of reactants
and gaseous reaction products was absorbed in the
bubbler 11. The temperature in the reaction zone was
maintained constant to within �5�C by a potentiome-
ter 12. The products synthesized were analyzed for
the content of titanium(IV) and chloride ions [15, 16].
To compare the chemical compositions of samples ob-
tained at different temperature, the concentrations of
Ti(IV) and chloride ions in these samples were recal-
culated to 1 g of an anhydrous matrix (g0) [17�19].

Based on the assumed schemes of occurrence of
the surface chemical reactions (1) and (2), we can
estimate changes in the product weight in the synthe-
sis of, first, titanium oxochloride and, further, a tita-
nium chloride monolayer. The increase in the sam-
ple weight, �mchs (mg g0

�1), as a result of TiCl4
chemisorption accompanied only by the replacement
of the hydrogen ions of the surface OH groups with
titanium chloride groups [scheme (1)] can be calcu-
lated by the formula

(3)�mchs = [Ti]MTi + [Cl]MCl � [OHused]MH.

Here [Ti] and [Cl] are the contents of Ti(IV) and
Cl� in the chemisorption product; [OHused], the amount
of OH groups (mmol g�1 of anhydrous matrix) con-
sumed in the reaction; MTi, MCl, and MH, the atomic
weights of titanium, chlorine, and hydrogen, respec-
tively.

The amount of hydroxide groups consumed in the
reaction is given by

[OHused] = (4 � [Cl]/[Ti])[Ti] = 4[Ti] � [Cl]. (4)

Transforming expression (3) and taking (4) into ac-
count, we obtain

�mchs = (MTi � 4MH)[Ti] + (MCl + MH)[Cl]. (5)

Then the concentration of Ti(IV) in the product of
chemisorption can be calculated by the formula

[Ti] = ����������� .
�mchs � (MCl + MH)[Cl]

MTi � 4MH
(6)

To determine the number of Cl� ions in the tita-
nium oxochloride groups, we used the thermogravi-
metric data obtained in the stage of the vapor-phase
hydrolysis and subsequent treatment with a dry gas
at the temperature of synthesis. According to reaction
(2), the weight change �mh (mg g0

�1) in hydrolysis
with an equivalent exchange of Cl� for OH groups can
be represented as

�mh = (MOH � MCl)[Cl]. (7)

Then we can calculate the amount of chlorine:

[Cl] = ����� .
MOH � MCl

�mh (8)

Typical thermogravimetric curves obtained in dif-
ferent stages of synthesis of a titanium oxide mono-
layer are shown in Fig. 2: (I ) TiCl4 chemisorption,
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Table 1. Reproducibility of the synthesis of a titanium oxide monolayer
������������������������������������������������������������������������������������

Curve � Determination error, % � Weight change, mg g0
�1

��������������������������������������������������������������������������in �
Fig. 2 � �

�mchs
� �

�mh
� �mchs � ��mh

������������������������������������������������������������������������������������
1 � 3.5 � 6.8 � 129.8 � 4.6 � 47.7 � 3.2
2 � 3.3 � 3.9 � 81.4 � 2.7 � 25.5 � 1.0
3 � 3.8 � 3.0 � 55.0 � 2.1 � 16.5 � 0.5

������������������������������������������������������������������������������������

Table 2. Chemical (calc.) and gravimetric (exp.) analyses in synthesis of titanium oxide structures
������������������������������������������������������������������������������������

Curve � Content, �
�mchs (calc.) � ��mh (calc.) � �mchs (exp.) � ��mh (exp.) �

�mchs (exp.)
�
�mh (exp.)

in � mmol g0
�1 � � � � �

�����
�
�������������������������������������������������������������� �Fig. 2 � Ti � Cl � mg g0

�1 �
�mchs (calc.)

�
�mh (calc.)

������������������������������������������������������������������������������������
1 � 1.08 � 2.35 � 133.2 � 43.4 � 132.6 � 46.9 � 0.996 � 1.081
2 � 0.79 � 1.29 � 81.8 � 23.9 � 80.6 � 27.1 � 0.985 � 1.134
3 � 0.49 � 0.84 � 52.1 � 15.5 � 53.5 � 16.7 � 1.027 � 1.077

������������������������������������������������������������������������������������

(II ) removal of the excess amount of a reagent with
a flow of a carrier gas, (III ) vapor-phase hydrolysis,
and (IV ) drying of the product in a carrier-gas flow
at the temperature of synthesis. The reproducibility of
the experimental data after the completion of stage
IV of synthesis at different temperatures (according
to the results of 3�5 experiments) is illustrated in
Table 1.

The results of a chemical analysis and sample
weight changes in synthesis on a thermogravimetric
installation are listed in Table 2. It can be seen that
the experimental weight changes in chemisorption and
desorption (stages I and II ) coincide, within the exper-
imental error (Table 1), with similar values calculated
from the chemical analysis data. At the same time,
the weight changes for samples (Fig. 2) after hydro-
lysis of titanium chloride structures (stage III ) and
after removal of the excess amount of the low-molecu-
lar reagent (stage IV ) are greater than those calculated
from the chemical analysis data by 8�13%, which
exceeds the corresponding errors of determination
(Table 1). These differences can be associated with
occurrence of additional, with respect to reaction (2),
transformations in the composition of titanium-con-
taining groups in stages III and IV.

It is known that OH groups are present on the sur-
face of TiO2, with their maximum content being as high
as 6.6 and 15.4�15.6 �mol m�2 for crystalline and
amorphous TiO2, respectively [20]. The heat treatment
of TiO2 at T0 > 15�C is accompanied by a significant
dehydroxylation of the surface, with the complete re-
moval of OH groups from a surface attained, accord-

ing to different publications, even at T0 = 450�600�C
[21]. As follows from Fig. 2, a significant amount of
silanols (7.1 �mol m�2 [22]) that can enter into chem-
ical reactions still remains on the silica gel surface
under the same conditions (T0 = 600�C). As the ther-
mal stability of titanols is much lower than that of
Si�OH groups, the most probable reason for the dis-
crepancies indicated in Table 2 may be partial dehy-
droxylation of Ti�OH groups formed in the stage of
the vapor-phase hydrolysis, which is accompanied by
the formation of bridging Ti�O�Ti bonds. This should
result in an additional decrease in weight in the hy-
drolysis stage and in the subsequent drying:

�m
� h = �mh + �mdh. (9)

Here �mdh is the weight change associated with
the dehydroxylation of surface groups.

�mdh = ��� [OHdh],
MH2O

2
(10)

where [OHdh] is the amount of dehydroxylated ti-
tanols.

Then, with account of (7), we obtain

[OHdh] = ����������� .
�m

�h � (MCl � MOH)[Cl]

MH2O
/2

(11)

Using the derived expression (11) and thermogravi-
metric data obtained in the stage of hydrolysis and
subsequent thermal treatment, we can estimate the
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Table 3. Composition of titanium oxide structures on silica
������������������������������������������������������������������������������������

Curve
� Content, mmol g0

�1 � [OHres]
�

Distance
� � ����� ����������������������������������������������������� �

in Fig. 2
� Ti � OHcalc � OHdh � OHres � [OHcalc] �

lTi�Ti, nm

������������������������������������������������������������������������������������
1 � 1.08 � 2.35 � 0.39 � 1.96 � 0.83 � 0.60
2 � 0.79 � 1.29 � 0.36 � 0.93 � 0.72 � 0.70
3 � 0.49 � 0.84 � 0.13 � 0.71 � 0.84 � 0.89

������������������������������������������������������������������������������������

thermal stability of titanium hydroxide groups on the
surface of the dispersed support. The calculations for
the samples represented in Fig. 2 demonstrated that, in
the synthesis conditions under consideration, Ti�OH
groups are partly dehydroxylated in the stages of hy-
drolysis and drying immediately after their formation,
with the degree of dehydroxylation equal to 0.39,
0.36, and 0.13 mmol g0

�1 at 200, 400, and 600�C,
respectively (Table 3). In this case, 70 to 85% of
the hydroxo groups forming by reaction (2) in vapor-
phase hydrolysis of titanium chloride groups remains
on the surface of the samples (Table 3). This is in a
good agreement with the results of a chemical analysis
of multilayer titanium oxide coatings synthesized at
the same temperatures, because the remaining amount
of hydroxide groups is sufficient for further growth
of the titanium oxide layer [18].

At the same time, no complete dehydroxylation of
surface titanium-containing structures on silica at
600�C (as differentiated from the surface of pure
TiO2) is observed. The enhanced thermal stability of
titanols on silica may be due to the stabilizing effect
of the silica matrix [23]. By contrast, the amount of
removed hydroxo groups even decreases in compar-
ison with the samples synthesized at 200 and 400�C,
which is presumably due to the topography of active
sites on the surface of the starting matrix. The rise
in the T0 of silica results in a substantial increase in
the average distance between the groups synthesized
(Table 3), which hinders interfunction interactions
because of the spatial remoteness of the structures
synthesized on the matrix surface.

CONCLUSION

The use of gravimetric measurements makes it
possible to monitor in situ separate stages of mo-
lecular layering of element-oxide surface structures,
to calculate the chemical composition of the groups
synthesized, and to analyze the possible processes
of dehydroxylation of the newly formed hydroxyl
groups.
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Abstract�Cadmium phosphate Cd0.5Zr2(PO4)3 was obtained by precipitation from aqueous solutions and
studied by means of X-ray phase analysis and IR spectroscopy. The behavior of powdered and ceramic samples
in water, aqueous ammonia solutions, nitric acid, EDTA, and also in gamma-radiation fields (60Co source),
was examined. Experimental characteristics of the chemical and radiation stability are presented.

Cadmium compounds are a dangerous component
of wastes formed in some industries [1]. At present,
methods for conversion of cadmium-containing wastes
into an environmentally safe stable form by their
solidification are being developed. For this purpose, it
has been suggested to use polymers and resins [2],
cements [3, 4], glasses, and glassy ceramic [5, 6] and
ceramic materials [7]. The method of incorporation of
waste products into crystalline (mineral-like) forms
is ecologically expedient. These forms can find ap-
plication for detoxication of highly toxic waste prod-
ucts and for their insulation from the biosphere, and
also as new materials with special and practically im-
portant properties. One of approaches to the solution
of this problem is to convert soluble cadmium com-
pounds into a crystalline phosphate, which is temper-
ature- and radiation-resistant and chemically stable
and can be further used as a sorbent in various media,
including application in ion-exchange chromatog-
raphy. When creating such a material, it is necessary
to take into account the stability of the phosphate
brought in contact with a liquid medium, the rate at
which ions pass into solution, and, when in a contact
with a radioactive medium, also its radiation stability.

The goal of this study was to obtain cadmium
phosphate Cd0.5Zr2(PO4)3, characterize it by X-ray
phase analysis (XPA) and IR spectroscopy, examine

its behavior in chemically aggressive media in the
presence of complexing substances, and assess its
radiation stability. This compound belongs to the
structural type of sodium-dizirconium triphosphate
NaZr2(PO4)3 [8], or the cosnarite mineral [9], and
has a skeleton structure (Fig. 1). The skeleton is built
from ZrO6 octahedra and PO4

3� tetrahedra jointed by

Fig. 1. Structure of the phosphate Cd0.5Zr2(PO4)3 (a frag-
ment of the structure is constructed using the data of [10]).
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common vertices. Representatives of this family are
known to have a high thermal and hydrolytic stability
[11, 12]. Some of these, including Cd2+ phosphates,
have low thermal expansion and ability to withstand
multiple thermal shocks [13�16]. The structure of
the compounds is favorable for performing an ionic
diffusion.

EXPERIMENTAL

Phosphate Cd0.5Zr2(PO4)3 was prepared by the sol�
gel technique [16, 17]. Chemically pure reagents
Cd(NO3)2 � 4H2O, ZrOCl2 � 8H2O, and H3PO4 served
as starting substances for the synthesis. Stoichiomet-
ric amounts of aqueous solutions of Cd(NO3)2 and
ZrOCl2 were poured together at room temperature and
then a solution of H3PO4 was added dropwise with
stirring. The resulting gel was dried at 80�C and sub-
jected to a heat treatment at 600, 800, 1000, and
1100�C for no less than 24 h in each stage. Step-by-
step heating was alternated with dispersion.

Ceramic samples were also prepared. For this pur-
pose, a powder of the phosphate was compacted (at
a pressure of about 10 MPa) into pellets and annealed
at 800�1100�C for 24 h.

A ceramic sample of the phosphate Cd0.5Zr2(PO4)3
(diameter 1.13 cm, height 0.45 cm) was subjected to
hydrothermal tests.

The hydrolytic stability was studied under dynamic
conditions in a Soxhlet apparatus at 95�C, with distil-
led water (MSS-1 test) as a solvent. The volume of
the solvent was 300 ml, the cycle duration of the ap-
paratus was 100�120 min. The experiment duration
was 28 days.

The solvent was changed after certain time inter-
vals. The Cd2+ content in these solvent portions was
determined by inversion voltammetry on a TA-1 anal-
yzer equipped with an IBM-compatible computer.

The rate of Cd2+ leaching was calculated by the
equation

R = m/(csp S�).

Here R is the rate of leaching of an element
(g cm�2 day�1) in a time �; m, the mass (g) of an el-
ement that passed into a solution during a time �;
csp, the specific concentration of an element in the
solid phase (g g�1 of a solid phase); S, the surface area
of a ceramic sample (cm2); and �, the time of leaching
(days).

The behavior of the phosphate in aggressive chem-
ical media in the presence of complexing compounds

was studied as follows. A weighed portion of a pow-
dered cadmium-zirconium phosphate (0.1 g) was
poured over with a solution under study (2 ml) and
kept for a certain time.

Aqueous solutions of HNO3 (10 and 65%), NH4OH
(25%), and EDTA (0.1 M) were used as contacting
solutions.

Similar studies were carried out with a phosphate
of the same composition in the form of a ceramic
pellet (diameter 1.11 cm, height 0.13 cm). In this case,
10% HNO3 served as a contacting solution.

The analysis of samples (of volume 10 �l) for the
content of Cd2+ and PO4

3� was carried out on a Tsvet
306 liquid chromatograph in a flow-through-injection
mode without a separation column. As detector served
an SF-00 spectrophotometer. An ammonia solution
(5 � 10�4 M) of cadion-IREA and NH4OHconc in
the ratio 1 :1 was used as a mobile phase.

Preliminarily, absorption spectra of ammonia so-
lutions of cadion and its complexes with Cd2+, ZrO2+,
and PO4

3� were recorded using the detector and wave-
lengths were selected at which Cd2+ and PO4

3� ions
do not interfere with determination of each other:
625 nm for Cd2+ and 400 nm for PO4

3�. At these wave-
lengths the spectrum of a ZrO2+ complex with the
cadion coincides with that of the mobile phase and
does not interfere with the determination of Cd2+ and
PO4

3�.

We have found that the calibration plots of peak
areas in output curves vs. weights of ions, used to
Cd2+ and PO4

3� ions with cadion ammonia solutions,
are described by the equations y1 = 9.947x1 (R2 =
0.995) and y2 = 0.1355x2 (R2 = 0.992), respectively.
Here y1 and y2 are the areas under the output cur-
ves (mm2) for Cd2+ and PO4

3� ions, and x1 and x2 are
the weights of Cd2+ and PO4

3� ions (�g).

To study the behavior of cadmium-zirconium
phosphate under the action of gamma-radiation,
we used a 60Co source (�1/2 = 5.272 year, E� = 1.17,
1.33 MeV). The dose rate p at a sample was deter-
mined by a Fricke dosimeter, i.e., a ferrosulfate sys-
tem consisting of a 0.001 M solution of Mohr’s
salt (NH4 )2Fe(SO4 )2 � 6H2O in 0.4 M H2SO4. The p
(Gr s�1) was calculated by the formula

p = CNA/(G � � 6.25 � 1015).

Here c is the experimental concentration of Fe3+

ions (M); G, the yield of Fe3+, equal to 15.6 ion/
100 eV for 60Co gamma-radiation; NA, the Avogadro
number; and �, the irradiation time (s).
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Fig. 2. IR spectrum of the phosphate Cd0.5Zr2(PO4)3.
( T ) Transmittance and (�) wave number.

Fig. 3. X-ray diffraction pattern of the phosphate
Cd0.5Zr2(PO4)3. (2�) Bragg angle.

Fig. 4. (a) Mass of Cd2+ m that passed into distilled water
from the phosphate Cd0.5Zr2(PO4)3 and (b) leaching rate R
of cadmium vs. time t.

The concentration c of Fe3+ ions formed in radi-
olysis was determined by spectrophotometry on an
SF-4A instrument.

The irradiated sample was studied by X-ray phase
analysis and IR spectroscopy and compared with
an unirradiated control sample.

The gas evolution from a gamma-irradiated sample
(powder, m � 30 g) placed in an ampoule was judged
from the composition of the gas and the rate of its
evolution. The composition of the gas was determined
by chromatography on Shimadzu 3G-AH and LKhM-
8M instruments.

The X-ray phase analysis of the phosphates was
carried out on a DRON-2.0 diffractometer with
filtered CuK

�

radiation. The lattice constants were
determined from X-ray diffraction patterns analyzed
at 2� = 10��50� and refined by the least-squares
method.

The IR absorption spectra of samples prepared as
finely dispersed films on a KBr substrate were re-
corded on a Specord-75 IR spectrophotometer at fre-
quencies of 1800�400 cm�1.

The ESR spectra of powdered unirradiated and
gamma-irradiated samples were recorded on a Bruker
EMX-113 spectrometer (wavelength � = 3 cm) at
room temperature. The working frequency of the de-
vice was 9.5 GHz.

Several samples synthesized were in the form of
a white polycrystalline powders.

We found that the synthesis of the phosphates was
complete at 800�C. A slight increase in the intensity
of diffraction reflections was observed in the X-ray
diffraction patterns of substances heated to 1100�C.

The IR spectral data indicate that the phases ob-
tained belong to the class of orthophosphates (Fig. 2).
On the whole, the IR spectrum is characteristic of
phases with an NZP structure and R

�
3 space group:

the bands at 1250�1000 cm�1 correspond to the stretch-
ing asymmetrical vibrations 	3; that at 
950 cm�1,
to the stretching symmetrical vibrations 	1; and
the bands at 630 and 550 cm�1, to bending vibrations
	4 of PO4

3� ions. Five bands out of the six allowed
by selection rules are observed in the range of stretch-
ing asymmetrical vibrations.

In the X-ray diffraction pattern, there were re-
flections characteristic of Cd0.5Zr2(PO4)3 (Fig. 3).
The set of the interplanar distances obtained was
compared with the data of [18]. The calculated pa-
rameters of the rhombohedral cell of the compound
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Fig. 5. Mass m of (1) Cd2+ ions and (2) PO4
3�-ions that passed into HNO3 solutions during the time t of contact and rates v

at which these ions passed into solution vs. time t. (a) 65% solution of HNO3, powdered sample; (b) 10% solution of HNO3,
ceramic sample.

(space group R
�
3) in a hexagonal positioning were as

follows: a = 8.822 � (1), c = 22.28 � (1), and V =
1502 �3.

The time dependences of the mass of Cd2+

that passed into distilled water from the phosphate
Cd0.5Zr2(PO4)3 and of the leaching rate of Cd2+

are shown in Fig. 4.

Within the first three days of contact with water,
the leaching rate rapidly decreased with time.
The minimum experimental leaching rate was 1.1 �
10�7 g cm�2 day�1 (by the 28th day).

According to the XPA data, the phase composition
of the sample after tests remained unchanged.

The time dependences of the mass of Cd2+ and
PO4

3�-ions that passed into 10 and 65% HNO3 solu-
tions and of the rates at which they pass into the solu-
tions are shown in Fig. 5. It can be seen that, when
powdered samples are brought in contact with a 65%
HNO3 solution, a quasi-equilibrium state is attained

after 200�250 h for both Cd2+ and PO4
3�-ions. When

ceramic samples are brought in contact with a 10%
HNO3 solution, no equilibrium was attained within
more than 600 h of the experiment.

The data obtained allowed us to determine the
quasi-equilibrium degree of extraction of Cd2+ and
PO4

3�-ions from a powdered sample and the degree
of extraction of these ions from a ceramic sample in
600 h of contact, and also to calculate the minimum
rate D of their transfer from a pellet sample into
the contacting medium (Table 1).

The value of D was calculated for a cylindrical
sample with a fixed height l from the slope of the lin-
ear dependence of Mt /M� on �

�
t [19]:

�� = ��� ��� t .
Mt
M� ��
��
�

�

��
D4
�

l2�� = ��� ��� t .
Mt
M� ��
��
�

�

��
D4
�

l2

Here Mt is the mass of ions (Cd2+ and PO4
3�) that

passed from a pellet into a solution by the instant of
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Table 1. Degree of extraction, c, and rate D at which ions
pass into nitric acid
����������������������������������������

HNO3,
� c, wt % � D, cm2 s�1

����������������������������������
% � Cd2+ � PO4

3� � Cd2+ � PO4
3�

����������������������������������������
10 � 0.25 � 0.7 � 3 � 10�11 � 5 � 10�12

65 � 0.82 � 3.12 � � � �
����������������������������������������

time t; M� , the masses of Cd2+ and PO4
3�-ions that

passed into a 65% HNO3 solution from a powdered
sample until an equilibrium was attained (Fig. 5a);
t, the time of the contact of a pellet with a 10% HNO3
solution (s); l, the height of a pellet (cm); D, the
rate at which the ions under control pass from a pellet
into a 10% HNO3 solution (cm2 s�1).

The data listed in Table 1 indicate that Cd2+ and
PO4

3�-ions pass into nitric acid at rates approaching
the rates of diffusion in solids.

Fig. 6. Volume V of the gas evolved in gamma-irradiation
of the phosphate Cd0.5Zr2(PO4)3 vs. time t and absorbed
dose D. Inset: gas evolution rate v vs. time t.

Fig. 7. Chromatogram of the gas mixture. (h) Peak height
and (t) elution time. (1) H2, (2) O2, (3) N2.

It also follows from these data that ratios between
Cd2+ and PO4

3�-ions in the solid phase and in solution
differ from each other. The solution is enriched with
Cd2+ ions. This seems to be due to different posi-
tions of these ions in the phosphate structure: PO4

3� is
a skeleton-forming group, whereas Cd2+ ions occupy
extra-skeleton positions, in which the contribution of
the ionic component is more important. This circum-
stance results in a selective dissolution (leaching).

We also studied the behavior of a powdered
Cd0.5Zr2(PO4)3 sample in a 0.1 M EDTA solution and
a 25% NH4OH solution. The degree of Cd2+ extrac-
tion in 600 h is given below:

Contact solution c, wt %

Water 0.003
10% HNO3 0.2
65% HNO3 0.8
25% NH4OH 0.03
0.1 M EDTA 0.01

These values are an order of magnitude higher
than those for a sample brought in contact with water
and an order of magnitude lower than those for 10 and
65% HNO3 solutions.

Thus, complexing compounds NH4OH and EDTA,
which form stable complexes with Cd2+ ions [20, 21],
lead to an only slight disintegration of the structure
of the Cd�Zr phosphate.

To assess the radiation resistance, we irradiated
a Cd0.5Zr2(PO4)3 sample for 4 months, using a 60Co-
source. The maximum accumulated dose was D =
2.5 � 107 Gr (dose rate p = 2.4 Gr s�1). A comparison
of the X-ray diffraction patterns of the samples be-
fore and after irradiation demonstrated that the struc-
ture remains virtually unchanged upon irradiation. An
IR spectral analysis of an irradiated sample revealed
no changes in the structure of Cd�Zr phosphate, either.

The radiation resistance of the phosphate was also
judged from the amount and composition of the gas
evolved under the action of gamma-radiation. The de-
pendence of its volume on the irradiation time t and
on the accordingly accumulated dose of gamma-ra-
diation, D, is shown in Fig. 6.

A total of 9 ml of the gas evolved during the test.
It was found by chromatography that the main com-
ponent of the mixture was O2, with minor amounts of
N2 and H2 and trace amounts of CO2 also detected
(Fig. 7).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 8 2004

SCIENTIFIC FOUNDATIONS OF DEVELOPMENT OF Cd-CONTAINING CRYSTALLINE MATERIALS 1237

The compositions of the gas mixtures at various
doses of irradiation of a Cd0.5Zr2(PO4)3 sample are
listed in Table 2.

The calculated radiative-chemical yield was
0.058 
 0.005 molecules/100 eV. The fraction of O2
evolved from Cd�Zr-phosphate as a result of its ra-
diative-chemical destruction was about 0.0009 of
its calculated content in a sample with the formula
Cd0.5Zr2(PO4)3.

To describe qualitatively the radiation resistance
of Cd�Zr phosphate, we also used ESR data, which
make it possible to establish the fact of formation of
paramagnetic centers in the phosphate structure under
the action of radiation. As follows from the exper-
imental data, the ESR spectra of unirradiated and ir-
radiated samples do not differ significantly. In the
spectrum of the irradiated phosphate, the signal of
Zr3+ ions becomes somewhat stronger, and very weak
signals of PO3

� groups appear. These radical anions
are presumably formed due to bond rupture in the
phosphate structure, which results in the observed
evolution of oxygen.

On the whole, the results of XPA of irradiated and
unirradiated samples, the low radiative-chemical yield
of the gas mixture, and the insignificant difference
between the ESR spectra of unirradiated and irradiated
samples indicate a high radiation resistance of Cd�Zr
phosphate. The rate of gas evolution, which reaches
a constant value in approximately 48 days, remains
virtually unchanged in further irradiation, even in
a long-term test (Fig. 6), and does not exceed the val-
ues obtained.

CONCLUSIONS

(1) The possibility of utilization of cadmium(II)
from crystalline (ceramic) Cd-containing zirconium
phosphate, which belongs to structural analogues of
NaZr2(PO4)3 and has a skeleton structure, was de-
monstrated.

(2) An all-round study of the behavior of the phos-
phate Cd0.5Zr2(PO4)3 in water and aqueous solutions
of NH3, HNO3, and EDTA was carried out, and
the parameters of leaching of cadmium(II) and phos-
phate ions in these media were determined.

(3) It was shown experimentally that the Cd-con-
taining zirconium phosphate Cd0.5Zr2(PO4)3 is stable
in water and aggressive chemical media, including
those containing complexing substances. The occur-
ring radiation-stimulated destruction is insignificant.

Table 2. Composition of gas mixture evolved in gamma-
irradiation of a Cd-containing zirconium phosphate at
doses D � 2.4 � 107 Gr
����������������������������������������

D,
� Gas mixture component, %
��������������������������������

Gr
� H2 � O2 � N2 � CO2

����������������������������������������
6.8 � 105 � 0.8�0.1 � 88.3�1.5 � 9.9�1.3 � Trace

1.08 � 106 � 1.4�0.2 � 92.3�0.9 � 7.3�0.9 � 	

4.5 � 106 � 1.2�0.4 � 88.3�1.1 � 9.1�0.8 � 1.4
1.2 � 107 � 1.7�0.3 � 87.1�1.5 � 8.8�1.5 � 1.7
2.4 � 107 � 1.3�0.2 � 90.2�1.3 � 7.9�1.3 � 0.9
����������������������������������������

(4) The data obtained and the specific structural
features of zirconium-cadmium phosphate make it
possible to regard this compound as a form of im-
mobilization of cadmium(II) and a basis for develop-
ment of new sorbents resistant to aggressive chemical
media and radiation. They can be used in ion-ex-
change chromatography and, taking into account the
nuclear properties of cadmium(II), as a basis for
neutron-absorbing ceramics.
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Abstract�The possibility of synthesis of various nanocomposites and processing of mineral and technological
raw materials with the use of abrasives and the material of grinding bodies of mechanochemical reactors was
studied.

As a rule, only the possibility of contamination of
mechanical activation (MA) products with substances
of frictional wear of the grinding bodies [1�3] is taken
into account when considering the direct influence of
the material of grinding bodies on the course of mech-
anochemical processes. As it is impossible to elimi-
nate the wear phenomenon, it is suggested to consider
the material of grinding bodies subjected to abrasive
wear as one of inherent components of the MA system,
the abrasive amorphous substances being the most
convenient component as regards interpretation of
the results of an X-ray phase analysis (XPA).

In this study, the influence exerted by wear of
grinding bodies on the course of mechanical activation
of reagent�abrasive systems in a mill with steel ac-
cessories is analyzed.

At the same time, finding, studying, and obtain-
ing nanoparticles in natural and model systems with
the use of various methods are of primary interest [4].
For example, it has been found that the abrasive-re-
active wear of the steel material of grinding bodies in
a mechanochemical reactor can be used to modify
the surface of quartz particles with an amorphous
nanolayer of iron silicates, which have magnetic prop-
erties [5]. Of specific interest for extending the po-
tentialities of this method is the use of carbon (in par-
ticular, graphite) and sulfur, which have unique phys-
icochemical and mechanical properties [6, 7]. Also of
interest is the processing of mineral and technological
raw materials.

The use of carbon and sulfur in the method of
abrasive-reactive wear can give a new impetus to

the development of carbide or sulfide functional nano-
composite materials. This method can also be succes-
sfully used in utilization of dust formed in decar-
bonization and desulfurization of the coke-oven gas
formed in cake and by-product industries [8, 9].
The accumulation of sulfur at oil refineries and
plants processing natural gas also makes its utilization
a matter of current interest.

Analysis, breakdown, enrichment, and processing
of mineral and technological raw materials (in partic-
ular, complex oxides and sulfides) by mechanochem-
ical methods have also found wide application in re-
cent years [10�19]. This is primarily due to the pos-
sibility of directly obtaining metal components and
various composite nanocrystalline materials from geo-
logical and technological materials by, mechanothermal
methods [12, 13], both in progressive [12, 14, 17, 18]
and in explosive [12, 13, 16, 19] modes of the exo-
thermic reaction.

EXPERIMENTAL

The mechanical activation was carried out in an
AGO-2 double-drum steel-ball water-cooled planetary-
centrifugal mill (mill volume 140 cm3, 400 balls of
radius 0.2 cm) at a relative impact veocity of grinding
bodies of 11 m s�1 [13]. For more effective processing
of samples, all the four possible orientations of the
mill axis were used: vertical, horizontal and �15� to
the horizontal. The duration of MA was varied from 5
up to 240 min.

MA products were studied by the standard XPA
method. Mechanically activated amorphous samples
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Fig. 1. XPA spectra of the system constituted by fused
silica (3 g) and tenorite (1.5 g). (2�) Bragg angle; the same
for Figs. 2�4. (a) Initial tenorite (cf. PDF 48-1548 and
80-1917); (b) MA duration 60 min; and (c) MA duration
60 min, annealing for 2 h in argon at 700�C (PDF 4-836
for copper).

were also isothermally annealed (2 h) in a flow of
argon (�1 cm3 s�1) in alundum crucibles with graphite
plugs and titanium sponge placed before the crucibles
in the heated area of the quartz tube to remove the
possible oxygen impurity from argon. The chosen
annealing temperatures were certainly lower than the
temperature of formation of the target products and
corresponded to the maximum temperatures used for
crystallization of MA products [20].

Graphite, sulfur, galena (PbS), or tenorite (CuO)
were introduced in amounts of 0.3�1.6 g into a
crushed amorphous (microscopic slide or fused silica)
or crystalline (natural �-quartz) abrasive taken in
an amount of 3.0 g. The initial tenorite was obtained
by thermal decomposition of malachite at �250�C in
the course of 7 h. XPA spectra of this black powder
are shown in Fig. 1a. The samples were preliminary
crushed and homogenized for 1 h in a Fritsch Pulver-
isette mill equipped with steel accessories (mortar
diameter 9.45 cm + 1 ball of diameter 5.16 cm).
The XPA spectrum of a sample of this kind, based
on natural galena, is shown in Fig. 2a. It indicates
the presence of not only galena, but also some ad-

Fig. 2. XPA spectra of the system constituted by fused
silica (3 g) and galenite (1.5 g). (a) Initial mixture (PDF
1-880); (b) MA duration 60 min (PDF 4-686 and 6-696);
(c) MA duration 210 min.

mixtures (mainly crystalline quartz) commonly con-
tained in this mineral. The XPA results for the initial
graphite-based samples correspond to PDF 1-640 for
graphite in mixtures with an amorphous abrasive.
In a mixture with �-quartz, a superposition of reflec-
tions (PDF 1-640 and, e.g., PDF 75-443 for �-SiO2)
was observed. The XPA results for the initial sulfur-
based samples in mixtures with an amorphous abrasive
also point to the presence of only orthorhombic sulfur
crystals (PDF 83-2285). According to the data of
optical microscopy, the initial average size of abrasive
particles was 0.015�0.025 cm for the initial homog-
enized samples.

Preliminary experiments demonstrated that the
mechanochemical processes involving tenorite and
galena show both similarity and significant differ-
ences. In both the systems, there occurs abrasive wear
of steel grinding bodies, which is more pronounced in
the system with galena. Even a short-term (5�15 min)
MA of the system with tenorite (Fig. 1) results in
a self-lining of the grinding bodies with the material
being processed. Tenorite starts to change color for
green after 1 h of MA, and this color, as well as the
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self-lining, is preserved and becomes more intense in
the course of MA. By contrast, the self-lining phe-
nomenon is completely absent in the system with
galena (Fig. 2), and, after a short time of MA, a black
homogeneous �oily� powder of a composite material
is formed.

The results obtained in studying the products of
MA of the systems under study by XPA and iso-
thermal annealing methods point to the occurrence
of various processes. These are the abrasive wear of
steel grinding bodies, amorphization, and reduction of
copper from tenorite and lead from galena. There are
no crystalline phases of other products (iron oxides
and halides) of reduction reactions, e.g., CuO + Fe =
Cu + FeO (�r G

0 = �28.0 kcal mol�1).

Figure 1b indicates that an X-ray-amorphous prod-
uct is formed in the system with tenorite and iron
wear occurs (peak at 44��45�). The degree of amor-
phization increases as the processing duration be-
comes longer, even the Fe peak is broadened. Metal-
lic copper is the only product formed in annealing of
this sample at �700�C: reflections of all other prod-
ucts that can be formed in the exchange reaction, iron
oxides, are completely absent (Fig. 1c).

Figure 2b illustrates a similar phenomenon of
abrasive wear of Fe and reduction of galena by this
iron, which occur, in this case, directly in the course
of MA. It should be noted here that there are no re-
flections of other possible products of the reduction-
exchange reaction, namely iron sulfides. If the MA
duration is raised to 120 min, the spectrum remains
virtually unchanged: only the reflections of the
�-SiO2 admixture in natural galena disappear (be-
cause of amorphization). Annealing of these products
also does not change the situation: only the relative
intensities change insignificantly and the correspond-
ing reflections become considerably narrower. If the
MA duration is increased further, abrasive wear of Fe
starts to prevail over all other processes (Fig. 2c).

The data obtained confirm that the self-lining of
grinding bodies prevents their abrasive wear and, as
a consequence, hinders the reduction reaction of
tenorite with the material of grinding bodies in
the course of MA. By contrast, the full absence of
self-lining of grinding bodies in the system with
galena results in a fast breakdown of galena by iron
formed in the abrasive wearing of grinding bodies.

It is difficult to give an unambiguous interpretation
of the fact that reflections of iron oxides (sulfides)
disappear after reductive breakdown of tenorite (ga-
lena) without thoroughly studying the MA of natural

quartz with the material of steel grinding bodies [5].
The results of [5] suggest that the surface of quartz
particles can be modified not only by amorphous iron
silicates (after annealing of mechanically activated
tenorite samples), but also by iron sulfides after MA
of galena together with amorphous quartz particles.
In the case of galena, a nanosize surface layer on
quartz particles must be formed of a certain amor-
phous compound of the system Fex Sy�SiO2. An even
more complex compound of green color, which is
formed upon MA of tenorite and contains nanosize
particles produced by abrasive wear of the steel ac-
cessories (Fig. 1b), is the amorphous compound
Cux Fey Oz�SiO2 on the surface of quartz particles.

The following aspect is associated with dimensional
effects. In the case of the conventional mechanochem-
ical reduction of, e.g., copper sulfides [18] with me-
tallic Fe powders with an initial particles size of about
50 �m, the duration of MA is tens of hours. In the
new abrasive-reactive method of breakdown of, e.g.,
galena, suggested here, the size of initial particles
formed in abrasive wear of Fe is close to 10 nm,
which is orders of magnitude shorter than that in
the conventional mechanochemical exchange reaction.
Therefore the rate of the breakdown reaction involving
the material of steel grinding bodies is also higher
and, as a consequence, the time of MA breakdown of
minerals becomes shorter.

The XPA data were used to calculate by the known
method [2, 10, 17, 18] the structure of crystalline
blocks in metal particles obtained in the course of MA
in the system with galena. The parameters of the fine
crystal structure were calculated from the halfwidth of
diffraction peaks (Figs. 2b and 2c) for MA duration of
60, 210, and 120 min (XPA spectrum is not shown).
To determine the instrumental broadening of the lines,
we used the profiles of the corresponding reflections
after the annealing of these samples. The resulting
size of Pb blocks was (nm): 83 (60 min MA), 61
(120 min MA), and 46 (210 min MA); the corre-
sponding data for particles formed in wear of Fe were
24, 19, and 12 nm.

Thus, we obtained metal-oxide�sulfide nanocom-
posite powders based on the quartz matrix in the
course of MA of natural minerals (tenorite and galena)
mixed with an abrasive (fused silica) in an AGO-2
mill with steel accessories.

Cementite (Fe3C) is commonly obtained by MA
of mixtures of iron and carbon powders, with sub-
sequent thermal or arc-plasma processing of the MA
products [21�23]. Sulfides are, as a rule, obtained
from elements on heating. However, the morphology
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Fig. 3. XPA spectra of the system constituted by quartz
(3 g) and graphite (1.5 g). (a) Amorphous quartz, MA
duration 90 min; (b) �-quartz, MA duration 90 min;
(c) annealing of MA sample (a) for 2 h in argon at 960�C.

and the homogeneity of the target products are not
always of the required level. It depends on a number
of factors and, in particular, on the area and state
of the surface of the starting reagents. The use of a
mechanochemical reactor eliminates these drawbacks.
At present, iron sulfides, especially those of nanosize
[17], are applied in power cells with a high energy
density, in photoelectrolysis and solar power engineer-
ing, and in synthesis of superconducting, diagnostic,
and luminescent materials and chalcogenide glasses.

The results of simulation of mechanochemical re-
actions involving sulfur [7] show that the most im-
portant process for the synthesis of sulfides, e.g., ZnS,
is the plastic flow of sulfur. The heat pulse in the
shock displacement of molten sulfur is determined
by the thickness of layers on the surface of Zn par-
ticles lined with softer sulfur. The thinner this layer,
the higher the temperature and the faster the amor-
phization of sulfur (polymerization with a transition
to the glassy state). However, the occurrence of this
process has not been confirmed experimentally. There-
fore, to substantiate the theory [7, 19], it was neces-
sary to choose for MA a system that would contain
an inert amorphous component, alongside with crys-
talline sulfur. Ordinary glass and fused silica are
suitable for this purpose. To confirm the mechano-
chemical amorphization of sulfur, is also the goal
of this study.

The XPA spectrum of the system constituted by
amorphous quartz and graphite after MA is shown

in Fig. 3a. It indicates an amorphization of graphite
and wear of steel grinding bodies (�-Fe reflection at
2	 = 44.68� or PDF 6-696).

In the course of MA of the system with �-SiO2,
quartz reflections are preserved, but with signif-
icant broadening and decrease in intensity, compared
with the initial homogenized sample (cf., e.g., PDF
75-443). Wear of steel grinding bodies also occurs
(see a fragment of the spectrum in Fig. 3b at 2	 =
44��45�).

As already noted, MA samples were annealed
under the conditions that ruled out thermal synthesis
of cementite [24]. In both low (660�C) and high-tem-
perature (960�C, Fig. 3c) annealing, cementite crys-
tallizes (PDF 75-910) from the amorphous phase.
However the degree of cementite crystallization from
the amorphous phase for samples annealed at 660�C is
lower than that for the samples annealed at 960�C.
The presence of residual nanosize iron particles in
the samples [5] is confirmed by the following: the
peak of cementite at 2	 = 44.72� overlaps the base
reflection of �-Fe, but not its reflection at 2	 = 82.4��
82.5�. In annealing, a partial crystallization of graphite
also occurs (halo at 2	 
 26� in Fig. 3b). Similar
results were obtained for the system with crystalline
quartz. It can be stated that the nanocomposite Fe�
Fe3C�C�SiO2 is formed in the course of MA of
quartz�graphite systems.

Experiments on MA of only sulfur crystals
(weighed portion 2 g) were carried out under identical
conditions. The XPA data for samples of mechanical-
ly activated sulfur (MA duration of up to 180 min)
show that no structural transformations in sulfur takes
place. All the reflections are preserved without any
appreciable change in their shape and relative inten-
sity (PDF 83-2285), except for the absence of a halo
associated with the presence of amorphous particles of
quartz or glass. The situation changes (Fig. 4a) when
sulfur is treated in the presence of inert glass particles.

According to the results of a simulation [7], the
structural changes in sulfur are due to the attainment
of the necessary t�P�T conditions in the impact-
frictional contact of sulfur-lined glass particles.
Although the hardness of glass particles somewhat
exceeds that of steel, the abrasive wear of steel ac-
cessories is small. Furthermore, the heat pulse in
the impact-frictional contact of grinding bodies and
particles being processed cannot exceed the glass soft-
ening point (�700 K), which also does not favor syn-
thesis of iron sulfides within the activation time
specified. We note that the synthesis of iron sulfides
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in MA of Fe and S powders [17] requires tens and
hundreds of hours of MA.

Fundamental changes occur in activation of sam-
ples based on amorphous quartz: pyrite is formed
(FeS2, PDF 71-2219; Fig. 4b). The hardness of quartz
particles is considerably higher than that of steel, and
its softening point substantially exceeds that of glass.
In this case, amorphization of sulfur (absence of re-
flections of excess sulfur in Fig. 4b) and its chemical
reaction with iron nanoparticles (which have already
appeared in a significant amount as a result of abra-
sive-reactive wear of steel accessories) to form pyrite
FeS2 occur simultaneously. The formation of just
FeS2 is due to the excess of sulfur in MA samples.

Using the above-described method and the XPA
data, we also calculated the sizes of crystal blocks
and the extents of distortion in the structure of the
resulting FeS2 (and Fe particles). The parameters
of fine crystal structure were calculated from the half-
widths of the diffraction peaks (220) and (440), which
are commonly associated with FeS2 [10]. To deter-
mine the instrumental broadening, we used the profile
of lines of crystalline FeS2. The resulting size of
blocks in FeS2 was about 24 nm (�10 nm for iron
particles [5]), and the extent of distortion, 1%. Similar
results were obtained in [17], but after more than
110 h of MA of a 1 : 2 mixture of powders of Fe
(particle size of about 50 �m) and S.

We determined gravimetrically the following ab-
solute and relative values of wear of the material of
steel grinding bodies�drum (D) and balls (B), for
the systems under study: (1) amorphous quartz (3 g)
and graphite (1.5 g), MA duration 90 min, D (0.63 g
or 0.077%) and B (0.52 g or 0.50%), total wear
1.15 g; (2) �-quartz (3 g) and graphite (1.5 g), 60 min,
D (0.23 g or 0.028%) and B (0.25 g or 0.26%), total
wear 0.48 g; (3) amorphous quartz (3 g) and sulfur
(1.6 g), 135 min, D (0.21 g or 0.077%) and B (0.47 g
or 0.50%), total wear 0.68 g; and (4) glass (3 g) and
sulfur (1.6 g), 135 min, D (0.03 g or 0.077%) and B
(0.43 g or 0.50%), total wear 0.073 g.

We note that the experiment gives higher abrasive
characteristics for fused silica, compared with crystal-
line �-quartz.

Let us assume that the nanosize particles formed
upon abrasive wear of steel grinding bodies are com-
pletely consumed for formation of the phase Fe3C
(FeS2) by the reaction 3Fe + C = Fe3C (Fe + 2S =
FeS2). Then we would have the following composi-
tion of nanosize MA products: Fe3C (1.23 g), C
(1.42 g), and amorphous quartz (3 g); Fe3C (0.51 g),

Fig. 4. XPA spectra of systems with sulfur. (a) Glass (3 g)
and sulfur (0.4 g), MA duration 135 min; (b) amorphous
quartz (3 g) and sulfur (1.6 g), MA duration 135 min.

C (1.46 g), and �-quartz (3 g); and FeS2 (1.46 g),
S (0.82 g), and amorphous quartz (3 g).

However, the structure of composites formed may
be considerably more complex [5].

CONCLUSIONS

(1) The study performed demonstrated that the
steel material of grinding bodies can be involved
in direct mechanochemical breakdown of minerals
and synthesis of nanocomposites with the use of
the abrasive properties of quartz varieties. The mech-
anical activation of mixtures of quartz and reagents
(galena, tenorite, graphite, or sulfur) yielded nano-
composites in a time one to two orders of magnitude
shorter than that in the case of activation of mixtures
of iron powders with the reagents.

(2) Abrasive-reactive wear of the material of steel
grinding bodies in an AGO-2 planetary mill was
measured quantitatively under fixed conditions of
mechanical activation.

(3) A scrap of any metal and ceramic products can
be used as grinding bodies, which makes it possible
to extend considerably the potentialities of the method
suggested, based on abrasive-reactive wear of the
material of grinding bodies in mechanochemical re-
actors and substances being processed.
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Abstract�Tellurite glasses were synthesized on the basis of the binary system composed of 70 mol % TeO2
and 30 mol % ZnCl2 and doped with Nd3+, Pr3+, Tb3+, Er3+, Yb3+, Ho3+. The physicochemical, luminescent,
and magneto-optic properties of these glasses were studied.

Tellurite glasses based on TeO2 have a wide optical
transmission range (0.35�5.5 �m) and good chemical
and crystallization resistance. Tellurite glasses doped
with ions of rare-earth elements (REE) exhibit in-
teresting magneto-optic and luminescent properties
[1�7].

Tellurite glasses of the following composition
were synthesized: (1) (100 � x)(70 mol % TeO2�
30 mol % ZnCl2)�xLn2O3, where x = 0.1�3.0 wt %,
Ln = Nd3+, Pr3+, Tb3+, Er3+, and Yb3+; (2) 96 wt %
(70 mol % TeO2�30 mol % ZnCl2)�1 wt % Er3+�

3 wt % Yb3+; (3) (100 � x)(70 mol % TeO2�30 mol %
ZnCl2)�xR�F3, where x = 0.1�2.0 wt %, R� = Pr3+,
Tb3+, Ho3+; (4) 96 wt % (70 mol % TeO2�30 mol %
ZnCl2)�1 wt % Er3+�3 wt % Yb3+, in order to study

their magneto-optic and luminescent properties
(Table 1).

EXPERIMENTAL

The glasses were synthesized from analytically pure
(TeO2, ZnCl2) and special-purity (Nd2O3, Pr2O3,
Tb2O3, Er2O3, Yb2O3, PrF3, TbF3, HoF3) reagents in
porcelain crucibles in two stages. First, a two-compo-
nent glass composed of 70 mol % TeO2 and 30 mol %
ZnCl2 was synthesized at 650�C. The glass obtained
was cooled and ground, and xenon difluoride XeF2
was added to the resulting powder. The mixture was
kept at 200�250�C for 30 min. Then, weighed por-
tions of oxides and fluorides of the above-mentioned
REE were added and the resulting mass was fused at

Table 1. Compositions of tellurite glasses
������������������������������������������������������������������������������������

� Content
������������������������������������������������������������������������

Composition no.� TeO2 � ZnCl2 � Er2O3 � YbF3 � Nd2O3 � HoF3 � TbF3 � PrF3
������������������������������������������������������������������������
� mol % � wt %

������������������������������������������������������������������������������������
1 � 69.2 � 30.4 � 0.4 � � � � � � � � � �

2 � 68.7 � 30.1 � 1.2 � � � � � � � � � �

3 � 67.8 � 29.8 � 0.4 � 2.0 � � � � � � � �

4 � 69.7 � 29.8 � � � � � 0.5 � � � � � �

5 � 68.4 � 30.2 � � � � � � � 1.4 � � � �

6 � 69.0 � 30.3 � � � � � � � � � 0.7 � �

7 � 68.7 � 30.1 � � � � � � � � � 1.4 � �

8 � 68.9 � 30.3 � � � � � � � � � � � 0.8
������������������������������������������������������������������������������������
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Fig. 1. Transmission spectra of tellurite glasses synthesized
(1) with and (2) without XeF2. ( T ) Transmission and
(�) wave number.

Fig. 2. Histogram of particle distributions over sizes and
numeric concentrations for a tellurite glass with 3 wt %
erbium(III). (c) Relative concentration and (D) particle
diameter. Total particle concentration 3.21 � 104 cm�3.

Fig. 3. Schematic of the setup for studying the Faraday
effect. (1) Laser, (2) modulator, (3) polarizer, (4) sample,
(5) solenoid, (6) beam-splitting prism, and (7) photodiodes.

700�750�C. After the muffle furnace was switched
off, the crucible was left inside for 30 min for
a homogenization of the melt to occur. The glass ob-
tained was annealed at 250�C. The glass was succes-
sively cut, ground, and polished. Glass samples had
the shape of 15�30 mm planar polished plates of
thickness 3 mm.

To make smaller the content of water, XeF2 was
introduced into the stock. Previously [8], the fluoride
method has been specially developed to obtain tel-

lurite glasses with a low content of water. Photo-
luminescence (PL) spectra of the glasses were re-
corded on a Jobin�Yvon HR-640 spectrometer. As PL
excitation source was used a semiconductor LED
(�1 W, 980 nm). Transmission spectra were recorded
on a Specord 75 M spectrophotometer in the spectral
range 4600�1600 cm�1. The optical quality of
the glasses obtained was assessed by means of laser
ultramicroscopy.

The IR spectrum of a tellurite glass synthesized in
air contains a broad absorption band at 2.8�3.6 �m
(3600�2800 cm�1), which is due to the high content
of water. Synthesis in the atmosphere of dry nitrogen
did not lead to any significant changes in the spec-
trum, because the glass is inevitably contaminated
with water owing to the hygroscopicity of the starting
ZnCl2 and it is impossible to obtain a tellurite glass
containing no trace amounts of water without taking
special measures (use of anhydrous ZnCl2). Therefore,
it was decided to remove water from the tellurite glass
with the use of dehydrating reagents. As reagent of
this kind, which produced a positive effect, was used
XeF2 added to a powdered tellurite glass. A crucible
with its contents was placed in a quartz vessel blown-
through with nitrogen from a Dewar flask. After a
short-term fusion and subsequent cooling to room
temperature, the glass was extracted from the crucible
and its transmission spectrum was recorded. Figure 1
shows transmission spectra of tellurite glasses syn-
thesized (1) with and (2) without XeF2. In the former
case, the band associated with H2O vibration com-
pletely disappears. For some of the glasses, optical
heterogeneities were analyzed by means of laser ultra-
microscopy. Figure 2 shows a typical histogram of
particle distributions over sizes and numeric con-
centrations for a sample of a tellurite glass containing
3 wt % erbium(III). The total content of particles is
3.21 �104 cm�3. A large fraction of impurity particles
(�75%) are 0.07�0.08 �m in size.

The magneto-optic properties of tellurite glasses
doped with Nd(III), Pr(III), Tb(III), Er(III), Yb(III),
and Ho(III) were studied for compositions with
70 mol % TeO2, 30 mol % ZnCl2, and 0.1�3.0 wt %
dopant. The setup for studying the rotation of the po-
larization plane of linearly polarized light is shown
schematically in Fig. 3. As source of light served
helium�neon (� = 632 nm) and neodymium (� 534
and 1060 nm) lasers. The exciting light passed through
a modulator 2 to eliminate noise and a polarizer 3.
The linearly polarized light was incident onto a po-
larization beam splitter 6. The orientation of the in-
cident light determines the relative intensities of
the resulting two beams. The beam intensities in both
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channels of the double-beam polarizer become equal
when the polarization plane of the incident light
makes a 45� angle with the polarizing directions of
the prism. When the polarization plane is rotated,
the intensities of the two beams change in opposite
directions; an increase in the intensity of one of these
beams leads to an automatic decrease in the intensity
of the other. Further, the signals were recorded with
two photodiodes 7 and fed into the inputs of a dif-
ferential amplifier. The difference signal was recorded
at the output. This is convenient because the excess
noise signals are subtracted simultaneously.

The Verdet constants were measured at three wave-
lengths: 1060, 632, and 532 nm. The results obtained
in studying the effect of rotation of the polariza-
tion plane of linearly polarized light are listed in
Tables 2, 3.

The rare-earth elements neodymium, praseodymi-
um, erbium, ytterbium, and holmium, which were
used as dopants in the tellurite glasses synthesized,
exhibit a paramagnetic rotation in the polarization
plane. Their Verdet constants are negative. It can be
seen from Table 2 that the Verdet constants increase
as the wavelength of the probing light decreases.
The Verdet constants also grow as the concentration
of the doping ion in the glass becomes higher. Fluo-
rine-zirconate glasses also exhibit a rotation effect,
but it is very weak. Their Verdet constants are three
times smaller than those for tellurite glasses. Phos-
phate glasses surpass tellurite glasses in the efficiency
of the rotation effect when doped with ions of such
REE as terbium and praseodymium and are inferior
to the tellurite glass in this regard when doped with
ions of neodymium and erbium (Table 3).

The luminescent properties were studied for tel-
lurite glasses doped with ions of erbium and neo-
dymium or with the pair erbium�ytterbium. The ions
of erbium and ytterbium were excited with a semi-
conductor laser (emission wavelength 980 nm).
The mechanism of pumping of Er3+ consists in suc-
cessive absorption of two exciting photons by an erbi-
um ion, with the result that Er3+ is excited to the 4F7/2
level. After thermal relaxation to the 4S3/2 level there
occurs the transition 4S3/2�

4I15/2 (to the ground
level), to which corresponds the band peaked at
545 nm. Erbium ions also can give rise to a green
( 2H11/2 �

4I15/2 transition) and red ( 4F7/2 �
4I15/2

transition) emission, which is characteristic of, e.g.,
the fluorine-zirconate glass. However, these peaks are
not observed in the PL spectrum of Er3+ in the tel-
lurite matrix. This circumstance is associated with
the properties of the tellurite matrix and is manifested

Table 2. Verdet constants V of tellurite glasses
����������������������������������������

Component, �V (min Oe�1 cm�1) at indicated �, nm
������������������������������

wt % � 1060 � 632 � 534
����������������������������������������
TeO2�ZnCl2 � 0.020 � 0.086 � 0.115
Nd3+, 1 � 0.022 � 0.092 � 0.134
Er3+, 1 � 0.021 � 0.088 � 0.127
Er3+, 3 � � � � � 0.150
Tb3+, 1 � � � 0.1023 � �

Pr3+, 1 � � � 0.095 � �

����������������������������������������

Table 3. Verdet constants V of phosphate glasses
����������������������������������������

Component, �V (min Oe�1 cm�1) at indicated �, nm
������������������������������

1 wt % � 405 � 500 � 635
����������������������������������������
Ce3+ � 0.672 � 0.326 � 0.173
Pr3+ � 0.447 � 0.261 � 0.150
Nd3+ � 0.250 � 0.155 � 0.080
Tb3+ � 0.560 � 0.323 � 0.190
Dy3+ � 0.540 � 0.331 � 0.098
Er3+ � 0.139 � 0.111 � 0.051
����������������������������������������

in the kinetics of the Er3+ luminescence. The PL of
a tellurite glass doped with a donor�acceptor pair
Er3+�Yb3+ is markedly different. The ion�ion inter-
action leads to energy transfer from Yb3+ to Er3+. As
a result of a cascade transition, an excited ion Er3+

goes to the 4F7/2 level. As in the case of Er3+, relaxa-
tion to the 4S3/2 level is followed by the 4S3/2 �

4I15/2
transition corresponding to the band peaked at 545 nm
(green emission). However, green emission is also
observed in this case in the 2H11/2 �

4I15/2 transition
(PL band peaked at 530 nm). Occupation of the 4F9/2
level with depletion of the 4S3/2 level (thermal relaxa-
tion) leads to a 4F9/2 �

4I15/2 transition corresponding
to a band peaked at 651 nm, i.e., red emission from
Er3+ is observed. The intensity of red PL is very low
as compared with that of the green emission (545 nm).
The intensities of all the above-mentioned transitions
in the tellurite glass are lower than that of similar tran-
sitions in the fluoride glass. This is due to a higher
probability on nonradiative transitions in the tellurite
glass. The energy of phonons is �800 cm�1 in the tel-
lurite glass and 600 cm�1 in the fluoride glass. For
the same reason, the probability of the 4I13/2 �

4I15/2
transition, to which corresponds a band peaked at
1.536 �m, is lower in the tellurite glass, compared
with the fluoride glass.
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Exposure of a tellurite glass doped with Nd3+ to
light of a mercury lamp gives rise to a green lumines-
cence with � = 510�540 nm. The Nd3+ ion absorbs
light with a wavelength of 432 nm, which is present
in the spectrum of the mercury lamp. The light with
� = 432 nm, absorbed by the neodymium ion, is re-
emitted with a wavelength characteristic of the green
emission. The UV part of the spectrum (up to � =
440 nm) was cut off with a UFS-1 filter. In this case,
no green luminescence was observed.

CONCLUSIONS

(1) Tellurite glasses with a concentration of im-
purity particles of 3.21 � 104 cm�3 and particle size
of 0.07�0.08 �m, doped with neodymium, praseody-
mium, terbium, erbium, ytterbium, and holmium ions,
were synthesized.

(2) A method for lowering the content of water in
the tellurite glass is recommended.
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Abstract�Electronic absorption spectroscopy and potentiometry were applied to study complexation at
293 K in a system constituted by water, carbamide, and sulfur dioxide. The composition and stability of
the molecular and ionic complexes formed was determined in relation to the concentration of components
in solution.

A study of the complexation of sulfur dioxide with
carbamide in water is of theoretical and practical
importance [1]. Carbamide, which exhibits properties
of a weak base, reacts with mineral acids to give
products of salt nature [2�5]; however, only a limited
number of publications have been concerned with
the chemistry of compounds formed by this ligand
and SO2. Potentiometry has been used to study the re-
action of sulfur dioxide with aqueous solutions of
carbamide at temperatures in the range from 273 to
313 K [1, 6, 7]. In [8], the interaction in the system
constituted by water, carbamide, and sulfur dioxide
was studied by means of conductometry at 298�353 K.
However, the presently existing interpretations of
the mechanism of interaction between SO2 and
aqueous solutions of carbamide are contradictory.

The aim of this study was to examine equilibri-
um processes in the systems H2O�SO2 and H2O�
CO(NH2)2�SO2 at 293 K by spectrophotometry and
potentiometry.

EXPERIMENTAL

As starting substances were used gaseous sulfur
dioxide and analytically pure carbamide (Ur). The wa-
ter used to prepare all solutions was distilled and
deoxygenated by bubbling with nitrogen for 4�6 h.
The concentration of Ur in the systems studied was
monitored photometrically [9].

Aqueous solutions of SO2 were prepared by satu-
rating deoxygenated water with gaseous sulfur dioxide
purified by the method described in [10] and by dilut-
ing the resulting solution to required concentrations.

The concentration of sulfur(IV) was determined by
iodometry [11] and by Scheniger’s procedure [12].
The values yielded by these methods coincided. No
sulfate ions were found in the system under study,
which contradicts the model suggested in [8].

Electronic absorption spectra were recorded on
Specord M400 (230 to 310 nm) and SF-18 (256 and
276 nm) spectrophotometers in 1-cm-thick quartz
cuvettes. The potentiometric measurements were per-
formed with a pH-150M pH-meter with an ESK-
10601 combined glass electrode.

Published data on physicochemical properties of
sulfur(IV) anions [13�15] suggest that sulfur diox-
ide dissolved in water exists as equilibrium forms
H2O �SO2, HSO3

�, S2O5
2�, and SO3

2�:

H2O � SO2
� H+ + HSO3,��

K1
�

� (1)

2HSO3
� S2O5 + H2O,2��
�
K *

�

� (2)

HSO3
� H+ + SO3 .��

��

K2
2� (3)

It is known that the electronic spectra of aqueous
solutions of SO2 show three absorption peaks at � 276
(A276), 256 (A256), and 210 nm. The peak at 276 nm
corresponds to sulfur dioxide hydrate; light absorption
at about 256 nm, to the pyrosulfite ion; and the peak
at about 210 nm, to the disulfite ion [13, 16, 17].

Published data on ion-molecular equilibria in the
H2O�SO2 system at 293 K are obtained with account
of only reactions (1) and (3), with reaction (2) dis-
regarded [18].
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Fig. 1. Spectrophotometric and potentiometric character-
istics of aqueous solutions of sulfur dioxide at 293 K.
(A) Optical density and (QSO2

) concentration of SO2
in solution. � (nm): (1) 276 and (2) 256.

Spectrophotometric studies of the equilibrium sys-
tem H2O�SO2 at 293 K (Fig. 1) demonstrated that
the optical densities A276 and A256 increase virtually
in direct proportion to the total content of SO2 in the
solutions under study (at QSO2

� 2.5 � 10�3 M, where
QSO2

is the total content of SO2 in solution, M).
Consequently, the solutions analyzed are described
by the Bouguer�Lambert�Beer law in the concen-
tration range QSO2

= (2.5�15.0) � 10�3 M. However,
A276 /A256 � �276 /�256 in this range. This indicates that
A256 is an additive quantity. Analysis of the data in
Fig. 1 shows that, as the total content of sulfur di-
oxide in water increases, the A276 : A256 ratio grows
and reaches a constant value at QSO2

= 4.0 � 10�3 M.

Table 1. Comparison of published and experimental data
obtained by analysis of electronic absorption spectra of
aqueous solutions of sulfur dioxide
����������������������������������������
Equilibrium form� �, nm � �, M�1 cm�1

����������������������������������������
SO2 �H2O � 276 � �500 [16, 19], 500*

� �
S2O5

2� � 256 � 2217 [13], 5790 [20], 1940*
� �

HOSO2
� � 256 � 3.8 [13], 2.5*

����������������������������������������
* Data obtained in the present study.

To find the quantitative relationships between the
concentrations of oxo compounds of sulfur in an aque-
ous solution of SO2, it is necessary to determine the
constants K1 and K *, since equilibrium (3) can be dis-
regarded at pH < 4. To calculate the dimerization con-
stant of hydrosulfite ions, K *, the molar absorption
coefficients � of hydrosulfite and disulfite ions were
preliminarily determined. The molar absorption co-
efficients of HSO3

� and S2O5
2� at 256 nm were found

by extrapolation of the dependences A256 /QSO2
=

f (QSO2
) and A256 /QSO2

= f (1/�QSO2

��
) to intersection

with the ordinate axis [13].

The molar absorption coefficient of sulfur dioxide
hydrate was determined at � = 276 nm in a similar
way. Comparison of the resulting values of �H2O �SO2

,
�HSO3

� , and �S2O5
2� with those previosly known (Table 1)

shows a good coincidence of these values with the
calculated data.

The concentration constants K1 and K * were calcu-
lated with account of Eqs. (4) and (5) (which reflect
the mass action law), the additivity rule (6) and (7),
and material balance and electroneutrality conditions
(8) and (9):

K1 = ��������� ,
[H+][HSO3 ]�

[H2O � SO2]
(4)

K * = ������� ,
[HSO3 ]� 2

[S2O5 ]2�

(5)

A276 = �276
H2O �SO2

[H2O � SO2], (6)

A256 = �256
S2O5

2� [S2O5
2�] + �256

HSO3
� [HSO3

�], (7)

QSO2
= [H2O � SO2] + 2[S2O5

2�] + [HSO3
�], (8)

[H+] = 2[S2O5
2�] + [HSO3

�]. (9)

In processing of the experimental data, a linear
dependence of the ionic strength I of the aqueous
solutions on the amount of sulfur dioxide dissolved
in these solutions was established (2.5 �10�3 � QSO2

�
15.0 � 10�3 M):

I = 0.8113QSO2
+ 0.0002, R2 = 0.99, (10)

where R2 is the statistical significance of approxima-
tion.

The dependences of the concentration constants K1
and K * on the total concentration of SO2 (2.5 � 10�3 �
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QSO2
� 15.0 � 10�3 M) are shown in Fig. 2. These

dependences can also be described by the equation
whose parameters are listed in Table 2:

pK = A0 + A1�QSO2

��
+ A2 QSO2

, (11)

where pK = �log K.

Ur can react with sulfur dioxide in water in sev-
eral ways: (i) via direct addition [Eq. (12)] and (ii) via
protonation of Ur [Eq. (13)] [7]:

mH2O �SO2 + nCO(NH2)2 + (h 	 m)H2O

�� mSO2 �nCO(NH2)2 �hH2O, (12)

CO(NH2)2 + H+ �� {CO(NH2)2H}+. (13)

The equilibrium processes in the system H2O�Ur�
SO2 were studied spectrophotometrically in the spec-
tral range 230�310 nm. For this purpose, light ab-
sorption of 30 solutions was recorded at 16 wave-
lengths. The number of light-absorbing species was
determined by analyzing a matrix with orthogonal
rows by the Mark method [21].

Analysis of how the matrix rank depends on the
prescribed experimental error (Fig. 3) shows that
the number of types of light-absorbing species in
the system under study is, in all probability, four.
In this case, the error in determining the optical den-
sity must fall within the range 0.0018 � SA � 0.004
units of light absorption. If, however, the error is
lowered to 0.00016, and further to 0.00006, the results
of calculations point to five forms; if, by contrast,
the error is increased to 0.0042�0.0046 light-absorp-
tion units, the number obtained is three. A similar
tendency was observed in [22] when analyzing the
matrix rank for a system constituted by hafnium(IV),
perchloric acid, and chloranilic acid.

It should also be noted that the number of different
types of light-absorbing species in the system H2O�
SO2 is three. Then, it is highly probable that the num-
ber of types of light-absorbing species in the system
H2O�Ur�SO2 is greater than three.

It was established that the absorption peaks are not
shifted upon complexation, whereas the optical den-
sities of the peaks change significantly. Therefore, all
further studies were carried out by analyzing the light
absorption at 276 and 256 nm.

The composition of the complexes in solution was
determined using the method of molar ratios [22].

Fig. 2. (1) pK1 and (2) pK* vs. the total content of SO2,
QSO2

.

Fig. 3. Matrix rank rA vs. the prescribed experimental error
SA for the system H2O�Ur�SO2.

The calculations were based on deviations of
the optical densities from additivity, 	A (	A = A

�
�

ASO2
� AUr, where A

�
is the total optical density of all

the components of a solution; and ASO2
and AUr are

the optical densities of solutions of the components
SO2 and Ur at concentrations equal to those in the
series under study). The resulting values of 	A were
used to construct 	A�composition diagrams for the so-
lution series under study (Fig. 4).

When analyzing the data in Fig. 4 (curves 1, 2), it
should be noted that compounds of composition

Table 2. Values of parameters in Eq. (11) (R2 = 0.91)
����������������������������������������

pK � A0 � A1 � A2
����������������������������������������
pK1 � 1.7917 � 0.7902 � 	37.652� � �
pK * � 	1.2925 � 8.7247 � 	19.152
����������������������������������������
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Fig. 4. �A vs. the composition of the system constituted by water, carbamide, and sulfur dioxide at 293 K. QSO2
(M):

(1, 2) 5.0 � 10�3 and (3, 4) 7.5 � 10�3. pH: (1, 2) 2.66 � 0.02 and (3, 4) 2.42 � 0.02. � (nm): (1, 3) 256 and (2, 4) 276.

[mSO2 �nCO(NH2)2 �hH2O], in which m : n = 5 : 3,
3 : 2, 4 : 3, 6 : 5, 1 : 1, 4 : 5, and 2 : 3, exist in the
5.0 � 10�3 M solution of sulfur dioxide. A 7.5 �
10�3 M solution of SO2 is characterized by the ratios
m : n = 2 : 1, 3 : 2, 4 : 3, 1 : 1, and 4 : 7 (Fig. 4, cur-
ves 3 and 4). Similarly, it was also established that
complexes of composition [SO2 �CO(NH2)2 �hH2O] (I)
and [2SO2 �CO(NH2)2 �hH2O] (II) exist in a 2.5 �
10�3 M solution of sulfur dioxide.

With account of Eqs. (4), (5), (14), and (15) (which
reflect the mass action law), the material balance and
electroneutrality conditions (16)�(18), the numerical
values of the arbitrary complexation constants 
1 and

2 were calculated for compounds (I) and (II), respec-
tively (Table 3):

(14)
 = ��������������������� ,
[[mSO2 � nCO(NH2)2 � hH2O]]

[H2O � SO2]m [CO(NH2)2]n

Ka = ������������ ,
[CO(NH2)2][H+]

[{CO(NH2)2H}+]
(15)

QSO2
= [H2O � SO2] + 2[S2O5

2�] + [HSO3
�] + mcK, (16)

QUr = [CO(NH2)2] + [{CO(NH2)2H+}] + ncK, (17)

[{CO(NH2)2H+}] + [H+] = [HSO3
�] + 2[S2O5

2�] + [OH�],
(18)

where cK = [[mSO2 � nCO(NH2)2 � hH2O]]; QSO2
and

QUr, the total content of sulfur dioxide and Ur, respec-
tively, in the system under study; p
 = �log 
.

In the calculations, the value of pKa was taken to
be 0.18 [23].

The arbitrary constants 
3 and 
4 characterize
the acid�base interaction of uronium cations with
hydrosulfite and disulfite ions, respectively:

Table 3. Results obtained in spectrophotometric studies of the system H2O	CO(NH2)2	SO2 at 293 K
������������������������������������������������������������������������������������

Parameter
� Concentration QSO2

� 103, M
������������������������������������������������������������������������
� 2.5 � 5.0 � 7.5

������������������������������������������������������������������������������������
QUr � 103, M � 1.85	2.50 � 4.50	5.00 � 6.00	7.50
pH � 2.90 � 2.66 � 2.42
p
1 � 
p
1 � 	4.03 � 0.051 � 	3.74 � 0.057 � 	3.28 � 0.065
p
3 � 
p
3 � 	5.98 � 0.051 � 	5.62 � 0.057 � 	5.02 � 0.065
p
4 � 
p
4 � 	11.8 � 0.10 � 	10.4 � 0.12 � 	9.37 � 0.13

� � �
log �K(I)

276 � 2.04 � 1.91 � 1.95
� � �

log �K(I)
256 � 1.80 � 1.56 � 1.51� � �

QUr � 103, M � 1.25 � 1.50	2.50 � 2.25	3.75
pH � 2.91 � 2.66 � 2.42
p
2 � 
p
2 � 	8.06 � 0.042 � 	7.67 � 0.268 � 	6.74 � 0.182

� � �
log �K(II)

276 � 2.40 � 2.20 � 2.33
� � �

log �K(II)
256 � 1.98 � 1.86 � 1.95

������������������������������������������������������������������������������������
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{CO(NH2)2H+} + HSO3
� + (h 	 1)H2O

�� [SO2 �CO(NH2)2 �hH2O], (19)


3 = ������������������� ,
[[SO2 � CO(NH2)2 � hH2O]]
[HSO3] [{CO(NH2)2H}+]�

(20)

2{CO(NH2)2H+} + S2O5
2� + (2h 	 2)H2O

�� 2[SO2 �CO(NH2)2 �hH2O], (21)


4 = ������������������� .
[[SO2 � CO(NH2)2 � hH2O]]

[S2O5 ] [{CO(NH2)2H}+]22� (22)

It was established in the study that compounds (I)
and (II) absorb in the UV spectral range:

A276 = �276
H2O �SO2

[H2O � SO2] + �276
K cK, (23)

A256 = �256
S2O5

2� [S2O5
2�] + �256

HSO3
� [HSO3

�] + �256
K cK, (24)

where �K
276 and �K

256 are the molar absorption coef-
ficients of the forming complexes at 276 and 256 nm,
respectively.

The fact that the values of �K(I)
276 , �K(I)

256 and �K(II)
276 ,

�K(II)
256 for compounds (I) and (II), respectively

(Table 3) depend on the total content of sulfur diox-
ide and Ur in solution presumably indicates that
the composition of complexes (I) and (II) also de-
pends on the concentrations of these components in
solution.

Analysis of the data in Table 3 shows that, as
the solutions are diluted, the stability of the com-
pounds increases, which would be impossible if hy-
drolysis dominated over complexation. Hence follows
that the complexes are hydrated from the very begin-
ning and a further increase in the concentration of
water does not lead to displacement of other species
from the compounds.

In all probability, the effects described above are
due to selective solvation in aqueous-carbamide so-
lutions of sulfur dioxide.

CONCLUSION

Joint application of spectrophotometric and poten-
tiometric methods enables a conclusion that both mo-
lecular and ion complexes can be formed in the sys-
tem H2O�CO(NH2)2�SO2. The composition and sta-
bility of the forming compounds strongly depend on

the concentration of components in solution. It is
established that the hydration of the complexes dom-
inates over their hydrolysis in the system under
study.
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Abstract�The influence exerted by the pH value on the molar solubility of a number of amorphous and
crystalline hydroxides of Group-II elements in an aqueous alkaline medium was calculated thermodynamically
with account of the formation of hydroxo complexes.

Previously, the thermodynamic method has been
used to establish the limits of applicability of crystal-
line sensor membranes in a strongly acidic medium
[1]. However, as the hydrogen index of the medium
increases, binding of free cations into hydroxo com-
plexes changes the response of Cd- (Hg, Ca, Cu, Pb)-
ion-selective electrodes by making narrower the range
of admissible pH values in a potentiometric analysis
for cations. At the same time, the effect of the pH
value on the solubility of metal hydroxides in an
aqueous-alkaline medium is of interest in itself in
determining the conditions of hydrolysis, virtually
complete precipitation, or effective masking of cat-
ions in the form of soluble hydroxo complexes [2]. In
addition, the amphoteric behavior and the effect of
structural-chemical specific features of te hydroxides
on their solubility in water have been studied insuf-
ficiently [2, 3].

A thermodynamic calculation of the solubility of
a number of hydroxides in pure water and in an
aqueous-alkaline medium (with addition of NaOH or
HClO4) at pH 7�15 and 25�C was performed. As
objects of study were chosen hydroxides of Group-II
elements, which are used in chemical processing of
wood and vegetable waste, forestry and agriculture,
medicine, and analytical chemistry.

In an aqueous solution saturated with a sparingly
soluble hydroxide M(OH)2, a heterogeneous chemical
equilibrium

M(OH)2(cryst) �� M2+(sol) + 2OH�(sol), (1)

is attained, whose thermodynamic constant is given
by the expression

Ks
0 = SPth = aM2+ aOH�

2 = const (T ), (2)

where aM2+ and aOH� are the activities of the ions
M2+ and OH�.

The constant Ks
0 was calculated using the ther-

modynamic relation [1]

log Ks
0 = �0.175�Gs, 298

0 , (3)

where �Gs, 298
0 is the standard change in the Gibbs

energy (kJ mol�1), which was calculated for the dis-
solution process (1) by the equation

�Gs
0 = �Gf, M2+0 + 2�Gf, OH�

0 � �Gf, M(OH)2
0 . (4)

The values of �Gf
0 for ion formation in aqueous

solutions were taken from [4]; those for Zn2+, from
the reference book [5]; and values of �Gf

0 for forma-
tion of amorphous or crystalline modifications of hy-
droxides at 298 K, from the reference books [5�7] or
found by calculation [8]. In the calculation for mercu-
ry(II) in a saturated aqueous solution, the following
chemical equilibria were taken into account

HgO(cryst) + H2O(l) � Hg(OH)2(sol)

� Hg2+(sol) + 2OH�(sol). (5)

The molar solubility of M(OH)2 in pure water and
in aqueous NaOH solutions was calculated taking into
account the ionic strength of the solution and the for-
mation of mononuclear hydroxo complexes [2], using
the generalized equation

(6)s = cM �������� � �i [OH
_
] i _ 2,�

fM2+ + fOH �

i = 0

nKs
0

2 �
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Ionicity and thermodynamic parameters of dissolution of crystalline hydroxides in water and alkali at 25�C
������������������������������������������������������������������������������������

� � �Gs
0,

� pKs
0 � s, M � �

� � ������������������������������������������ �Composition� Pi, % � � � � A � �n
� �

kJ mol�1
� calculation � [2] � in H2O � in 1 M NaOH � �

������������������������������������������������������������������������������������
Be(OH)2* � � 121.8 � 21.32 � 21.31 � 6 	 10�7 � 5 	 10�3 � 2 	 104 �

-Be(OH)2 � � 125.4 � 21.94 � � � 3 	 10�7 � 1 	 10�3 � 1 	 104 �
�-Be(OH)2 �

64
� 128.0 � 22.39 � � � 1.4 	 10�7 � 4 	 10�4 � 8 	 103 �

3.87

�-Be(OH)2* � � 126.9 � 22.20 � � � 1.8 	 10�7 � 6 	 10�4 � 9 	 103 �
Mg(OH)2* �

74
� (52.7) � � � 9.22 � 7 	 10�4 � 2 	 10�7 � 6 	 10�5 �

0.1
Mg(OH)2 � � 63.4 � 11.10 � 11.15 � 2 	 10�4 � 4 	 10�9 � 4 	 10�6 �
Ca(OH)2 � 78 � 29.1 � 5.10 � 5.19 � 2 	 10�2 � 2 	 10�3 � 0.1 � 1.99
Sr(OH)2** � 79 � 18.0 � 3.15 � 3.50 � 8 	 10�2 � 2 	 10�3 � 4 	 10�3 � 0.98
�-Ba(OH)2** � 81 � 15.1 � 2.65 � 2.30 � 0.28 � 0.046 � 0.1 � 1.1

-Zn(OH)2 � � 90.4 � 15.81 � � � 5 	 10�5 � 0.10 � 5 	 104 �
�-Zn(OH)2 � � 92.1 � 16.12 � � � 1.9 	 10�5 � 0.051 � 7 	 104 �
�-Zn(OH)2 � 64 � 92.3 � 16.14 � � � 1.8 	 10�5 � 0.048 � 7 	 104 � 3.99
�-Zn(OH)2 � � 92.5 � 16.18 � � � 1.7 	 10�5 � 0.044 � 6 	 104 �

-Zn(OH)2 � � 94.1 � 16.48 � 16.86 � 1.5 	 10�5 � 0.022 � 4 	 104 �

-Cd(OH)2* �

65
� 77.8 � 13.62 � 13.66 � 2.2 	 10�5 � 2.5 	 10�5 � 15 �

3.90�-Cd(OH)2 � � 81.6 � 14.27 � 14.23 � 1.3 	 10�5 � 6 	 10�6 � 6 �

-HgO �

47
� 145.6 � 25.49 � 25.52 � 2.0 	 10�4 � 2.4 	 10�4 � 1.6 �

2.54�-HgO � � 146.0 � 25.55 � � � 1.9 	 10�4 � 2.3 	 10�4 � 1.6 �
������������������������������������������������������������������������������������
* Freshly precipitated amorphous.

** Octahydrate.

where cM is the total molality of all the chemical
forms of M(II) in a saturated solution; fM2+ and fOH�,
the molar activity coefficients of the ions M2+ and
OH�; �0 = 1; and �1, �2, �3, and �4, the total sta-
bility constants of the hydroxo complexes MOH+,
M(OH)2, M(OH)3

�, and M(OH)4
2�.

The concentration of free anions OH� and the pH
value of saturated hydroxide solutions in pure water
were found by solving the system of three equations

[M2+][OH�]2 = Ks , �������� = �1,0

[M2+][OH�]

[MOH+]

[M2+] + [MOH+] = [OH�] (7)

with the use of the Cardano method for a cubic equa-
tion.

The results of the calculations are listed in the table
(pKs

0 = �log Ks
0; Pi , the ionicity of the chemical bond

M�O in a hydroxide, evaluated using the Pauling
curve in relation to the difference of the electroneg-
ativities of the elements M and O; A, the amphoterism
parameter; and �n, the ligand number).

It can be seen from the table that there is a satis-
factory agreement between the pKs

0 values calculated

by Eq. (3) and those taken from the reference book
[2]. For a number of hydroxide modifications, Ks

0 was
calculated for the first time. For strontium and barium
hydroxides, the parameters of dissolution of octa-
hydrates, which are stable in saturated aqueous so-
lutions, were determined.

As the ionicity of the M�O bond increases in
the order Be�Mg�Ca�Sr�Ba, the solubility of
the hydroxides M(OH)2 in pure water grows dramat-
ically (see table). The solubility of freshly precipitated
amorphous hydroxides of beryllium, magnesium, zinc,
and cadmium exceeds that of their crystalline mod-
ifications. The solubility of these latter strongly
depends on structure and decreases on passing to
the stable modifications �-Be(OH)2, �-Zn(OH)2, and
�-HgO.

It can be seen from the table and the figure (cur-
ves 2, 3) that, as the pH or the active alkalinity of
the medium (aOH�) increases, the molar solubility of
the bases Mg(OH)2, Ca(OH)2, Sr(OH)2, and Ba(OH)2
steadily decreases, following the approximate equa-
tion s = Ks / [OH�]2. The effect of a strong decrease
in solubility in the presence of the likely charged
OH� ions is not compensated for by a weak positive
effect of formation of the unstable hydroxo complexes
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MOH+ and M(OH)2. The solubility of the yellow (�)
and red (�) modifications of HgO is nearly inde-
pendent of pH in the range 7�13, and only at pH � 14
starts to increase noticeably [see table and figure
(curve 6)]. The solubility of amphoteric hydroxides of
beryllium, zinc, and cadmium passes through a min-
imum as the pH value of the medium increases (see
figure, curves 1, 4, and 5). Analysis of Eq. (6) shows
that the lowest solubility of M(OH)2 precipitates is
observed at the optimal concentration of OH� ions,
when neutral complexes M(OH)2 are predominant
among the equilibrium species in solution. From
the condition for the maximum mole fraction xM(OH)2

,
the following equation was obtained

2�4[OH�]4 + �3[OH�]3 � �1[OH�] � 2 = 0. (8)

Solving this equation approximately with the use of
the Newton method and the constants �i from the ref-
erence book [2] yielded the [OH�]opt at xM(OH)2

= max
and then smin (see figure). The values of smin (M) at
25�C are 1.5 � 10�7 and 1.3 � 10�8 for freshly pre-
cipitated amorphous and �-Be(OH)2, respectively, at
pH 8.9; 2 � 10�5 and 5 � 10�6 for �- and �-Zn(OH)2
at pH 10.2; and 2 � 10�6 and 4 � 10�7 for �- and
�-Cd(OH)2 at pH 11.6.

The mole fraction of free cations M2+ in saturated
aqueous solutions of M(OH)2 was calculated using
the equation

x
M2+ = [M2+]/cM = �1 + � �i [OH ] � ,i_n

i = 0

�
�

�
�

_1
(9)

where n = 1 for Mg2+ and Sr2+; n = 2 for Ca2+ and
Ba2+, n = 3 for Hg2+; and n = 4 for Be2+, Zn2+,
and Cd2+ [2].

Doubly charged cations not bound into hydroxo
complexes can be determined potentiometrically in
pure aqueous solutions at pH less than 1.5 (Hg),
3.5 (Be), 5.5 (Zn, Cu, Pb), 8.0 (Cd), 9.5 (Mg), and
10.5 (Ca, Sr, Ba).

In purely aqueous saturated solutions of the hy-
droxides (shown by the arrows in the figure), BeOH+,
Mg2+, Ca2+, Sr2+, Ba2+, ZnOH+, Cd2+, and Hg(OH)2
predominate. The complexation is the strongest for
cations of mercury(II), beryllium, and zinc, which
form the least stable and least water-soluble hydrox-
ides.

It can be suggested to evaluate the amphoterism of
the hydroxides by ratio (A > 1) of their molar sol-
ubilities in an alkaline medium with pH 14.7 (5 M
NaOH solution) and in pure water. As follows from

Solubility s of solid hydroxides vs. the pH value of
the aqueous-alkaline medium at 25�C. (1) (�-Be(OH)2,
(2) freshly precipitated Mg(OH)2, (3) Ca(OH)2,
(4) (�-Zn(OH)2, (5) (�-Cd(OH)2, and (6) (�-HgO.

the table, the amphoterism of the hydroxides decreases
in the order Zn(OH)2 � Be(OH)2 � Cd(OH)2�HgO.
In approximately the same order decreases the mean
ligand number �n in the hydroxo complexes (Bjorrum
function) at [OH�] = 10 M (see table). Hydroxides
of magnesium, calcium, strontium, and barium show
no amphoterism (A < 1, n < 2).

CONCLUSIONS

(1) The molar solubility of M(OH)2 hydroxides
in water grows as the ionicity of the chemical bond
M�O increases in the order Be�Mg�Ca�Sr�Ba
and depends on their structure, decreasing on passing
from the amorphous to the stable crystalline modifica-
tion.

(2) The thermodynamic method is used to calcu-
late the effect of the pH value on the solubility of the
hydroxides M(OH)2 in an aqueous-alkaline medium.
A condition for existence of amphoterism in M(OH)2
(mean ligand number in the hydroxo complexes �n > 2)
and its estimate (parameter A > 1) increasing in the
order HgO�Cd(OH)2�Be(OH)2�Zn(OH)2 are sug-
gested. The pH intervals in which cations of Group-II
metals are not bound into hydroxo complexes are de-
termined.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 8 2004

1258 SHKOL’NIKOV

(3) The minimum solubility and the pH values at
which the precipitation of amphoteric hydroxides of
beryllium, zinc, and cadmium is the most complete
are calculated with account of the formation of hy-
droxo complexes.
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Abstract�Ion-exchange sorption of K+ and Na+ from their mixture on X-ray-amorphous and crystalline
Sn(IV) hydrophosphates was studied. These sorbents exhibit a high selectivity for K+. Amorphous Sn(IV)
hydrophosphate can be used for efficient purification of aqueous sodium salt solutions to remove potassium
impurity.

It is known that metal(IV) hydrophosphates show
a high selectivity in the ion-exchange sorption of var-
ious metal cations, including chemical analogues.
However, the most part of data on this subject concern
the sorption of metals from aqueous solutions contain-
ing only one kind of cations. Data on ion-exchange
sorption of metals from their binary mixtures on
Zr(IV) hydrophosphate are scarce [1�3]. A procedure
has been developed for purification of sodium iodide
to remove potassium cations by sorption treatment of
aqueous NaI�KI mixture with Sn(IV) hydrophosphate
[4]. However, the physicochemical reasons for the se-
lectivity of sorbents based on Sn(IV) hydrophosphate
for K+ and the effect of their crystalline ordering on
selectivity for alkali metals are poorly understood.

In this study, we examined the selectivity of ion-
exchange sorption of Na+ and K+ from their binary
mixture on X-ray-amorphous and crystalline samples
of Sn(IV) hydrophosphate.

EXPERIMENTAL

X-ray-amorphous Sn(IV) hydrophosphate was pre-
pared by recrystallization of crude Sn(IV) hydrophos-
phate (P : Sn ratio 1.4) in 0.5 M aqueous H3PO4
for 48 h [5]. Crystalline Sn(IV) hydrophosphate
was prepared by precipitation from refluxing 12 M
aqueous H3PO4 (reaction time 175 h) [6]. The ion-
exchange characteristics of both amorphous and crys-
talline Sn(IV) hydrophosphates were determined by
potentiometric titration of their weighed portions
with a multicomponent alkaline titrant containing

0.1 M KCl and 0.1 M NaCl, or 0.1 M KOH and
0.1 M NaOH [7].

The content of K+ and Na+ ions in solution before
and after sorption was determined using the atomic-
absorption method. The relevative standard deviation
was 0.002.

It has been reported [5, 6] that both crystalline and
amorphous ion-exchangers based on Sn(IV) phosphate
are composed of Sn(IV) hydrophosphate Sn(HPO4)2
containing the hydrophosphate anions as the cation-
exchange sites. Figure 1 shows the curves of potenti-
ometric titration of amorphous and crystalline Sn(IV)
hydrophosphates with the alkaline multicomponent
titrant, plotted as pH vs. the amount of hydroxide
added. We found that, on addition of the titrant to
the initial sorbent�water suspension to pH 9, the con-
centration of phosphate anions in the liquid phase re-
mains constant (3 � 10�2 g l�1), i.e., the ion-exchange
sorption of alkali metals does affect the solubility of
Sn(IV) hydrophosphate. Figure 1 shows that, on ad-
ding the alkaline titrant to an aqueous suspension of
amorphous Sn(IV) hydrophosphate, the pH gradually
increases. Such a shape of the sorption titration curve
shows that, in sorption of alkali metal cations under
consideration, a continuous series of their solid solu-
tions in the amorphous sorbent is formed. By contrast,
for crystalline Sn(IV) hydrophosphate, the slope of
the titration curve sharply decreases at pH 6.2 due
to fundamental changes in the sorption mechanism.

At pH < 6.2, the sorption capacity of the amor-
phous sorbent for K+ and Na+ exceeds that of the crys-
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Fig. 1. Curves of potentiometric titration of Sn(IV) hy-
drophosphate with an alkaline titrant containing K+and Na+.
(OH�) Amount of hydroxide anions added. Sorbent type:
(1) X-ray-amorphous (recrystallized from 0.5 M H3PO4
for 48 h) and (2) crystalline (prepared by boiling in 12 M
H3PO4 for 175 h).

Fig, 2. Sorption of K+ and Na+ from their mixtures on
Sn(IV) hydrophosphate vs. the amount of hydroxide an-
ions added. Sorbent type: (1, 3) X-ray-amorphous and
(2, 4) crystalline. (1, 2) Na+ and (3, 4) K+.

Fig. 3. K+/Na+ separation factor for sorption on Sn(IV) hy-
drophosphate as influenced by pH. Sn(IV) hydrophosphate:
(1) X-ray-amorphous and (2) crystalline.

talline sorbent. At the same time, the crystalline
Sn(IV) hydrophosphate becomes a stronger sorbent for
alkali metal cations at pH > 6.2 (Fig. 1). This differ-
ence is caused by features of the amorphous and crys-
talline sorbents. The amorphous Sn(IV) hydrophos-
phate (interplanar spacing 0.874 nm) has a more dis-
ordered structure than the crystalline sorbent (interpla-
nar spacing 0.785 nm) [5, 6]. Therefore, at pH < 6.2
the sorbing sites of the amorphous sorbent are more
accessible to alkali metal cations. As the alkaline ti-
trant is added, the content of protons in Sn(IV) hydro-
phosphate decreases and excess hydroxide anions are
sorbed. As a result, the sorbent matrix becomes nega-
tively charged and the sorbent capacity for charge-
compensating alkali cations increases [7, 8]. It is also
believed [9] that the sorption of Na+ on crystalline
Sn(IV) hydrophoshate facilitates the sorption of K+

owing to broadening of the channels and cavities in
the sorbent structure and decrease in the sterical hin-
drance to sorption. Therefore, at pH > 6.2 the total
sorption capacity of the crystalline sorbent for K+

and Na+ exceeds that of the amorphous sorbent.

The curves in Fig. 2 demonstrate the contribution
of K+and Na+ cations to the total sorption capacity of
the sorbents for these cations. These curves show that
the sorption capacity of both crystalline and amor-
phous Sn(IV) hydrophosphates grows with increas-
ing amount of hydroxide anions added. These cor-
relations are consistent with the well-known effect of
acidity on the concentration of ionized sorbent sites in
the cation exchanger [8]. When the amount of added
hydroxide anions exceeds 0.75 mmol g�1 of sorbent,
the curves describing sorption of K+ and Na+ on the
crystalline sorbent becomes steeper than the curves for
sorption these cations on the amorphous sorbent and,
ultimately, both alkali metal cations become more
sorbable on the crystalline sorbent.

Figure 2 shows that, in sorption of K+ and Na+

from their mixtures on X-ray-amorphous Sn(IV) hy-
drophosphate, the sorption of K+ prevails. The stronger
sorption of K+ than Na+ on Sn(IV) hydrophosphate
was also observed in sorption of these cations from
aqueous solutions containing only one kind of these
cations [5]. Thus, our data show that K+ and Na+ do
not interfere with each other in their simultaneous
sorption on the sorbents under consideration.

It was reported in [6] that, in sorption of K+ and
Na+ from their aqueous solutions containing either
Na+ or K+ on crystalline Sn(IV) hydrophosphate,
Na+ cations are more sorbable than K+. At the same
time, Fig. 2 shows that the sorption of K+ prevails
in sorption of K+ and Na+ from their binary mixture
on the crystalline sorbent. We believe that, in sorp-
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tion of K+ and Na+ from their mixture on crystal-
line Sn(IV) hydrophosphate, the sorption of relative-
ly small Na+ cations facilitates that of larger K+ cat-
ions owing to broadening of the channels and cavities
in the sorbent. Similar effects have been reported
for crystalline zirconium and titanium hydrophos-
phates [9].

Figure 3 shows that the plots of the K+/Na+ separa-
tion factor against pH for crystalline and amorphous
Sn(IV) hydrophosphate have similar shapes with a
maximum. The greatest K+/Na+ separation factors
for amorphous and crystalline sorbents, equal to 5.7
and 3.0, are observed at pH 3.2 and 5.8, respectively.
Thus, the X-ray-amorphous sorbent is more selective
for K+ than the crystalline sorbent.

The data reported in [5, 6] show that amorphous
Sn(IV) hydrophosphate exhibits a higher chemical
stability than crystalline Sn(IV) hydrophosphate. For
example, in sorption of Na+ from aqueous NaI on
amorphous and crystalline sorbents, the phosphate
concentration in the equilibrium sorbate was 13.0 and
20.2 mg l�1, respectively. Since amorphous Sn(IV) hy-
drophosphate is more chemically stable and more se-
lective to K+ than the crystalline sorbent, the former is
more suitable for practical separation of K+ from Na+.

The separation of microamounts of K+ from simi-
lar amounts of Na+ microamounts is one of important
problems in analytical chemistry. In this context, the
sorption of K+ and Na+ from their mixture on amor-
phous Sn(IV) hydrophosphate was studied in relation
to pH (see table). The sorption was carried out under
static conditions from an aqueous NaCl�KCl mixture
containing 1 mg l�1 of each cation.

The table shows that, with the pH increasing to 3.2,
the distribution and separation factors of K+ first grow
and then remain constant. By contrast, the sorption of
Na+ begins at pH 3.2. These data show that the best
separation of K+ from Na+ is achieved in the case
of sorption on amorphous Sn(IV) hydrophosphate
at low pH.

Owing to the high selectivity of amorphous Sn(IV)
hydrophosphate for K+, this sorbent can be used for
efficient purification of sodium salts to remove K+.
Taking into account that this procedure must ensure
efficient separation of potassium from both micro and
macroamounts of sodium, the sorption of K+ on
amorphous Sn(IV) hydrophosphate from aqueous so-
lutions containing various NaI amounts was studied
at pH 3 (Fig. 4). The K+ content in all the K+

�Na+

mixtures tested was 5 � 10�3 wt %.

Figure 4 shows that, with increasing NaI concen-
tration, the efficiency of NaI purification to remove

Sorption of microamounts of K+ and Na+ from their
mixture on X-ray-amorphous Sn(IV) hydrophosphate*

����������������������������������������

pHeq

� E, % � Kd �
�������������������������
� K+ � Na+ � K+ � Na+ �

KK+/ Na+

����������������������������������������
1.0 � 68 � 0 � 110 � 0 � �

2.0 � 94 � 0 � 780 � 0 � �

2.9 � 96 � 0 � 1200 � 0 � �

3.2 � 99 � 22 � 4950 � 14 � 350
3.2 � 99 � 33 � 4950 � 25 � 200

����������������������������������������
* (E ) Degree of sorption (%) and (Kd) distribution factor.

K+ decreases. Therefore, in order to ensure a high
efficiency of NaI purification to remove K+, the NaI
concentration in the NaI�KI mixture should be low.
However, we found that even at a NaI content as high
as 300�400 g l�1, the separation of potassium from
sodium was quite acceptable to ensure an efficient
purification of NaI to remove KI under dynamic con-
ditions. The sorptive separation of K+ from Na+ on
amorphous Sn(IV) hydrophosphate ensures prepara-
tion of sodium salts of ultrapure grade, which contain
less than 2 � 10�4% K+.

CONCLUSIONS

(1) In the pH range below 6.2, the total cation-ex-
change capacity of X-ray-amorphous Sn(IV) hydro-
phosphate for a K+

�Na+ mixture exceeds that of crys-
talline Sn(IV) hydrophosphate but, at pH > 6.2, the
crystalline sorbent becomes more efficient than its
amorphous modification.

(2) Owing to its higher selectivity for K+ and
higher chemical stability as compared to the crystal-

Fig. 4. Characteristics of K+ sorption on amorphous Sn(IV)
hydrophosphate vs. NaI concentration. (1) Distribution
factor Kd, (2) degree of sorption E, and (3) residual K+

content in aqueous solution Kr.
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line modification, amorphous Sn(IV) hydrophosphate
is more suitable for separation of K+ from Na+. The
optimal separation is achieved at pH lower than 3.2.
Amorphous Sn(IV) hydrophosphate can also be used
for efficient purification of concentrated Na-contain-
ing solutions to remove K+ microimpurities.
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Abstract�For initial carbons of varied origin and carbons oxidized with various oxidizing agents, the con-
tinuous distribution function of surface groups with respect to the protonation constants was determined by
acid�base potentiometric titration.

The surface chemistry of carbon materials is of
great importance for their use as adsorbents, catalysts,
or supports of catalytically active substances [1�3].
The surface characteristics of carbon adsorbents are
governed by heteroatoms, which can substitute carbon
atoms in the carbon structure or occur in the form of
surface groups.

To determine the surface groups of carbon mate-
rials, various methods have been used [3]. The best
known and rather simple method is selective neutral-
ization of surface groups with alkaline (NaHCO3,
Na2CO3, NaOH, NaOEt) or acidic (HCl) solutions
[4]. According to this method, the surface groups are
classified into several discrete types of acidic (car-
boxy, lactonic, phenolic, carbonyl) and basic (pyrone,
chromene) nature depending on their ability to add or
eliminate proton. However, assignment of individual
types of surface groups to definite chemical structures
is arbitrary. For example, neutralization of carboxy
groups with sodium hydrogen carbonate or phenolic
groups with sodium hydroxide has been reported to be
incomplete [5].

One of the methods for determining acid�base sur-
face groups is potentiometric titration. It was shown
that the titration curve of carbon black oxidized with
nitric acid suggests the presence of surface groups
with the acidity close to that of carboxy groups [6].
Later, a more perfect method was suggested, in which
the titration curves obtained in the experiments (de-
pendence of equilibrium solution pH on the volume of
titrant added) are transformed into the isotherms of
proton sorption (dependence of the amount of sorbed
protons on pH) [7]. However, the isotherms are usual-

ly characterized in the case of carbon adsorbents by
smooth variation of the amount of sorbed protons
throughout the entire pH range without any plateaus
or inflections. This shape of the isotherm gives no
way of distinguishing individual surface groups with-
out using complicated calculation procedures.

A significant progress in the analysis of acid�base
characteristics of carbon adsorbents was achieved with
the nonuniformity of surface groups analyzed by
solving the integral equation of adsorption by approx-
imation of the local isotherm (the Rudzinskii�Jagiello
method) [8]. This method allows evaluation of con-
tinuous distribution of surface groups with respect to
protonation constants. Later the resolution of peaks
in the distribution curve was improved by numerical
solution of the integral adsorption equation by the
SAIEUS method [9, 10]. However, this method dis-
regards the electrostatic interaction of the charged
adsorbent surface with ions of the nearsurface layer
is not considered.

For carbon adsorbents, the difference in the proton
concentrations in the solution and near the surface
may be as large as two to three orders of magnitude.
Therefore, the constants calculated without taking into
account the influence of the charged adsorbent surface
on the concentration of ions near surface groups are
only apparent.

In this study, we applied the method of a con-
tinuous distribution of surface groups with respect to
the protonation constants, with account taken of the
electrostatic interaction, to analysis of the surface
groups of carbon adsorbents on the basis of potenti-
omentric titration data [11, 12].
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Fig. 1. Proton sorption Q by (a) SKN synthetic car-
bons oxidized with air and KAU pit carbons oxidized with
(b) air and (c) HNO3, vs. pH. (a) (1) SKN, (2) SKNo-
1.6, (3) SKN0-2.0, and (4) SKNo-2.2; (b) (1) KAU,
(2) KAUo-1.0, (3) KAUo-1.7, and (4) KAUo-2.2;
(c) (1) KAU, (2) KAUo-0.8, (3) KAUo-1.2, (4) KAUo-1.8,
and (5) KAUo-2.6; the same for Fig. 2.

EXPERIMENTAL

Synthetic carbon SKN from vinylpyridine copoly-
mer [13] and carbon KAU from apricot pit [14] with
progressive increase in the degree of oxidation were
used. The synthetic (SKN) and pit (KAU) carbons
were oxidized by hot humid air (300 ml min�1) at
430�C for 2, 6, and 10 h. Pit carbon KAU was also
oxidized with boiling 25% nitric acid (carbon : acid =
1 : 3) for 0.5, 2.5, 10, and 15 h.

Potentiometric titration was carried out by the
method of separate weighed portions at constant ionic
strength (0.1 M NaCl) [11]. The sorption isotherms
of protons were calculated from the potentiometric
titration data by the formula

Q = ������ ( [H+]in � [OH�]in � [H+]eq + [OH�]eq ),
V0 + Vtit

m
(1)

where V0 and Vtit are the volumes of the supporting
electrolyte and added titrant, respectively; m is the ad-
sorbent weight; [H+] and [OH�] are the concentrations
of protons and hydroxyl ions, respectively; subscripts
�in� and �eq� refer to the initial and equilibrium con-
centrations.

The distribution functions of surface groups with
respect to the protonation constants were calculated
by solving the integral adsorption equation by means
of the CONTIN procedure [11, 12]:

Qt (pH) = � Ql(pH, pK ) f (pK )dpK + Q0,
pKmax

pKmin

(2)

where Qt is the experimental isotherm, Ql is the local
isotherm (Langmuir type) describing the adsorption on
a uniform surface group, f (pK ) is unknown distribu-
tion function, and Q0 is a constant that accounts for
the adsorption of protons by surface groups with pK
values outside the limits of the experimentally deter-
mined range.

The distribution function describes the concentra-
tion of surface groups as a function of the protona-
tion constant and is a unique characteristic of the ad-
sorbent surface groups. The electrostatic interaction of
the charged surface with adsorbed ions was considered
in terms of the diffusion model of electric double
layer [11, 12].

The isotherms of proton sorption by carbon ad-
sorbents can have both positive and negative values
of adsorption Q (Fig. 1). The positive values of sorp-
tion mean proton association, and the negative values
correspond to passing of protons into solution via
dissociation of acidic surface groups. The intersection
point of the isotherm with the pH axis corresponds to
the zero-charge potential (ZCP) at which the adsorp-
tion values of potential-determining ions (protons and
hydroxyls) are the same.

The isotherms of proton sorption by unoxidized
and weakly oxidized carbons have both positive and
negative values of adsorption, and strongly oxidized
carbons show negative proton sorption only (Fig. 1).
With increasing degree of oxidation, the carbon sur-
face becomes more acidic, which is manifested in
an increasing cation-exchange power, decreasing ZCP,
and shift of the isotherm to negative values of proton
sorption (Fig. 1). The most significant variation of
acid�base characteristics of carbons is observed in
the initial stages of oxidation; the amount of surface
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groups responsible for proton association significantly
decreases and the content of acidic groups increases
(see table). This effect is the most pronounced for
SKN synthetic carbon.

The gradual increase in the degree of oxidation
of both SKN synthetic carbon and KAU pit carbon re-
sults in an increase in the amount of all types of sur-
face acidic groups. At the same duration of oxidation
with air, SKNo synthetic carbon has a more acidic
surface than KAUo pit carbon. In addition, at all de-
grees of oxidation, the surface of KAUo carbon ox-
idized with air contains a noticeable amount of basic
surface groups capable of proton adsorption (see ta-
ble, Q0).

The distribution of surface groups with respect to
the protonation constants (Fig. 2) suggests that the
acid�base characteristics of the carbons studied are
nonuniform. The peaks in the distribution curves are
relatively broad, the peak width at half-maximum is
approximately 2.0 pK units, which suggests a high
nonuniformity of individual types of surface groups.
The distribution of surface groups with respect to
the protonation constants suggests the presence of
three types of groups at the surface of weakly ox-
idized carbons KAUo-1.0 and KAUo-0.8 with pK
3.6�4.3, 7.0, and 9.6�10.5. The pK values of the first
two groups are lower than ZCP and therefore corre-
spond to proton association. These groups can be as-
signed to sorption of protons with by surface groups,
or they result from electrochemical reduction of ox-
ygen by the reaction

�C + O2 + 4H+
� �C+ + 2H2O. (3)

The release of protons with pK 9.6�10.5 corre-
sponds to dissociation of phenolic groups. It should
be noted that unoxidized carbons SKN and KAU have
only one group capable of releasing protons, while
in oxidized carbons there are two (SKN) or even
three (KAU) groups releasing protons into a solution
(Fig. 2).

The distribution function of surface groups with
respect to the protonation constants for synthetic oxi-
dized carbons SKNo shows the presence of only two
types of surface groups capable of releasing protons
(Fig. 2a). Contrastingly, oxidized pit carbons KAU
contain, irrespective of the oxidation procedure, three
types of acidic surface groups (Figs. 2b, 2c). Most
likely, the difference in the amount of the types of
functional groups at the surface of SKN synthetic
carbon and KAU pit carbon is due to the difference
in the structure and characteristics of these carbons. In

Parameters of the distribution function of the surface
groups with respect to protonation constants
����������������������������������������

Carbon* � Q0 � Qin � pKin � ZCP
����������������������������������������

SKN carbons oxidized with air

SKN � 0.445 � 0.098 � 4.30 � 7.9
� � 0.452 � 7.00 �
� � 0.553 � 9.61 �

SKNo-1.6 � 0.058 � 0.257 � 3.85 � 3.3
� � 1.412 � 6.52 �

SKNo-2.0 � 0.044 � 0.396 � 3.08 � �2.4
� � 1.667 � 6.10 �

SKNo-2.2 � �0.022 � 0.394 � 3.46 � �2.0
� � 1.793 � 6.23 �

KAU carbons oxidized with air

KAU � 0.513 � 0.216 � 3.56 � 8.6
� � 0.311 � 7.00 �
� � 0.302 � 10.51 �

KAUo-1.0 � 0.171 � 0.148 � 4.09 � 5.6
� � 0.376 � 6.73 �
� � 0.657 � 8.72 �

KAUo-1.7 � 0.229 � 0.371 � 2.85 � 3.1
� � 0.528 � 5.49 �
� � 1.032 � 7.65 �

KAUo-2.2 � 0.183 � 0.511 � 2.91 � 2.5
� � 0.853 � 5.87 �
� � 1.028 � 7.74 �

KAU carbons oxidized with HNO3

KAU � 0.513 � 0.216 � 3.56 � 8.6
� � 0.311 � 7.00 �
� � 0.302 � 10.51 �

KAUo-0.8 � 0.124 � 0.243 � 3.34 � 3.5
� � 0.114 � 5.32 �
� � 0.555 � 7.62 �

KAUo-1.2 � 0.052 � 0.172 � 2.97 � 2.7
� � 0.245 � 5.13 �
� � 0.852 � 7.34 �

KAUo-1.8 � 0.073 � 0.433 � 3.09 � �2.4
� � 0.394 � 5.44 �
� � 1.074 � 7.57 �

KAUo-2.6 � �0.108 � 0.617 � 3.02 � �1.9
� � 0.554 � 5.00 �
� � 1.416 � 7.26 �

����������������������������������������
* The index in the carbon name denotes the cation-exchange

capacity determined from the adsorption of NaOH [4].

particular, it is well known [13] that synthetic carbons
of the SKN type, produced from nitrogen-containing
polymeric raw materials (vinylpyridine copolymer),
contain 3�5% nitrogen and give in carbonization
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Fig. 2. Distribution of surface groups F (pK ) with respect to
the protonation constants pK in (a) KAU synthetic carbons
oxidized with air and KAU pit carbons oxidized with (b) air
and (c) HNO3.

a fairly dense carbon (d = 1.92�1.96 g cm�3), while
the raw material for production of pit carbon is a nat-
ural polysaccharide, cellulose, with a high oxygen
content. Therefore, carbon with a density lower than
that of SKN synthetic carbon (d = 1.83�1.85 g cm�3)
is formed in carbonization of fruit pits. This carbon
is more active in oxidation.

The nature of surface groups of oxidized carbons
can be considered in the framework of the commonly
accepted scheme based on the analogy of the dissocia-
tion constants of surface groups and the known chem-
ical compounds [3]. When comparing the experimental
protonation constants of oxidized carbons with ref-
erence data, it should be taken into account that the

pK values obtained in this study were measured in
a solution with the ionic strength of 0.1 and, therefore,
they are only apparent. The thermodynamic pK values
of surface groups, corrected for the salt effect, are
greater by 0.12�0.60 pK units than the apparent
values, depending on the stage of dissociation [11].

According to the above scheme, the most acidic
surface groups with pK 2.9�3.6 for oxidized SKNo
synthetic carbons and with pK 3.1�3.9 for oxidized
KAUo pit carbons can be assigned to carboxy groups.
It should be noted that surface carboxy groups are
more active than the isolated carboxy group, e.g., in
acetic (pK 4.75) or benzoic (pK 4.18) acid. This is
accounted for by the mutual influence of two or more
adjacent functional groups due to the inductive effect.
For example, addition of a hydroxy or a second car-
boxy group to benzoic acid results in a decrease in pK
to 3.0 in salicylic acid and to 2.95 in o-phthalic acid.
The carboxy group surrounded by two substituents
with negative inductive effect, e.g., in 2,6-dihydroxy-
benzoic acid (pK 1.22) is still more acidic. The nature
of the carbon skeleton also affects the characteristics
of acidic groups via the resonance effect.

According to the scheme from [3], the less acidic
surface groups with pK 6.1�6.5 for oxidized SKNo
synthetic carbons and with pK 5.0�6.7 for oxidized
KAUo pit carbons can be identified as second carboxy
groups in dibasic acid fragments or lactonic groups.

The least acidic surface groups are observed at the
surface of oxidized KAUo pit carbons (pK 7.3�8.7);
these can be identified, in all probability, as phenolic
groups.

CONCLUSIONS

(1) Calculation of the continuous distribution func-
tion of surface groups with respect to the protonation
constants from the potentiometric titration data shows
that unoxidized carbons have two types of surface
groups capable of proton adsorption and one type of
acidic surface groups. Oxidized SKNo synthetic car-
bons have two types of acidic surface groups (carboxy
and phenolic), and pit carbons, three types of acidic
surface groups (carboxy, lactonic, and phenolic).

(2) The composition of the surface groups is af-
fected most significantly by the origin of the initial
carbon and, to a lesser extent, by the procedure of
oxidation of the carbon surface.
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Abstract�The electrodeposition of lustrous zinc coatings from a sulfate electrolyte containing ZnSO4,
Na2SO4, buffer additives, and 2-butyne-1,4 diol was studied.

Sulfate zinc-plating electrolytes are now used for
coating of articles of a simple shape. To obtain high-
quality coatings, various organic substances, such as
dextrin, condensation products, and various mixtures,
are added to the electrolyte [1]. At present, zinc is
electrodeposited using electrolytes with luster-forming
additives, which are organic substances of a rather
complex composition [2�4].

In this communication, we report the results ob-
tained in a study of Zn electrodeposition from a sul-
fate electrolyte in the presence of 2-butyne-1,4-diol
(BD), which is widely used in deposition of lustrous
nickel and zinc coatings [3, 5]. The electrolyte con-
tained (g l�1): ZnSO4 � 7H2O 200�250, Na2SO4 �
10H2O 50�100, Al2(SO4)3 � 18H2O, H3BO3, and
aminoacetic acid 25�30; 2-BD (35 wt % solution)
1�70 ml l�1. A 10�12-�m-thick zinc layer was de-
posited onto unpolished St.3 steel. The polarization
curves were measured in the potentiodynamic mode
with a P-5828 potentiostat. The leveling power P of
the electrolytes was determined by a direct method in-
volving a profilographic measurement of the sample
surface with a sine-shaped microprofile and calcula-
tion by the formula [6]

P = 2.3� � hav log �� ,a
2

�
�

�
�

H0
Hi

P = 2.3� � hav log �� ,a
2

�
�

�
�

H0
Hi

where a is the amplitude of the wave of the sine-
shaped microprofile; hav , the average thickness of
the coatings (10 �m); and H0 and Hi , the initial and
final wave amplitudes of the sine-shaped profile, re-
spectively.

The capacitance of a double electric layer was
measured in the course of electrolysis with a P-5021

ac bridge at a frequency of 30 kHz in a series equiv-
alent circuit. As the working electrode served a zinc-
coated platinum wire situated at the center of a plati-
num-plated cylinder. The pH value of the near-elec-
trode layer was measured by the method described in
[7]. The electrodeposition was performed at 18�25�C
with and without agitation of electrolytes with a
magnetic stirrer.

The influence exerted by the BD concentration,
nature of the buffer solution, and current density ic on
the outward appearance of the coatings is illustrated
in Table 1. As can be seen, lustrous coatings are ob-
tained in H3BO3- and Al2(SO4)3-containing electro-
lytes at a BD concentration of 30�45 ml l�1, and
in an electrolyte containing aminoacetic acid, at 60�
70 ml l�1. The ic range in which lustrous coatings are
formed varies with the nature of the buffer solution.
It is the widest in a Al2(SO4)3-containing electrolyte
(ic = 1�6 A dm�2). It should be noted that high-
quality lustrous coatings are obtained solely in an
agitated electrolyte, and lusterless and rough coating
are formed without agitation.

The pH value of the electrolytes should be within
3�4. At pH < 3, the ic range in which lustrous coat-
ings are formed is narrower and the current efficiency
(CE) is lower. At pH > 4, semilustrous coatings are
formed, and the electrolyte operation is unstable.
The current efficiency was studied in the electrolytes
ensuring formation of lustrous coatings. It was found
that, in electrolytes containing BD, Al2(SO4)3, and
H3BO3, CE varies at ic = 1�6 A dm�2 within 93�
95%. At the same time, in an electrolyte containing
BD and aminoacetic acid at ic = 4�8 A dm�2, CE
decreases from 94 to 89%.
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Table 1. Influence of the BD concentration, nature of a buffer additive, and current density on the outward appearance
of the coatings [electrolyte (g l�1): ZnSO4 �7H2O 200, Na2SO4 �10H2O 50; pH 3.5; mechanical agitation]
������������������������������������������������������������������������������������
Buffer solution, 30 g l�1 �BD, (35 wt % solution, ml l�1)� i, Adm�2 � Outward appearance of coating
������������������������������������������������������������������������������������
Al2(SO4)3 � 1�5 � 1�8 � Lusterless

� 6�10 � 1�8 � Silvery
� 11�29 � 1�4 � �
� � 5�8 � Silvery with luster at edges
� 30�40 � 1�6 � Lusterous
� � 7�8 � Lustrous with burnt ports
� 41�45 � 1�4 � Lusterous
� � 5�7 � Lustrous with lusterless stripes
� � 8 � Lustrous with overheating

H3BO3 � 1�5 � 1�8 � Lusterless
� 6�10 � 1�8 � Silvery
� 11�29 � 1�5 � �
� � 6�8 � Silvery with overheating
� 30�40 � 1�5 � Lusterous
� � 6�7 � Lustrous with lusterless stripes
� � 8 � Lusterous with burnt ports

Aminoacetic acid � 1�5 � 1�8 � Lusterless
� 6�30 � 1�8 � Silvery
� 40�50 � 1�8 � �
� � � Silvery with luster at edges
� 60�70 � 1 � Silvery
� � 2�3 � Semilustrous
� � 4�8 � Lusterous
� � 9 � Lustrous with burnt ports

������������������������������������������������������������������������������������

In the zinc-plating electrolytes, cathodic polariza-
tion curves were measured on a rotating-disc electrode.
It can be seen from Fig. 1 that BD leads to an increase
in the cathodic polarization �Ec (curves 1, 2). As
the rate of rotation of the disc electrode is raised from
200 to 2000 rpm in a BD-containing electrolyte, �Ec
increases (curves 2�4).

The inhibiting influence exerted by BD on the Zn
electrodeposition is due to its adsorption on the elec-
trode surface. This is confirmed by measurements of
the capacitance of the double electric layer. In an elec-
trolyte without BD, the dependence of the capacitance
on the potential has a minimum (20 �F cm�2) at
E = �0.8 V (Fig. 1, curve 5). In the presence of BD,
the capacitance of the double electric layer decreases
to 9 �F cm�2 at E = �0.8 V (curve 6). At more elec-
tronegative potentials, an increase in the capacitance
is observed owing to desorption of a part of luster-
forming additive from the electrode surface [8].

Analysis of the cathodic polarization curves shows
that the extent to which the Zn electrodeposition is
hindered depends on the rate at which BD is delivered
to the cathode surface: the higher the rate of delivery
of the additive to the cathode surface, the stronger
the hindrance to the process. As is known [6], such
a dependence of the polarization curves on the rota-

tion rate of a disc electrode is adopted as a basis for
classification of additives with respect to their level-
ing power. If the polarization increases with rotation
rate, then it would be expected that the additive will
produce a leveling effect under the given conditions

Fig. 1. Current density ic and capacitance C of the double
electric layer vs. the electrode potential relative to a stan-
dard hydrogen electrode E in the zinc-plating electrolyte.
Electrolyte (g l�1): ZnSO4 � 7H2O 200, Na2SO4 �10H2O 50,
Al2(SO4)3 � 18H2O 30; pH 3; the same for Fig. 2;
(1, 5) Electrolyte, (2�4, 6) electrolyte + BD (35 wt % solu-
tion) 35 ml l�1. Curves 1�4 were obtained on the rotat-
ing-disc electrode at a rotation rate (rpm): (1, 2) 0,
(3) 200, and (4) 2000.
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Fig. 2. Leveling power P of the zinc-plating electrolyte vs.
(1) current density ic and (2) BD concentration c
(35 wt % solution). Mechanical agitation: (1) cBD =
35 ml l�1 and (2) ic = 4 A dm�2.

Fig. 3. pH in the near-cathode layer vs. the current density
ic in the zinc-plating electrolyte. Electrolyte (g l�1):
ZnSO4 � 7H2O 200, Na2SO4 � 10H2O 50, and BD (35 wt %
solution) 35 ml l�1. (1) Electrolyte; (2, 3, 4) 1 + H3BO3,
Al2(SO4)3 �18H2O. Aminoacetic acid 30 g l�1, respectively.

[6]. Profilographic measurements on a gently sloping
sine-shaped profile showed that surface leveling does
occur in the course of Zn electrodeposition.

The dependences of P on ic and BD concentration
are shown in Fig. 2. It can be seen that the P�ic and
P�C dependences pass through a maximum at ic =
4 A dm�2 (curves 1, 2). The run of these dependences
can be understood in terms of the adsorption-diffusion
leveling theory [6]. Raising ic first leads to an increase
in the leveling power. Then, at relatively high current
densities, the concentration of the additive on the sur-
face and its inhibition effect will decrease even at
microprojections owing to the high rate of surface re-
newal, which must diminish the efficiency of leveling.
At a too low concentration of the additive in the elec-
trolyte, when the Zn electrodeposition is inhibited

only slightly, the leveling effect cannot be stronger.
At the same time, at too high concentrations of
the additive, the leveling power decreases because of
the termination of the diffusion control over the rate
of delivery of the additive and its inhibition effect.
Thus, it was established that a luster-forming additive
BD to a zinc-plating electrolyte provides a leveling
effect because of its being simultaneously a leveling
additive.

As is known [3], the formation of lustrous coatings
is due to the leveling of submicrometer irregularities
on the surface. In this case, it is sufficient that the ad-
ditive should be adsorbed on the cathode surface, with
the overvoltage of electrocrystallization increased, for
a lusterless coating to be formed. At the same time, it
is necessary that, for lustrous coatings to be obtained,
an adsorption layer of a certain composition should be
present on the cathode surface. Layers of this kind can
be formed from organic substances and products of
secondary reactions in the near-cathode layer. In the
case of a simultaneous deposition of metal and evolu-
tion of hydrogen, the adsorption layer may consist of
hydroxides and other basic compounds [3].

The assumption that hydroxo compounds of zinc
are formed in the near-cathode space is confirmed by
measurements of pHs in the near-cathode layer. As
can be seen from Fig. 3, the pH value varies from 3.5
to 6 at ic = 1�8 A dm�2 (depending on the type of
a buffer solution). The pHs varies to the smallest ex-
tent in an electrolyte containing aminoacetic acid
(curve 4). It should be noted that hydrates are formed
in a zinc-plating electrolyte at pH 6.4. All these facts
suggest that the presence of hydroxo compounds of
zinc in the near-cathode layer is not a necessary con-
dition for obtaining lustrous deposits. Apparently,
lustrous coatings are formed in the case when a highly
dispersed adsorption layer is formed on the electrode
surface [3].

Evidently, the dispersity of the adsorption layer is
controlled by buffer solutions. In their presence, the
adsorption layer can change because of the formation
of both Al(OH)3 and sparingly soluble zinc borates in
the near-cathode layer. It is not improbable that com-
plex compounds are formed by orthoboric and amino-
acetic acids with zinc ions, and intracomplex chelate
compounds, by H3BO3 with BD and products of its
reduction [3].

Of high importance in obtaining lustrous coatings
is the hydrodynamic mode in which a luster-form-
ing additive is delivered to the cathode surface and
decomposition products are removed from the near-
cathode space, as also noted in [9].
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It has been shown [10] that, in the course of elec-
trolysis, the luster-forming additive BD undergoes
complex transformations, which strongly affects the
quality of the coatings obtained. A gas-chromato-
graphic analysis of the BD-containing electrolyte
showed that, as the electrolysis duration increases,
2-butene-1,4-diol, 2-butane-1,4-diol, 2.6-octene-1,8-
diol, 2-butenol, and butanol are accumulated owing
to diol reduction. The influence exerted by luster-
forming additives in acid electrolytes may be associ-
ated with their reduction in the near-cathode layer
[11]. This is accompanied by a deceleration of the hy-
drogen evolution and the corresponding change in
the structure of the adsorption layer, as well as by
a decrease in the degree of hydrogen saturation of
the metal [12].

To elucidate the mechanism of the influence ex-
erted by BD on the Zn electrodeposition, the system
consisting of hydrated ions present in the electrolyte
and BD molecules was subjected to a quantum-chem-
ical analysis. The calculation was performed using
the semiempirical chemical method PM3 [13, 14].
We calculated the coordination numbers of hydration
for ions and BD molecules. According to the calcu-
lation performed, these numbers are 5 for Zn2+, 3 for
H3O

+, 8 for SO4
2�, and 9 for BD. Introduction of

H3O
+ and SO4

2� ions into a Zn2+-containing aqueous
solution results in their additional interaction. It was
shown that each BD molecule displaces two H2O
molecules from the hydration sheaths of Zn2+ ions,
thus forming stable complexes with the ions. It was
established that the interaction of Zn2+ ions with
BD molecules is energetically more favorable than
the formation of the hydration sheath of an ion. It is
the most probable, with account of the composition of
the zinc-plating sulfate electrolyte, that complex ions
[Zn(H2O)x (BD)y ]2+ (x = 1�5 and y = 1�3) exist in
the bulk of the electrolyte.

In the following stage, the structure of BD at
the electrode�solution interface was analyzed by
the quantum-chemical method. In doing so, the sur-
face of the zinc electrode was modeled by a negatively
charged cluster consisting of 49 atoms situated in two
layers having a hexagonal shape. The cluster was
chosen with account of the recommendations made in
[15]. To model the process of Zn2+ reduction on
the surface of the zinc electrode, a system constituted
by a zinc cluster Zn49, Zn2+, and BD was calculated.
It was shown that, when approaching the cluster, the
BD molecules contained in the complex form a stable
system at a distance of 310 pm from the cluster. In
this case, the interaction energy is 353 kJ mol�1,
which considerably exceeds the energy of interaction

Table 2. Change in the total energy of the products in
comparison with the total energy of the starting substances
����������������������������������������
Reac-�

Reaction equation
� 	E,

tion � �kJ mol�1

����������������������������������������
(1) �Zn(OH)2 + e = ZnOH + OH� � 271
(2) �ZnOH+ + e = ZnOH � �897
(3) �[ZnBD]2+ + e = Zn+ + BD � �1051
(4) �[Zn(OH)BD]+ + e = ZnOH + BD � �579
(5) �[Zn(OH)2BD] + e = ZnOH + OH� + BD � 337

����������������������������������������

of the cluster with a hydrated zinc ion (200 kJ mol�1).
It is noteworthy that the BD molecule forms no stable
system with the cluster without Zn2+ ions.

Alkalization may result in that mixed aqua hydroxo
complexes of varied composition with BD are formed
in the near-cathode layer. With account taken of the
fact that BD molecules displace H2O molecules from
the aqua complexes with Zn2+, the most probable is
the formation in the near-cathode layer of the following
species: Zn(OH)2, Zn(OH)+, [ZnBD]2+, [Zn(OH)BD]+,
and [Zn(OH)2BD]. The highest energy of interaction
with a Zn49 cluster is observed for Zn(OH)+ species.
The presence of a BD molecule in a complex species
somewhat decreases the energy of such an interaction
and increases the distance between the Zn2+ ion and
the cluster surface. One of the reasons for such a be-
havior may be the spatial structure of the complexes
being formed, which creates steric hindrance to ap-
proach of Zn2+ ions to the cluster.

The rather wide diversity of complex species
in the near-cathode layer suggests a mechanism
of their discharge (Table 2). To qualitatively estimate
the probabilities of the occurring processes, we cal-
culated the change in the total energy of the presumed
reactions in comparison with the total energy of the
initial substances (�E, Table 2). In doing so, we took
into account that the energy necessary for an electron
to be involved in each of the above processes is a con-
stant value. In the given case, the reaction was con-
sidered with and without BD.

It follows from the data in Table 2 that the most
energetically probable are reactions (2)�(4), which
yield a ZnOH species and a Zn+ ion. Apparently, re-
action (3) is the first of these three to occur. The Zn+

ions formed in this case enter into the electrochemical
reaction

Zn+ + e 
 Zn,

and BD molecules may be reduced electrochemically
to give various products [10].
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Table 3. Composition of zinc-plating sulfate electrolytes
yielding lustrous coatings with leveled surface (T = 18�
25�C, pH 3�4, mechanical agitation)
����������������������������������������

Components and �Component concentration, g l�1

�����������������������working mode �
of electrolyte � 1 � 2 � 3

����������������������������������������
ZnSO4 �7H2O � 200�250
Na2SO4 �10H2O � 50�100
Al2(SO4)3 �18H2O � 25�30 � �
H3BO3 � � 25�30 �
Aminoacetic acid � � � 25�30
BD (35 wt % solution) � 30�40 � 30�40 � 60�70
����������������������������������������
Current density, A dm�2 � 1�6 � 1�5 � 4�8
Current efficiency, % � 92�95 � 93�95 � 89�94
����������������������������������������

Thus, the quantum-chemical calculation showed
that it is the most probable that, in a sulfate zinc-plat-
ing electrolyte containing BD, the complex ions
[Zn(H2O)x (BD)y ]2+ are present in the electrolyte bulk
and Zn(OH)+, [ZnBD]2+, and [Zn(OH)BD]+ are elec-
troactive species in the near-cathode space owing to
alkalization.

As a result of the study performed, electrolytes
of simple composition were developed for obtaining
lustrous zinc coatings with a leveled surface (Table 3).
To diminish the contamination of the electrolyte with
sludge, it is necessary to place the anodes (of Ts0
or Ts1 brand) into jackets made of a polypropylene
fabric. The electrolyte is to be adjusted with respect
to the main components on the basis of chemical
analysis data [16].

CONCLUSIONS

(1) The study of the electrodeposition of zinc from
a sulfate electrolyte containing 2-butyne-1,4-diol and
buffer additives Al2(SO4)3 � 18H2O, H3BO3, and
aminoacetic acid showed that, depending on the type
of additive, lustrous coatings are formed in an agitated
electrolyte at ic = 1�8 A dm�2.

(2) The system constituted by hydrated Zn2+

ions and 2-butyne-1,4-diol molecules was studied by
the quantum-chemical method. It was shown that
presence of complexes of the type [Zn(H2O)x (BD)y ]2+

in the electrolyte bulk is the most probable. In
the near-cathode layer, Zn(OH)+, [ZnBD]2+, and

[Zn(OH)BD]+ are electroactive species owing to al-
kalization. Sulfate electrolytes for obtaining lustrous
zinc coatings with a leveled surface were developed.
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Abstract�The electrodeposition of copper(II) and selenium(IV) onto pyrographite and carbon-pyroceramic
electrodes in sulfate solutions was studied. The optimal conditions for obtaining a compound of composition
Cu2Se were found.

Copper�indium double selenide CuInSe2 is of in-
terest as a material for high-efficiency solar cells
[1]. The possibility of electrodeposition of a thin
film of copper-indium double selenide is even more
interesting because this compound can be obtained
in the polycrystalline state by joint deposition of
three components. This procedure for film fabrication
is the least expensive among the known methods.
The main factor determining the photoelectric prop-
erties of semiconductor films is their composition.
In crystallization from a melt, CuInSe2 is formed
by the solid-phase reaction between Cu2Se and
In2Se3 [2].

In electrochemical codeposition under nonequilibri-
um conditions, another process can take place. There-
fore, it is important to study the electrodeposition
of each pair of components, especially for such sys-
tems as Cu�Se and In�Se, which are distinguished
by strong interaction and formation of intermediate
phases. Preliminary studies [3] have shown that the
electrodeposition of Cu2+ and H2SeO3 is a diffusion-
limited process. Therefore, the relative concentrations
of components in the electrolyte will affect the com-
position of the forming deposit and depend on dif-
fusion coefficients.

The goal of this study was to demonstrate, for
the example of the copper�selenium system, how the
stoichiometric composition of the forming compounds
can be determined from the change in the cathodic
and anodic portions of the voltammetric curves upon
gradual variation of the concentration of copper(II) or
selenium(IV).

EXPERIMENTAL

As working electrodes were used pyrographite and
carbon-pyroceramic disc electrodes with a geometric
surface area of 0.12 and 0.07 cm2, respectively. A
three-electrode cell contained the electrode under
study, an auxiliary platinum electrode with a surface
area of 1.5 cm2, and a silver chloride reference elec-
trode. All the potentials are given relative to this
electrode. Prior to each experiment, the working elec-
trodes were trimmed with an Al2O3 fine powder and
washed with alcohol and water. We used the salts
CuSO4 � 7H2O and Na2SeO3 (both analytically pure).
As the supporting electrolyte served a solution 0.05 M
H2SO4 + 0.45 M Na2SO4. The voltammetric curves
were measured without agitation. The accumulation of
a deposit on the electrode occurred in an electrolyte
agitated with a magnetic stirrer. The study was per-
formed at room temperature. An X-ray phase analysis
of the copper selenide deposits on 1 � 1-cm glassy
carbon plates was made on a DRON-4 diffractometer
(CoK

�

radiation). Simultaneously with the X-ray anal-
ysis, an electron-microscopic study of the deposits
was performed on an EM-125-K instrument, using the
method of singlestep replicas.

The reduction of the Cu(II) ions was studied on
a pyrographite electrode.

Figure 1 shows reduction voltammograms meas-
ured at various potential sweep rates. In reduction
of Cu(II) ions, one wave with a peak at a potential
of �0.130 V is observed (Fig. 1a). The oxidation of
copper in the reverse run of the voltammetric curve
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Fig. 1. Voltammetric curves measured in Cu(II) deposi-
tion on a pyrographite electrode in a solution contain-
ing cCu(II) = 1 � 10�3 M at various potential sweep rates.
(I ) Current and (E ) potential; the same for Figs. 2, 3, 5�7.
Sweep rate (mV s�1): (1) 2, (2) 10, (3) 20, and (4) 50.

is accompanied by the appearance of a peak of the
anodic current at Eox = 0.04 V.

The reduction of Cu(II) is diffusion-controlled and
can be described as a classical behavior determined by
the mass-transfer rate. The reduction starts at +0.1 V
and occurs in accordance with the scheme:

Cu2+ + 2e � Cu0. (1)

When copper(II) and selenium(IV) ions are si-
multaneously reduced from an electrolyte containing
CuSO4 and an excess amount of H2SeO3, the reduc-
tion onset potential shifts to positive region. In the re-
duction voltammograms, two, and occasionally three
waves are observed in the potential range +0.3�
�0.85 V, depending on the relative concentrations of
the components.

According to [4, 5], the shift of the first reduc-
tion wave in the positive direction may be due to
enhanced adsorption of copper and selenium adatoms
on the electrode surface. It is necessary to note that
desorption of HSO4

� and SO4
2� anions from the elec-

trode surface occurs in the same range of poten-
tials [6].

Fig. 2. (a) Cathodic and (b) anodic portions of the volt-
ammetric curves measured in codeposition of Cu(II) and
Se(IV) ions on a pyrographite electrode at cCu(II) =
1 � 10�3 M. Supporting solution 0.05 M H2SO4 + 0.45 M
Na2SO4, V = 20 mV s�1; the same for Figs. 6, 7.
cSe(IV) (M): (1) 0, (2) 1 � 10�4, (3) 3 � 10�4, (4) 5 � 10�4,
and (5) 1 � 10�3.

The main cathodic wave is observed at potentials
of +0.15��0.2 V. The limiting current of this wave
increases in proportion to the Se(IV) concentration
(Fig. 2a). At a constant concentration of selenium(IV),
the limiting current of this wave does not remain con-
stant, but increases with the Cu(II) concentration.
At potentials of +0.15��0.2 V, the main process of
copper and selenium codeposition occurs to give a
compound CuSex :

Cu2+ + xH2SeO3 + 4xH+ + (2 + 4x)e

� CuSex + 3xH2O. (2)

According to the phase diagram, the compounds
Cu2Se, CuSe, and Cu3Se2 can be formed in the sys-
tem Cu�Se [7].

The higher the Se(IV) concentration, the stronger
the shift of the first reduction wave in the positive
direction. Thus, it should be concluded that the code-
position of selenium(IV) and copper(II) is facilitated
in the presence of large amounts of H2SeO3 and pro-
ceeds at more positive potentials (Fig. 2a).

At �0.4 V and more negative potentials, one clear-
ly pronounced and one weak peak of cathodic cur-
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rent appear in the cathodic curve. The current peak at
�0.4 V is the most characteristic feature of the ca-
thodic process of joint reduction of copper and seleni-
um at copper concentrations in the electrolyte lower
than selenium concentration, and up to a 1 : 1 ratio.
This peak appears even upon addition of a minor
amount of copper(II) ions to a 10�3 M Se(IV) solution
(Fig. 3a).

Comparison of curves 2 and 3 (Fig. 3a) shows
that this peak can be assigned to formation of sele-
nide ions. In accordance with the suggestion of [5, 8],
curve 3 reflects the occurrence of an electron-addi-
tion reaction in which CuSex is transformed into a
compound Cu2Se, which is the most stable in this
system and has an enthalpy of formation equal to
�61 kJ mol�1:

2CuSex + 2xH+ + 2xe � Cu2Se + xH2Se. (3)

The appearance of a weakly pronounced current
peak in the more negative range of potentials may be
due to further reduction elementary selenium formed
by reaction (4) or to formation of Cu2Se by reaction
(5) and its further reduction:

2H2Se + H2SeO3 � 3Se + 3H2O, (4)

2Cu2+ + H2Se + 2H+ + 2e � Cu2Se + 2H2. (5)

Copper selenide Cu2Se can also be reduced in
the region of negative potentials that are close to
the potential of hydrogen evolution by the reaction

Cu2Se + 2H+ + 2e � 2Cu + H2Se. (6)

The chemical composition of the compound CuSex
strongly depends on the delivery of a substance to
the electrode. Without agitation of the electrolyte,
the mass-transfer process is controlled by the relative
concentrations of substances in the electrolyte and by
their diffusion coefficients.

According to [5, 9, 10], the diffusion coefficient of
Cu2+ ions in a 10�3 M CuSO4 solution is DCu(II) =
(6.5�0.6) �10�6 cm2 s�1, DSe(IV) = (9.2�0.6) �10�6.

The composition parameter x characterizing the
compound CuSex is determined by the relative concen-
trations of the components by formula

=x �
�
��

DCu

�
�
�

DSe
�����

Hc SeO32

CuSO4
c = 1.41�����

Hc SeO32

CuSO4
c .=x �

�
��

DCu

�
�
�

DSe
�����

Hc SeO32

CuSO4
c = 1.41�����

Hc SeO32

CuSO4
c . (7)

To verify the assumptions concerning the compo-
sition of copper selenide forming in the joint electro-

Fig. 3. (a) Cathodic and (b) anodic portions of the volt-
ammetric curves in codeposition of Cu(II) and Se(IV) ions
on a pyrographite electrode at cSe(IV) = 1 �10�3 M. V =
20 mV s�1; Supporting solution 0.05 M H2SO4 + 0.45 M
Na2SO4 (1). cCu(II) (M): (2) 0, (3) 1 �10�4, (4) 3 �10�4,
(5) 1 � 10�3, (6) 2 � 10�3, and (7) 3 � 10�3.

deposition, the anodic portions of the voltammetric
curves were analyzed. As can be seen from Fig. 2b,
introduction of a minor amount of Se(IV) (curve 2)
into the 10�3 M Cu2+ solution does not result in any
considerable change in the cathodic portion of the
voltammetric curve. An additional peak of anodic cur-
rent peak appears in the anodic portion. The additional
current peak is observed at potentials that are 200 mV
more positive than the potential of the current peak
of copper oxidation. It is determined by dissolution
of copper from copper selenide CuSex . The current
peak becomes the highest at an ion concentration ratio
cCu2+ : cSe4+ = 2.2 : 1, and the potential of the current
peak shifts in the positive direction to +0.25 V. Im-
mediately after a peak of cathodic current appears at
�0.4 V in the cathodic portion of the voltammetric
curve, the current peak corresponding to oxidation of
copper selenide starts to decrease in height, which
reflects a decrease in its amount on the electrode.
This suggests that the decrease in the amount of
the deposit is due to its partial decomposition and
to evolution of hydrogen selenide by reaction (3).
When the greatest amount of the deposit is formed
on the electrode, which is indicated by the maximum
current of its oxidation, the current peak correspond-
ing to oxidation of free copper (present in an excess
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Fig. 4. Peak anodic current I at Eox = 0.25 V vs. the con-
centration of copper ions, cCu(II). cSe(IV) = 1 � 10�3 M.

Fig. 5. Voltammetric curves measured in joint electrode-
position of copper and selenium and in electrooxidation of
the deposit on a carbon-pyroceramic electrode at various
potential sweep rates. cCu(II) = 1 � 10�3 and cSe(IV) = 5 �

10�4 M. Sweep rate (mV s�1): (1) 5, (2) 10, (3) 20,
(4) 50, and (5) 100.

Fig. 6. Anodic portions of the voltammetric curves obtained
after keeping the electrode was at various potentials, at
cCu(II) = 2 � 10�3 M. cSe(IV) = 1 � 10�3 M, �keep = 30 s;
the same for Fig. 7. Potential (mV): (1) +100, (2) +50,
(3) 0, (4) �50, (5) �100, (6) �150, (7) �200, (8) �300,
(9) �400, (10) �500, and (11) �600.

with respect to the stoichiometric composition Cu2Se)
disappears, whereas that corresponding to oxidation of
Se(0) is not shifted markedly and its height increases
with the Se(IV) concentration in the electrolyte. When
the current peak of oxidation of the compound de-
creases in height, that corresponding to oxidation of
selenium remains unchanged.

It can be seen from Fig. 3a that the first cathodic
wave shifts in the positive direction with increasing
concentration of copper(II) ions. This may be due to
reduction of Se(IV) ions on copper. As already noted,
the maximum anodic current of oxidation of the com-
pound is observed at a Cu(II) : Se(IV) concentration
ratio in the electrolyte greater than unity. We analyzed
how the current peak of oxidation of the compound
varies with concentration of a component added. In all
cases, the maximum corresponded to the composition
with Cu : Se � 2 : 1 (Fig. 4).

In the study, we analyzed the influence exerted by
the potential sweep rate on the oxidation potential of
a compound. It was found that, as the potential sweep
rate increases, the potential of the current peak ob-
served on the carbon-pyroceramic electrode shifts only
slightly (by about 30 mV) in the positive direction
(Fig. 5).

To analyze in more detail the anodic portions of
the voltammetric curves measured in oxidation of
the compound CuSex in an electrolyte with ion con-
centrations (M): cCu2+ = 2 � 10�3 and cSe4+ = 1 � 10�3,
the deposit was accumulated with the electrode kept
at different potentials (Fig. 6).

It can be seen that the compound Cu2Se is formed
even at a potential of +0.1 V. The probable mech-
anism is the reduction of Se(IV) on copper. In co-
deposition of selenium and copper, only the current
peaks corresponding to oxidation of the compound
Cu2Se (Eox = 0.25 V) and of selenium (Eox = 1.1 V)
are observed in the anodic curve at all potentials.
The additional shoulder observed both at the first and
at the second current peaks of oxidation after the de-
position in the potential range �0.15��0.4 V (Fig. 6,
curves 6�9) may indicate that different forms of
the compound are present and that this is the transi-
tion region between two of these. When the deposi-
tion is performed at potentials corresponding to the
limiting current of reduction (at �0.5 and �0.6 V),
only a single form of the compound is present, which
is, probably, the most stable Cu2Se. The voltammetric
curve of Cu(II) and Se(IV) codeposition, measured at
80�C and a 2 : 1 concentration ratio, repeats the main
features of the curve measured at room temperature.
In particular, a partial reduction of copper selenide
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occurs at �0.4 V to give H2Se in accordance with
Eq. (3).

The results obtained show that codeposition of
copper and selenium occurs even at a potential of
+0.10 V via reduction of selenium(IV) on copper,
which is confirmed by the rise in the current of the
first wave upon gradual addition of selenium (IV) to
a solution with a constant Cu2+ concentration of
10�3 M (Fig. 2a).

If a solution containing a large excess of copper
ions (cCu2+ : cSe4+ = 4 : 1) is taken as the starting solu-
tion, then the accumulation of copper deposit at any
potential results in the deposition of free copper,
which is in excess with respect to the stoichiometric
composition Cu2Se (Fig. 7).

Figure 7 shows voltammetric curves measured in
oxidation of a deposit accumulated at various deposi-
tion potentials under the conditions of an excess
amount of copper ions in the electrolyte. The peak
corresponding to oxidation of the excess copper is
present in all the curves, along with the peak of ox-
idation of the compound. This result confirms the con-
clusion that the copper-to-selenium concentration ratio
in the electrolyte not exceeding 2.2 : 1 is the optimal
for obtaining a compound of composition Cu2Se.

The structural properties of the surface of films
electrodeposited onto glassy carbon plates at a chosen
composition of the electrolyte showed that the struc-
ture of the deposit formed at a potential of �0.6 V
corresponds to the composition of the compound
Cu2 � xSe.

The main reflections in the X-ray diffraction pat-
tern measured after annealing the film at 300�C cor-
respond to this compound (Fig. 8a). According to the
ASTM File, the composition parameter x for the com-
pound is 0.15. An electron-microscopic study with
analysis of microdiffraction patterns demonstrated
that the structure of the compound Cu2Se manifests
itself in the form of separate reflections related to
the coarsely crystalline phase (>200 �). The clearly
pronounced rings correspond to the finely crystalline
phase of the same compound (crystallite size 15�
25 �). A micrograph of crystals of this compound,
whose size corresponds to the finely crystalline phase,
is shown in Fig.8b. For all the samples, the preferred
reflections correspond to the [111] directions in
the cubic lattice.

CONCLUSIONS

(1) Compounds of various composition are formed
in the electrodeposition of copper(II) and selenium(IV),

Fig. 7. Anodic portions of the voltammetric curves meas-
ured after keeping the electrode at various potentials at
cCu(II) = 4 �10�3 M. Potential (mV): (1) +100, (2) +50,
(3) 0, (4) �50, (5) �100, (6) �200, and (7) �300.

Fig. 8. (a) X-ray diffraction pattern of an electrodeposited
Cu2Se film and (b) a micrograph of the film surface. Mag-
nification �120000. (I /I0) Relative intensity and (2�) Bragg
angle.

depending on the relative amounts of the components
in the electrolyte and on the deposition potential.

(2) The condition for the formation of the com-
pound Cu2Se is that the Cu(II) : Se(IV) concentration
ratio should be 2.2 : 1.
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(3) Copper and selenium compounds of any com-
position give a peak of oxidation current at a potential
of +0.25 � 0.02 V. The peak potential shifts only
slightly in the positive direction as the content of cop-
per ions increases.
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Abstract�The potentiodynamic method was used to study in solutions of 3% NaCl and 0.01 N NaOH
the corrosion-electrochemical behavior of aluminum alloyed with zirconium, strontium, and cerium.

In choosing alloying elements in the development
of aluminum-based conductor alloys and alloys for
cable sheaths it is necessary to take into account not
only the strength, technological, and electrical prop-
erties, but also the corrosion resistance. This refers in
full measure to transition, alkaline-earth, and rare-
earth metals, which are increasingly used for these
purposes. There is published evidence concerning
the positive influence of these metals on the corrosion
resistance of aluminum [1�6].

The present communication reports the results of
a study of the influence exerted by small additions
of zirconium, strontium, and cerium on the corrosion
resistance of technical-grade aluminum.

EXPERIMENTAL

As the starting material for preparing the alloys
under study served aluminum of 99.6% purity, as well
as strontium and cerium with a purity of no less than
99.8%. All the alloying components were introduced
in the form of the corresponding alloys at a melt
temperature of 800�850�C. From each melting, cy-
lindrical samples 8 mm in diameter and 100 mm long
were cast into a heated graphite mold.

The study was performed electrochemically in
a neutral (3% NaCl) or alkaline (0.01 N NaOH) me-
dium. The electrode potentials were measured with
a PI-50-1 potentiostat relative to a silver chloride ref-
erence electrode during a month at 1-day intervals.
The potentials are given relative to this electrode.
The free-corrosion potential was determined from
the potential�time dependence. The classical, well-
reproducible polarization curves were obtained in
the neutral medium by using the potentiodynamic

method in combination with a preliminary deep ca-
thodic polarization at a potential of �2.0 V for 5 min
[7]. The current corresponding to each potential was
recorded with an LKD-4 X�Y recorder in the poten-
tial�current coordinates. In the alkaline medium, po-
larization curves were measured, after the free-cor-
rosion potential was attained, at a potential sweep rate
of 2 mV s�1.

In neutral solutions containing halogen ions,
the passive oxide film on aluminum and its alloys
ceases to be solid and pitting corrosion occurs. To
assess the resistance of the alloys to pitting corrosion,
the pitting potential and the corrosion potential under
the identical testing conditions were compared.

Tables 1�3 list the results of an electrochemical
study of the aluminum alloys. The dependences of
the electrode potentials of aluminum�zirconium alloys
on the time of keeping demonstrated that addition
of zirconium shifts the free-corrosion potential of
aluminum to a more negative region (Table 1). When

Table 1. Free-corrosion potential Efc of alloys of
the system Al�Zr in relation to the time � of keeping in
a 3% NaCl solution
����������������������������������������

Zr,
� �Efc (V) at indicated �, min
�����������������������������������

wt % � without � � � � � steady� � 1 � 5 � 30 � 60 �� keeping � � � � � value
����������������������������������������

0.0 � 1.09 � 1.05 � 0.93 � 0.81 � 0.75 � 0.73
0.01 � 1.02 � 0.92 � 0.82 � 0.78 � 0.72 � 0.71
0.05 � 1.02 � 0.86 � 0.80 � 0.75 � 0.75 � 0.75
0.1 � 1.16 � 1.10 � 0.109 � 0.96 � 0.91 � 0.87
0.3 � 1.14 � 1.12 � 0.109 � 0.96 � 0.92 � 0.89
0.5 � 1.04 � 1.02 � 0.98 � 0.94 � 0.92 � 0.89

����������������������������������������
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Table 2. Electrochemical parameters of alloys of the systems Al�Zr, and Al�Zr�Sr(Ce) in a 3% NaCl solution*

������������������������������������������������������������������������������������
Alloy component,** wt % � �Efc � �Epo � �Ecp � �Ept � ipo � icp �

vc, g m�2 h�1������������������������������������������������������������������������
Zr � Sr � Ce � V � mA cm�2 �

������������������������������������������������������������������������������������
0.0 � 0.0 � 0.0 � 0.760 � 1.42 � 1.32 � 0.68 � 2.10 � 0.37 � 0.0185
0.01 � � � � � 0.710 � 1.45 � 1.30 � 0.68 � 1.60 � 0.35 �
0.05 � � � � � 0.750 � 1.46 � 1.37 � 0.67 � 1.60 � 0.30 �
0.10 � � � � � 0.870 � 1.45 � 1.38 � 0.65 � 1.65 � 0.30 �
0.30 � � � � � 0.890 � 1.45 � 1.31 � 0.65 � 1.70 � 0.35 �
0.50 � � � � � 0.890 � 1.45 � 1.25 � 0.64 � 2.10 � 0.45 �
0.01 � 0.05 � � � 0.745 � 1.42 � 1.32 � 0.64 � 1.8 � 0.34 � 0.0152
0.05 � 0.05 � � � 0.755 � 1.42 � 1.32 � 0.63 � 1.5 � 0.30 �
0.10 � 0.05 � � � 0.790 � 1.44 � 1.32 � 0.65 � 1.6 � 0.30 �
0.30 � 0.05 � � � 0.820 � 1.45 � 1.32 � 0.65 � 2.2 � 0.36 �
0.50 � 0.05 � � � 0.830 � 1.45 � 1.35 � 0.65 � 2.5 � 0.46 �
0.01 � � � 0.05 � 0.750 � 1.43 � 1.38 � 0.68 � 1.70 � 0.23 � 0.0172
0.05 � � � 0.05 � 0.770 � 1.42 � 1.38 � 0.66 � 1.60 � 0.32 �
0.10 � � � 0.05 � 0.815 � 1.43 � 1.35 � 0.65 � 1.60 � 0.30 �
0.50 � � � 0.05 � 0.825 � 1.44 � 1.35 � 0.64 � 1.85 � 0.35 �
0.01 � � � 0.10 � 0.745 � 1.41 � 1.36 � 0.65 � 2.30 � 0.29 �
0.05 � � � 0.10 � 0.825 � 1.45 � 1.35 � 0.64 � 2.00 � 0.21 �
0.10 � � � 0.10 � 0.840 � 1.45 � 1.36 � 0.65 � 2.00 � 0.23 �
0.05 � 0.05 � 0.05 � 0.680 � � � � � 0.60 � � � 0.15 �
0.05 � 0.05 � 0.10 � 0.675 � � � � � 0.61 � � � 0.12 �
0.05 � 0.10 � 0.05 � 0.685 � � � � � 0.64 � � � 0.18 �

������������������������������������������������������������������������������������
* Epo, Ecp, and Ept are the potentials of passivation onset, complete passivation, and pitting, respectively; vc, the corrosion rate.

** Aluminum the rest.

Table 3. Free-corrosion potential Efc and passivation current density for alloys of the system Al�Zr�Sr(Ce) in relation
to the time � of keeping in an alkaline medium
������������������������������������������������������������������������������������

Alloy
� Alloy component,* wt % � �Efc (V) at indicated �, days �

icp,�����������������������������������������������������������������������no.
� Zr � Sr � Ce � without keeping � 1 � 3 � 10 � 20 �

mA cm�2

������������������������������������������������������������������������������������
1 � 0.05 � � � � � 1.58 � 1.22 � 1.13 � 1.02 � 0.99 � 0.44
2 � 0.05 � 0.05 � � � 1.52 � 1.12 � 1.10 � 0.97 � 0.99 � 0.40
3 � 0.05 � 0.10 � � � 1.45 � 1.10 � 1.08 � 0.97 � 0.95 � 0.40
4 � 0.05 � 0.15 � � � 1.54 � 1.09 � 1.06 � 0.96 � 0.96 � 0.46
5 � 0.05 � � � 0.05 � 1.47 � 1.13 � 1.08 � 0.97 � 0.93 � 0.39
6 � 0.05 � � � 0.10 � 1.53 � 1.15 � 1.09 � 0.96 � 0.96 � 0.45
7 � 0.05 � � � 0.15 � 1.55 � 1.18 � 1.09 � 0.95 � 0.94 � 0.50
8 � 0.05 � 0.05 � 0.05 � 1.51 � 1.08 � 1.02 � 0.93 � 0.93 � 0.35
9 � 0.05 � 0.10 � 0.05 � 1.51 � 1.12 � 1.06 � 0.96 � 0.93 � 0.36

10 � 0.05 � 0.05 � 0.10 � 1.51 � 1.11 � 1.09 � 0.96 � 0.94 � 0.40
������������������������������������������������������������������������������������
* Aluminum the rest.

the electrodes are submerged in a 3% NaCl solution,
the corrosion potentials of the alloys have a higher
negative value, but are shifted in the positive direc-
tion during the first 5�10 min. Further keeping for 1 h
results in that a virtually stationary potential is at-
tained, which is due to the formation of oxide films
on the surfaces under study.

Table 2 lists electrochemical parameters of al-
loys of the system Al�Zr. Raising the content of
zirconium in the alloys shifts the potentials of
complete passivation and pitting to more positive
values, with the passivation region extended by
40�100 mV. Introduction of up to 0.3% zirconi-
um makes somewhat lower the current densities
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of passivation onset ( ipo ) and complete passiva-
tion ( icp ).

The influence exerted by the alloying of the start-
ing Al + (0.01�0.5%) Zr alloy with strontium or
cerium was analyzed using the data for the binary
alloys. The alloying shifts the free-corrosion po-
tential to more positive values to �0.675��0.680 V,
and the pitting potential by 40�60 mV. The strongest
shift of the potential in the positive direction is ob-
served upon joint introduction of strontium and ce-
rium. Analysis of the potentiodynamic curves meas-
ured in a 3% solution of NaCl shows that the free-
corrosion potential of the alloys under study lies
within the passive region. The irreversibility of the
process of formation of passivating layers is con-
firmed by the hysteresis loop observed when measur-
ing the curve in the reverse sweep. The potentiody-
namic curves for the alloys are similar to those for
pure aluminum, but the passivation current densities
for the alloys with strontium and cerium are lower
than those for the starting alloy and pure aluminum,
which indicates that the dissolution rate of the alloys
under study in a neutral medium is lower (Table 3).

The corrosion resistance of aluminum is largely
determined by the nature of a corrosive medium and
by the possibility of formation or dissolution of
a protective film. It is believed that the medium with
pH > 8.5 is the most corrosive for aluminum. Accord-
ing to [8], the process of dissolution of aluminum can
be understood as follows. First, after aluminum is
submerged in an alkali solution, the natural thin ox-
ide film is chemically dissolved under the action of
OH� ions, and then, after the film is partly removed,
there begins the electrochemical dissolution of the me-
tal. The anodic dissolution process is described by
the equation

Al + 3OH� = AlOOH + H2O + 3e.

In an alkaline medium, the thickness of the boehm-
ite film increases with time, which leads to partial
passivation, shifts the electrode potentials in the pos-
itive direction, and makes slower the corrosion rate of
aluminum and alloys under study. A pronounced shift
of the potentials in the positive direction occurs dur-
ing the first 10 days. The cathodic and anodic curves
for the alloys under study are similar to those for pure
aluminum, and the passivation current densities in-
dicate that the corrosion resistance of aluminum alloys
containing up to 0.1% strontium and cerium increases.
The lowest passivation current density is observed for
the alloys with both strontium and cerium. The high
corrosion resistance of these alloys is confirmed by

Table 4. Effect of annealing on the electrochemical
parameters of the system Al�Zr�Sr(Ce) in various media
����������������������������������������

� Electrolyte
������������������������������������
� 3% NaCl* � 0.01 N NaOH**

������������������������������������
� �Ec, � �Ept, � �icp, � icp, � vc,� � � � �
� V � V �mA cm�2 �mA cm�2 �g m�2 h�1

�����������������������������������������
0.865

�
0.620

�
0.32

� �
1 � ���� � ���� � ���� � 0.38 � 1.06

�
0.855

�
0.700

�
0.43

� ��
0.815

�
0.670

�
0.30

� �
2 � ���� � ���� � ���� � 0.28 � 1.01

�
0.865

�
0.700

�
0.30

� ��
0.810

�
0.650

�
0.20

� �
3 � ���� � ���� � ���� � 0.24 � 0.96

�
0.870

�
0.670

�
0.30

� ��
0.765

�
0.670

�
0.18

� �
4 � ���� � ���� � ���� � 0.25 � 0.94

�
0.875

�
0.670

�
0.25

� ��
0.775

�
0.630

�
0.22

� �
5 � ���� � ���� � ���� � 0.23 � 1.02

�
0.800

�
0.650

�
0.17

� ��
0.735

�
0.630

�
0.22

� �
6 � ���� � ���� � ���� � 0.27 � 1.14

�
0.795

�
0.680

�
0.19

� ��
0.720

�
0.620

�
0.26

� �
7 � ���� � ���� � ���� � 0.26 � 1.09

�
0.860

�
0.690

�
0.20

� ��
0.680

�
0.600

�
0.15

� �
8 � ���� � ���� � ���� � 0.20 � 0.81

�
0.790

�
0.640

�
0.13

� ��
0.685

�
0.640

�
0.18

� �
9 � ���� � ���� � ���� � 0.22 � 1.05

�
0.835

�
0.660

�
0.20

� ��
0.675

�
0.610

�
0.12

� �
10 � ���� � ���� � ���� � 0.21 � 0.93

�
0.785

�
0.645

�
0.17

� ��
0.735

�
0.680

�
0.37

� �
Al � ���� � ���� � ���� � 0.32 � 1.23

�
0.760

�
0.680

�
0.37

� �����������������������������������������
* Numerator, data for cast alloys; denominator, for annealed

alloys.
** Data for annealed alloys.

gravimetric measurements of the corrosion rate in
the same NaOH medium (pH � 11.6).

The nature and amount of the second phase in
the alloys affect the pitting potential only slightly,
which was demonstrated by tests of the alloys under
study before and after thermal treatment (Table 4).

The alloys were homogenized at 500�C for 6 h,
with subsequent quenching in cold water. The pitting
potentials of these alloys are in the range �600�
�700 mV. It can be seen that the thermal treatment
strongly affected the passivation current density and
the corrosion potential. It follows from the data in
Table 4 that a homogenizing thermal treatment can
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improve the corrosion resistance of aluminum alloys
with strontium and cerium in an alkaline medium,
which is indicated by the decrease in the passivation
current density.

CONCLUSION

A study by the potentiodynamic method demon-
strated the possibility of improving the corrosion re-
sistance of technical-grade aluminum by its microal-
loying with zirconium, strontium, and cerium.
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Abstract�The anodic behavior of silver and its alloys with copper in thiosulfate solutions was studied by
cycling voltammetry. A scheme of an electrochemical polishing process including the stage of formation of
a resistive layer of silver thiosulfate and the chemical stage of its dissolution is suggested.

Electrochemical polishing has found fairly wide
use for finishing treatment of plated silver coatings
and silver articles [1, 2]. The variety of electrolytes
used for this purpose is limited to few solutions with
high concentrations of CN� [3, 4], CNS� [5], S2O3

2�

[6, 7], and NH4
+ [8] ions. All these anions form with

the Ag+ cation highly stable complex compounds [9],
which ensure that the products of the anodic reactions
exist in a soluble form. At the same time, it is known
that the electrochemical polishing of silver is accom-
panied by periodic formation and dissolution of the
surface passivating salts films of the corresponding
sparingly soluble compounds. The chemical stability
of these films in concentrated solutions of like anions
is low, which is presumably due to the occurrence
of fast reactions of film dissolution to give complex
salts.

A nontoxic thiosulfate solution, in which passivat-
ing films [7] of sparingly soluble silver thiosulfate
[10] can also be formed, is rather promising for elec-
trochemical polishing of silver. The fundamental as-
pects of the film-forming process in anodic oxidation
of silver have been little studied. This leads to higher
labor expenditure in choosing the optimal polishing
conditions.

The main difficulty in working with thiosulfate
solutions is the strong influence exerted by the acidity
of the medium on the stability of the S2O3

2� ion. In
an acid medium, this ion decomposes by reaction [11]

(1)S2O3
2� + 2H+ � SO2 + S� + H2O.

In addition, the cathodic reduction of the anion to
the S2� ion is facilitated [11]:

S2O3
2� + 6H+ + 8e � 2S2� + 3H2O. (2)

In this context, it is appropriate to use in the study
a sodium thiosulfate solution combined with an ace-
tate buffer system [6], which maintains the neutral pH
value both in the near-electrode layers and in the elec-
trolyte bulk. According to [12], the silver electrode
interacts with S2O3

2� ions at considerably less positive
potentials than those in the case of acetate ions [12].
Therefore, acetate ions will not affect the anodic ox-
idation of the metal under study at the potentials con-
sidered.

The aim of this study was to examine the kinetic
aspects of the anodic dissolution of silver and silver�
copper alloys in a thiosulfate solution for the case of
electrochemical polishing.

EXPERIMENTAL

The study is concerned with the electrochemical
oxidation of silver (Sr999 brand) and binary single-
phase silver�copper alloys (SrM940 and SrM910
brand, containing 94% and 91% silver, respectively,
and copper the rest) in 320 g l�1 Na2S2O3 solutions
(in acetate buffer system, pH 6.5) [6] using the meth-
ods described in [13] (PI 50-1 potentiostat). Prior to
the polarization measurements, the samples of silver
and silver alloys were mechanically polished,
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Fig. 1. Steady-state potential Ess of the alloys of the Ag�Cu
system vs. their composition in a solution containing
320 g l�1 Na2S2O3 at 20�C.

Fig. 2. Cyclic voltammograms measured in a thiosulfate
solution at 20�C on (a) Sr999 silver at various potential
sweep rates and (b) on silver and Ag�Cu alloys at V =
10 mV s�1. ( ja ) Anodic current density and (E ) potential
(V, relative to a silver chloride reference). (a) Potential
sweep rate (mV s�1): (1) 5, (2) 10, (3) 20, (4) 50, and
(5) 100. (b) (1) Sr999, (2) SrM940, and (3) SrM910.

Fig. 3. (1) Average anodic current density in a pulse, j a
av vs.

the on-off time ratio n and (2�4) the peak anodic current
density j a

peak vs. V1/2. (V ) Potential sweep rate. (1) SrM925,
(2) Sr999, (3) SrM940, and (4) SrM910.

degreased, and washed. In some cases, silver was sub-
jected to chemical polishing in a 1 : 1 aqueous solu-
tion of HNO3 for 1 min, instead of mechanical pol-
ishing, which made the silver surface white matte,
similarly to a plated silver coating. The polarization
measurements were performed in the temperature range
20�40�C, with temperature maintained constant to
within �0.1�C, at a potential sweep rate in the interval
5�100 mV s�1.

The quality of the surface was judged from the
fractal dimension and the reflectivity of the electrode
surface. The fractal dimension Df , related to the sur-
face roughness, was calculated from a frequency de-
pendence of the electrode impedance, measured with
a P5021 ac bridge by the method described in [14, 15].
The surface reflectivity was measured on a specially
designed setup [16].

The steady-state potentials of Sr999 silver and
silver�copper alloys in thiosulfate solutions strongly
depend on the alloy composition and concentration of
sodium thiosulfate (Fig. 1). Owing to the high com-
plexing ability of Ag+ with respect to the S2O3

2� ion
and the low solubility product of Ag2S2O3 [10],
the steady-state potential of the silver electrode in
the solution studied is rather negative and lies within
the range �0.360��0.340 V relative to a saturated
silver chloride reference electrode.

The anodic behavior of silver in this solution is de-
scribed by a polarization curve with a clearly defined
peak of the anodic current (Fig. 2a). The height of this
peak linearly depends on the square root of the po-
tential sweep rate V (Fig. 3). This is due to the forma-
tion, by the electrochemical mechanism, of a resistive
porous layer of sparingly soluble products of silver
oxidation [17]. The most probable is formation of
a salt layer of Ag2S2O3, since the potential of the
redox process under study, measured as the half-sum
of potentials of the anodic and cathodic current peaks,
is �0.220 to �0.150 V.

The experimental data in Fig. 2a show the follow-
ing. As the time of anodic polarization decreases (i.e.,
the potential sweep rate increases), a peak of cathodic
current, gradually increasing in height, is observed in
the cathodic portion of the cyclic voltammogram. This
peak is conjugate to the anodic peak and reflects
the reduction of the salt layer. The electrolyte used
shows a high chemical activity with respect to the re-
sistive layer and dissolves it, apparently owing to
the occurring complexation. The dissolution rate of
the primary product of the electrode process at 20�C,
expressed in current density units and determined as
the intercept on the current-density axis (Fig. 3) [13],
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is 10 mA cm�2 and is diffusion-limited (the effective
energy of activation of this process, determined by
the temperature-kinetic method, is Aeff = 12 kJ mol�1).
Based on the aforesaid and taking into account the
known forms of complex ions [9, 10], we can repres-
ent the electrochemical dissolution of silver in a thio-
sulfate solution as

2Ag + S2O3 � Ag2S2O3(s) + 2e2�

nS2O3
2�+

�
�

Ag(S2O3)2(sol),
3�

Ag(S2O3)3(sol)
5�

(3)

The electrochemical polishing of silver was per-
formed in a solution of the above composition in
the ac mode, which ensures anodic formation, partial
chemical removal, and cathodic reduction of the re-
sidual amount of the film substance. The alternation
of such actions at a certain frequency results in a pro-
nounced leveling of the surface [fractal dimension
Df decreases, luster appears or is enhanced for both
mechanically and chemically treated surfaces (see
table)].

The anodic polarization curves of SrM940 and
SrM910 alloys, compared with those of silver, show
two additional electrochemical responses recorded in
the form of waves (Fig. 2b). Such changes in the po-
larization curve are due to the electrochemical oxida-
tion of the more electronegative component of the
alloy, i.e., copper, which proceeds in two single-elec-
tron stages [18]. In the process, the half-wave poten-
tials E1/2 of Cu�Cu(I) and Cu(I)�Cu(II) oxidation
are strongly different. It may be suggested that, in all
probability, the forming compounds of Cu(I) are spar-
ingly soluble, similarly to Ag(I) compounds. There-
fore, if the potentials corresponding to the Cu(I)�
Cu(II) transition, which enables formation of soluble
thiosulfate complexes of Cu(II), are not attained in
the electrochemical treatment of the alloy, no surface
polishing will occur.

A study of the electrochemical polishing of the
alloys in a thiosulfate solution with short current
pulses (pulse width tp = 3.0 � 10�3 s at the on-off time
ratio g = 2�10) showed that polishing takes place at
the electrode polarization in the range �E = 0.4�
0.75 V, i.e., after the potential of ionization of copper
to Cu(II) and that of silver are attained. Another rea-
son why the �E interval in which the polishing proc-
ess occurs is so narrow is that the potentials of pro-
cesses involving copper

(4)2Cu + H2O = Cu2O + 2H+ + 2e,

Characterization of the surface of a silver electrode
before and after electrochemical polishing in a thiosulfate
solution
����������������������������������������

Sample �
Surface

�
Df

� Luster,
preparation� � � cd m�2

����������������������������������������
Mechanical� Initial � 2.3�2.4 � 400�450

�Electrochemically � 2.3�2.4 � 585�615
�polished � �

Chemical � Initial � 2.7�2.75 � 300�330
�Electrochemically � 2.3�2.4 � 400�450
�polished � �

����������������������������������������

Cu2O + H2O = 2CuO + 2H+ + 2e (5)

are attained at a stronger polarization [18].

The reaction of copper oxides with the S2O3
2� ion

is rather slow. Apparently, this is the reason why
the optimization of the polishing conditions for sil-
ver�copper alloys is very difficult and why copper
and alloys containing >9% copper cannot be polished
in thiosulfate solutions.

In polarization of silver alloys in the pulsed mode,
the kinetic component of the anodic current can be
also distinguished (Fig. 3). Extrapolation of the de-
pendence of the average pulsed current density j on
the on-off time ratio n to n�0 gives the same j0
value as that found in the potentiodynamic study
(Fig. 3). This value is 10 mA cm�2 and corresponds to
the anodic current density at which the rate of film
formation is close to the rate of its dissolution via
chemical reaction with thiosulfate ions. The coinci-
dence of the j0 values obtained in different exper-
iments confirms the physical meaning of this param-
eter, as well as its effect on the kinetics of anodic
dissolution of silver and silver alloys.

CONCLUSIONS

(1) The electrochemical polishing of silver in a
thiosulfate solution is accompanied by the formation
of a resistive porous layer of silver thiosulfate, whose
dissolution rate is 10 mA cm�2 under the given con-
ditions. This current density is the optimal for polish-
ing of silver and the alloys studied with short current
pulses.

(2) The complex polarization dependence for sil-
ver�copper alloys in thiosulfate solutions, which in-
dicates the formation of a number of sparingly soluble
copper (I, II) compounds, along with silver oxidation,
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predetermines the rather narrow interval of alloy
polarization in which electrochemical polishing occurs.
To obtain a polishing effect, it is necessary to perform
the anodic process at the potentials of occurrence of
the reactions Cu(I)�Cu(II) and Ag2S2O3 (sol).
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Abstract�In connection with the development of low-alloyed aluminum alloys, their corrosion-electrochem-
ical behavior was studied in various media.

The positive effect of magnesium on the physico-
chemical properties and corrosion resistance of alumi-
num is known. Taking into account this fact, series of
industrial alloys of AMg6 and AMg8 brands, which
contain increased amounts of the alloying element,
have been developed [1, 2]. Data on the influence ex-
erted by small amounts of magnesium are contradic-
tory and require refinement. In view of the develop-
ment of low-alloyed aluminum alloys for electrical
engineering purposes, the influence exerted by addi-
tion of magnesium in an amount of 0.01�1.0% and of
alkaline-earth metals (AEM) on the corrosion-elec-
trochemical behavior of aluminum of A6 brand in
a 3% NaCl solution was studied.

EXPERIMENTAL

To obtain classical polarization curves with all the
three kinetic regions of active dissolution, active-pas-
sive transition, and repassivation, the potentiodynamic
method was used in combination with a preliminary
deep cathodic polarization at a potential of �2.0 V
for 2 min [2]. This technique yields well-reproducible
dependences in the case when a potentiodynamic po-
larization curve is measured at a potential sweep rate
of 10�20 mV s�1 immediately after the cathodic polar-
ization. The study was carried out with a PI-50-1 po-
tentiostat and an LKD-4 X-Y recorder. The potentials
are given relative to a silver chloride reference elec-
trode.

The alloys studied were obtained on a shaft resis-
tance furnace from aluminum, magnesium, and Al +
10% AEM alloys. The melt was cast to give cylindri-
cal samples 10 mm in diameter and 100 mm long.
The rods were pressed in Teflon tubes, sand-papered,
polished, degreased, etched in a 10% NaOH solution,

thoroughly washed with water, and placed in the work-
ing solution. The measurements were performed at
a temperature of 20�C and potential sweep rate of
10 mV s�1. The main electrochemical parameters of
binary alloys of the system Al�Mg, deduced from
potentiodynamic polarization curves, are listed in
Table 1.

It can be seen that addition of magnesium positive-
ly affects the electrochemical parameters of aluminum.
For example, a shift of the free-corrosion potential to
the negative region has virtually no effect on the po-
tentials of pitting and passivation onset, which, on
the whole, extends the passivation interval.

The free-corrosion potentials of all the alloys stud-
ied, as well as that of aluminum, lie in the passivation
region, which points to their high capacity for spon-
taneous passivation. Alloying of aluminum with mag-

Table 1. Electrochemical parameters of aluminum�mag-
nesium alloys in a 3% NaCl solution*

����������������������������������������

Mg, � �Efc � �Epo � �Ecp � �Ept � �Erp � ipo � icp
������������������������������������

wt %� V � mA cm�2

����������������������������������������
0.0 �0.760� 1.42 � 1.32 � 0.680 �0.730� 2.10 � 0.37
0.1 �0.900� 1.42 � 1.32 � 0.660 �0.750� 1.70 � 0.25
0.3 �0.907� 1.42 � 1.35 � 0.670 �0.750� 1.75 � 0.28
0.5 �0.910� 1.42 � 1.37 � 0.670 �0.750� 1.75 � 0.28
0.7 �0.920� 1.45 � 1.38 � 0.670 �0.750� 1.78 � 0.28
1.0 �0.930� 1.45 � 1.38 � 0.670 �0.750� 1.78 � 0.30
����������������������������������������
* Efc, Epo, Ecp, Ept, and Erp are the potentials of free corrosion,

passivation onset, complete passivation, pitting, and repas-
sivation, respectively; ipo and icp, the current densities of
passivation onset and complete passivation, respectively.
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Table 2. Electrochemical parameters of alloys of the sys-
tems Al�Sr and Al�Ba in a 3% NaCl solution
����������������������������������������

Alloy com- � �Epo � �Ecp � �Ept � ipo � icp
ponent, wt % � � � � �
����������������������������������������

Sr � Ba � V � mA cm�2

����������������������������������������
0.00 � 0.00 � 1.420 � 1.320 � 0.690 � 2.10 � 0.48
0.01 � � � 1.410 � 1.320 � 0.640 � 0.92 � 0.30
0.01 � � � 1.400 � 1.320 � 0.650 � 0.86 � 0.31
0.10 � � � 1.390 � 1.320 � 0.650 � 1.00 � 0.34
0.50 � � � 1.300 � 1.320 � 0.640 � 2.20 � 0.34
� � 0.01 � 1.410 � 1.320 � 0.680 � 0.98 � 0.29
� � 0.1 � 1.410 � 1.320 � 0.680 � 0.98 � 0.25
� � 0.15 � 1.410 � 1.330 � 0.670 � 1.05 � 0.30
� � 0.30 � 1.380 � 1.270 � 0.700 � 1.75 � 0.36
� � 0.50 � 1.370 � 1.270 � 0.700 � 1.85 � 0.36

����������������������������������������

nesium leads to a decrease in the passivation current
density in the entire range of the concentrations stud-
ied, especially for the alloy with 0.1% Mg. The resis-
tance to pitting corrosion can be evaluated by a char-
acteristic of the pitting resistance, pitting-resistance
basis �Ept [4]:

�Ept = �Ept � �Ek.

In this parameter, the alloys markedly surpass pure
aluminum, which is indicated by an increase in �Ept
from 80 mV for aluminum to 260 mV for the alloy
containing 1% magnesium.

Table 2 lists the results of an electrochemical study
of binary alloys of aluminum with small additions of
strontium and barium. Alloying of aluminum with
these metals als0 leads to a decrease in the current
densities of complete passivation and passivation onset
in the potentiodynamic curves. Introduction of stron-
tium and barium in amount of 0.10�0.15 wt % has
virtually no effect on the main electrochemical param-
eters of aluminum. As the content of the alloying el-
ement is raised further, the passivation region some-

what narrows and the current densities of passivation
onset and complete passivation increase.

With account of previous studies [5, 6], the follow-
ing concentration ranges were chosen in developing
the composition of complex alloys based on ternary
systems aluminum�magnesium�AEM (wt %): 0.01�
1.0 for magnesium and 0.01�0.05 for AEM.

The results obtained in a study of ternary alloys
are listed in Tables 3 and 4. The variation with time
of the free-corrosion potential of alloys of the optimal
composition in a 0.1 N NaOH solution shows that
the corrosion potential in an alkaline medium reaches
a constant value in 2�3 h. A strong shift of the poten-
tial into the positive region is observed in the first
30 min, and then only a minor shift of the potential
is observed till its complete stabilization (Table 3).

At a constant content of AEM and increasing con-
centration of magnesium, the corrosion potential of
the alloys are shifted, as also in the case of binary
alloys of the system Al�Mg, into the negative region
(Table 4). However, addition of up to 0.5 wt % mag-
nesium has virtually no effect on the electrochemical
parameters of aluminum: Ept and Erp change only
slightly. The free-corrosion potential lies in the pas-
sive region, which points to good passivation charac-
teristics of the ternary alloys. Virtually all of the al-
loys studied have a lower current density of complete
passivation than pure aluminum (Table 4).

The best corrosion resistance is observed for alloys
that contain (wt %): magnesium 0.05�0.020, AEM
0.05. The electrochemical data are confirmed by
gravimetric measurements of the corrosion rate of
a number of alloys in a 3% NaCl solution containing
0.1% H2O2 (Table 4). Alloying of aluminum with
magnesium and AEM simultaneously can raise its
corrosion resistance by 30�50%.

The effect of plastic deformation at an extent of de-
formation equal to 80% on the corrosion-electrochem-
ical behavior of the alloys was studied for the example

Table 3. Variation of the free-corrosion potential Efc for aluminum alloys with magnesium and AEM in a 0.1 N NaOH
solution at 20�C
������������������������������������������������������������������������������������

Alloy component, wt % � �Efc, V, at indicated keeping time, min
������������������������������������������������������������������������������������

Mg � Sr � Ca � Ba � without keeping � 5 � 30 � 60 � 120 � steady-state value
������������������������������������������������������������������������������������
Al(A6) � � � � � � � 1.520 � 1.485 � 1.465 � 1.455 � 1.453 � 1.453

0.1 � 0.02 � � � � � 1.510 � 1.385 � 1.355 � 1.345 � 1.323 � 1.318
0.1 � 0.03 � � � � � 1.550 � 1.472 � 1.440 � 1.420 � 1.387 � 1.387
� � � � 0.05 � � � 1.515 � 1.430 � 1.405 � 1.398 � 1.390 � 1.387
� � � � � � 0.05 � 1.500 � 1.428 � 1.388 � 1.385 � 1.383 � 1.383

������������������������������������������������������������������������������������
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Table 4. Electrochemical parameters of aluminum alloys with magnesium and AEM in a 3% NaCl solution
������������������������������������������������������������������������������������

Alloy component, wt % � �Ec � �Ecp � �Ept � icp, � vc,������������������������������������������������������������� �
Mg � Ca � Sr � Ba � V � mA cm�2

� g m�2 h�1

������������������������������������������������������������������������������������
0.01 � 0.01 � � � � � 0.765 � 1.340 � 0.680 � 0.27 � �

0.01 � 0.05 � � � � � 0.780 � 1.325 � 0.680 � 0.22 � �

0.05 � 0.05 � � � � � 0.790 � 1.325 � 0.680 � 0.20 � 0.0174
0.10 � 0.05 � � � � � 0.800 � 1.320 � 0.670 � 0.25 � 0.0132
0.20 � 0.05 � � � � � 0.850 � 1.320 � 0.670 � 0.27 � 0.0122
0.50 � 0.05 � � � � � 0.875 � 1.280 � 0.700 � 0.35 � �

0.01 � � � 0.01 � � � 0.760 � 1.360 � 0.680 � 0.24 � �

0.05 � � � 0.05 � � � 0.770 � 1.360 � 0.670 � 0.20 � 0.0150
0.10 � � � 0.05 � � � 0.780 � 1.360 � 0.630 � 0.18 � �

0.30 � � � 0.05 � � � 0.780 � 1.300 � 0.630 � 0.22 � �

0.60 � � � 0.05 � � � 0.790 � 1.320 � 0.640 � 0.19 � �

1.00 � � � 0.05 � � � 0.810 � 1.250 � 0.640 � 0.19 � �

0.01 � � � � � 0.01 � 0.750 � 1.340 � 0.650 � 0.22 � �

0.05 � � � � � 0.05 � 0.750 � 1.320 � 0.640 � 0.20 � 0.0107
0.10 � � � � � 0.05 � 0.760 � 1.320 � 0.635 � 0.22 � �

0.30 � � � � � 0.05 � 0.775 � 1.300 � 0.630 � 0.19 � �

0.60 � � � � � 0.05 � 0.780 � 1.300 � 0.630 � 0.19 � �

1.00 � � � � � 0.05 � 0.810 � 1.280 � 0.650 � 0.18 � �

A1(A6) � � � � � � � 0.760 � 1.320 � 0.680 � 0.35 � 0.0185
������������������������������������������������������������������������������������

Table 5. Effect of deformation on the corrosion-electrochemical parameters of aluminum alloys in a 3% NaCl solution
������������������������������������������������������������������������������������

Alloy component, wt % � �Efc, � �Ept, �
�icp, � vc,�������������������������������������������������������������� �

Mg � Ba � Ca � Sr � V � mA cm�2
� g m�2 h�1

������������������������������������������������������������������������������������
� � � �

0.810* �
0.710

�
0.22

�
2.0 � 0.05 � � � � � ���� � ���� � ���� � �

� � � �
0.980

�
0.650

�
0.20

�
� � � �

0.780
�

0.650
�

0.18
�

1.0 � 0.05 � � � � � ���� � ���� � ���� � �

� � � �
0.790

�
0.685

�
0.17

�
� � � �

0.795
�

0.660
�

0.11
�

0.0164
0.5 � 0.05 � � � � � ���� � ���� � ���� � ����

� � � �
0.840

�
0.680

�
0.09

�
0.0110

� � � �
0.765

�
0.620

�
0.17

�
0.0170

0.5 � � � 0.05 � � � ���� � ���� � ���� � ����
� � � �

0.960
�

0.680
�

0.12
�

0.0094

� � � �
0.750

�
0.660

�
0.15

�
0.0127

0.15 � � � � � 0.05 � ���� � ���� � ���� � ����
� � � �

0.890
�

0.675
�

0.11
�

0.0105

� � � �
0.735

�
0.660

�
0.24

�
0.0185

A1(A6) � � � � � � � ���� � ���� � ���� � ����
� � � �

0.815
�

0.695
�

0.18
�

0.0158

������������������������������������������������������������������������������������
* Numerator, data for cast alloys; denominator, for deformed alloys.
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of alloys with varied content of magnesium and con-
stant content of AEM, equal to 0.05% (Table 5).

The electrochemical studies were carried out in
a 3% NaCl solution, and gravimetric studies, in a so-
lution of 3% NaCl + 0.1% H2O2.

The technological procedure used to fabricate com-
pacted samples consisted in forging of rectangular
20 � 30 �100-mm cast samples preliminarily heated
to 500�C on planar blocks, with their thickness de-
creasing by 80%, i.e., to 4 mm. Further, the samples
were cut to required dimensions.

Comparison of the parameters of the alloys and
the starting aluminum before and after deformation
shows that the corrosion potential shifts to a more
negative region after the deformation. This, on the
whole, makes greater the pitting-resistance basis of
the alloys. The decrease in the current density of
complete passivation leads to an increase in the cor-
rosion resistance of alloys of the optimal composition
after their deformation, which is confirmed by gravi-
metric data. The corrosion rate vc of the alloys sub-
jected to deformation is 30�50% lower than that of
the starting aluminum under the same conditions.
This is due to the following: in the case of an oriented
structure, the corrosion mainly develops along the sur-
face, i.e., in parallel with the vector of the maximum
deformation (compaction) in the fabrication of a semi-
finished product [7]. In addition, the dissolution rate
is also affected by the formation on the surface of
a protective passivating film on the defects of the crys-
tal lattice of the surface layer of the metal [8].

According to the phase diagram of ternary alloys
of the systems Al�Mg�AEM, all the alloys studied,
which contain up to 1% magnesium, form solid solu-
tions, i.e., have a single-phase structure [9]. The an-
odic potentiodynamic curves of the alloys show only
a single peak of the anodic current, which character-
izes the active dissolution of the given phase. The
presence a peak of this kind in potentiodynamic curves
and its nature is explained differently by different
authors. All the existing hypotheses consist in the
following.

(1) The peak is due to active dissolution of alumi-
num (or its solid solution) with the subsequent forma-
tion of aluminum oxide [3]. The role of the cathodic
polarization consists in alkalization of the near-elec-
trode layer, which results in chemical dissolution of
the oxide film that passivates aluminum.

(2) Because of the existence of aluminum hydride
in aqueous solutions, the presence of an anodic peak
in a potentiodynamic curve can be attributed to the

decomposition of this compound. The formation of
the hydride is favored by the cathodic polarization
of the electrode [11]. Timonov et al. [10] observed
an anodic current peak after keeping the electrode at
potentials of �2.5 and �3.0 V, i.e., at those potentials
at which Al is stable according to thermodynamic data
and no hydride should be formed.

(3) The adherents of the theory of cathodic intro-
duction of an alkaline metal into aluminum to give
an intermetallic compound in solutions of alkali metal
chlorides attribute the presence of a current peak in
the potentiodynamic curve to decomposition of this
intermetallic compound, which is formed in the ca-
thodic polarization of the electrode. A study per-
formed in LiCl, NaCl, KCl, NH4Cl, and CaCl2 [10]
demonstrated that the current peak is present in solu-
tions of alkali metal chlorides and absent in solutions
of NH4Cl and CaCl2.

However, analysis of the phase diagrams of the
systems Li�Al, Na�Al, K�Al, and Ca�Al shows that
intermetallic compounds are formed in the systems
Li�Al and Ca�Al. The systems Na�Al and K�Al are
characterized by complete absence of interaction be-
tween the components and by formation of a mono-
tectic system [14].

Thus, it is possibly necessary to agree with the
authors of the theories that attribute the existence of
the peak to active dissolution of aluminum with the
subsequent formation of aluminum oxide passivating
the metal [3].

CONCLUSION

The possibility of improving the corrosion resis-
tance of technical-grade aluminum by its microalloy-
ing with magnesium and alkaline-earth metals was de-
monstrated by means of the potentiodynamic method.
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Abstract�Main ways to control the carbon dioxide corrosion, type of inhibitors employed, reasons for
choice of the inhibitors, and various factors determining the efficiency of inhibitors of different types in
carbon dioxide oil-and-gas production media are considered.

When solving problems related to carbon dioxide
corrosion, which are encountered in oil and gas fields,
it is particularly important to determine the most ef-
fective protective method [1, 2]. Inhibition is an ef-
ficient and, in many cases, rational protection tech-
nique [1�5]. Previously, mechanisms of carbon diox-
ide corrosion in single- and double-phase oil-and-gas
production media at various pH values have been
analyzed [6, 7].

The aim of this study was to continue investiga-
tions aimed to choose the most promising ways to
control the carbon dioxide corrosion and to consider
main types of inhibitors and factors determining their
efficiency.

An analysis of the mechanism of action of CO2
revealed its main specific features (Scheme 1). Pri-
marily, the accelerating effect of CO2 is due to en-

���������� Scheme 1.
Effect of CO2 on the corrosion of steel*

����������
* Content of depolarizer in the surface layer (s.l.) and is solution (sol).
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hanced evolution of hydrogen and formation of car-
bonate-oxide films on the metal surface (which may
have good or poor protective properties) [8�16].
Hence follows that an effective protection can be
achieved, first, by hindering the cathodic process and,
second, by forming protective carbonate films on
the steel surface [12�14]. These films preclude pen-
etration of depolarizers (H3O

+, HCO3
�, H2CO3) and

activators (Cl�, SO4
2�) to the metal surface and(or)

migration of iron ions across the film [16�19].

The cathodic process can be effectively hindered
(1) by lowering the concentration of depolarizers in
solution and in the surface layer by their chemical
binding with derivatives of aminoformic acid: amides,
carbamates, hydrazides, organic carbonates, neutral
acyclic carbonates, and carbonic acid esters [20];
(2) by displacing depolarizers with ions or molecules
of inhibitors (competing adsorption) with the use of
ethylene imine, and ethers or esters (PIK 12, SNPKh-
6302, Minkor-2) [20, 21]; and (3) by forming pro-
tective oxide-carbonate, inhibiting, or mixed films
that preclude migration of depolarizers and activators
to the metal surface or that of Fe2+ ions across the
film by using compounds with an active adsorption
group or a long hydrocarbon radical, such as SZhK,
OR-2K, GIPKh-3A, SNPKh-6011B, Neftegaz, Tarin,
KRTs-3G, or organophosphorus compounds: FAN-
403M, F-741, etc. [1�3, 22�24].

In the last case, films or deposits formed on the
metal surface can affect both the anodic and cathodic
processes. The extent of this influence is determined
by the composition and structure of the films and by
presence and size of pores in them [12�19]. When
a carbonate-oxide film or deposit with poor protective

properties is formed on the metal surface, its hinder-
ing action can be enhanced by introducing into the
medium a specially selected inhibitor, which is not
only adsorbed but also can penetrate into the pores
in the film.

The hindrance of the anodic process in carbon di-
oxide corrosion, which is closely associated with
the formation of protective siderite films or deposits,
can be achieved by raising the pH of the medium (by
shifting the pH to the alkaline region) or elevating
the temperature (to 40�60�C) [8�19, 23�27].

The pH of the medium can be adjusted by using
inhibitors that shift the pH to the alkaline region to
8�10, which favors formation of a protective siderite
layer on the metal surface, the so-called neutralization
method [12, 15, 18, 28�31].

It should be noted that the pH of water can change
with temperature and strength of an external elec-
tromagnetic field [32, 33]; thermochemical reactions
can be used to maintain the temperature of the me-
dium in a prescribed temperature interval. In partic-
ular, the possibility of a thermohydrodynamic adjust-
ment of the pH of water in the range 5.7�8.6 was
demonstrated in [32]. It was established that the pH
of water grows as the number of cycles of hydrody-
namic cavitation becomes greater. After 9 to 10 cy-
cles, pH = 8.6. Adjusting t thermochemically and
pH by physical methods in systems for production,
gathering, and transportation of oil and gas is, pre-
sumably, possible only in separate localities.

The main ways to control the carbon dioxide cor-
rosion, including that with the use of inhibitors, are
shown in Scheme 2.

����������
Scheme 2.

Main ways to control the carbon dioxide corrosion of steel
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Table 1. Effect of the chemical structure of molecules of
quaternary ammonium salts on the protection of St.80 steel
in a 50 mg l�1 NaCl + 250 mg l�1 CH3COOH solution
saturated with CO2 or H2S
����������������������������������������

�Z (%) at indicated inhibitor concentration, mg l�1

������������������������������������
� 10 � 100 � 10 � 100
������������������������������������
� CO2 � H2S

����������������������������������������
I � 10 � 50 � 62 � 85
II � 44 � 62 � 71 � 99
III � 40 � 76 � 94 � 99
IV � 29 � 84 � 96 � 99
V � 83 � 84 � 98 � 98
VI � 15 � 22 � 15 � 36
VII � 17 � 31 � 17 � 62
VIII � 68 � 80 � 68 � 96
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As is known, inhibitors are classified by the mech-
anism of action (anodic, cathodic, or mixed) [4],
chemical nature (in accordance with classes of organic
and inorganic compounds) [3, 4, 22�24], and the prin-
ciple of action (neutralizers and film-forming agents)
[31, 34]. According to the presently developed con-
cepts concerning the mechanisms of carbon dioxide
corrosion, the effective inhibiting effect can be pro-
duced by inhibitors of the cathodic or mixed type,
with predominant hindrance of the cathodic process
[35, 36]. At the same time, inhibitors of the anodic
type (KhOSP, OR-2K, GIPKh-3, etc.) are frequently

used in practice to control the carbon dioxide corro-
sion [1, 2, 23].

Traditionally, ferrous metals are protected from
the carbon dioxide corrosion at oil and gas fields
using N-containing compounds and, in particular,
amines, imidazolines, and nitrogen heterocycles
(Olazol, Sepacorr 5120, Sepacorr ES-3201, Corexit
7755 and 7798, Norust-9M, Norust RA 23D, XC-320,
KW-10, etc.) [1�5, 30, 35�39] despite numerous
failures of the equipment. These compounds can act
both as neutralizers and as film-forming agents. As
is known [4, 5], amines and imidazolines are effective
in protection from carbon dioxide corrosion in the
presence of hydrogen sulfide. It was shown in [40, 41]
that lower primary and secondary amines hinder the
carbon dioxide corrosion of steel in the aqueous and
gaseous phases at their considerable concentration in
solution (20�80 g l�1). Despite their higher, com-
pared with primary amines, basicity, tertiary amines
are ineffective in protection from the carbon dioxide
corrosion.

In [42], results of a comparative study of the in-
fluence exerted by quaternary ammonium salts with
alkyl radicals of length from C1 to C16 on the carbon
dioxide and hydrogen sulfide corrosion of steel in
NaCl solutions were reported, which confirm, to a cer-
tain extent, the validity of the concepts described
above (Table 1). In particular, it was established that,
in a CO2-containing medium, they are inhibitors of
the cathodic type, which shift the corrosion potential
into the negative region and lead to a noticeable in-
crease in the Taffel slopes bc � 300 mV and ba �
100 mV. This is due to the formation on the metal
surface of a film that is poorly permeable to the de-
polarizer. In the presence of H2S in the medium, these
same quaternary ammonium salts act as inhibitors of
the anodic type. The observed differences in the shift
of the corrosion potentials are due to the formation of
corrosion products of some other composition and to
their influence on the adsorption of inhibitor molec-
ules. In the case of hydrogen sulfide corrosion, qua-
ternary ammonium compounds are adsorbed on the
layer of earlier adsorbed HS�ads species, i.e., at anodic
areas. In CO2-containing media, no layer of adsorbed
HCO�

3(ads) species is formed on the steel surface and
quaternary ammonium cations are adsorbed directly
at the cathodic areas on the metal surface.

Taking into account the chemical nature of the
depolarizers, carbonic acid and hydrocrabonate ions,
and the related adsorption activity toward iron, which
is due to the presence of both a carboxyl and a car-
bonyl group in the molecule, it would be expected



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 8 2004

FINDING AN EFFECTIVE WAY TO INHIBIT CARBON DIOXIDE CORROSION OF METALS 1295

that organic substances that contain these groups
(carboxylic acids, ketones, and esters) are effective
inhibitors of the carbon dioxide corrosion because
they can compete for adsorption sites and displace
depolarizers from the metal surface. Presumably, it
was not a mere chance that the first inhibitors of the
carbon dioxide corrosion were the calcium salt of acid
tar (IKSG-1), synthetic fatty acids, and wastes con-
taining a mixture of high-molecular-weight carboxylic
acids and their salts [4]. Until now, vegetable oils
(palm �copra,� coconut, burdock, soybean), tall oil,
and resin acids (abietic acid derivatives of general
formula C20H30O2: levopimaric, neoabietic, dehy-
drobithienic, and palustric) are used to manufacture
many foreing inhibitors [3, 42�4]. It should be noted
that publications concerned with the influence exerted
by this group of substances on the carbon dioxide cor-
rosion of ferrous metals in oil-and-gas production
media are scarce [6, 7, 18, 20, 45], and inhibitors
containing these compounds a virtually not used at all
in domestic oil and gas fields.

Apart from the organic substances mentioned
above, possible effective inhibitors of the carbon di-
oxide corrosion may be compounds that have, in ad-
dition to a high adsorption activity, an ability to create
on the metal surface a protective film, the so-called
film-forming agents [3, 5, 29, 31, 45�48]. In these
compounds, the excess electron density on the hetero-
atom (N, S, P) or at the unsaturated bond is the pre-
requisite of their chemisorption [5, 49, 50].

The choice of one or another type of inhibitor of
the carbon dioxide corrosion is also governed by the
initial state of the metal surface [presence or absence
of films and(or) deposits on the surface of a metal
being protected and their type] [8, 15].

In media with pH � 7, in the presence of films or
deposits, it is preferable to use oxygen-containing
organic inhibitors {salts of carboxylic acids, some
derivatives of carbamic acid (carbamates, amides, hy-
drazides), and organic derivatives of carbonic acid
[19]}, which can, first, be adsorbed on this layer and,
second, shift the corrosion potential into the negative
region, with the result that the general and local cor-
rosion is hindered.

The inhibitors should be able to penetrate into
pores of deposits that are stable in the medium (ac-
cording to the classification presented in [51]) and
reach the metal surface or to enhance the protective
properties of deposits unstable in the medium. This
ability is determined by the correspondence between
the size of inhibitor molecules and that of pores in
the film. In the second case, an important role in the
effective protection is played by the correspondence

between the spatial structure of inhibitor molecules
and the crystal structure of the deposit.

By contrast, Crolet [51] related the protective prop-
erties of corrosion deposits to the internal mechanism
of their control and to the structure of the corre-
sponding diffusion model, rather than to their chem-
ical composition and morphology. In this study, films
or deposits composed of siderite, amorphous phase of
corrosite FeCO3 �FeO, Fe3C matrix filled with siderite
were classified with stable deposits, and films or
deposits composed of oxyhydroxides FeOx (OH)3 � 2x ,
intermediate phase of �-FeOOH and lepidocrocite
�-FeOOH, and Fe2(OH)4CO3 and FeOHCO3 com-
plexes, with unstable deposits.

In the same pH range, and with unstable deposits
that tend to grow intensively, it is preferable to use
inhibitors that can bind cations (Ca2+, Fe2+) or exhibit
the so-called crystal-disintegration effect [52].

In media with pH < 7, in the absence of films or
deposits, it is preferable to use neutralizers that favor
a shift of the pH into the alkaline region and forma-
tion of deposits on the metal surface. In this case,
the choice of a neutralizer is determined by the pH.

The neutralization can be achieved by using both
contact-type and volatile corrosion inhibitors (in-
organic and organic bases or their salts). With account
of the characteristic features of the carbon dioxide
corrosion in oil-and-gas production media and the
necessity for simultaneous protection of the equip-
ment in liquid and gaseous phases, use of volatile in-
hibitors-neutralizers is a matter of current interest.

The first attempts to use ammonia and carbonates
to adjust the pH failed [31, 53]. With these com-
pounds, the pH value widely fluctuated (8�1). This
adversely affected the protective properties of the
forming film, and the danger of intensive growth of
carbonate deposits was preserved. At present, nitro-
gen-containing organic compounds and their salts
(dimethylamine, ethylenediamine, methoxypropyl-
amine, morpholine, sodium salt of merkaptobenzo-
thiazole MBTNa, etc.) are used to control the pH in
CO2-containing media.

The mechanism of protective action of organic ni-
trogen-containing bases in media with a large content
of dissolved CO2 is not reduced to only neutralization
of a weak acid H2CO3, whose solutions have a large
buffer capacity. Reacting with dissolved carbon di-
oxide, nitrogen-containing organic bases maintain the
pH value at 9, which favors formation of HCO3

� [53]:

(1)R2N�H + H2CO3 � HCO3
� + R2NH+

2.
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Further, this leads to formation of CO3
2� ions and

protective carbonate films. Reaction (1), which occurs
in solution and in a thin electrolyte film, is slow,
irreversible, and going to completion [16, 53].

Standard amines (A) used to control the pH are,
as a rule, volatile, with an ionization constant on
the order of 10�11. A part of amine, as well of that of
CO2 present in the gas, dissolves in drops of the con-
densation moisture. Two compounds react with each
other, with the result that the following equilibrium
is established [54]:

A + H+ = AH+ (2)

CO2 + H2O = HCO3
� + H+ (3)

��������������������������
A + CO2 + H2O = AH+ + HCO3

� (4)

The concentration of the free amine in solution
under real conditions can be calculated using the
equilibrium constants of reactions (2) and (3), KA
and K * [54]:

KA = [AH+ ] / ([A][H+ ]),

K * = [HCO3
� ][H+ ] /PCO2

.

The partial pressure of amine over solution, PA,
and the concentration of amine in solution, [A], are
related by

PA/PA
0 = [A] / [Asat ], (5)

where PA
0 is the partial pressure over pure amine, and

[Asat ], the concentration of a saturated amine solution.

According to [54], use of Eq. (5) makes it possible
to monitor the efficiency of the corrosion protection
with inhibitors of the neutralizing type in the gaseous
and aqueous phases.

In [40, 41], the influence exerted by the partial
pressure of amine, PA, in a single reaction series
of organic substances on the corrosion of steel was
prognosticated. It was established that introduction of
minor amounts of such bases as monoethanolamine,
cyclohexylamine, and diallylamine into a 0.5% NaCl
solution containing 250 mg l�1 of acetic acid and sat-
urated with CO2 (1 atm) stimulates corrosion of car-
bon steel. The protective effect is observed at con-
siderable concentrations of amines in solution (32�
48 g l�1). The stimulating action of these amines is
attributed to an increase in the content of carbonate
ions in the electrolyte, because the solubility of CO2
at a constant pressure grows as pH becomes higher.

The efficiency of neutralizers is determined by
their neutralizing capacity, which can be evaluated by
the basicity (Kb) or acidity (Ka, or pKa [31]) constants.
As a rule, the greater pKa, the higher the efficiency of
a neutralizer. The inhibiting efficiency of organic
bases is affected by the length of the hydrocarbon
chain and the degree of its branching, configuration of
a molecule, and position and number of adsorption
centers in the molecule [3, 4].

The efficiency of neutralization is affected to a cer-
tain extent by the buffer capacity of the solution [31].
For example, the amount of methoxypropylamine
necessary for neutralization of a solution considerably
exceeds that of ethylenediamine, and the buffer ca-
pacity of the former is negligible compared with that
of the latter, so that even a minor decrease in the con-
centration of methoxypropylamine leads to a con-
siderable change in the pH value and strongly raises
the corrosion rate [54, 55].

Another factor determining the efficiency of neu-
tralizers, the distribution of neutralizing amines, is
characterized by the distribution factor Kd = cg /ca,
where cg and ca are the equilibrium concentrations of
amine in the gaseous and aqueous phases under the
conditions of a phase transition (in evaporation and
condensation). Amine exhibits the strongest neutraliz-
ing properties in both the gaseous and aqueous phases
at Kb > 100 	 10� 6 and Kd = 1.0 [31].

An important issue is the correspondence between
the chemical types of a neutralizer and an acidic agent
present in the corrosive medium [55]. In the general
case, the following should be noted: (1) presence, to-
gether with H2CO3 (CO2 �H2O), of a strong inorganic
acid in the medium requires that a strong, mostly
inorganic base (Kb 	 106 > 500) should be used as
a neutralizer; (2) presence of a weak inorganic acid
with a high buffer capacity (of the carbonic type) re-
quires that organic neutralizers with a high buffer
capacity should be used; and (3) presence, together
with H2CO3, of corrosive carboxylic acids (lower car-
boxylic, naphthenic) requires use of organic bases with
a high adsorption capacity for the metal, whose mol-
ecules can compete for adsorption sites and, in the
end, displace molecules of the acid from the metal
surface, which favors formation of a protective film.

The state of the metal surface is one more factor
determining the efficiency of an inhibitor-neutralizer.
In particular, morpholine is more efficient in the case
of a clean steel surface, and cyclohexylamine, in
the case of steel covered with oxides [54, 55].

It should be noted that some of organic corrosion
inhibitors protect a relatively clean steel surface to
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a lesser extent, compared with that covered with cor-
rosion products. Such an action, determined by the
difference between the adsorption properties of in-
hibitors on a clean metal surface and on corrosion
products, depends on their concentration in the corro-
sive medium [56, 57]. It was shown in [9, 10, 35, 36]
that film-forming inhibitors with a cathodic type of
action, which contain a carbonyl or carboxyl group,
are universal as applied to the carbon dioxide corro-
sion. They can be used both on a clean metal surface
and on that covered with a carbonate-oxide film or
a layer of deposits.

As shown by practical experience, choosing in-
hibitors among the reagents conventionally used to
control the hydrogen sulfide corrosion without taking
into account the specific features of the carbon diox-
ide corrosion frequently yields unsatisfactory results.

A set of corrosion inhibitors of the KRTs brand
have been developed specially for inhibition of the
carbon dioxide corrosion in oil-and-gas production
media. These inhibitors include organic substances
containing a carboxyl and a carbonyl groups (cyclic
ketones, ethers, and esters) [47, 35, 36]. The ef-
ficiency of inhibitors with respect to the carbon di-
oxide corrosion was studied in a wide range of pH
values, 2�10. The behaviors of anodically and ca-
thodically polarized steels in a two-phase medium
(pH 2) saturated with CO2 were compared and the in-
fluence exerted on these processes by inhibitors of
various types was studied: Neftekhim-3, a product of
reaction between fatty acids of light tall oil and poly-
ethylepolyamine with dispersed additives; SNPKh-
6302 A and B, a mixture of alkylpyridinium bromide
of aminoparaffin, fatty acid, and anionogenic sur-
factant; OR-2K, a mixture of rhodanic benzylquino-
linium and still bottoms produced in monoethanol-
amine purification of natural gas; and Korreksit, a
formulation containing imidazolines, oxyalkylated
resins, and esters in a hydrocarbon solvent.

Potentiodynamic polarization curves were meas-
ured using the standard procedure [36].

On introducing inhibitors KRTs-3G, KRTs-2, Nef-
tekhim-3, and SNPKh-6302, the stationary potential
Est is shifted in the negative direction, and the hin-
drance to the anodic process dominates over that of
the cathodic process (Table 2).

In the presence of inhibitors KRTs-2 and KRTs-3G,
the maximum shift of Est is observed. The inhibitors
in which the hindrance to the anodic process predom-
inates over that to the cathodic process were found
to be inefficient (Table 2).

Table 2. Hindrance factors for the corrosion rate (�cor) and
the cathodic (�c) and anodic (�a) processes occurring on
St.3 steel in a two-phase medium 0.1 N NaCl + kerosene
(10 : 1), pH 2, saturated with CO2, in the presence of
1 g l�1 of inhibitors
����������������������������������������

Inhibitor
�

Est,
� Hindrance factor

� ����������������������
�

V
� �c � �a � �cor

����������������������������������������
Fon � �0.24 � � � � � �
KRTs-3 � �0.26 � 5.6 � 1.4 � 6.3
KRTs-2 � �0.27 � 22 � 5.0 � 25
KRTs-8 � �0.19 � 4.0 � 6.3 � 3.2
KRTs-3G � �0.26 � 5.5 � 1.3 � 6.4
Neftekhim-3 � �0.25 � 4.4 � 2.5 � 5.1
Corexit 7798 � �0.20 � 3.9 � 5.8 � 2.9
SNPKh-6302 � �0.24 � 3.8 � 4.0 � 3.8
OR-2K � �0.25 � 4.3 � 2.9 � 4.8
����������������������������������������

It was established that the adsorption of com-
ponents of the inhibiting formulations KRTs on
the steel surface leads to an increase in the slope of
the Taffel portion of the cathodic polarization curve to
130�190 mV, which indicates that the cathodic proc-
ess is hindered. At the optimal, from the standpoint
of adsorption, relative contents of components, the
strongest increase in bc was observed. It has been
established that the KRTs reagents are inhibitors of
the blocking type [35, 36, 45]. Presumably, the reac-
tion between the components of the formulation in
the adsorption layer yields molecular compounds
forming a protective film that precludes penetration of
depolarizers (HCO3

�, CO2 �H2O) to the metal surface.
In media with pH > 8, the inhibitors of the KRTs
series hinder both the cathodic and anodic process,
with the hindrance to the former predominating. In-
hibitor-bactericide CNPKh-1002, taken as reference,
even stimulates the overall corrosion of steel when
present in a low concentration. The effect becomes
weaker as the concentration of the inhibitor is raised.
This confirms the previously established fact that
inhibitors of the anodic type are dangerous when pres-
ent in solution in an insufficient concentration.

The efficiency of inhibitors of the blocking type,
Corexit 7798 and Corexit 6350 (manufactured by Nal-
co-Exxon) was demonstrated by industrial tests in oil
and gas fields of Western Siberia, where the carbon
dioxide corrosion is predominant (CO2 in a water�
oil emulsion, 200 mg l�1). The corrosion rate was
monitored gravimetrically using witness samples and
by the electrostatic method on the basis of the polar-
ization resistance in pipe sections suffering from cor-
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Table 3. Efficiency of the protective action of inhibitors in a water-oil emulsion of varied composition*

������������������������������������������������������������������������������������

Inhibitor
� � Test duration, �Z (%) in an emulsion of indicated composition
� � ���������������������������������� Concentration, g m�3 � months (number �
� � of shutdowns) � I � II

������������������������������������������������������������������������������������
Emulsion � � � �
of composition:� � � �

I � 0 � 12 (300) � � � �
II � 0 � 7 (22) � � � �

Corexit 7798 � 100 (in the first 4 h, then 15�35) � 12 (0) � 69/94** � �
� 100 � 5 (14) � � � 63/61

Corexit 6350 �100 (in the first 24 h, then 25�35) � 12 (1) � 98/25 � �
Neftekhim-3 � 25 � 6 h � 77/30 � �

� 50 � 6 h � 91/68 � �
� 100 � 6 h (I); 5 (12) (II) � 91/80 � 81/79

Norust RA 2D � 25�30 � 12 (12) � � � 90/89
KRTs-3 � 100 � 6 (0) � � � 85/83
KRTs-3G � 100 � 6 (0) � � � 89/87
SNPKh-6302 � 100 � 5 (9) � � � 82/81
������������������������������������������������������������������������������������
* Emulsion composition: (I) [CO2] = 200 mg l�1, mineralization 93 g l�1, pH 6.4 (Samotlor field); (II) [CO2] = 99 mg l�1,

[H2S] = 55 mg l�1, mineralization 78 mg l�1, pH 6.2 (Chutyra field).
** Numerator, determined by gravimetry; denominator, found electrochemically (from the polarization resistance).

rosion to the greatest extent and subject to replace-
ment once in seven months. Both the inhibitors led to
a decrease in the corrosion rate and in the number
of pipe accidents (Table 3). The electrostatically de-
termined efficiency of the inhibitors was somewhat
lower than that furnished by the gravimetric method.

As regards the end result, lowering the number of
accidents and making longer the interrepair life of
pipes, the most efficient inhibitors are KRTs-3 and
KRTs-3G (Table 3). At the same time, when the ef-
ficiency of corrosion inhibitors is evaluated gravi-
metrically on witness samples placed in a flow of a
water-oil emulsion, the most efficient was the Norust
RA 2D inhibitor, which diminished the pipe accident
rate (monitored during a longer time: a year and more)
to a lesser extent. These facts indicates that caution is
necessary in evaluating the efficiency of inhibitors by
a single method.

Thus, the results of industrial tests of oxygen-con-
taining inhibitors of the cathodic type of action
(KRTs) in systems for oil gathering and utilization of
wastewater and formation water, in pumping oil, gas-
lift, and gas-condensate wells with CO2 concentration
in the product in the range from 43 to 230 g m�3 re-
vealed the efficiency of these inhibitors both on a rel-
atively clean metal surface and on that covered with
a significant amount of carbonate-oxide deposits and
demonstrated that development of efficient inhibitors

of the carbon dioxide corrosion on the basis of com-
pounds that contain a carbonyl group is possible and
shows promise.

CONCLUSIONS

(1) It is shown that the following inhibitors en-
sure an effective protection from the carbon dioxide
corrosion in oil-and-gas production media: organic
compounds containing a carboxyl and a carbonyl
groups; nitrogen containing neutralizers, both of con-
tact type and volatile; film-forming agents favoring
formation of protective siderite films or forming pro-
tective films themselves; all with the cathodic type
of action.

(2) The choice of the type of an inhibitor of the
carbon dioxide corrosion is governed by the pH of
the medium, temperature, partial pressure of CO2 in
the system, and initial state of the metal surface
[presence or absence of films and(or) deposits on
the metal surface, and their type and structure].
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Abstract�Catalytic decomposition of cyclohexyl and 1-methylcyclohexyl peroxides in the presence of
3d-metal acetylacetonates was studied.

A cyclohexanol�cyclohexanone mixture is com-
mercially produced on a large scale by oxidation of
cyclohexane with atmospheric oxygen on a cobalt
catalyst [1]. Cyclohexyl hydroperoxide (CHP, ROOH)
is formed in the first step of this process. Kinetic fea-
tures of the oxidation and the composition of the ox-
idation products are mainly determined by the course
of catalytic decomposition of this intermediate. Pre-
viously, we have shown that the selectivity of cyclo-
hexanone formation in the presence of chromium-
containing catalysts is higher than that in the presence
of industrial cobalt-containing catalysts [2].

The oxidation of methylcyclohexane depends on
the catalyst present in the system. The reaction yields
either a tertiary alcohol (1-methylcyclohexanol) or
a mixture of methylcyclohexanols and methylcyclo-
hexanones, formed by reaction of the secondary C�H
bonds with oxygen and peroxy radicals [3]. In the
latter case, the reaction kinetics and composition of
the oxidation products are determined by the course of
transformation of tertiary 1-methylcyclohexyl hydro-
peroxide (MCHP, ROOH) into secondary methylcy-
clohexyl hydroperoxides.

In this study, we examined the catalytic decompo-
sition of CHP and MCHP in the presence of 3d-metal
compounds.

As shown previously [4, 5], s- and 3d-metal carbox-
ylates form with MCHP complexes MLn � mROOH
(n, m = 1, 2). This is due to the fact that
intermolecular hydrogen bonds in the complexes of s
elements and the coordination bond between 3d metals
and the �-O atom of hydroperoxide are stronger than
the hydrogen bonds in peroxide self-associates. These

complexes catalyze decomposition of the hydroperox-
ide into radicals and molecular products. The catalytic
activity of s-metal carboxylates [e.g., stearates (St)] in
MCHP decomposition decreases with a decrease in
the cation radius in the following order: CsSt >
BaSt2 > NaSt � Na1

pel > CaSt2 > LiSt [6].

EXPERIMENTAL

Cyclohexyl hydroperoxide was prepared via inter-
mediate trialkyl borates [7] at �78�C, which were ox-
idized with H2O2. MCHP was prepared by the proce-
dure described in [8]. The content of the available
oxygen in the hydroperoxides was 100%.

3d-Metal acetylacetonates were prepared by the
procedure described in [9].

Decomposition of CHP and MCHP at 85�105�C in
the presence of catalysts listed in Table 1 was studied
in decane and methylcyclohexane solutions, respec-
tively. The catalyst concentration ranged from 3 �
10�5 to 3 � 10�4 and from 6 � 10�4 to 8.8 � 10�3 M;
and the concentration of hydroperoxides, from 0.01 to
0.1 M. The first concentration range of the catalysts
was chosen so as to minimize their association at
85�105�C.

The representative kinetic curves of overall CHP
decomposition are shown in Fig. 1. The fast decom-
position in the first steps decelerates with time owing
to catalyst deactivation. The limiting degrees of CHP
decomposition are determined by the nature and con-

�����������
1 Na pelargonate.
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Table 1. Activation energy of CHP decomposition in the presence of 3d-metal carboxylates and 3d-metal acetylac-
etonates* ([ROOH] = 0.1 M)
������������������������������������������������������������������������������������

Catalyst
� [MLn] �104, � Conversion,** � v � 103, � Eef , � Ketone/alcohol, � (vr /v� ) � 102,
� M � % � mol l�1 min�1 � kJ mol�1 � mol/mol � %

������������������������������������������������������������������������������������
Co(acac)2 � 8.8 � up to 72 � 16.08 � 65.0 � 2.4 � 0.67 � 17.5

� 10.0 � up to 62 � 17.50 � � � �
� 60.0 � up to 95 � 44.20 � � 0.58 �
� 88.0 � up to 78 � 50.00 � � 0.45 �

Co(acac)3 � 8.8 � up to 45 � 6.90 � 79.1 � 2.0 � � � 21.5
� 10.0 � up to 50 � 7.55 � � 0.58 �
� 60.0 � up to 60 � � � � 0.65 �
� 88.0 � up to 75 � 34.50 � � 0.81 �

Mn(acac)3 � 8.8 � up to 20 � 6.02 � 76.0 � 2.0 � 0.82 � 33.0
� 60.0 � up to 60 � � � � 0.70 �
� 88.0 � up to 51 � 18.46 � � 0.60 �

Cu(acac)2 � 8.8 � up to 17 � 3.00 � 76.4 � 2.5 � � �
� 10.0 � up to 50 � 3.60 � � 0.60 �
� 60.0 � up to 82 � 16.10 � � 0.80 �
� 88.0 � up to 90 � 22.11 � � 0.54 � 44.0

Fe(acac)3 � 8.8 � up to 15 � 2.61 � 79.4 � 3.1 � 1.00 � 36.0
� 10.0 � up to 12 � 2.80 � � 0.99 �
� 88.0 � up to 50 � 12.50 � � 1.38 �

Ni(acac)2 � 8.8 � up to 9 � 1.44 � 92.2 � 1.8 � �
� 10.0 � up to 20 � 1.85 � � �
� 88.0 � up to 26 � 8.52 � � 0.88 � 50.3

Cr(acac)3 � 6.0 � up to 80 � 8.20 � 82.0 � 1.5 � 5.0 �
� 8.8 � up to 65 � 10.01 � � 7.2 �
� 10.0 � up to 55 � 10.60 � � � �
� 60.0 � up to 80 � 12.72 � � � �
� 88.0 � up to 84 � 13.75 � � 2.7 � 27.0

Zn(acac)2 � 60.0 � up to 20 � 4.20 � 107.0 � 3.5 � 0.95 � �

VO(acac)2 � 8.8 � up to 80 � 13.8 � 70.0 � 1.8 � 1.5 � �

Cr(ac)3 � 8.8 � up to 13 � 2.34 � � � 2.7 � �

� 10.0 � up to 15 � 2.51 � � 2.1 �
� 88.0 � up to 20 � 9.21 � � 3.5 �

CrSt3 � 6.0 � up to 90 � 8.70 � 82.5 � 4.0 � � �
� 8.8 � up to 55 � 9.20 � � 8.65 � 11.0
� 10.0 � up to 75 � 10.00 � � 6.70 �
� 88.0 � up to 76 � 16.37 � � 3.80 �

Cr(CO)6 � 8.8 � up to 25 � 4.82 � 79.1 � 4.0 � � � 8.3
� 10.0 � up to 25 � 6.10 � � 4.40 �
� 88.0 � up to 42 � 18.50 � � 3.60 �

Co(ac)2�Cr(ac)3 � 8.8 � up to 14 � � � � � 2.15 � �

CuSt2 � 60.0 � up to 80 � 32.0 � 78.6 � 2.8 � � � �

No catalyst � � � up to 35 � 0.62 � 110.1 � 4.5 � 0.5�0.6 �
������������������������������������������������������������������������������������
* vr and v

�
are the rates of radical and overall decomposition, respectively.

** The hydroperoxide decomposition sharply decelerates at the indicated conversion.

centration of the catalyst (Table 1). The dependence
of the initial rate of overall CHP decomposition on the
catalyst concentration in the range (0.3�3) � 10�4 M
is linear, and that on [ROOH]0 tends to level off

(Figs. 2a, 2b). This suggests the of intermediate
MLn � ROOH (n = 2�3) is formed:

ROOH + MLn
�
�MLn �ROOH � decomposition products.

k0
K1
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The initial rate of hydroxoperoxide decomposition
can be described by the following equation:

v0 = ����������������� .
k0 K1[MLn]0[ROOH]n1

1 + K1[ROOH]
(1)

3d-Metal acetylacetonates react with one ROOH
molecule [10]. The rate constants of the decomposi-
tion and the equilibrium constants of complexation
of these catalysts with the hydroxoperoxide were ob-
tained (Fig. 1, Table 2) by graphical solution of
Eq. (2) at n1 = 1 in the coordinates 1/v-vs.-1/[ROOH]
(Fig. 3)

1/v0 = 1/k0 K1 [MLn][ROOH] + 1/k0 [MLn]0. (2)

The catalytic activity estimated from the product
k0 K1 increases in the following order: Ni(II) <
Cr(III) < Fe(III) < Mn(III) < Cu(II) < Co(III) < Co(II).
The complexing power of 3d-metal acetylacetonates
grows in the series VO(II) � Cr(III) < Mn(III) �

Fe(III) < Co(III) < Ni(II) < Cu(II) and correlates with
the electronegativity of the metals [10]. Both oxidized
and reduced catalyst species are present in the solution
in the course of CHP decomposition. The stability of
the complexes of the reduced form with most of ox-
ygen-containing ligands increases in the following
order [11]: Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ <
Zn2+.

The hydroperoxide decomposition in the presence
of Cr(CO)6, Cr(acac)3 and at certain concentrations
of Ni(acac)2 and Fe(acac)3 occurs with an induction
period (Fig. 1). This is due to the relatively slow for-
mation of the catalytically active complex at 85�95�C.

The kinetic data obtained at [MLn] = 8.8 � 10�4
�

8.8 � 10�3 M suggest a complex mechanism of the
hydroperoxide decomposition. The dependence of the
overall reaction rate on [ROOH] and [MLn] cannot
be adequately described if only the complexation of
the initial reagents is taken into account. The frac-
tional reaction orders with respect to [ROOH] and
[MLn] (Table 2) suggest that the homogeneous com-
plexation of the hydroxoperoxide with the oxidized
form of the catalyst and heterogeneous complexation
with the reduced form can be accompanied by reac-
tions of the hydroxoperoxide with the solvent. The
formation of isomeric decanols supports this assump-
tion. The fractional reaction orders with respect to
the catalyst (from 0.14 to 0.865) are probably due to
self-association of the catalysts (Table 3). The com-

Fig. 1. Kinetic curves of cyclohexyl peroxide decomposi-
tion [ROOH] at T = 95�C, [MLn]0 = 8.8 � 10�4 M in
the presence of (1) Ni(acac)2, (2) Cr(acac)3, (3) Fe(acac)3,
(4) Mn(acac)3, (5) Co(acac)3, (6) Cr(CO)6, (7) Co(acac)2,
(8) Cu(acac)2, (9) Cr(St)3, and (10) Cr(acac)3 (�) Time.

Fig. 2. Initial rate of the overall cyclohexyl hydroperox-
ide decomposition, v, vs. (a) [MLn] and (b) [ROOH].
(a) (1) Fe(acac)3 ([ROOH] = 0.02 M); and (2�4) Co(acac)2
([ROOH] = 0.02, 0.05, 0.1 M, respectively); (b) (1)
Co(acac)2, (2) Co(acac)3, (3) Mn(acac)3, (4) Cu(acac)2,
(5) Fe(acac)3, (6) Cr(acac)3, and (7) Ni(acac)2.
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Fig. 3. Curves 1/v vs. 1/[ROOH] for CHP decomposition
at 95�C in the presence of 3 � 10�5 M. (1) Ni(acac)2,
(2) Cr(acac)3, (3) Fe(acac)3, (4) Co(acac)3, (5) Mn(acac)3,
(6) Cu(acac)2, and (7) Co(acac)3.

petition of the reaction products (ROH and H2O) with
ROOH for complexation with MLn makes lower
the content of the catalytically active species, thus
decelerating the decomposition. The dependences of
the rate of overall CHP decomposition on the catalyst
concentration and on the initial CHP concentration are
linearized in the log�log coordinates (Fig. 4). The
overall rate of CHP decomposition in the examined
range of the initial CHP and catalyst concentrations is
described by the equation

v0 = ki [ROOH]0
ni1 [MLn]0

ni2, (3)

where ni1 and ni2 are the partial reaction orders with re-
spect to the hydroxoperoxide and catalyst, respectively.

Table 2. Rate constants k0 and K1 of CHP decomposition
at 95�C and [ROOH] = 0.01�0.1 M
����������������������������������������

MLn � k0, min�1 � K1, l mol�1

����������������������������������������
Co(acac)2 � 12.4 � 8.6 � 0.3

� �Co(acac)3 � 9.5 � 6.6 � 0.2
� �Fe(acac)3 � 5.0 � 4.6 � 0.25
� �Mn(acac)3 � 10.6 � 4.7 � 0.3
� �Ni(acac)2 � 1.87 � 8.9 � 0.4
� �Cu(acac)2 � 6.4 � 9.2 � 0.3
� �Cr(acac)3 � 4.1 � 4.4 � 0.4
� �Cr(CO)6 � 35.8 � 1.7 � 0.2
� �VO(acac)2 � 23.6 � 4.6 � 0.2

����������������������������������������

Fig. 4. Rate of overall CHP decomposition v vs.
(1�6) CHP concentration and (1��6�) catalyst concentration,
(1, 1�) Fe(acac)3, (2, 2�) Co(acac)2, (3, 3�) Co(acac)3,
(4, 4�) Ni(acac)2, (5, 5�) Cu(acac)2, and (6, 6�) Mn(acac)3.

The parameters of this equation are listed in
Table 3.

The dependence of the activation enthalpy of CHP
decomposition on the nature of 3d-metal acetylace-
tonate complexes passes through two extrema, which
is characteristic of the stability constants of these com-
plexes. The stability of these complexes depends both
on the M(II)/M(III) redox potential and on the number
of d electrons of the central metal. The dependence of
the size of 3d-metal cations on the atomic number
is not smooth. The dependence of Eeff measured in the
presence of d 0, d 5, and d 10 systems having spherical
distribution of the electron density is smooth (crystal

Table 3. Partial reaction orders with respect to the initial
components in catalytic decomposition of CHP
����������������������������������������

Catalyst
� ki ,

* �
ni1

�
ni2� mol l�1 min�1 � �

����������������������������������������
Cr(ac)3 � 1.53�0.02 � 1.0�0.07 �0.595�0.05
Cr(CO)6 � 2.1�0.1 � 0.84�0.16 � 0.59�0.04
Cr(acac)3 � 0.520�0.045 � 1.25�0.25 � 0.14�0.02
CrSt3 � 1.67�0.03 � 1.5�0.15 � 0.25�0.05
Co(acac)2 � 32.5�0.5 � 1.8�0.15 � 0.50�0.035
Co(acac)3 � 31.0�0.1 � 1.5�0.15 �0.705�0.04
Fe(acac)3 � 1.95�0.2 � 1.0�0.08 � 0.60�0.02
Mn(acac)3 � 5.60�0.05 � 1.5�0.2 � 0.48�0.03
Ni(acac)2 � 2.10�0.01 � 0.96�0.045 � 0.70�0.025
Cu(acac)2 � 42.0�1.0 � 1.5�0.1 �0.865�0.035
����������������������������������������
* (ki ) Rate constant of overall hydroperoxide decomposition.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 8 2004

KINETIC FEATURES OF CATALYTIC DECOMPOSITION OF CYCLOHEXYL HYDROPEROXIDE 1305

field stabilization energy CFSE = 0 [10]). Theoretical-
ly, two maxima should be observed in the case of oc-
tahedral complexes for d 4 [Cr(III)] and d 9 [Cr(II)]
ions. A regular octahedral coordination environment
of these ions is impossible. The Jahn�Teller effect
results, as a rule, in an underestimation, compared to
the experimental values, of the theoretical stabilization
energy due to occupation of low-lying d-orbitals
(CFSE). This is the case when the coordination num-
ber of these ions is 4. If the Jahn�Teller stabilization
is low and the coordination number is 6, Ni(II) and
Cr(III) complexes should be more stable than the
Cu(II) and Mn(III) analogs. The enthalpy of complex-
ation of Cr(acac)3 with 1-methylcyclohexane is lower
than that of the Ni(acac)2. Since all the acetylace-
tonate complexes in question are of high-spin type
[12], the presence of two maxima in the dependence
of Ea on the atomic number of the 3d metal indirectly
suggests that the CFSE contribution is no less than
5�10% of the total metal�ligand bond energy. Sub-
traction of the parameter proportional to CFSE from
the experimental Eeff (taking the d configuration of
the metal into account) gives a linear dependence of
Ea on the number of d electrons in the 3d metal atom.
A similar dependence has been observed for ethylben-
zene decomposition [13].

Since the enthalpy of formation of the hydroperox-
ide�catalyst complex is low (Table 1), Eeff character-
izes both the decomposition of this complex and other
pathways of hydroperoxide decomposition. As deter-
mined by NMR spectroscopy, only one hydroperox-
ide molecule is present in the complexes with 3d-metal
acetylacetonates. Hydroxoperoxide does not substitute
acetlyacetonate ligands in the complexes of Cr(III),
Mn(III), Fe(III), and Co(III). In the initial steps of this
reaction, only �anisotropic� complexes with interme-
diate intra-outerspheric coordination of hydroperoxide
are formed. The hydroperoxide ligand expands (in-
flates) the coordination sphere and changes the elec-
tronic structure of the catalyst, which affects the reac-
tivity of the catalyst with respect to the substrate. In
the case of square planar complexes, the hydroperox-
ide ligand attacks in the direction normal to the plane
of the complex. In the further steps, the acetylace-
tonate ligand can be substituted by two monodentate
or one bidentate ligand. In the case of substitution in
Cu(acac)2 and Co(acac)2, octahedral complexes can be
formed only after coordination of two ligands.

Catalytic decomposition of CHP and MCHP was
studied by UV spectroscopy in the range 240�700 nm.
Oxidation of V(III) to V(V) and a partial change in
the oxidation state of Co(II), Cr(III), Mn(III), and
Cu(II) were observed. Solutions of 3d-metal acetyl-
acetonates in ethanol and chloroform absorb in the

range 240�400 nm. The absorption bands and the ex-
tinction coefficients of these compounds were meas-
ured in [14]. The electronic absorption spectra of
methylcyclohexane solutions of Mn(II) and Cu(II)
stearates and Mn(III), Co(IIII), Cr(III), Cu(II) acetyl-
acetonates have a broad band at 330�350 nm; Ni(acac)2
absorbs at 300 nm; Fe(acac)3 has two bands at 350
and 440 nm. The high-frequency bands in the UV
spectra of 3d metal acetylacetonates are due to 	
	

*

transition in the ligand [14]. The weaker band in the
visible region (550�700 nm) is assigned to the d�d
transition in the metal.

The UV spectra of methylcyclohexane solutions of
Co(acac)2, CoSt2, Co(acac)3, Mn(acac)3, and Co(Nf)3
(St = stearate and Nf = naphthenate) substantially
change upon addition of MCHP. The UV absorption
of a CoSt2 solution in methylcyclohexane, initially
characterized by a weak band with �max = 275 nm,
substantially increases upon addition of hydroxoper-
oxide. The spectrum of the mixture is a monotonically
decreasing curve with an inflection at 330 nm. This
long-wavelength band is due to a charge transfer from
the metal to hydroperoxide ligand in the donor�ac-
ceptor complex. This pattern cannot be attributed to
oxidation of Co(II) in the presence of the hydroper-
oxide, since Co(III) absorbs in the long-wavelength
range. Uncoordinated MCHP has a weak band at
260 nm, which is not overlapped with the spectrum
of the complex.

When cobalt(II) acetylacetonate is added to an
MCHP solution, a strong band of the Co(acac)2�

MHCHP complex appears. The solution color changes
from pink [Co(II)] to green [Co(III)]. The d�d transi-
tion band appears in the visible range. The electronic
absorption spectra of reactions mixtures of Mn(acac)3,
Co(acac)3, and Co(Nf)3 with the hydroxoperoxide
contain the bands of the donor�acceptor complexes of
the catalysts with the hydroxoperoxide. Clearly, both
the oxidized and reduced forms of the catalyst form
these complexes. It should be noted that the band of
Mn(acac)3�ROOH complex is weaker than that of
free Mn(acac)3, whereas the bands of the complexes
CoSt2�ROOH, Co(acac)2�ROOH, Co(acac)3�ROOH,
and Co(Nf)3�ROOH are stronger than those of the
initial salts. The color of solutions of Co(acac)3
and Co(Nf)3 changes after mixing with the hydr-
oxoperoxide, which suggests the occurrence of the
Co(III) 
� Co(II) equilibrium. In the spectrum re-
corded immediately after reagent mixing, the band of
free acetylacetone (275 nm) is absent. This band
appears in the course of the reaction.

The coordination sphere of Co in anisotropic com-
plexes [(Co(acac)3 � ROOH, Co(Nf)3 � ROOH] rear-
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ranges owing to a change in the oxidation state of
the central metal in the course of the reaction. The hy-
droxoperoxide can be coordinated to both Co(II) and
Co(III).

It is known that 3d-metal stearates are associated in
hydrocarbon solvents [15]. We recorded IR spectra
of s- and 3d-metal acetates, stearates, and acetylace-
tonates in decane. The upper concentration limit of
the analyzed solutions was determined by the solubil-
ity of these compounds in decane at 25�C. It was pos-
sible to obtain 10�3 M solutions of all the catalysts
examined. The spectra of CoSt2, CuSt2, Cu(acac)2,
VO(acac)2, Zn(acac)2 and Ni(acac)2 solutions con-
tained only the bands on nonassociated species (1700�
1710 cm�1). In the spectra of 10�3 M solutions of
Co(acac)2, Co(acac)3, Mg(acac)2, Fe(acac)3, Cr(acac)3,
and Mn(acac)3 in decane, the band of associated spe-
cies (1580 cm�1) are observed along with the bands of
the monomeric complexes (1705 cm�1). Addition of
ROOH, which exhibits surfactant properties increases
the solubility of the catalysts. However, both mono-
meric and associated complexes are present in 8.8 �
10�4

�8.8 � 10�3 M solutions of acetylacetonates in
decane and methylcyclohexane containing CHP and
MCHP. The fractional reaction orders with respect
to catalysts in CHP decomposition (Table 3) are ap-
parently caused by partial association of the catalysts.

The yield of free radicals released into the bulk of
the solution upon homolytic rupture of O�O bonds in
the course of thermolysis of CHP at 150�C was found
[16] to be 12%. In the presence of chromium-contain-
ing catalysts, this yield is 8.3�27.0%. Chromium-con-
taining compounds catalyze the conversion of CHP
into cyclohexanone. The solvent is involved in the rad-
ical decomposition (isomeric decanols were detected
in the reaction mixture). The oxidation state of the cen-
tral metal atom (Co, Mn, V, Cr, and Cu) changes
alternately in the course of reaction with the hy-
droperoxide. The reaction rate is determined by the dif-
ference between the energies of the oxidized and re-
duced metal species. The heaviest metals of the 3d
series have a single stable oxidation state [Co(III),
Cu(II), Ni(II)]. Hence, the catalytic cycle requires
a higher activation enthalpy with an increase in the
atomic number of the central metal atom [17]. This
assumption was confirmed experimentally. As the
electronegativity of metals increases, the stability
of their complexes grows.

CONCLUSIONS

(1) The complexing power of 3d-metal acetylace-
tonates with respect to cyclohexyl hydroperoxide cor-

relates with the metal electronegativity and increases
in the order: VO(II) � Cr(III) < Mn(III) � Fe(III) <
Co(III) < Ni(II) < Cu(II). The activation energy of
hydroperoxide decomposition increases in the same
order.

(2) Kinetic parameters of cyclohexyl hydroperoxide
decomposition (overall rate constants, reaction orders
with respect to the hydroperoxide and catalyst) via
formation of intermediate complexes with 3d-metal
acetylacetonates were determined at the catalyst con-
centration ranging from 8.8 � 10�4 to 8.8 � 10�3 M.

(3) Cyclohexyl hydroxoperoxide decomposition is
a homogeneous reaction proceeding by radical and
molecular pathways to form not only MLn � ROOH
intermediate at low concentrations of nonassociated
catalysts, but also associated and partially heteroge-
neous catalytic species.

(4) s- and 3d-Metal carboxylates form MLn �

mROOH (m = 1, 2) complexes with 1-methylcyclo-
hexyl hydroperoxide, which is due to the fact that the
intermolecular hydrogen bonds (s metals) and bonds
of the metal with �-oxygen atom of hydroperoxide
(3d metals) are stronger than the hydrogen bonds in
associated hydroperoxides. The formation of these
complexes catalyzes decomposition of tertiary hydro-
peroxide into radicals and molecular products.
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Abstract�Changes in the activity of industrial alumina catalysts CR-31 and AO-MK-2, which occur under
the real industrial conditions in the last catalytic stage of the Claus process in the coke-oven gas treatment
shop of the Magnitogorsk Metallurgical Plant, are analyzed.

More than 30 million tons of sulfur is produced in
the world in the course of treatment of natural gas and
petroleum products by the procedure described in [1].
This procedure involves partial oxidation of hydrogen
sulfide with subsequent catalytic conversion of the
reduction products by the Claus reaction:

2H2S + SO2 = 2H2O + 3/nSn , n = 1�8. (1)

The known and newly developed procedures for uti-
lization of metallurgical off-gases from melting of sul-
fide raw materials to obtain elemental sulfur [2] also
involve treatment of the products of sulfur dioxide re-
duction by the Claus procedure (1). Since the effici-
ency of the multistage Claus treatment is determined
by the residual concentrations of sulfur-containing
components in the tail gases, optimization of the op-
eration parameters in the last catalytic stage of indus-
trial Claus installations is a problem of current interest.

In this study, we analyzed changes in the activity
of alumina catalysts CR-31 (La Roche Chemicals) and
AO-MK-2 [GRES-24 (State Regional Power Station)]
in a two-sectional Claus reactor at the coke-oven gas
treatment shop of the Magnitogorsk Metallurgical
Plant (MMP) [3].

The gas treated at 230�270�C contained, vol %:
1.15 � 0.33 H2S, 0.47 � 1.6 SO2, 0.51 � 0.08 COS,
4.6 � 0.8 CO, 26.6 � 3.3 CO2, 3.6 � 1.1 H2, 62.5 �
3.5 N2, elemental sulfur (10�30 g m�3), and water
(120 g m�3), which corresponds to the typical gas
composition in the last catalytic stage of the Claus
process.

The catalyst activity was evaluated from the con-
version �i (where i is the component index) of the
main sulfur-containing products (H2S, COS, and SO2),

using the chromatographic method. For this purpose,
the volume concentrations of N2, O2, H2, CH4, CO2,
CO, H2S, COS, and SO2 were determined [4] in dried
samples of the process gas at the inlet and outlet of
certain stages of the Claus reactor, which were syn-
chronized with an accuracy of 2�5 min by the sampl-
ing procedure. For example, the conversion of H2S
was calculated from the initial (c0 � [H2S])in ) and
final (c � [H2S]out) concentrations in the process gas
at the inlet and outlet of given stage of the Claus re-
actor as follows

�H2S
= 1 � [H2S]out[N2]in /([H2S]in[N2]out )

= {[N2]in � [N2]out} � 1 � c/c0. (2)

Measurements were carried out twice a day at
a 2�3-h interval for the available gas of variable com-
position [3], which ensured independence of the re-
sulting �i values.

To reveal the factors of activity and the effects of
aging and regeneration, the dynamics of the catalyst
activity was studied separately for hydrogen sulfide
and carbonyl sulfide. In this case, the conversion �i
for each component was determined as its daily mean
value found by averaging two pairs of �i values, i.e.,
from four paired measurements timed with an accu-
racy of no less than �1.5 h. To determine the general
dependences �i = �i (�), the experimental �i values
were additionally averaged over the nearest points,
which is equivalent to digital filtration [5].

The experimental dependence of the conversion of
the sulfur-containing components in the course of
treatment, plotted using the daily conversion values
�H2S

and �COS recorded during 3 years of operation of
the CR-31 catalyst in the first stage of the Claus re-
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actor, are shown in Fig. 1 (points). The corresponding
empirical dependences �i�� calculated by averaging
nine nearest �i values are represented by curves. Al-
though the first two �COS values are absent1 in Fig. 1,
the generally monotonic empirical dependence of �COS
on time � strongly suggests that the carbonyl sulfide
conversion �COS at the beginning of the CR-31 cata-
lyst operation tends to 100%.

As can be seen from Fig. 1, the conversion of hy-
drogen sulfide on a fresh CR-31 catalyst under given
operation conditions (space velocity W � 1000 h�1 and
average temperature T � 250.5�C) is characterized by
significant negative values (�H2S

� �40 rel %), which
suggests generation of H2S in the initial period of
CR-31 catalyst operation. With time, the conversion
of H2S increases and reaches �H2S

= 40�45% by the
second month of operation, and then it gradually de-
creases to approximately 30% in the subsequent two
years (Fig. 1). It should be noted that the current devi-
ations of the empirical daily values of �H2S

and �COS
from the general dependences �H2S

�� and �COS��
(due to changes in the temperature and composition
of the process gas) correlate in antiphase.

The revealed �H2S
= f (�) and �COS = f (�) depen-

dences were verified in industrial tests of the AO-MK-2
alumina catalyst supplied by GRES-24 (Mosenergo
Joint-Stock Company, Moscow, Russia). For this pur-
pose, 12 m3 of the CR-31 catalyst after �2.5 year
operation in the first section of the Claus reactor were
replaced with 5 t (�7 m3) of AO-MK-2 catalyst, and
its activity characteristics were studied by the pro-
cedure given above.

The variation of the conversion of hydrogen sulfide
(�H2S

) and carbonyl sulfide (�COS) and of the total
conversion �S during nearly one year of operation of
the AO-MK-2 catalyst in the first stage of the Claus
reactor is shown in Fig. 2. Since the first values were
recorded on heating the reactor to the temperature of
the catalyst bed of 189�C, which is lower by 50�C than
the working temperature, the conversion �COS is un-
derestimated, whereas �H2S

and �S are overestimated
relative to the values typical of the fresh catalyst.

The empirical dependence of the carbonyl sulfide
conversion hCOS on AOMK-2 catalyst is qualitatively
similar to the kinetic dependence �COS = f (�) found
previously; it gradually decreases in first 6�7 months
of operation from the initial �COS(0) = 98% to mini-
����������

1 Due to the delay in calibration with respect to COS, the con-
tent of carbonyl sulfide at the new MMP Claus line put in
operation on September 1, 2000 was not recorded till Au-
gust 4, 2000.

Fig. 1. Conversion �i of (1) carbonyl sulfide and (2) hy-
drogen sulfide on CR-31 alumina catalyst vs. the opera-
tion time. Space velocity 1000 h�1 and temperature
250.5 � 5.9�C.

Fig. 2. Conversion �i of (1) carbonyl sulfide, (2) hydrogen
sulfide, and (3) sulfur-containing gases on AO-MK-2 alu-
mina catalyst vs. the operation time (year). Space velocity
2000 h�1 and temperature 253 � 6�C.

mal �COS(0.3) � 40�45% (Fig. 2). At the same time,
the conversion of hydrogen sulfide [�H2S

= f (�)] and
the total conversion of sulfur-containing gases [�S =
f (�)] monotonically increase (to a first approximation)
up to the maximal values at � = 0.05 year (�H2S max �
60 and �S max � 50 rel %) and then decrease to
�H2S min � 30 and �S min � 40 rel %, respectively.

The experiment on regeneration of the AO-MK-2
catalyst after 7-month operation consisted in heating
of the catalyst bed in the first stage of the Claus reac-
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tor to 300�C, which was performed using the in-line
bypass of a primary boiler-utilizer without interrup-
tion of the line operation and changes in the operation
schedule of hydrogen sulfide oxidation in the Claus
reactor. As can be seen from Fig. 2, the conversion of
carbonyl sulfide �COS first increased at the beginning
of the catalyst regeneration (marked by an arrow in
Fig. 2) from 39 to 53% and then monotonically de-
creased; and vice versa, the conversion of hydrogen
sulfide �H2S

first sharply decreased and then increased
to the initial value.

The qualitative similarity of the dynamic depen-
dences �COS = f (�), and �H2S

= f (�) found for different
catalysts and space velocities differing by a factor of
2 (Figs. 1 and 2), suggests that the features of conver-
sion of the 	depleted
 gases (with low content of hy-
drogen sulfide) on alumina catalysts are similar. Fresh
industrial alumina catalysts are characterized by high
negative conversion (i.e., generation) of H2S at a com-
plete (up to 98 rel %) consumption of COS. After
the beginning of operation, the COS conversion de-
creases, whereas the observed conversion of H2S in-
creases, reaches a maximum in several weeks, and
then monotonically decreases with the catalyst aging.
The opposite trends are observed in the conversion of
H2S and COS at varying catalyst activity: with an in-
crease in the COS conversion, the conversion of H2S
decreases, and vice versa.

Using the Tekhnolog program [6], we performed a
thermodynamic analysis of the acid gas of given com-
position at 250�C and found that the equilibrium con-
centrations of the gas components ([H2S] eq = 3.07,
[COS]eq = 0.005, [H2O]eq = 9.6, [H2]

eq = 4.6, [CO] eq =
0.15, [CO2]

eq = 27.6, and [S] eq � 0.0001 vol %) cor-
respond to a negative conversion of hydrogen sulfide,
�H2S

eq = �233%, at nearly complete consumption of
COS (�COS

eq
= 99.3%). Thus, the equilibrium conver-

sion of depleted gas is characterized by hydrogen sul-
fide generation, which is accompanied by hydrolysis
and hydrogenation of elemental sulfur and carbonyl
sulfide, described by the following reactions

2COS + SO2 = 2CO2 + 3/nSn (n = 1�8), (3.1)

COS + H2O = H2S + CO2, (3.2)

1/nSn + H2 = H2S. (3.3)

The formation of H2S by reactions (3.2) and (3.3)
is opposite to its conversion by the Claus reaction (1).
Therefore, the resulting process can be described as
a competition of reactions (1) and (3). In this case,
negative conversion of hydrogen sulfide on fresh

alumina catalysts is thermodynamically expectable.
With the catalyst activity decreasing in the course of
operation, the conversion of carbonyl sulfide also
decreases (Figs. 1 and 2), which, in turn, causes de-
celeration of the slow hydrolysis reactions (3.2), and,
in the course of time, the conversion of hydrogen sul-
fide by reaction (1) becomes predominant.

Similarly, the effects of nonmonotonic changes
(fluctuations) in the catalyst activity under various op-
eration conditions on the conversion of H2S and COS
are also different. For example, a sharp decrease in
the activity of the CR-31 catalyst due to its overheat-
ing (T > 500�C) at the end of the second year of op-
eration was accompanied by a strong decrease in the
COS conversion, whereas the hydrogen sulfide con-
version increased (Fig. 1).

Along with the hydrolysis of COS and/or elemental
sulfur by reaction (3.2), hydrolysis of carbon sulfide
is also observed:

CS2 + 2H2O = 2H2S + CO2, (4)

providing an increase in the hydrogen sulfide con-
centration in the initial period of operation of a fresh
catalyst.

Our experimental data suggest that the difference
between the �H2S

= f (�) and �COS = f (�) dependences
is due to the difference in the mechanisms of H2S
and COS conversion on the active surface and at the
active centers of the catalyst.

The deceleration of hydrolysis and hydrogenation
on alumina catalysts can probably account for the in-
crease in the equilibrium yield of elemental sulfur in
the course of the Claus conversion [1].

The results of industrial tests show that the con-
version of sulfur-containing components of depleted
gas is due to the hydrolysis and hydrogenation, caus-
ing negative conversion of H2S with complete con-
sumption of COS at the start of operation of a fresh
alumina catalyst. Since the conversion of H2S in de-
pleted gases on industrial alumina catalysts is pro-
vided at the expense of deceleration of carbonyl sul-
fide hydrolysis, it is necessary to reliably determine
the kinetic mode of the catalyst operation in the last
stage of the Claus treatment of acid gases.

Our results show that the use of similar-type (even
highly active) catalysts in different stages of the Claus
process is inefficient. The high total activity of the
catalyst bed, frequently determined from the content
of products formed in hydrolysis of sulfur-containing
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organic compounds (COS, CS2) [7], in the last con-
version stage does not ensure a low residual content
of hydrogen sulfide in the tail gases. As we know,
this obvious conclusion is frequently ignored in de-
signing and running Claus process lines.

CONCLUSION

Based on experimental data, the thermodynamic
principles of treatment of depleted acid gases are re-
fined and ways to optimize kinetic modes of the cata-
lyst operation in the last treatment stage are suggested.
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Abstract�A procedure was developed for removal of Ni(II) from EDTA-containing aqueous solutions with
sodium ferrate(VI) Na4FeO5.

Any treatment procedure to remove heavy metal
ions from wastewater involves precipitation and co-
agulation [i.e., addition of Fe(II), Fe(III), or Al(III)
salts] at a given pH, with the subsequent removal
of hydroxide precipitates. However, precipitation is
hindered by complexation of heavy metal ions with
organic ligands. This process is frequently used in
separation of metal ions by extraction or ion exchange,
in metal electroplating, in cleaning of metal surfaces,
in antiscale treatment, etc. The resulting complexes
can be decomposed with strong oxidants.

For this purpose, alkali metal ferrates(VI) are rather
promising. The ferrate ion FeO4

2� acts as an oxidant
and coagulant, and no harmful by-products are formed
in its reduction to Fe(III) oxides and hydroxides [1].
Its coagulation efficiency is greater as compared with
the most widely used inorganic coagulants, such as
Fe(II), Fe(III), and Al(III) salts [2].

Ferrates efficiently remove heavy metals from nat-
ural and waste water [2�6]. However, such a treatment
is occasionally inefficient in the presence of some
complexing agents. For example, the results of treat-
ment of a low-level wastewater containing Am and Pu
and complexing agents that form chelates with these
radionuclides were unsatisfactory. These chelating
agents were ethanolamine, 2-butoxyethanol, Triton
X100, and of dipropylene glycol methyl ether. As
the amount of potassium ferrate added was raised,
the degree of radionuclide removal increased to some
constant value (about 40%); i.e., removal of radio-
nuclides was incomplete. Moreover, a similar removal
of radionuclides from solutions was found upon addi-
tion of Fe3+ ions to the solutions at the same pH.
Obviously, ferrate ions act under given experimental
conditions as only a source of iron hydroxide Fe(OH)3
without any oxidizing effect [Fe(VI)�Fe(III)].

In this case, apparently, the rate of water oxidation
(decomposition of ferrate ions) strongly exceeds the
oxidation rate of chelating ligands. As in the case of
the other oxidants, this is probably due to a sharp
decrease in the redox potential of the ferrate ion in
alkaline medium under the experimental conditions
studied (pH 7.2�10.0). At pH < 5, the oxidation rate
of ferrate ions should be extremely high.

It is known that Fe(VI) is reduced to Fe(III) step-
by-step via short-lived Fe(IV) and Fe(V), which are
also rather strong oxidants [7, 8].

Only ozone is a stronger oxidant than the ferrate
ion FeO4

2�. Its redox potential depends on pH and
varies from 2.07 (pH 0) to 0.9 (alkaline medium)
[9]. The stability of ferrate ions is also determined by
pH and grows with increasing pH to a maximum at
pH � 10. At pH < 7, ferrate ions are unstable and are
involved in water oxidation with liberation of ox-
ygen. In most cases, Fe(VI) was studied in the form
of potassium ferrate K2FeO4.

In this study, we used specially prepared sodium
ferrate Na4FeO5. Upon dissolution in water, the FeO5

4�

ion apparently immediately transforms into FeO4
2� ;

as a result, the absorption spectra of purple potassium
and sodium ferrate solutions are identical and exhibit
absorption bands at �515 and �318 nm, respectively.

EXPERIMENTAL

We used analytically pure reagents. Sodium fer-
rate(VI) was prepared by the solid-phase reaction
Fe2O3 + Na2O2 in an oxygen flow [10]. An X-ray
diffraction (XRD) analysis of 20 samples prepared
showed the set of reflections similar to those found
for Na4FeO5 [10]. No additional reflections belong-
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ing to the initial compounds (Fe2O3 and Na2O2), fer-
rate(IV), ferrate(III), and Na2CO3, which can be
formed in the presence of air, were observed. Since
the sensitivity of the conventional XRD analysis is
about 5%, we believe that the content of Fe(VI) in
the sample was no less than 95%.

The reference [NiEDTA]2� solution with pH 3.9
and 2 � 10�4 M concentration was prepared by mixing
the corresponding amounts of 0.1 M Ni(NO3)2 and
0.01 M Na2EDTA solutions. This reference solution
(50 ml) was poured into a three-electrode Teflon cell
with a glass electrode for pH measurements of the
buffer solutions, a standard reference electrode, and
a platinum working electrode for redox measurements.
The required amount of iron ions was added to the
sample with constant stirring either as a weighed
portion of powdered sodium ferrate(VI) or as an ali-
quot of 0.1 M Fe(NO3)3 solution. Since the break-
down of Na4FeO5 in water with liberation of oxygen
is accompanied by the formation of NaOH [pH � 12
upon dissolution of a 20�mg portion of sodium fer-
rate in water (20 ml)], its required amount (30�
220 mg) was added in small portions (5�10 mg), and
the required solution pH was adjusted using 1 M
HNO3. After the breakdown of ferrate ions in solution,
the pH was brought to 6�8 by adding crystalline
Na2CO3 to provide the optimal conditions for precipi-
tation of Fe(III) compounds. The resulting flakes of
iron(III) oxides and hydroxides were allowed to pre-
cipitate for 1 h, after which a 5-ml portion of the solu-
tion in equilibrium with the precipitate was sampled
and filtered through a �blue ribbon� filter.

The residual content of nickel(II) in the solution
was determined by measuring its X-ray fluorescence
with a spectrophotometer recording the energy dis-
persion with an accuracy of 210 eV (Mn K

�1 line).
The sample for X-ray fluorescence measurements was
prepared as follows. The sample was evaporated to
0.5 ml, and the residue was placed on a porous disc of
chromatographic cardboard (8 mm in diameter) and
dried at 343�353 K. The X-ray fluorescence spectrum
of nickel(II) was excited by primary gamma-radiation
(109Cd source). The content of Ni(II) in the calibration
samples was varied within 2�100 �g. The peak area
(K

�1) was a linear function of the nickel(II) content
(�g); the analysis accuracy was �5%.

In some experiments, we added to the initial sam-
ple of the reference [NiEDTA]2� solution before addi-
tion of sodium ferrate one of the reagents NaCl, HCl,
K2SO4, or H2O2 + HCl mixture to the 10�4�10�2 M
concentration in order to study the possibility of
promoting the EDTA oxidation.

In the experiments with Fe(III) coagulant, the re-
quired amount of 0.1 M solution of Fe(NO3)3 was
added to the solution, the solution pH was adjusted
to 1.5 (1 M HNO3), and the resulting solution was
allowed to stand for 20 min; then Na2CO3 was added
in order to precipitate metal hydroxides. Further pro-
cedure of preparation of the solution sample over the
precipitate for X-ray fluorescence analysis was similar
to those given above.

The data on the effect of Fe(III) and Fe(VI) co-
agulants on aqueous solutions of [NiEDTA]2� are
listed in the table.

Since the difference in the molecular weights of
Na4FeO5 and Fe(NO3)3 is relatively small (227.85 and
241.85, respectively), similar portions of these salts
contain similar amounts of Fe(III). Our results showed
that, with decreasing solution pH, the degree of Ni(II)
removal increases simultaneously with an increase in
the redox potential of the solution. Upon addition of
sodium ferrate (40�50 mg), the removal of nickel(II)
changed from 5 at pH 5 to 50�55% at pH 2. The sul-
fate ions did not affect the removal of nickel from
the sample.

However, on replacing HNO3 with HCl or on
adding NaCl to the sample acidified with HNO3 to
pH � 2, the degree of Ni(II) removal sharply increased
up to 85% at 65-mg portion of sodium ferrate. At
pH < 4.5, water immediately decomposed Fe(VI) and
chloride ions occurring in solution were partially ox-
idized to free chlorine Cl2; the decrease in the Cl� ions
concentration was recorded with a silver chloride elec-
trode. It is apparent that rapid reduction of Fe(VI) in
solution yields highly reactive species, which are then
involved in oxidation of chloride ions and EDTA.

It should be noted that the complexes of d elements
with EDTA are very strong, and one of the strongest
complexes is [NiEDTA]2�. Just in this connection, we
studied the possibility of its breakdown with ferrate
ions. The reduction of FeVIO4

2� in aqueous solution
to Fe(III) hydroxo compounds occurs via formation
of short-lived FeVO4

3� and FeIVO4
4� species, which are

highly aggressive oxidants. Sharma et al. [8] studied
the oxidation of CN� ions with potassium ferrate(VI)
in alkaline solutions and found that the rate of this
oxidation with Fe(V) and Fe(IV) species is greater by
four and two orders of magnitude, respectively, as
compared to Fe(VI).

Thus, Cl� ions are probably also oxidized by fer-
rate(VI) ions via intermediate species, which oxidize
EDTA and cause liberation of gaseous Cl2 even at a
concentration of chloride ions smaller than 10�3 M at
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Evaluation of the optimal conditions of Ni(II) removal from aqueous solutions in the presence of EDTA ([NiEDTA]2�

concentration 8.2 � 10�5 M, solution volume 50 ml)
������������������������������������������������������������������������������������

pH
� Reagent for pH � Na4FeO5 or � Additional � Degree of Ni(II) �Maximal redox potential
� adjustment � Fe(NO3)3, mg � reagent, M � removal, % � in solution, mV

������������������������������������������������������������������������������������
4.0 � � � 42 � � � 5 � +280
3.8 � HNO3 � 56 � � � 35 � +650
3.4 � HNO3 � 45 � � � 35 � +650
2.5 � HNO3 � 18 � � � 40 � +520
2.8 � HNO3 � 70 � � � 55 � +590
2.0 � HNO3 � 53 � � � 55 � �

1.9 � HNO3 � 51 � HCl � 50 � +750
1.95 � � 49 � HCl � 60 � +760
1.9 � HNO3 � 65 � NaCl, 10�2 � 85 � +780
1.9 � � 72 � H2O2, 2 � 10�2 � 65 � �

� � � HCl, 10�2 � �
1.9�6.3 � Na2CO3 � 26 � H2O2, 1.6 � 10�3 � 25 � �

� � � HCl, 10�2 � �
1.4�9.0 � Na2CO3 � 221 � � � 100 � +700
1.5�9.0 � Na2CO3 � Fe(NO3)3 � � � 77 � +730

� � 242 � � �
1.5�6.8 � Na2CO3 � Fe(NO3)3 � � � 60 � �

� � 121 � � �
1.5 � HNO3 � 186 � � � 100 � �

1.4 � HNO3 � 157 � � � 95 � �

1.4 � HNO3 � 123 � � � 100 � �

1.7 � HNO3 � 95 � � � 90 � �

2.2 � HNO3 � 78 � � � 82�85 � �

2.3 � HNO3 � 54 � � � 55 � �

2.1 � HNO3 � 48 � K2SO4, 10�3 � 55 � �

2.2 � HNO3 � 44 � K2SO4, 10�2 � 50 � �

������������������������������������������������������������������������������������

pH � 2. The formation of FeIVO4
4� and hypochlorous

acid can proceed by the following scheme.

These reactions are similar to the scheme of forma-
tion of FeIVO4

4� and H2O2, suggested in [7]. The other
oxidants probably are involved in further processes,
including HClO reduction to Cl2.

The liberation of Cl2 from the sample was mon-
itored by decrease in the chloride ion concentration.

The redox potential observed in a series of solutions
(see table) was the highest (+780 mV) in the sample
with the concentration of chloride ions of 10�2 M. Just
in this case the removal of nickel(II) from the sample
was the most efficient (85%) upon addition of an �av-
erage� (65 mg) weighed portion of sodium ferrate.
Separate series of experiments were performed to
study the oxidation of Cl� ions.

Aliquots of a 10�3 M NaCl solution were acidified
with 1 M HNO3 to attain the pH values from 1.5 to
4.0. Sodium ferrate Na4FeO5 (27�40 mg) was added
in small portions to the sample; the solution pH was
maintained constant by adding 0.1 M HNO3. After
complete decomposition of Fe(VI), the solution pH
was brought to 5�7 by introducing crystalline Na2CO3.
The concentration of the residual chloride ions was
determined with a selective chloride electrode. Under
the given experimental conditions, the maximum re-
moval of chloride ions (about 80%) was observed at
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pH � 2; the analysis accuracy was �20%. These re-
sults and the data listed in the table indicate that the
optimal conditions for removing Ni(II) from aqueous
solutions containing EDTA are as follows: pH 1.5�2.0
and 100 mg of sodium ferrate per 50 ml. In the pres-
ence of 10�2 M chloride ions, the removal of Ni(II)
becomes more efficient.

In aqueous solutions containing EDTA and metal
ions, the degree of their complexation depends on
pH. At pH 10, EDTA is completely ionized and, if
cNi2+ = cEDTA = 1 � 10�4 M, the NiY2� complex is
formed in a concentration of 1 � 10�4 M. With de-
creasing pH, other EDTA species are formed, name-
ly HY3�, H2Y

2�, H3Y
�, and H4Y, and, as a result,

NiY2� decomposes partially or completely with libera-
tion of Ni2+ ions. Calculations based on the stability
constant of Ni(II) complex with EDTA (KEDTA =
4.2 � 1018) and the fraction of nondissociated EDTA
at a given pH [11] showed that, at pH 2 or 1.5, 22.4
or 82.5% of nickel, respectively, occurs in solution as
Ni2+ ions. As a result, a certain fraction of nondis-
sociated EDTA (H4Y) is oxidized under the above
optimal conditions for ferrate(VI) reduction at pH < 2.
Mediators (chloride ions) promote the oxidation and
the amount of ferrate ions to be added can be de-
creased [removal of Ni(II) is complete upon addition
of 100 mg of Na4FeO5 per 50 ml of solution]. Addi-
tion of Fe(NO3)3 coagulant did not provide any quan-
titative removal of nickel(II); even when the portion
of Fe(III) was greater than that of Fe(VI) by a factor
of 2.5 (other conditions being equal), only 77% of
Ni(II) was removed.

CONCLUSION

Complete breakdown of the [NiEDTA]2� complex
[�5 mg Ni(II) per liter] with the subsequent removal

of Ni(II) from aqueous solution is ensured by treat-
ment of the initial solution with sodium ferrate(VI):
2 g l�1 at pH � 2. Chloride ions added to the solution
decrease the required amount of sodium ferrate.
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Abstract�A procedure was developed for preparing acetylenic esters of bicyclo[2.2.1]hept-5-ene-2-car-
boxylic acid. The structures of the compounds were confirmed by IR and 1H NMR spectroscopy. The Kovats
indices of the compounds were determined, and their boiling points were estimated by gas�liquid chro-
matography. The protective properties of the esters against acid corrosion of steel were studied.

Norbornene derivatives exhibit various useful prop-
erties. Thanks to their rigid framework structure, these
compounds with fixed substituents are promising
models for studying structure�property relationships
[1]. Some norbornene derivatives exhibit analgetic,
antiseptic, and antiphlogistic properties [2, 3]. Of
particular interest are acetylenic esters of norbornene-
carboxylic acid. On the one hand, they have valuable
properties themselves; on the other hand, they are
promising as synthetic precursors of diverse valuable
compounds owing to the combination of reactive nor-
bornene and acetylenic fragments [4].

The synthesis of propargyl norbornenecarboxylate
by esterification of norbornenecarboxylic acid with
propargyl alcohol in the presence of Brønsted acid cat-
alysts was described in [5]. However, the yield (30%)
and purity (88%) of the target product were poor.

Proceeding with studies concerned with synthe-
sis of acetylenic esters of norbornenecarboxylic acids
[6�8], we developed a convenient synthetic route to
these compounds and examined their protective prop-
erties against acid corrosion of metals. The compounds
were prepared by reactions of bicyclo[2.2.1]hept-5-
ene-2-carboxylic acid chloride I with acetylenic al-
cohols II�IV:

(1)
���
����COCl

� + HO�C�C�C�R2����
��
R1

R1

����
�����

CO2�C�C�C�R2����
��
R1

R1

II�IVI V�VII

where R1 = R2 = H (II, V); R1 = Me, R2 = H (III, VI);
R1 = Me, R2 = CH=CH2 (IV, VII).

The reaction with primary alcohol II occurs at
room temperature with heat liberation and is complete
in 0.5 h. With tertiary alcohols III and IV, the reac-
tion is less facile, and the corresponding esters VI
and VII were obtained by heating at 80�C for 5 h.
The yield of the target products was 90�96%.

The structure of esters V�VII was confirmed by
independent synthesis. First, we prepared acetylenic
acrylates IX�XI by a reaction of acryloyl chloride
with acetylenic alcohols II�IV. This was followed
by the Diels�Alder addition of cyclopentadiene VII
to acrylates IX�XI to obtain compounds V�VII:

�
CO2�C�C�C�R2 � V�VII ,����
��
R1

R1

+�
�	
�IX�XIVIII

(2)

where R1 = R2 = H (IX); R1 = Me, R2 = H (X);
R1 = Me, R2 = CH=CH2 (XI).

The constants of compounds IV�VII prepared by
both procedures are identical; they are listed in Ta-
ble 1. The compositions and structures of the com-
pounds were also confirmed by elemental analysis and
by IR (Table 1) and 1H NMR spectroscopy.

The IR spectra of V�VII contain the stretching
vibration bands (cm�1) of C=O (1730�1740), C�O
(1225�1240) and C�C (2160�2165) groups. The band
at 3290 cm�1 in the spectrum of V is characteristic of
the �C�H bond. The stereoisomers of V and VII have
similar IR spectra, with the absorption bands of the
double bond in the norbornene moiety at 1580�1555
[�(C=C)] and 730�710 [�(=C�H)] cm�1. The unusual
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Table 1. Properties of acetyenic esters V�VII of norbornenecarboxylic acid
������������������������������������������������������������������������������������
Com- � � bp, �C � � � Found, % � �

�Yield, %� �������� � nD
20 � d4

20 � ���������� � Formula � IR spectrum, �, cm�1
pound � � P, mm Hg � � � Calculated, % � �
������������������������������������������������������������������������������������

� �
100

� � �
74.61

�
6.73

� �
1740 (C=O), 1110 (C�C),V � 96 � ��� � 1.4936 � 1.0836 � ���� � ���� � C11H12O2 �

� �
5

� � �
75.0

�
6.81

� �
1620 (C=C), 3290 (�C�H)

� �
78

� � �
75.01

�
7.11

� �
1735 (C=O), 1020 (C�C),VI � 92 � ��� � 1.4810 � 1.0318 � ���� � ���� � C13H16O2 �

� �
2

� � �
74.45

�
7.84

� �
1620 (C=C), 2160 (C�C)

� �
98

� � �
77.21

�
7.12

� �
1730 (C=O), 1040 (C�C),VII � 90 � ��� � 1.5011 � 1.0269 � ���� � ���� � C15H18O2 �

� �
2

� � �
78.26

�
7.82

� �
1615 (C=C), 2165 (C�C)

������������������������������������������������������������������������������������

Table 2. Retention volumes Vr, relative retention volumes Vr
rel (menthol as reference), Kovats indices IK, and boiling

points of compounds V�VII and reference substances
������������������������������������������������������������������������������������

� Vr
rel � Vr �

log Vr
� �

��������������������������������������� � �Compound � �
(on Apiezon)

� IK � bp, �C
� PEGS � Apiezon � PEGS � Apiezon � � �

������������������������������������������������������������������������������������
Menthol � 1 � 1 � 228 � 446 � � � � � �

exo-V � 4.21 � 1.46 � 730 � 730 � 2.86 � 1128 � 221.3
endo-V � 4.91 � 1.52 � 880 � 780 � 2.89 � 1240 � 223.9
exo-VI � 4.15 � 1.45 � 440 � 860 � 2.93 � 1256 � 227
endo-VI � 4.85 � 1.50 � 560 � 910 � 2.96 � 1268 � 229.3
exo-VII � 5.02 � 2.45 � 810 � 2310 � 3.36 � 1243 � 257.1
endo-VII � 6.92 � 2.65 � 1000 � 2500 � 3.40 � 1438 � 259.7
Octane � � � � � � � 60 � 1.78 � 800 � 125
Nonane � � � � � � � 99 � 1.99 � 900 � 157
Decane � � � � � � � 168 � 2.23 � 1000 � 174
Undecane � � � � � � � 266 � 2.43 � 1100 � 196
Dodecane � � � � � � � 528 � 2.72 � 1200 � 216
Tridecane � � � � � � � 888 � 2.95 � 1300 � 235
Tetradecane � � � � � � � 1668 � 3.22 � 1400 � 253
Pentadecane � � � � � � � 2600 � 3.56 � 1459 � 263.7
������������������������������������������������������������������������������������

position of the first band may be due to the strained
state of the ethylene bond in the bicyclo[2.2.1]heptene
moiety [9]. The position of the �(=C�H) band depends
on the orientation of the substituent in the carbon
skeleton of V (705�700 and 735�720 cm�1 for exo
and endo isomers, respectively).

In the 1H NMR spectra, the major differences between
stereoisomeric propargyl esters of bicyclo-[2.2.1]hept-
5-ene-2-carboxylic acid consist in the positions of the
signals of the protons at the C2, C5, and C6 atoms.

The olefinic protons (at C5, C6) in the endo iso-
mer of V are nonequivalent because of the steric prox-
imity of the substituent situated in the rear part of
the bicyclic core. Therefore, these protons give rela-
tively widely separated signals: at 6.12 (5-H) and 6.24
(6-H) ppm. The 5-H and 6-H protons in the exo iso-
mer of V, more weakly influenced by the remote sub-
stituent, give closely situated signals. The 2-H proton
in exo-V has an endo orientation and gives a signal
at 2.97 ppm, whereas the 2-H proton in endo-V has
an exo orientation and gives a multiplet at 2.17 ppm.

The coupling constants are as follows (Hz): endo-
V, 3J5, 6 = 5.62, 3J1, 6 = 3.66, 3J4, 5 = 3.00; exo-V,
3J5, 6 = 5.60, 3J1, 6 = 3J4, 5 = 2.93.

The stereoisomers of V were separated by prepara-
tive gas�liquid chromatography. The isomeric compo-
sition of esters V�VII was determined by GLC anal-
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Table 3. Inhibiting effect of acetylenic esters V�VII of bicyclo[2.2.1]hept-5-ene-2-carboxylic acid in HCl solutions*

������������������������������������������������������������������������������������
� � � 25�C � 60�C � 80�C
� � ��������������������������������������������������������������Inhibitor � cHCl, � cinh, � � �
� N � mM � K, �

Z, %
�

�
� K, �

Z, %
�

�
� K, �

Z, %
�

�
� � � g m�2 h�1 � � � g m�2 h�1 � � � g m�2 h�1 � �

������������������������������������������������������������������������������������
No inhibitor � 1 � � � 1.64 � � � � � 94.3 � � � � � 474 � � � �
V � 1 � 3 � 0.28 � 82.9 � 5.7 � 2.4 � 97.6 � 39.3 � 14.2 � 36.8 � 33.4

� 1 � 6 � 0.27 � 83.5 � 6.1 � 1.3 � 98.6 � 72.5 � 7.3 � 96.3 � 64.8
� 1 � 12 � 0.36 � 78 � 4.4 � 1.5 � 98.4 � 63 � 5.2 � 98.8 � 91.2

No inhibitor � 3 � � � 2.67 � � � � � 141 � � � � � 776 � � � �
V � 3 � 3 � 0.3 � 89.8 � 8.9 � 1.9 � 98.7 � 74.2 � 35.1 � 95.5 � 22.1

� 3 � 6 � 0.22 � 91.8 � 12.1 � 0.97 � 99.3 � 145.4 � 21.7 � 97.2 � 35.8
� 3 � 12 � 0.22 � 91.8 � 12.1 � 0.79 � 99.4 � 178.5 � 3.4 � 99.6 �228.2

No inhibitor � 5 � � � 8.27 � � � � � 287 � � � � � 1334 � � � �
V � 5 � 3 � 1.23 � 85.1 � 6.7 � 18.0 � 98.7 � 15.9 � 255 � 80.9 � 5.2

� 5 � 6 � 0.67 � 91.9 � 12.4 � 8.4 � 97.1 � 34.2 � 109 � 91.8 � 12.2
� 5 � 12 � 0.23 � 97.2 � 35 � 3.9 � 98.6 � 73.6 � 25 � 98.1 � 53.5

VI � 1 � 3 � 0.31 � 80.1 � 4.3 � 2.8 � 94.4 � 34.3 � 13.21 � 34.7 � 31.2
� 1 � 6 � 0.29 � 81.2 � 5.7 � 1.6 � 94.2 � 66.4 � 7.1 � 93.5 � 60.0
� 1 � 12 � 0.28 � 82.9 � 5.9 � 1.4 � 94.1 � 57 � 4.9 � 95.4 � 81.02
� 3 � 3 � 0.4 � 79.8 � 7.9 � 2.8 � 96.7 � 71.2 � 34.1 � 92.5 � 21.1
� 3 � 6 � 0.3 � 81.9 � 11.1 � 1.42 � 97.3 � 139.4 � 20.7 � 94.2 � 34.8
� 3 � 12 � 0.39 � 81.8 � 11.02 � 1.44 � 97.4 � 165.3 � 13.4 � 96.5 �210.1
� 5 � 3 � 1.27 � 83.1 � 5.9 � 1.93 � 97.8 � 165.4 � 25.4 � 78.8 � 51.0
� 5 � 6 � 0.69 � 91.1 � 11.3 � 1.89 � 96.1 � 34.2 � 106.5 � 90.1 � 12.1
� 5 � 12 � 0.39 � 94.2 � 13.3 � 1.97 � 92.2 � 69.6 � 21.7 � 92.1 � 51.5

VII � 1 � 3 � 0.21 � 91.8 � 5.9 � 2.1 � 98.8 � 41.3 � 12.2 � 38.8 � 35.4
� 1 � 6 � 0.20 � 93.8 � 6.3 � 0.94 � 99.5 � 74.5 � 5.3 � 99.3 � 66.8
� 1 � 12 � 0.19 � 93.1 � 4.7 � 0.71 � 99.6 � 65 � 4.2 � 99.8 � 93.2
� 3 � 3 � 0.27 � 86.2 � 9.1 � 1.4 � 99.8 � 76.2 � 33.1 � 97.5 � 24.1
� 3 � 6 � 0.24 � 93.1 � 12.7 � 0.91 � 99.7 � 147.4 � 19.7 � 99.3 � 37.7
� 3 � 12 � 0.23 � 96.2 � 12.8 � 0.71 � 99.9 � 180.5 � 2.4 � 81.9 � 7.2
� 5 � 3 � 1.1 � 89.9 � 19.1 � 1.71 � 96.5 � 171.5 � 2.51 � 93.6 � 13.1
� 5 � 6 � 0.57 � 91.3 � 13.1 � 8.2 � 97.2 � 34.2 � 104.5 � 99.8 � 53.5
� 5 � 12 � 0.18 � 90.8 � 4.9 � 3.7 � 99.1 � 75.6 � 23 � 98.9 � 53.7

Prop-2-ynyl � 3 � 30 � 1.36 � 87.26� 7.9**� 21.0 � 90.56� 10.56**� No data
benzoate � � � � � � � � �
(reference) � � � � � � � � �
������������������������������������������������������������������������������������
* (K ) Corrosion rate, (Z ) degree of protection, and (�) inhibition coefficient.

** Calculated from data for the reference.

ysis. It was found that the isomeric composition fully
coincided with that of the starting acid chloride I.
The fraction of the exo isomer in adducts V�VII
is 10%.

The compounds synthesized were studied chroma-
tographically on two stationary liquid phases: polar
[5% polyethylene glycol succinate (PEGS) in Dino-
khrom P] and nonpolar (5% Apiezon N on Dino-
khrom P). The polar PEGS phase appeared to be the
best for separation of the endo and exo isomers
of V�VII. The retention parameters, Kovats indices
(procedure from [10]), and boiling points (proce-

dure from [11]) of the compounds were determined
(Table 2).

Compounds V�VII were tested as inhibitors of
the acid corrosion of steel. The inhibiting activity was
studied in relation to the structure of the alcoholic
moiety; the temperature was varied within 25�80�C;
the HCl concentration was 1, 3, and 5 N; and the in-
hibitor concentration was 3, 6, and 12 mM. The re-
sults are listed in Table 3.

As can be seen from Table 3, all the compounds
V�VII are effective inhibitors of the acid corrosion
of steel. They surpass in inhibiting power the known
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structurally related inhibitor, propargyl benzoate. This
fact suggests that the certain contribution to the in-
hibiting effect of V�VII is made by the norbornene
moiety, along with the acetylenic fragment.

Table 3 shows that all the three compounds V�
VII show a better performance than the reference,
propargyl benzoate, when added in lower concentra-
tions (3, 6, and 12 mM, against 30 mM for the ref-
erence).

The best performance is shown by V. This may be
due to the steric hindrance produced by two geminal
methyl groups in the position adjacent to the triple
bond in VI and VII.

EXPERIMENTAL

The IR spectra were recorded on a UR-20 spectro-
photometer (4000�400 cm�1, thin films or KBr pel-
lets), and the 1H NMR spectra, on a Tesla BS-487C
spectrometer (80 MHz, CCl4, internal references
HMDS and TMS). The preparative separation was per-
formed on a Varian-Aerograph chromatograph [900 �
0.8-cm column, 5% polyethylene glycol adipate on
porous support (Porovina), vaporizer temperature
250�C, column temperature 175�C, carrier gas nitro-
gen (flow rate 200 cm3 min�1), sample volume 100 �l,
flame ionization detector]. The chromatographic anal-
ysis of the compounds, with determination of their
purity, was performed on an LKhM-8MD chromato-
graph [thermal conductivity detector, 300 � 0.3-cm
columns, 5% Apiezon or PEGS on Dinokhrom P, car-
rier gas helium (40 cm3 min�1, column temperature
150�C, vaporizer temperature 250�C).

The compounds were tested as corrosion inhibitors
in HCl solutions with 50 � 20 � 3-mm St.3 steel
plates; the test time was 2 h. The HCl concentration
was 1, 3, or 5 N, and the temperature was varied with-
in 25�80�C. The corrosion rate and the degree of pro-
tection, Z, were determined as described in [12].

Acryloyl chloride was prepared by refluxing ben-
zoyl chloride with acrylic acid [13] in a 2 : 1 ratio;
bp 75�76�C. Bicyclo[2.2.1]hept-5-ene-2-carboxylic
acid chloride I was prepared by condensation of acryl-
oyl chloride with freshly distilled cyclopentadiene.

2-(Prop-2-ynyloxycarbonyl)bicyclo[2.2.1]hept-5-
ene V. To a stirred solution of 5.6 g (0.1 mol) of
prop-2-yn-1-ol II (propargyl alcohol) and 10.1 g
(0.1 mol) of triethylamine in 30 ml of absolute diethyl
ether, we added dropwise 15.5 g of chloride I. The
reaction was exothermic. The precipitate of triethyl-
ammonium chloride was filtered off. The ether from

the filtrate was evaporated, and the residue was dis-
tilled in a vacuum to give 20 g of V; bp 100�C (5 mm
Hg), nD

20 = 1.4936, d4
20 = 1.0836. Published data

[2]: bp 72�80�C (0.7 mm Hg).

2-(1,1-Dimethylprop-2-ynyloxycarbonyl)bicyclo-
[2.2.1]hept-5-ene VI. To a stirred solution of 8.4 g
(0.1 mol) of 1,1-dimethylprop-2-yn-1-ol III and 10.1 g
(0.1 mol) of triethylamine in 30 ml of absolute ben-
zene, we addded dropwise 15.5 g (0.1 mol) of chlo-
ride I. The mixture was refluxed with stirring for 5 h.
The salt precipitate was filtered off, the solvent was
evaporated, and the residue was distilled in a vacuum
to give 18.76 g of VI. The physicochemical character-
istics of VI are listed in Table 1.

2-(1,1-Dimethylpent-2-yn-4-enyloxycarbonyl)bi-
cyclo[2.2.1]hept-5-ene VII. To a solution of 11 g
(0.1 mol) of 1,1-dimethylpent-2-yn-4-en-1-ol IV and
10.1 g (0.1 mol) of triethylamine in 30 ml of absolute
benzene, we added dropwise with stirring 15.5 g
(0.1 mol) of chloride I. The mixture was refluxed with
stirring for 5 h and worked up as described above.
Yield of VII 20.7 g; for constants, see Table 1.

CONCLUSIONS

(1) Acetylenic esters of norbornenecarboxylic acid
of high purity were prepared in good yields by reac-
tions of primary and tertiary acetylenic alcohols with
norbornenecarboxylic acid chloride in the presence of
tertiary amines (pyridine, triethylamine). The primary
alcohol reacts with the chloride at room temperature,
whereas in the case of tertiary alcohols, elevated tem-
peratures (80�C) and longer reaction times (5 h against
0.5 h) are required.

(2) Chromatographic procedures were developed
for separation and analysis of acetylenic esters of
norbornenecarboxylic acid; their Kovats indices and
boiling points were determined. The esters are mainly
endo isomers; the content of the exo isomer is 10%.

(3) Acetylenic esters of norbornenecarboxylic acid
were tested as inhibitors of metal corrosion and
showed a good protective performance.
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Abstract��-(Thiocarbamoylthio)propionic acids derived from alkaloids, morpholine, and piperidine and
their esters, amides, and nitriles were prepared by reactions of the corresponding dithiocarbamic acids with
acrylic acid and its derivatives. Some of the compounds were tested for insecticidal activity.

Dithiocarbamic acids are important synthetic pre-
cursors of various antimicrobial [1], fungicidal [2],
pesticidal [3], bactericidal [4], and other biologically
active agents.

Dithiocarbamic acid esters containing various func-
tional groups in the mercaptan residue can be prepared
by reactions of dithiocarbamic acids with unsaturated
electrophilic compounds in which the double bond is
activated with electron-withdrawing substituents, such

as unsaturated acids, their esters and anhydrides,
unsaturated ketones, and related compounds.

Proceeding with a search for new biologically
active dithiocarbamate derivative of alkaloids and
their synthetic structural analogs [5], we performed
reactions of dithiocarbamic acids prepared in situ
from amines I�IV and CS2 (with or without the base
catalyst, triethylamine) with acrylic acid and its de-
rivatives:
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R = CH3 (a), i-C3H7 (b), and C4H9 (c).
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Table 1. Yields, physicochemical constants, and elemental analyses of V�VIII
������������������������������������������������������������������������������������

Com-
�

Yield,
� � � Found, % � � Calculated, %

� � � ������������������������ ����������������������� � mp, �C � R f
* � � Formula �

pound
�

%
� � � C � H � N � � C � H � N

������������������������������������������������������������������������������������
V � 89 � 252�253 � 0.58 � 52.61 � 6.46 � 8.32 �C15H22N2O3S2 � 52.63 � 6.43 � 8.19
VI � 86 � Oil � 0.53 � 54.24 � 5.86 � 9.02 �C14H18N2O2S2 � 54.19 � 5.81 � 9.03
VII � 92 � 120�121 � 0.76 � 40.79 � 5.52 � 6.00 �C8H13NO3S2 � 40.85 � 5.53 � 5.96
VIII � 93 � 106-107 � 0.69 � 46.38 � 6.43 � 6.05 �C9H15NO2S2 � 46.35 � 6.44 � 6.01
������������������������������������������������������������������������������������
* Eluent 2-propanol�ammonia�water, 7 : 2 : 1.

Table 2. Yields, physicochemical constants, and elemental analyses of IX�XII
������������������������������������������������������������������������������������

Com-
�

Yield,
�

nD
20 � � Found, % � � Calculated, %

� � � ������������������������ ����������������������� � � Rf
* � � Formula �

pound
�

%
�

(mp, �C)
� � C � H � N � � C � H � N

������������������������������������������������������������������������������������
IXa � 70 � (94�95) � 0.65 � 53.96 � 6.70 � 7.90 �C16H24N2O3S2 � 53.93 � 6.74 � 7.87
IXb � 65 � 1.5359 � 0.58 � 55.59 � 6.21 � 8.68 �C15H20N2O2S2 � 55.55 � 6.17 � 8.64
IXc � 73 � (59�60) � 0.71 � 43.41 � 6.00 � 5.59 �C9H15NO3S2 � 43.37 � 6.02 � 5.62
Xa � 77 � 1.5468 � 0.69 � 48.55 � 7.03 � 5.71 �C10H17NO2S2 � 48.58 � 6.88 � 5.67
Xb � 66 � 1.5518 � 0.62 � 56.22 � 7.32 � 7.27 �C18H28N2O3S2 � 56.25 � 7.29 � 7.29
Xc � 61 � 1.5423 � 0.61 � 57.97 � 6.87 � 7.93 �C17H24N2O2S2 � 57.95 � 6.82 � 7.95
XIa � 70 � 1.5585 � 0.75 � 47.70 � 6.83 � 5.01 �C11H19NO3S2 � 47.65 � 6.86 � 5.05
XIb � 68 � 1.5510 � 0.66 � 52.38 � 7.62 � 6.01 �C12H21NO2S2 � 52.36 � 7.64 � 5.09
XIc � 63 � 1.5138 � 0.49 � 57.30 � 7.56 � 7.01 �C19H30N2O3S2 � 57.29 � 7.54 � 7.04
XIIa � 57 � 1.5265 � 0.36 � 59.03 � 7.13 � 7.68 �C18H26N2O2S2 � 59.02 � 7.10 � 7.65
XIIb � 71 � 1.5172 � 0.60 � 51.54 � 6.96 � 4.66 �C13H21NO3S2 � 51.49 � 6.93 � 4.62
XIIc � 74 � 1.5157 � 0.55 � 54.14 � 7.68 � 4.90 �C13H22NO2S2 � 54.17 � 7.64 � 4.86
������������������������������������������������������������������������������������
* Eluent benzene�acetone, 1 : 1.

In view of the high physiological activity of dithio-
carbamates and alkaloids, it seemed interesting to
combine, in a single molecule, alkaloid and dithio-
carbamate fragments and to study the biological prop-
erties of such compounds.

Acrylic acid contains a double bond conjugated
with the carboxy group. The withdrawing effect of the
carbonyl oxygen on the � electrons of the double bond
facilitates its attack by nucleophilic agents. Therefore,
dithiocarbamic acids react with acrylic acid under
mild conditions to form the corresponding �-[alkalo-
ido(amino)thiocarbonylthio]propionic acids V�VIII
in high yields, 86�93% (Table 1).

The alkyl groups in alkyl acrylate exhibit a positive
inductive effect and noticeably decrease the conjuga-
tion between the carbonyl oxygen atom and C=C
bond of the acrylate; as a result, the rate of reaction
of dithiocarbamic acids with alkyl acrylates somewhat
decreases. Compounds I�IV react with alkyl acrylates

under more severe conditions, in the presence of tri-
ethylamine, apparently via formation of an ammonium
salt. The length of the carbon chain and the degree of
substitution of the �-C atom in the alcoholic residue
exert no significant effect on the yield of �-[alkalo-
ido(amino)thiocarbonylthio]propionic acid esters IX�
XII. The yield of esters IX�XII derived from methyl
(a), isopropyl (b) and butyl (c) acrylates ranges from
57 to 77% (Table 2).

The reaction with acrylamide also occurs in the
presence of triethylamine; the yields of �-[alka-
loido(amino)thiocarbonylthio]propionic acid amides
XIII�XVI range from 74 to 91% (Table 3). In the
absence of triethylamine, the reaction takes some-
what more time and requires heating; the yield of
amides XIII�XVI appreciably decreases. This may
be caused by thermal instability of dithiocarbamates
and by consumption of the amine or alkaloid as
a base for the salt formation. The product of direct
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Table 3. Yields, physicochemical constants, and elemental analyses of XIII�XVI
������������������������������������������������������������������������������������

Com-
�

Yield,
� � � Found, % � � Calculated, %

� � � ������������������������ ����������������������� � mp, �C � R f
* � � Formula �

pound
�

%
� � � C � H � N � � C � H � N

������������������������������������������������������������������������������������
XIII � 87 � 148�150 � 0.50 � 52.81 � 6.70 � 12.38 �C15H23N3O2S2 � 52.79 � 6.74 � 12.32
XIV � 74 � 115�116 � 0.43 � 54.34 � 6.19 � 13.55 �C14H19N3OS2 � 54.37 � 6.15 � 13.59
XV � 91 � 140�141 � 0.51 � 40.06 � 6.02 � 12.01 �C8H14N2O2S2 � 41.03 � 5.98 � 11.97
XVI � 78 � 106�107 � 0.54 � 46.51 � 6.87 � 12.11 �C9H16N2OS2 � 46.55 � 6.90 � 12.07
������������������������������������������������������������������������������������
* Eluent benzene�acetone, 1 : 1.

Table 4. Yields, physicochemical constants, and elemental analyses of XVII�XX
������������������������������������������������������������������������������������

Com-
�

Yield,
� � � Found, % � � Calculated, %

� � � ������������������������ ����������������������� � mp, �C � R f
* � � Formula �

pound
�

%
� � � C � H � N � � C � H � N

������������������������������������������������������������������������������������
XVII � 85 � 41�42 � 0.79 � 55.77 � 6.46 � 13.02 �C15H21N3OS2 � 55.73 � 6.50 � 13.00
XVIII � 79 � Oil � 0.78 � 57.70 � 5.88 � 14.48 �C14H17N3S2 � 57.73 � 5.84 � 14.43
XIX � 87 � 88�89 � 0.81 � 44.40 � 5.52 � 13.01 �C8H12N2OS2 � 44.44 � 5.56 � 12.96
XX � 90 � 78�79 � 0.75 � 50.50 � 6.58 � 13.12 �C9H14N2S2 � 50.47 � 6.54 � 13.08
������������������������������������������������������������������������������������
* Eluent benzene�acetone, 1 : 1.

addition of the amine to acrylamide is formed as a by-
product.

The reactivity of acrylonitrile toward I�IV is sim-
ilar to the reactivity of acrylic acid, which is due
to the high electron-withdrawing power of the nitrile
group, facilitating nucleophilic attack of the C=C
bond by the carbamate anion. The reactions of in situ
prepared diethyldithiocarbamic acids with acrylonitrile
are performed with a small excess of CS2; �-[alkalo-
ido(amino)thiocarbonylthio]propionitriles XVII�XX
are obtained in high yields, 78�91% (Table 4).

The nucleophilic addition of the dithiocarbamates
to acrylic acid and its derivatives occurs against the
Markownikoff rule [scheme (1)].

�-[Alkaloido(amino)thiocarbonylthio]propionic
acids V�VIII are crystalline substances insoluble in
organic solvents, but readily soluble in alkalis with
the formation of the corresponding salts. Esters IX�
XII, amides XIII�XVI, and nitriles XVII�XX were
isolated as crystalline substances or light yellow oils,
soluble in the majority of organic solvents.

Some of compounds V�XX and alkali metal salts
of V�VIII were tested for insecticidal activity with
respect to Lepidosaphes ulmi (Diaspididae family),
Capitophorus ribis (Aphididae family), and Abrahas
grossulariata (Geometridae family). The insecticidal

activity was compared to that of a reference agent,
Sumi-alpha (Sumito Chemical Co., Ltd, Japan).

We found that salts of V and VIII, sodium �-[cyti-
sinothiocarbonylthio]propionate and potassium �-[cy-
tisinothiocarbonylthio]propionate, exhibit pronounced
insecticidal activity with respect to all of the ex-
amined pests, exceeding that of Sumi-alpha by a factor
of 1.5�2.

The results were confirmed by the results of bio-
logical tests; compounds V and VIII were recom-
mended for further comprehensive studies with the
aim to assess the possibility of their use in agriculture
as pesticides.

EXPERIMENTAL

The compositions and structures of the compounds
were confirmed by elemental analysis and IR spec-
troscopy.

The IR spectra were recorded on a UR-20 spec-
trometer (KBr pellets, mulls in mineral oil, or solu-
tions in CHCl3 and CCl4).

�-(Cytisinothiocarbonylthio)propionic acid V.
A solution of 1.90 g (0.01 mol) of cytisine in ethanol
was added to a solution of 0.76 g (0.01 mol) of
CS2 and 0.72 g (0.01 mol) of acrylic acid in ethanol.
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The mixture was stirred for 5�6 h. After the removal
of the solvent, a white precipitate formed. Recrystal-
lization from alcohol gave 3.04 g (89.0%) of V,
mp 252�253�C. IR spectrum, �, cm�1: 700�600
(C�S), 1500� 1470 (N�C=S), 1320�1210 (COOH).

Found, %: C 52.61, H 6.46, N 8.32.

C15H22N2O3S2.

Calculated, %: C 52.63, H 6.43, N 8.19.

Compounds VI�VIII were prepared similarly.

Methyl �-(cytisinothiocarbonylthio)propionate
IXa. A solution of 1.90 g (0.01 mol) of cytisine and
1.01 g (0.01 mol) of triethylamine in ethanol was
slowly added dropwise with stirring to a solution of
0.86 g (0.01 mol) of methyl acrylate and 0.76 g
(0.01 mol) of CS2 in ethanol. The mixture was heated
for 1 h at 60�70�C. After the removal of the solvent,
a white precipitate formed. Its recrystallization from
alcohol gave 2.5 g (70.0%) of IXa, mp 94�95�C.
IR spectrum, �, cm�1: 700�610 (C�S), 1500�1470
(N�C=S), 1410�1300 (COO�).

Found, %: C 53.96, H 6.70, N 7.90.

C16H24N2O3S2.

Calculated, %: C 53.93, H 6.74, N 7.87.

Compounds Xa�XIIa, IXb�XIIb, and IXc�XIIc
were prepared similarly.

�-(Cytisinothiocarbonylthio)propionamide XIII.
A solution of 1.9 g (0.01 mol) of cytisine and 1.01 g
(0.01 mol) of triethylamine in ethanol was slowly
added dropwise with stirring to a solution of 0.71 g
(0.01 mol) of acrylamide and 0.76 g (0.01 mol) of
CS2 in absolute ethanol. The mixture was heated for
4�5 h. After the removal of the solvent, a white pre-
cipitate formed. Its recrystallization from alcohol gave
2.9 g (87.0%) of XIII, mp 148�150�C. IR spectrum,
�, cm�1: 710�610 (C�S), 1520�1480 (N�C=S),
1140�1070 (CONH2).

Found, %: C 52.81, H 6.70, N 12.38.

C15H23N3O2S2.

Calculated, %: C 52.79, H 6.74, N 12.32.

Compounds XIV�XVI were prepared similarly.

�-(Cytisinothiocarbonylthio)propionitrile XVII.
A solution of 1.9 g (0.01 mol) of cytisine in ethanol
was slowly added dropwise to a solution of 0.53 g
(0.01 mol) of acrylonitrile and 1.14 g (0.015 mol) of
CS2 in ethanol. The mixture was stirred at 40�50�C
for 2�3 h. After the removal of the solvent, a light
yellow oil crystallizing on storage was obtained. Its
recrystallization from alcohol gave 2.75 g (85.0%) of
XVII, mp 41�42�C. IR spectrum, �, cm�1: 700� 610
(C�S), 1510�1460 (N�C=S), 2260�2240 (C�N).

Found, %: C 55.77, H 6.46, N 13.02.

C15H21N3OS2.

Calculated, %: C 55.73, H 6.50, N 13.00.

Compounds XVIII�XX were prepared similarly.

CONCLUSIONS

(1) �-[Alkaloido(amino)thiocarbonylthio]propionic
acids and their esters, amides, and nitriles were pre-
pared by reactions of dithiocarbamic acids derived
from alkaloids, morpholine, and piperidine with acryl-
ic acid and its derivatives.

(2) Alkali metal �-(aminothiocarbonylthio)propio-
nates derived from cytisine and piperidine exhibit
a pronounced insecticidal activity.
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Abstract�A study was made of the absorption, fluorescence, and emission spectra of organic dyes Rhodamine
6Zh and Rhodamine C in thin (0.6�1.0 �m) layers based on methyl methacrylate�methacrylic acid copoly-
mers formed by centrifugation on optically transparent glasses. The influence of a terbium salt on the prop-
erties of laser dyes in acrylic films was elucidated.

Xanthene dyes rhodamine 6Zh (R6Zh) and rhod-
amine C (RC), classic representatives of laser dyes,
have unique optical properties and find wide applica-
tion as laser-active substances operating in liquid
and solid polymer solutions. The spectral-luminescent
properties of these dyes in liquid media and, in partic-
ular, in methyl methacrylate (MMA), and in a solid
medium based on poly(methyl methacrylate) and a co-
polymer of MMA with methacrylic acid (MAA) were
studied in [1, 2]. Solid solutions of dyes in polymer
matrices are mainly prepared by bulk radical poly-
merization of solutions of dyes in a monomer in the
presence of initiator in special molds. At the same
time, the preparation of such solutions as thin polymer
films and, especially, the energy transformations by
rhodamine dyes in them are little studied, despite great
scientific and technical importance of these proc-
esses.

In this study, we examined the spectral-luminescent
properties (absorption and fluorescence spectra) of
rhodamine dyes (R6Zh and RC), as influenced by their
chemical structure in thin polymer layers based on
MMA�MAA copolymers under optical excitation. We
determined the generation power of the dyes and their
photostability in polymer films. Also, we studied how
the characteristics of rhodamines in acrylic films are
influenced by addition of terbium trifluoroacetate and
analyzed theoretically the processes occurring in the
polymer�dye�salt system.

EXPERIMENTAL

Xanthene dyes R6Zh and RC exhibit luminescent
properties and, thus, are promising for application in
luminescent devices. The chemical structure of rhod-
amines can be varied within one structural type of
the dyes, which makes them suitable for studies of
the photoluminescent properties of dyed polymers.
The substances studied in the form of films have
the following structural formulas:
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As polymer base we used commercial solutions of
MMA�MAA copolymers in organic solvents, known
as electronic resists ELP-9 and ERP-40. The content
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Table 1. Spectral properties of R6Zh and RC dyes in films based on ELP-9 resist (Tb(III) salt concentration 2.5 �10�2 M)
������������������������������������������������������������������������������������

Dye � Tb(III) salt � �ads , cm�1 � Dmax � �fl, nm � Film thickness, �m � �, l cm�1 mol�1

������������������������������������������������������������������������������������
R6Zh: � � � � � �

thin film � � � 18 700 � 0.18 � 554 � 0.55 � 6.5 � 105

� Tb(III) � 18 800 � 0.28 � 564 � 0.64 � 8.7 � 105

thick film � � � 18 700 � 0.26 � 554 � 0.82 � 6.3 � 105

� Tb(III) � 18 850 � 0.46 � 564 � 1.0 � 9.2 � 105

RC: � � � � � �
thin film � � � 18 000 � 0.019 � 567 � � �

� Tb(III) � 18 000 � 0.085 � 593 � � �
thick film � � � 18 000 � 0.065 � 567 � � �

� Tb(III) � 18 000 � 0.32 � 593 � � �
������������������������������������������������������������������������������������

of carboxy groups in the copolymers and their struc-
tural features were determined by IR spectroscopy.
The films for IR-spectroscopic studies were prepared
by applying a polymer solution onto transparent KBr
plates. The IR spectra were recorded on a Specord
M80 spectrophotometer at 4000�400 cm�1. The spec-
tra were interpreted using the reference data from
[3�5]. The modifying additives were introduced into
the resists by homogeneous dissolution. The content
of the dyes in the initial solutions was 1 � 10�3 M. In
parallel, we studied solutions of the xanthene dyes in
the resists with terbium(III) trifluoroacetate (TFA-Tb)
added in the amount of 2.5 � 10�2 M. A more complete
dissolution of the modifying additives was achieved
via stirring on a WU-4 vibrating mixer and ultrasonic
treatment. Mechanical inclusions were removed from
the solutions by filtration through a polyamide filter
with a pore diameter of 0.5 �m. The polymer films
were formed by centrifugation (at 2500�3000 rpm) on
preliminarily degreased substrates made of an optical-
ly transparent glass, with diameters of 20 and 35 mm.
After application, the films were dried for 30 min at
165 � 5�C. The thickness of the films, mostly under
1 �m, was determined with an MII-4 interference mi-
croscope. To measure the film thickness more precise-
ly (to improve the reflection), a 0.1-�m aluminum
layer was deposited on their surface in a UVN-71P3
vacuum sputtering setup. To prepare thicker (�1 �m)
films, we increased the viscosity of the initial solu-
tions by evaporating the solvents at room temperature.
Next, we studied the spectral-luminescent character-
istics, generation properties, and photostability of
the resulting samples. The electronic spectra were re-
corded on a Specord M40 (200�900 nm) spectro-
photometer. The luminescent properties were studied
on an upgraded KSVU-23 spectral complex and on
a Hitachi 850 spectrofluorimeter. Laser-induced fluo-
rescence excited by XeCl� or YAG�Nd3+ lasers was
recorded by a Real spectrometer.

The generation powers of the rhodamines in films
were studied in a transverse excitation scheme. Laser
radiation was focused into a 18 � 0.8 mm band, at
which the radiation intensity was about 30 MW cm�2.
The induced radiation was formed without an external
resonator.

The generation photostability P0.5 was estimated as
the number of excitation pulses upon which the gener-
ation efficiency decreased by half due to degradation
of the dye.

The molecular photostability of the dyes was stud-
ied by irradiating the films with unfocused radia-
tion from a YAG�Nd3+ laser (532 nm). The quantum
yield of degradation was determined by the formula
� = Nphot /Nabs , where Nphot is the number of the mol-
ecules that underwent phototransformations in the ir-
radiation zone, and Nabs , the number of the photons
absorbed. We estimated Nphot spectrophotometrically,
from the variation of the optical density at the absorp-
tion band maximum during irradiation.

We found that the compositions with dye additives
exhibited good film-forming power and adhesion to
the substrate surface. The films based on these com-
positions have no defects and are equal in thickness,
except at the substrate edge, where a thicker polymer
layer (compaction) was formed. The initial polymer
compositions without modifiers had a high light trans-
mission (up to 97%) at wavelengths over 280�300 nm.
Upon introduction of the dyes into the polymer for-
mulations, the corresponding absorption bands ap-
peared in the electronic absorption spectra. In the
spectra of the rhodamines in the MMA�MAA copo-
lymer, the absorption peak is observed at the same
wavelength as in solutions in MMA, this peak being
almost identical in position to that of the dyes in eth-
anol. Table 1 presents the spectral properties of the
dyes studied. The optical density Dmax of R6Zh is
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Table 2. Generation power of R6Zh and RC dyes in films based on ELP-9 resist (dye concentration 1 � 10�3, and Tb(III)
salt concentration, 2.5 � 10�2 M)
������������������������������������������������������������������������������������

Dye � Tb(III) salt � Dmax � �gen, nm � Efficiency, % � Þ0.5, pulses
������������������������������������������������������������������������������������
R6Zh: � � � � �

thin film � � � 0.18 � 574 (532)* � 10 (532) � 2060 (532)
� � � � � 60 (308)
� Tb(III) � 0.28 � 589 (532) � 17 (532) � 2020 (532)
� � � � � 190 (308)

thick film � � � 0.26 � 574 (532) � 15 (532) � <1 (308)
� � � � 2050 (532) � 60 (308)
� Tb(III) � 0.46 � 589 (532) � 13 (532) � 2000 (532)
� � � � <1 (308) � 120 (308)

RC: � � � � �
thin film � � � 0.019 ��

� � �	
� Tb(III) � 0.085 �
No generation
� � �	

thick film � � � 0.065 ��
� Tb(III) � 0.32 � 595 (308) � 22 (532) � 15 (308)
� � � � � 5000 (532)

������������������������������������������������������������������������������������
* (532) and (308) mean that these data were obtained under pumping with YAG�Nd3+ and XeCl� lasers, respectively.

several times that of RC in identically prepared films,
while the molar extinction coefficients � of these dyes
in ethanol are close (�105 l cm�1 mol�1). When calcu-
lating the molar extinction of the rhodamines in films,
we assumed that the content of the dye after removal
of the solvent in the course of drying increased to
5 � 10�3 M.

Introduction of a terbium(III) salt into the initial
compositions increases the absorption band intensities
of the dyes in films by 30�45% (Table 1). The spec-
tral properties of the rhodamines are intensified due to
an increase in polarity of the polymer solutions upon
introduction of trifluoroacetate and terbium ions and
to the reaction of the dye molecules with the metal
salt. In the case of RC, stronger bonds (hydrogen,
donor�acceptor) can be formed via the carboxy groups
occurring in its structure. The strengthening of the
cohesion forces in the polymeric medium upon intro-
duction of a terbium salt is also suggested by the
measured thicknesses of the films of various composi-
tions. The films with TFA-Tb are, on the average,
15�20% thicker than those without the Tb(III) salt.
In the case of R6Zh, the thin and thick films differed
in thickness (as estimated from the optical densities
and measured microscopically) by 40�50%, and those
in the case of RC, by 300�400% (as estimated from
the optical densities).

The luminescence spectra of the dyed films con-
tained one band; the contour of the fluorescence curve
was the mirror image of that of the absorption band.

In the presence of the Tb(III) ions, the luminescence
intensity of the rhodamines substantially increases
due to a rise in the intensity of the absorption bands.
The fluorescence spectra of the rhodamine dyes in
methacrylic films and in ethanolic solutions are vir-
tually identical, probably due to the influence of polar
(carboxy) groups of the polymer chain. The lumines-
cence intensity of R6Zh in methacrylic films is 6�9
times that of RC, which is also due to a higher optical
density of R6Zh in films (Table 1).

The generation properties of the xanthene dyes in
films are presented in Table 2. In the case of R6Zh,
lasing was observed in all the samples studied, excited
both by XeCl� and YAG�Nd3+ lasers. Under excita-
tion at 	 = 308 nm, generation is recorded spectrally;
the generation energy is small; the efficiency is un-
der 1%. Under excitation at 532 nm, the efficiency
is 10�17%. Lasing develops in the long-wave branch
of the fluorescence band (Fig. 1a). The emission band
is separated by ca. 20 nm from the fluorescence band
maximum. Such a large shift is due to the loss caused
by the reabsorption of emitted light by the dye. Not-
ably, the generation photostability P0.5 of R6Zh in
film is fairly high. At the pumping power density of ca.
30 MW cm�2 for the YAG�Nd3+ laser, the working
life of the active medium is about 2000 pulses.
Terbium(III) salt noticeably affects the photostability
of the active medium, predominantly under UV ir-
radiation. Table 2 shows that the working life P0.5
remained virtually unchanged upon introduction of
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Fig. 1. Emission spectra of (a) R6Zh and (b) RC in films
(1, 2) with and (3, 4) without Tb(III). (I ) Intensity and
(�) wavelength.

Fig. 2. IR spectra of the films based on (1) ERP-40 and
(2) ELP-9 resists. (T) Transmission and (�) wave number.

a Tb(III) salt under excitation at 	 = 532 nm and in-
creased 2�3-fold under excitation at 	 = 308 nm.

In the case of RC, generation was observed only
in one sample whose optical density was 0.32 in

Table 3. Influence of various factors on the luminescence
intensity of R6Zh and RC in acrylic films
����������������������������������������

Film
� Irel, %, after effect of
�����������������������

composition � UV ra- � �mois-�temper-
� � light � �
� diation � � ture � ature

����������������������������������������
ELP-9 + RC � 49 � 61 � 34 � 30
ELP-9 + RC + TFA-Tb � 28 � 36 � 18 � 13
ELP-9 + R6Zh � 27 � 48 � 23 � 17
ELP-9 + R6Zh + TFA-Tb� 14 � 22 � 9 � 2
����������������������������������������

the absorption band maximum under pumping with
both XeCl� and YAG�Nd3+ lasers (Fig. 2). Under ex-
citation at 	 = 308 nm, the generation efficiency was
low, while under pumping at 	 = 532 nm, the gener-
ation efficiency for this sample was 22%, and the
working life, over 5000 pulses. In the case of other
samples with thinner films, no generation developed
because of the very low optical density, which was
probably due to chemical binding of the dye to the
polymer molecules via carboxy groups in the course
of drying of the samples:

����O
O�H�O�C
dye
Polymer
C

�� polymer
C�O�C
dyeT

�H2O ��������
O O

����O

As is known, the generation efficiency of RC chem-
ically bound to the polymer is lower that of the dye
in a free state [6]. Upon dissolution of the dye and
the metal salt in the copolymer, the modifier competes
with the dye for formation with the MAA molecules
of hydrogen or other, e.g., donor�acceptor, bonds, and
these compositions exhibit in thick layers generation
of RC unbound with the polymer.

We estimated the molecular photostability of the
rhodamine molecules in films, �, at ca. 10�6 and
5 � 10�6 for R6Zh and RC, respectively. These data
agree with those for ethanolic solutions of the dyes
under excitation at 	 = 532 nm. Thus, the photosta-
bility of the rhodamines in films is not poorer than
that in solutions.

In the presence of the ions of rare-earth elements in
the films, the effect exerted on the luminescence in-
tensity by external factors, namely, light, UV radia-
tion, moisture, and low temperature, was significant-
ly weaker. The samples were irradiated with the full
spectrum of a DRL-400 mercury lamp for 120 h,
kept for 30 days in the light, in a moisture chamber
(relative humidity 95%), and in a freezing chamber
(�15�C). As a criterion of resistance to radiation,
light, and moisture, we took the relative change in
the luminescence intensity Irel = (I0 � It )/I0 � 100%
after exposure (Table 1).

Table 3 shows that the terbium salt noticeably im-
proves the resistance of the dyes to all the external
factors. The fact that the Tb(III) salt containing active
groups enhances the resistance of the dye to irradia-
tion and illumination is, evidently, due to formation of
intermolecular bonds (hydrogen, van der Waals, etc.)
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with polymer macromolecules, yielding a three-di-
mensional network in the polymer. Dyes are known to
exhibit enhanced photostability in a more photostable
(modified) matrix characterized by a smaller number
of macrochain breaks [7]. Also, metal ions in the
system can diminish the concentration of free radicals
forming in the polymer during irradiation (illumina-
tion). This decreases the probability of reactions be-
tween the radicals and the dye molecules, which are
accompanied by photoinduced degradation of the dye.
The decelerating effect of terbium(III) ions on the de-
gradation of a dye molecule may also be due to de-
activation of the excited states via increasing dye�cat-
ion coordination. The moisture-protecting action of
terbium trifluoroacetate is evidently due to the pres-
ence of highly active centers (metal cation, fluoride
ions, carbonyl oxygen) able to form fairly strong bonds
with water molecules, thus preventing the diffusion
of water molecules deep inside the polymer film.
The intermolecular attraction due to forces of varied
nature in the polymer�dye�salt system can exert an-
other favorable effect, namely, prevent the diffusion
of the dye dissolved in the polymer and, in particular,
the transfer of dye molecules into the environment
(the so-called exudation).

A change from the ELP-9 to ERP-40 polymer ma-
trix does not significantly affect the position of the
absorption and fluorescence bands, but their inten-
sities in the case of EPR-40 are 1.5�2 times lower
than those in the case of ELP-9, whatever the compos-
ition. This can be due to the high content of carboxy
groups in ERP-40, which interact with reactive groups
in R6Zh and RC molecules during film preparation,
thus deteriorating the spectral-luminescent characteris-
tics of the dyes. The content of the carboxy groups in
the polymers was estimated from the optical density
ratio of the absorption band at 3400�3100 cm�1, I1,
corresponding to stretching vibrations of OH groups,
to that near 1300�1100 cm�1, I0, which are charac-
teristic of the 3CO�O� acrylate moiety. In the IR
spectra of the films with ERP-40, the intensity of
the bands near 3400�3100 cm�1 is more than 2 times
that of the films with ELP-9 (Fig. 2). The optical den-
sity was estimated by plotting the baseline [8]. As
the I1 /I0 ratio served the ratio of the areas confined in
the IR spectrum by the baseline and the corresponding
absorption band. A larger content of methacrylic acid
in the case of the films with ERP-40 is also evidenced
by a broader, compared to ELP-9, absorption band
with a fine structure at 1730 cm�1, corresponding to
vibrations of the C=O group.

The higher content of carboxy groups in the case of
the films with ERP-40 is also evidenced by litho-
graphic data, namely, by the fact that the exposure
time in which elements with identical size can be
formed in the polymer films of equal thickness is
10�15 s longer in the case of the films with ERP-40
compared to those based on ELP-9. This can be
caused by a denser three-dimensional network in the
film with ERP-40 due to formation of hydrogen bonds
between the COOH groups, whose cleavage requires
more energy. The lithographic studies employed the
procedure described in [9].

CONCLUSIONS

(1) The feasibility of preparing thin luminescent
layers of organic molecules (film thickness 
1�m)
was demonstrated.

(2) The absorption and emission intensity of the
xanthene dyes in films can be raised by introduc-
ing a terbium(III) salt into copolymers: In the case of
R6Zh, the absorption band intensity increases by
30�40%, and in the case of RC, the increment is
an order of magnitude larger. The luminescence in-
tensity of R6Zh in the films increases 6�9-fold. This
is accompanied by an increase in the resistance of the
material to aggressive external factors, namely, mois-
ture, temperature, and UV radiation.

(3) The molecular photostability of the xanthene
dyes in films is comparable with that in ethanolic so-
lutions.

(4) Generation of laser radiation in the xanthene
dyes in films under excitation with an YAG�Nd3+

laser is efficient (up to 22%) and photostable (working
life up to 5000 pulses), which makes the materials
prepared suitable for creation of microlasers.
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Abstract�A gas-chromatographic method was developed for determining deuterium in organic compounds
at its atomic fraction of 1 to 99%. The accuracy of the method is 0.1�0.5%.

Deuterium-labeled organic compounds are widely
used in various branches of science and technology
[1, 2]. As a rule, the isotopic composition of hydrogen
in such compounds is determined by 1H NMR spec-
troscopy [1] and mass spectrometry [2, 3]. The choice
of the analytical method depends on the structure and
properties of a compound to be studied. The cheap-
est and the most versatile is the method for determin-
ing the isotope composition of hydrogen directly in
organic compounds using commercial class-II mass
spectrometers [2]. The method involves solution of a
system of 2m equations with m + 1 unknowns, taking
into account the probability of formation of all the
possible molecular fragments. The method can be
used for proximate analysis of the isotopic composi-
tion of hydrogen in simple organic compounds, e.g.,
in deuteroacetone. The atomic fraction of deuterium is
determined in the range 1�99% with an accuracy of
0.2�3%. With compounds exhibiting a complex frag-
mentation pattern under electron impact, it is neces-
sary to take into account various empirical factors and
to use a computer, which considerably complicates
the analysis and impairs its accuracy [2].

We developed a procedure for determining the iso-
tope composition of hydrogen in organic compounds
of various classes, using elemental analysis on stand-
ard equipment. The accuracy of determination of the
deuterium atomic fraction is 0.1�0.5%.

The elemental analysis of deuterated organic com-
pounds was performed on a Carlo Erba 1100 gas-

chromatographic elemental analyzer as follows. The
organic compound being analyzed was subjected to
oxidative pyrolysis. After separation of water and its
deuterium analogues, a mixture of gaseous N2 and
CO2 was analyzed by chromatography, and desorbed
water containing the deuterium label was converted
to a mixture of H2, HD, and D2; its composition was
determined by gas-adsorption chromatography. The
oxidative pyrolysis was performed in the C,H,N chan-
nel of the device by the standard procedure at 1050�C.
The charge of the combustion reactor, recommended
by the producer, was changed: Over a bed of CuO
wire (10 cm), we placed a bed of Cr2O3 (9 cm) and
then a bed of quartz crumb (1 cm). This allowed effi-
cient after-oxidation of the pyrolysis products and
fully eliminated the danger of reactor plugging with
fused reduced metallic copper.

The analysis was performed in the dynamic mode.
The flow rate of the carrier gas (Ar containing
80 vol % O2) was 30 ml min�1 in the C,H,N channel
and 20 ml min�1 in the reference channel. A sample
(0.5 mg) was placed in an aluminum container. The
oxidant was AgMnO4, which showed high perfor-
mance in previous studies [4]. As references we used
both cyclohexanone 2,4-dinitrophenylhydrazone (re-
commended by the producer of the device) and non-
labeled analogs of the organic compounds to be ana-
lyzed. For example, in analysis of toluene-�-D, we
used toluene as reference. Samples were fed into
the combustion reactor from a ring-shaped automatic
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dosing unit with 23 sample cells in the manual or
automatic mode. Samples were arranged in this unit
in the following order: container with reference sam-
ple and oxidant, container with oxidant, three contain-
ers with the compound being analyzed and oxidant,
again container with the reference sample and oxidant,
container with oxidant, three containers with the com-
pound being analyzed and oxidant, container with ref-
erence sample and oxidant, container with oxidant,
and four containers with the compound being ana-
lyzed. Such an arrangement allows accurate deter-
mination of the zero signal for the given element and
ensures the best reproducibility of the results.

The mixture obtained by oxidative pyrolysis was
analyzed for the content of N2, CO2, H2O, HOD, and
D2O.

No direct method is known today for analysis of
this gas mixture. Determination of N2 and CO2 by gas
chromatography involves no problems; numerous sor-
bents are suitable for this purpose [5, 6]. Water is
determined by this method relatively poorly and, as
a rule, is converted with appropriate reagents into
other chemical forms convenient for chromatographic
determination [6, 7]. Therefore, the mixture was ana-
lyzed after separation of water and its deuterium ana-
logues. For this purpose, the gas mixture was passed
at room temperature through two columns made of
transparent quartz (l = 0.2 m, d = 6 mm), packed with
the water absorbent and appropriate reagent, after
which the mixture of N2 and CO2 was analyzed using
an aluminum column (l = 4 m, d = 3 mm) packed
with alumina-supported Chromosorb-102. The column
temperature was 120�C. A thermal conductivity de-
tector was used. After determination of N2 and CO2
in the gas mixture, a tubular furnace preheated to
120�C was moved on the column with the water
absorbent.

Commercial units for adsorption drying of gases
use silica gels ASK and ASKM [8]. However, silanol
groups present on the surface of these adsorbents dis-
tort the results of analysis because of the isotope ex-
change. It is known that silanol groups transform into
siloxane groups on heating [9]. Therefore, for quali-
tative and semiquantitative analysis, we calcined the
silica gels of the above brands for 3 h at 400�C in
a vacuum (1 mm Hg) and then modified them with tri-
methylchlorosilane [9]. In this case, however, the error
was relatively large and the reproducibility was poor,
which does not allow use of silica gel for determining
deuterium in organic compounds by our procedure.
With Carbowax-550 (methoxy polyethylene glycol)
supported (30%) on quartz crumb (0.25�0.5 mm) as

water sorbent, it appeared possible to decrease the
temperature of water desorption to 120�C and consid-
erably accelerate its release. At 120�C, water was
desorbed rapidly and quantitatively; the amount and
isotopic composition of the desorbed water were
determined by reaction gas chromatography.

This method is widely used for quantitative deter-
mination of nonlabeled water [6, 7, 10, 11]. In this
method, water vapor in a carrier gas flow is fed into a
column with an appropriate reagent that quantitatively
converts water into another chemical form convenient
for gas-chromatographic determination. To convert
nonlabeled water into H2, the following reagents
meeting the requirements of reaction gas chromatog-
raphy are used: CaH2 [12, 13], LiAlH4 [14], NaAlH4
[15], and sodium metal [13]. These reagents, however,
are unsuitable for quantitative determination of the
isotope composition of deuterium-labeled water, be-
cause the hydrogen formed in the reaction will differ
in the isotope composition from the initial water
sample.

To convert deuterium-labeled water into a mixture
of H2, HD, and D2, we performed its reaction with
activated magnesium (Khlorvinil Production Associa-
tion, Ukraine, MRSh-1 brand, 0.25�0.5-mm fraction)
at 500�C [16]. Magnesium was activated with iodine
directly in the column (l = 0.2 m, d = 6 mm) or in
a quartz test tube at 500�C [16]. Five grams of acti-
vated magnesium is sufficient for more than 100 ex-
periments on water conversion. The absence of the
chromatographic peak of water and its deuterium
analogues confirms the 100% conversion. The detec-
tion of water indicates that the reagent has lost its
activity and requires replacement. Similar results have
been obtained in water conversion with reduced iron
powder (Reakhim Production Association, Russia) at
650�C [17].

Determination of the isotope composition of the
released hydrogen by gas-adsorption chromatography
involves no problems; the procedure has been well
developed [5, 6].

In the present study, the isotope composition of the
released hydrogen was determined with a Tsvet-570
gas chromatograph [18] following the procedure sug-
gested in [19], which allows determination of the con-
tent of HD, D2, and H2 within 3 min with a <1% error
on a column (l = 4 m, d = 3 mm) packed with zeolite
13X at 40�C, using a thermal conductivity detector.
Isimura and Kaetsu [19] used high-purity helium as
carrier gas. However, the thermal conductivity detector
has a low sensitivity to hydrogen with this carrier gas
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because of the small difference in the thermal conduc-
tivities of these gases [10]. With zeolite 5A, which
separates hydrogen isotopes more efficiently than to
13X, used as adsorbent and with dry argon as carrier
gas [5, 10], we were able to decrease the determina-
tion error to 0.1�0.2%.

Since there were no reference gas mixtures contain-
ing deuterium among the reference samples produced
in Russia, we tested our installation with D2O refer-
ence samples produced by Aldrich (the United States).

A reference sample of D2O was analyzed as de-
scribed above with the only difference that the D2O

sample (0.25 �l) was introduced directly into the
absorption column preliminarily purged with dry
argon. The error of determination of the isotope com-
position of hydrogen was calculated from the results
of ten analyses of D2O reference samples. The results
are listed in Table 1.

From the results of the analysis, we calculated the
following characteristics: content of elements x (%);
arithmetic mean content of elements; standard devia-
tion of single determination for each element, s (%);
estimated variance of the mean content of each el-
ement, s 2; and confidence intervals �x� � st0.95, 9 ,
where t0.95, 9 is the Student coefficient for the con-

Table 1. Results of elemental analysis of deuterium-labeled water samples with different atomic fractions of deuterium
������������������������������������������������������������������������������������
Sam-�

D, at. %
� Calculated, wt % � Found �

Found
� �����������������������������������������������������ple � � � �

no. � � D, wt % � H, wt % � D, at. % � H, wt % �
D, at %

������������������������������������������������������������������������������������
1* � 0.10 � 0.022 � 11.189 � 0.0220�0.0002 � 11.190�0.030 � 0.098�0.001
2* � 0.50 � 0.112 � 11.128 � 0.1120�0.0006 � 11.130�0.030 � 0.501�0.007
3* � 1.00 � 0.223 � 11.066 � 0.2230�0.0005 � 11.070�0.030 � 0.998�0.002
4* � 10.00 � 2.212 � 9.960 � 2.212�0.002 � 9.960�0.010 � 10.000�0.010
5* � 50.00 � 10.593 � 5.299 � 10.590�0.020 � 5.300�0.010 � 50.00�0.10
6 � 90.00 � 18.292 � 1.017 � 18.290�0.040 � 1.017�0.003 � 90.00�0.20
7 � 99.00 � 19.939 � 0.101 � 19.940�0.030 � 0.100�0.001 � 99.00�0.17
8** � 99.00 � 19.939 � 0.101 � 19.940�0.030 � 0.102�0.001 � 99.00�0.20
9***� 99.92�0.01 � 20.106�0.002 � 0.008�0.001 � 20.110�0.050 � 0.0080�0.0002 � 99.90�0.10

10***� 99.98�0.01 � 20.117�0.002 � 0.002�0.001 � 20.120�0.010 � 0.0020�0.0001 � 99.99 � 0.07 + 0.001
������������������������������������������������������������������������������������

* The sample was obtained by dilution of sample no. 7 (Aldrich) with distilled water.
** D2O conversion was performed by reaction with iron powder at 650�C.

*** Reference samples produced by Aldrich.

Table 2. Results of elemental analysis of oxygen-containing compounds with different atomic fractions of deuterium
������������������������������������������������������������������������������������

Compound
�

D, at. %
� Content, wt %

� ���������������������������������������������������������������
� � C � H � D � O � N

������������������������������������������������������������������������������������
Dimethyl- � 99.5* � 44.980 � 0.044 � 17.519 � 19.972 � 17.485
formamide-d7,� � � � � �
C3D7ON** �

�����

�

������

�

������

�

������

�

������

�

������

�

99.50�0.12

�

44.980�0.050

�

0.0450�0.0001

�

17.520�0.020

�

19.975�0.050

�

17.490�0.020
� 70 � 46.179 � 2.713 � 12.654 � 20.503 � 17.951
�
�����

�
������

�
������

�
������

�
������

�
������

�
70.00�0.18

�
46.200�0.120

�
2.710�0.006

�
12.650�0.030

�
20.510�0.050

�
17.950�0.050

� 50 � 47.029 � 4.605 � 9.204 � 20.881 � 18.281
�
�����

�
������

�
������

�
������

�
������

�
������

�
50.00�0.15

�
47.000�0.140

�
4.610�0.013

�
9.200�0.027

�
20.890�0.050

�
18.270�0.050

� 20 � 48.364 � 7.576 � 3.786 � 21.474 � 18.800
�
�����

�
������

�
������

�
������

�
������

�
������

�
19.97�0.05

�
48.360�0.120

�
7.580�0.020

�
3.780�0.010

�
21.480�0.060

�
18.800�0.050

� 1 � 49.249 � 9.547 � 0.193 � 21.867 � 19.144
�
�����

�
������

�
������

�
������

�
������

�
������

�
0.99�0.01

�
49.240�0.100

�
9.550�0.030

�
0.190�0.002

�
21.870�0.060

�
19.150�0.050

������������������������������������������������������������������������������������
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Table 2. (Contd.)
������������������������������������������������������������������������������������

Compound
�

D, at. %
� Content, wt %

� ���������������������������������������������������������������
� � C � H � D � O � N

������������������������������������������������������������������������������������
2-Propan- � 99.5 � 56.221 � 0.047 � 18.769 � 24.963 � �

one-D �
�����

�
������

�
������

�
������

�
������

�
������

(acetone-d6) �
99.50�0.12

�
56.220�0.070

�
0.050�0.0002

�
18.770�0.020

�
24.960�0.030

�
�

� 70 � 57.829 � 2.912 � 13.582 � 25.677 � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
70.00�0.13

�
57.830�0.100

�
2.910�0.006

�
13.580�0.025

�
25.680�0.050

�
�

� 50 � 58.973 � 4.949 � 9.893 � 26.185 � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
50.00�0.11

�
59.000�0.120

�
4.950�0.010

�
9.900�0.020

�
26.190�0.052

�
�

� 20 � 60.776 � 8.161 � 4.078 � 26.985 � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
20.00�0.05

�
60.800�0.150

�
8.160�0.020

�
4.080�0.010

�
27.000�0.067

�
�

� 1 � 61.976 � 10.298 � 0.208 � 27.518 � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
1.01�0.01

�
62.000�0.130

�
10.300�0.030

�
0.210�0.002

�
27.520�0.050

�
�

2-Methyl-2- � 99 � 57.132 � 0.120 � 23.722 � 19.026 � �

propanol-d10 �
�����

�
������

�
������

�
������

�
������

�
������

(tert-buta- �
99.00�0.12

�
57.130�0.080

�
0.1200�0.0002

�
23.720�0.025

�
19.030�0.040

�
�

nol-d10)
� 70 � 59.188 � 3.725 � 17.377 � 19.710 � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
70.00�0.14

�
59.190�0.090

�
3.720�0.007

�
17.380�0.030

�
19.710�0.040

�
�

� 50 � 60.694 � 6.367 � 12.728 � 20.211 � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
50.00�0.10

�
60.700�0.100

�
6.370�0.013

�
12.730�0.025

�
20.200�0.040

�
�

� 20 � 63.102 � 10.591 � 5.293 � 21.014 � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
19.99�0.04

�
63.100�0.150

�
10.590�0.020

�
5.290�0.010

�
21.020�0.050

�
�

� 1 � 64.729 � 13.445 � 0.271 � 21.555 � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
0.995�0.005

�
64.730�0.150

�
13.450�0.020

�
0.270�0.002

�
21.550�0.050

�
�

Toluene-�-D � 99 � 90.271 � 7.587 � 2.142 � � � �

�
����� �

������
�
������

�
������

�
������

�
������

�
98.92�0.13

�
90.270�0.130

�
7.590�0.010

�
2.140�0.003

�
�

�
�

� 70 � 90.555 � 7.925 � 1.520 � � � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
70.04�0.18

�
90.550�0.270

�
7.930�0.023

�
1.520�0.004

�
�

�
�

� 50 � 90.752 � 8.160 � 1.088 � � � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
50.11�0.09

�
90.760�0.180

�
8.150�0.016

�
1.090�0.002

�
�

�
�

� 20 � 91.050 � 8.514 � 0.436 � � � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
19.94�0.05

�
91.050�0.220

�
8.520�0.018

�
0.435�0.001

�
�

�
�

� 1 � 91.238 � 8.740 � 0.022 � � � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
1.006�0.005

�
91.220�0.080

�
8.745�0.025

�
0.0220�0.0001

�
�

�
�

Toluene-d8 � 99.5 � 83.946 � 0.040 � 16.014 � � � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
99.47�0.10

�
83.950�0.080

�
0.0400�0.0001

�
16.010�0.016

�
�

�
�

Benzene-d6 � 99.6 � 85.658 � 0.029 � 14.313 � � � �

�
�����

�
������

�
������

�
������

�
������

�
������

�
99.58�0.15

�
85.660�0.090

�
0.0300�0.0001

�
14.310�0.020

�
�

�
�

1-Phenyl- � 99 � 89.664 � 8.475 � 1.861 � � � �

ethane-1-D �
�����

�
������

�
������

�
������

�
������

�
������

�
98.92�0.11

�
89.660�0.180

�
8.480�0.010

�
1.860�0.010

�
�

�
�

2-Methyl-2- � 98 � 63.965 � 12.105 � 2.630 � 21.300 � �

propan(ol-D) �
�����

�
������

�
������

�
������

�
������

�
������

�
98.00�0.11

�
63.960�0.160

�
12.110�0.030

�
2.630�0.008

�
21.300�0.060

�
�

Acetoni- � 99.6 � 54.519 � 0.027 � 13.665 � � � 31.789
trile-d3 �

�����
�
������

�
������

�
������

�
������

�
������

�
99.64�0.16

�
54.520�0.110

�
0.0300�0.0001

�
13.670�0.020

�
�

�
31.780�0.060

Ethan(oic-D) � 98 � 39.355 � 4.987 � 3.235 � 52.423 � �

acid (acetic �
�����

�
������

�
������

�
������

�
������

�
������

acid O�D) �
98.15�0.27

�
39.350�0.110

�
4.990�0.014

�
3.240�0.009

�
52.420�0.130

�
�

������������������������������������������������������������������������������������
* Numerator: calculated; denominator: found.

** Oxygen was determined in the O channel of the Carlo Erba 1100 gas-chromatographic elemental analyzer.
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fidence level P = 0.95 and significance level f = 0,
l = 9, which is equal to 2.26.

An independent determination of oxygen was per-
formed in the O channel of the Carlo Erba 1100 gas-
chromatographic elemental analyzer in the form of
CO, after reductive pyrolysis of the sample over acti-
vated carbon. The pyrolysis was performed in a quartz
tube with the following packing (cm): quartz wool, 1;
thin twisted silver wire, 4; activated carbon, 15; and
quartz crumb, 1. The temperature of the quartz tube in
the pyrolysis zone and in the upper part of the reduc-
tion zone was 1120�5�C. The carrier gas was He or
Ar. The flow rate of the carrier gas in the O channel
was 20 ml min�1. Pyrolysis of organic compounds
yields oxygen in the form of CO, CO2, H2O, D2O,
HOD, and molecular oxygen. After passing through
a bed of activated carbon, the gas mixture mainly con-
sists of He (or Ar), CO, and CO2, with minor im-
purities of H2 and CH4. The mixture was analyzed
by gas-adsorption chromatography on a column (l =
2.5 m, d = 3 mm) packed with zeolite 5A at 118�2�C,
using a thermal-conductivity detector (carrier gas He
or Ar). As reference channel we used the C, H channel
of the same device.

The results of elemental analysis of samples of
organic compounds with different atomic fractions of
deuterium are listed in Table 2.

Our results show that, in contrast to the results of
[2], the atomic fraction of deuterium can be deter-
mined in the range 1�99% with a 0.1�0.5% accuracy.
Furthermore, the method suggested in [2] involves
additional problems (determination of empirical coef-
ficients) and is applicable to a limited group of organ-
ic compounds.

CONCLUSION

The developed gas-chromatographic method for
quantitative determination of deuterium has no limita-
tions with respect to structure of organic compounds
and ensures a high accuracy (0.1�0.5%) in a wide
range of deuterium content (1�99%).
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Abstract�A study was made of the chemiluminescence in the course of initiated oxidation of sunflower oil
with a luminescence activator in the presence of natural phenols. The kinetic parameters k2/�

�

k1 were de-
termined, which take into account the appearance of chemiluminescence and characterize the antioxidative
activity of the phenols.

Antioxidative stabilization of fats, oils, fat-contain-
ing foodstuff, and pharmaceuticals is practical prob-
lem of current interest, which can be solved by using
natural phenolic antioxidants [1]. Application of plant
phenols as inhibitors of radical-chain oxidation in
vegetable oils requires that the antioxidative activity
(AOA) of these phenols should be estimated and their
action in complex substrates be taken into account.

In this study, we examined the antioxidative activ-
ity of natural phenols in sunflower oil and revealed
the specific features of chemiluminescence (CL) in
the course of inhibited oxidation of the oil.

EXPERIMENTAL

Commercial oil produced from sunflower seeds,
whose initial physicochemical characteristics were
specified by GOST (State Standard) 1129�93, was
used without further purification. Pure-grade ethyl-
benzene (ETB) and chlorobenzene were purified by
the standard procedure [2]. As the source of free
radicals served pure-grade azobis(isobutyronitrile)
(AIBN) double-recrystallized from absolute ethanol
and benzoyl peroxide purified by the procedure from
[3]. We used 9,10-dibromoanthracene (DBA) and
1,10-phenanthroline complex of europium thenoyltri-
fluoroacetonate (Eu chelate) as CL activators. Syn-
thesis and purification of DBA and Eu chelate were
described in [4, 5]. Plant phenols and p.a.-grade Ionol
(Merck) were used without further purification.
The CL kinetics in the course of inhibited oxidation

was followed using a setup whose schematic was
described in [6]. The formulas of the phenols studied
are presented below:

�
�
��
�

COOH

R1

R2

R3
�
�
��
�

COOH

R1

R2

R3

R1 = R2 = R3 = OH, gallic acid
R1 = R2 = OH, R3 = H, pyrocatechic acid
R1 = R3 = OCH3, R2 = OH, syringic acid

R1 = OCH3, R2 = OH, R3 = H, vanillic acid
R2 = OH, R1 = R3 = H, p-hydroxybenzoic acid

�
��
�

C�C�COOH
H

H

R2

R1

R1 = R2 = OH, caffeic acid
R1 = OCH3, R2 = OH, ferulic acid

�
�
��
��

�

OH

R5

R4

R3

R2

R1

R2 = R4 = OH, R1 = R3 = R5 = H, phloroglucinol
R3 = CH3, R1 = R5 = C(CH3)3, R2 = R4 = H, Ionol
R2 = OH, R1 = R3 = R4 = R5 = H, resorcinol
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Fig. 1. (a) Kinetics of variation of I /I0 in the course of initiated oxidation of the oil (1) in a 1 : 1 oil : chlorobenzene mix-
ture and (2�5) in the presence of phenols (c = 5 � 10�4 M) and (b) the dependence of �I on (1) the concentration of gallic acid,
[PhOH], and (2) �I 2/ [PhOH]2 in the course of initiated oxidation of oil in a 1 : 1 oil : chlorobenzene mixture. (a) [DBA] =
2 � 10�3 M, T = 343 K, [AIBN] = 2 � 10�2 M; (b) Vi =2.2 � 10�6 M. (I ) CL intensity and (�) time. (a): (2) Ionol, (3) ferulic
acid, (4) phloroglucinol, and (5) pyrocatechic acid.
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We estimated the kinetic parameters of the antiox-
idative action of phenols PhOH in the course of ox-
idation of the oil by the CL method based on measur-
ing the luminescence (I0) arising during homolytic
oxidation of organic substances with oxygen [7]. Elec-
tronically excited products of this reaction are typical-
ly yielded by recombination of peroxy radicals ROO .:

ROO. + ROO. � [ROOOOR] � R�O* � R�O + h�.
k1

(1)

In the presence of inhibitors, the reaction between
peroxy radicals is suppressed, and the CL decays (I )
or completely disappears:

ROO. + PhOH � ROOH +PhO..
k2 (2)

AIBN-initiated oxidation of sunflower oil with or
without DBA activator was carried out in a 1 : 1 oil :
chlorobenzene mixture. The phenolic antioxidant was
introduced into the system after all the natural anti-
xodants of oil, tocoferols, were spent and the CL in-
tensity attained saturation, I0. Figure 1a shows three
types of kinetic curves describing variation of I/I0
upon introduction of the phenols into the oil. It is seen
that only Ionol and syringic acid exhibit classical pat-
terns [the luminescence intensity decreases upon in-
troduction of inhibitor (I ), whereupon it regains the
initial value of I0 as the antioxidant is consumed].
The second type of kinetic curves is characteristic of
phloroglucinol, resorcinol, pyrocatechic acid, gallic
acid, and ethyl gallate: Upon introducing these phenols
into the oil, the luminescence intensity increases, rath-
er than decreases. On introducing into the oil the re-
maining phenols (quercetin, caffeic, syringic, ferulic,
vanillic, and p-hydroxybenzoic acids, rutin, and aliz-
arine) the CL intensity initially decreases and then
increases, exceeding I0 (Fig. 1a). Evidently, the final
products of transformation of the phenols do not af-
fect the CL, since all the kinetic curves of CL tend to
I/I0 � 1, which corresponds to the time at which the
phenolic antioxidant is fully exhausted.

The nonclassical influence of the phenols on the CL
of the oil being oxidized could seemingly be accounted
for by the lack of antioxidative properties of these
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Table 1. Induction periods for initiated oxidation and high-temperature autooxidation of ethylbenzene and sunflower oil
in the presence of the phenols*

������������������������������������������������������������������������������������

Compound
� �, min, 343 K � �, min, 393 K
������������������������������������������������������������������
� ETB, [AIBN] = 1.1 � 10�2, M � oil, [AIBN] = 2.0 �10�2 M � ETB � oil

������������������������������������������������������������������������������������
Ethyl gallate � 35 � 30 � 570 � 125
Gallic acid � 31 � 22 � 240 � 105
Caffeic acid � 28 � 26 � 250 � 85
Pyrocatechic acid � 30 � 18 � 500 � 45
Syringic acid � 23 � 5 � 140 � 35
Ferulic acid � 19 � 5 � 145 � 30
Rutin � 18 � 7 � 70 � 25
Vanillic acid � 11 � 3 � 90 � 35
Alizarine � 10 � 3 � 30 � 25
Phloroglucinlol � 29 � 4 � 110 � 15
p-Hydroxybenzoic acid � 7 � 3 � 90 � 25
������������������������������������������������������������������������������������
* The phenol concentration is 5 � 10�4 in initiated oxidation and 5 � 10�5 M in high-temperature autooxidation.

substances in oil. However, a parallel gas-volumetric
study showed that all the phenols inhibit to a certain
extent the oxidation of the oil, by reacting with per-
oxy radicals with chain termination (Table 1). We
compared the induction periods � for initiated oxida-
tion of the oil and a model hydrocarbon substrate eth-
ylbenzene and found that, on going from saturated
(ethylbenzene) to a more complex unsaturated (oil)
substrate, the phenols preserved the AOA. Also pre-
served were the trends in variation of this activity
along the series of phenols differing in the structure.
The most efficient inhibitors of the oil oxidation are
ortho polyphenols: gallic acid and ethyl gallate, caf-
feic acid, and quercetin. Notably, the AOA of the
phenols in the oils most prominently decreases rela-
tive to ethylbenzene in the case of high-temperature
oxidation (Table 1). A decrease in the activity of the
phenols in the oil may be due to a number of factors,
among which the chain propagation via phenoxy rad-
icals seems to be the most essential.

Special experiments on the CL in phenol-inhibited
oxidation of the oil showed that the phenols and their
transformation products are not common photosen-
sitizers. Without luminescence activators, the CL in-
tensity during the oil oxidation is very weak and lies
below the detection limit of the CL setup. Therefore,
we studied CL in the oil in the presence of activators
only. We found that, on going from DBA activator to
Eu chelate, the degree of enhancement of CL by the
phenols remains unchanged during the induction pe-
riod of oxidation; the enhancement of luminescence
on introducing the phenols into the oil is preserved
upon changing to another initiator; without initiator and

upon termination of the oxygen supply no CL is ob-
served. With increasing initiation rate Vi (at [PhOH] =
const), Imax tends to linearly grow, and at a constant
AIBN concentration Imax tends to increase with in-
creasing phenol concentration and reaches a constant
value at a certain concentration of the phenol. These
data agree with our earlier conclusions [8] that the fac-
tor responsible for the additional luminescence in
the substrates being oxidized (ethylbenzene, cumene,
methyl ethyl ketone) is the reaction between the phen-
oxy PhO . and peroxy radicals, yielding a phenol trans-
formation product (quinone) in an electronically ex-
cited state, capable of light emission during transition
to the ground state:

PhO. + ROO. � products.
k3 (3)

Thus, the CL intensity in the induction period in
inhibited oxidation of the oil will depend on the con-
tributions from all the reactions giving rise to [re-
actions (1) and (3)] and quenching [reaction (2)]
the luminescence and will be described by the ex-
pression

I = k1�1 [ROO. ]2 + k3�3 [ROO. ][PhO. ]. (4)

Here, k1, k3, �1, and �3 are the rate constants and
quantum yields of reactions (1) and (3), respectively.

If [PhOH] = 0, [PhO.] = 0, then I = I0 =
k1�1[ROO

.
]2 = �1Vi. With increasing [PhOH],

[PhO.] tends to grow, and at a high phenol con-
centration [PhP

.
] >> [ROO

.
]; hence, I = Imax =

k3�3 [ROO
.
][PhO

.
] = const.
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In contrast to the case of ethylbenzene [8], the CL
in the oil is enhanced during the induction period of in-
hibited oxidation in the presence of activator. This can
be associated with the influence exerted by the polar-
ity of the substrate on the CL in reaction (3). To eluci-
date how the polarity of the medium affects Imax , we
studied CL of the oil in the presence of the phenols
upon introduction into the oil of a nonpolar solvent,
benzene. The results are presented in Fig. 2a; it is
seen that Imax tends to decrease with increasing ben-
zene content in the system. This supports our earlier
conclusions [8] that, in polar media, the energy levels
of the forming excited product get higher; also, the
probability of transition of quinone from the excited
singlet state QS1

to the excited triplet state QT1
in-

creases. A portion of the excited triplet molecules
have time to transfer the excitation energy to the ac-
tivator A:

(5)ROO. + PhO. � QS1
����� QT1

� Q + A*.
k3 Polar nolecule 
A

The intensity of CL in reaction (3) in the oil varies
with the structure of the phenol and activity of the
corresponding radical. This luminescence is charac-
teristic only of the phenols capable of forming qui-
nones by reaction (3). We characterized the activity of
the phenoxy radicals in this reaction by the electron
affinity EA, which was calculated by the AM1 quan-
tum-chemical semiempirical method in the software
package [9] by the formula

EA = H0
Ph

. � H0
PhO

. .

Here, EA is the adiabatic electron affinity, and H0
Ph

.

and H0
PhO

. , the standard heats of formation of phenoxy
radical anion and radical, respectively.

Figure 2b shows that, with increasing electron af-
finity of the phenoxy radical, CL in the induction pe-
riod of oil oxidation inhibited by the corresponding
phenol tends to increase in intensity. This supports the
suggested mechanism of occurrence of an additional
luminescence in the reaction involving phenoxy radical.

Since the introduction of the phenols into the oil
being oxidized enhances CL, the rate constants k2 of
the reactions of these phenols with peroxy radicals of
the oil cannot be calculated by the conventional pro-
cedure [7]. We calculated these constants by the pro-
cedure taking into account the CL by reaction (5) as
well [10]. According to this procedure, the lumines-
cence intensity in the presence of a phenol is described
by Eq. (4). Based on the kinetic scheme of inhibited
oxidation [1] and taking into account the steady-state

Fig. 2. Imax /I0 vs. (a) benzene concentration [C6H6] in
a 1 : 1 oil : chlorobenzene mixture in the presence of
pyrocatechic acid (c = 4 � 10�4 M) and (b) calculated
electron affinity EA of phenoxy radicals. (a) [AIBN] =
2 � 10�2, [DBA] = 2 � 10�3 M, T = 343 K; (b) [PhOH] =
5 � 10�4 M. (1) phloroglucinol, (2) ethyl gallate, (3) gallic
acid, (4) pyrocatechic acid, and (5) resorcinol.

concentration in the system of ROO
.

and PhO
.

radi-
cals, we can write

d[ROO.]
������ = Vi � k1 [ROO.]2 � k2 [ROO.][PhOH] = 0,

dt

����� = k2 [ROO.][PhOH] � k3 [ROO.][PhO.] = 0.
d[PhO.]

dt

By substituting [ROO
.
] and [PhO

.
] into Eq. (4),

we obtain

	I = (
3 � 2
1) �����
k2 [PhOH]22

k1
��1 + ����� �

_ 1�.
V i k1

k2 [PhOH]22
�


 �

�

�1/2 �

��
(6)

Equation (6) is mathematically transformed into

	I = ������ Vi � ���������� ������ ,
�3 � 2�1

2

k1

2(�3 � 2�1)k2
2

	I 2

[PhOH]2
(7)

where �I = Imax � I0 and �1 and �3 are the quantum
yields of CL for reactions (1) and (3), respectively.
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Table 2. Calculated parameters k2 /�k1
�

of selected phenols in initiated (AIBN) oxidation of ethylbenzene
(Vi = 4.9 � 10�7 mol l�1 s�1) at T = 343 K
������������������������������������������������������������������������������������

Phenol
� k2 /�k1

�
, l1/2 mol�1/2

s�1/2 �
Phenol

� k2 /�k1
�

, l1/2 mol�1/2
s�1/2

��������������������������������	 �����������������������������
�oil : chlorobenzene = 1 : 1� ethylbenzene � �oil : chlorobenzene = 1 : 1� ethylbenzene

�����������������������������������������
������������������������������������������
Ethyl gallate� (9.9�0.2)�101 � (1.5�0.1)�102 �Pyrocatechic acid� 8.0�0.2 �(2.0�0.1)�101

Gallic acid � (6.9�0.2)�101 � (1.30�0.09)�102 �Phloroglucinol � 1.10�0.04 � 2.6�0.1
������������������������������������������������������������������������������������
* The initiation rate Vi for sunflower oil was estimated as Vi = f [PhOH]/� with Ionol (inhibition coefficient f = 2 [11]) as reference

inhibitor.

To calculate k2 /�k1
�

, we constructed the �I-vs.-
[PhOH] plots (Fig. 1b), which were then linearized in
the coordinates of Eq. (7). The �1 � 2�2 parameters
were estimated from the intercepts on the ordinate, and
k2/�k1

�
, from the slope of the corresponding straight

lines (Fig. 1b). Table 2 lists the k2/�k1
�

parameters
calculated by this procedure for selected phenols in
the oil against those in ethylbenzene. It is seen that
these parameters exhibit similar trends in the series
of the phenols studied and that the k2/�k1

�
parameters

for the oil are lower, which is also a reason for the de-
crease in AOAs of the phenols in the oil.

CONCLUSION

In the course of inhibited oxidation of sunflower
oil with luminescence activator in the presence of
natural phenols, chemiluminescence is prominently
enhanced in the induction period due to the influence
exerted by the substrate (oil) on the luminescence
arising in the reaction between phenoxy and peroxy
radicals. The chemiluminescence intensity measured
depends on the total contribution from the reactions
responsible for the generation and quenching of lu-
minescence in the system. The kinetic parameters for
the oil oxidation, characterizing the antioxidative ac-
tivity of the phenols, suggest a higher reactivity of nat-
ural ortho polyphenols (gallic acid and ethyl gallate,
caffeic acid, and quercetin), compared to other phe-
nols studied. At the same time, the antioxidative ac-
tivity of the phenols in the oil is, on the whole, much
lower than that in the case of ethylbenzene.
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Abstract�A graft copolymer simulating glycoprotein was prepared by reaction of poly-N-methacryloyl-
aminodeoxyglucose containing terminal amino group with a copolymer of N-vinylpyrrolidone and acrylic
acid N-hydroxysuccinimide ester.

Synthetic glycopolymers attract growing research-
ers’ interest as polymeric carriers for biologically
active substances, immunomodulators, and as objects
for studying molecular biorecognition mechanisms
[1�5]. The molecular recognition is based on a spe-
cific interaction of macromolecular systems contain-
ing, in particular, carbohydrate and peptide fragments.
Detailed understanding of the mechanisms of this in-
teraction in natural polymeric systems is difficult be-
cause of their complex chemical and supramolecular
structure. In this context, it is appropriate to study
model systems with controllable chemical structures.
Suitable objects are synthetic water-soluble polymers
that contain recognizing fragments: carbohydrates,
oligosaccharides, oligopeptides, or proteins. In this
study, we developed a method for preparing a model

system, graft copolymer with poly-N-vinylpyrrolidone
(PVP) backbone (a model of peptide chains) and poly-
vinyl saccharide (namely, poly-N-methacryloylamino-
deoxyglucose, PMAG) side chains.

Linear and cross-linked random copolymers of
N-vinylpyrrolidone (VP) and other vinylamides with
vinyl saccharides were described in [6�8]. Graft co-
polymers based on these monomers have been un-
known previously.

The desired graft copolymers were prepared by
reaction of a copolymer of N-vinylpyrrolidone and
acrylic acid N-hydroxysuccinimide ester (VP�AA
HSIE) with PMAG containing terminal primary
amino group (PMAG-NH2):
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Hydrodynamic characteristics and molecular weights of polymers
������������������������������������������������������������������������������������

Polymer �s, Svedberg units� Fraction, % � Ms � 10�3 � [�], dl g�1 � M� � 10�3

������������������������������������������������������������������������������������
VP�AA HSIE copolymer � 1.5 � >90 � 25 � 0.12 � 19
PMAG-NH2 � 1.7 � 56 � 7 � 0.06 � 30

� 3.2 � 37 � 27 � �
Reaction product � 2.3 � 60 � � � Not de- � �

� 3.9 < s < 5.0 � 40 � � termined �
������������������������������������������������������������������������������������

EXPERIMENTAL

The procedures for purifying N-vinylpyrrolidone and
preparing AA HSIE were described in [9]. The VP�
AA HSIE copolymer (88 : 12 mol %) was prepared
by radical copolymerization of the corresponding
monomers; after isolation, its composition was deter-
mined [9, 10]. PMAG-NH2 was prepared by radical
polymerization of the monomer in the presence of
a chain-transfer agent, amino-containing mercaptan;
it was characterized according to [11, 12]. To study
the hydrodynamic characteristics of VP�AA HSIE
copolymer and of a mechanical blend of the starting
polymers with VP�AA HSIE copolymer, the reactive
groups were removed with n-butylamine.

Exclusion chromatography of the polymers was
performed on a KhZh-1309 gel microchromatograph
(Scientific and Technical Society, USSR Academy of
Sciences) equipped with a refractometric detector
[13]. A 0.5 � 367-mm column was packed with TSK
G3000PW sorbent (Japan); the eluent was 0.05 M
sodium trifluoroacetate in water.

The centrifugal sedimentation of polymers was
studied in 0.2 M NaCl on a Beckman XLI analytical
ultracentrifuge in two-sector cells (12 mm) with tita-
nium inserts at 57000 rpm. Rayleigh interference
optics served as an optical recording system. Solutions
of a concentration c = 0.15 � 10�2 g cm�3, corre-
sponding to strong dilution (c[�] << 1), were studied.
The sedimentograms were processed using the Sedfit
program [14]. The program allows the choice of the
best numerical solution of the general Lamm sedimen-
tation equation [14] for a set of noninteracting par-
ticles (molecules). The set of such solutions gives
the total calculated interferograms that fit the exper-
imental interferograms to the maximum possible ex-
tent. By this procedure we obtain the sample distribu-
tion with respect to sedimentation coefficients, which
may be multimodal (multipeak) in the general case.
The program allows determination of the weight frac-
tion of each distribution; the sum of all the fractions
is unity. The floatability factor 1 � ��0 of the system

was determined from the measured densities of solu-
tions of various concentrations (DMA Kratky den-
simeter [15], Anton Paar, Graz, Austria).

The high reactivity of polymeric AA HSIE [16] al-
lows its reaction with amines to be performed at room
temperature. The reaction between the starting poly-
mers was performed in dimethylformamide for 24 h at
room temperature. Then n-butylamine was added to
remove unchanged AA HSIE groups. The reaction
product was isolated by precipitation into ethanol, in
which PMAG is insoluble [12], but PVP is soluble.

The molecular weights M� of the starting polymers,
PMAG-NH2 and VP�AA HSIE copolymer con-
taining 12.0 mol % AA HSIE units, were calculated
from the intrinsic viscosity, using the Kuhn�Mark�
Houwink�Sakurada (KMHS) relationships [10, 12]
(see table). Since the content of AA HSIE units was
low, M� of VP�AA HSIE copolymer was calculated
with the equation obtained for PVP [10].

A sedimentation analysis showed that the starting
VP�AA HSIE copolymer has a unimodal distribution,
whereas PMAG-NH2 is bimodal. When estimating
Ms from the sedimentation coefficients, we used
the following relationships: s0 = 3.55 � 10�15M 0.44

(for PMAG) [12] and s0 = 1.28 � 10�15M0.47 (for PBP)
[10]. The M values calculated from the intrinsic vis-
cosity and sedimentation coefficient are reasonably
consistent (see table).

In the distribution of the reaction product with re-
spect to the sedimentation coefficient, there is a frac-
tion with the sedimentation coefficient of 2.3 Sved-
berg units, close to that found for the starting poly-
mers (see table). At the same time, another fraction
appears, with the sedimentation coefficients distri-
buted in a wider range: 3.9 < s < 5.0 Svedberg units.
This fact suggests the presence of heavier macromole-
cules of the graft copolymer. It is known that the sedi-
mentation coefficient s is directly proportional to M
and inversely proportional to the size of a moving
molecule [17]. Therefore, we can generally determine
from the sedimentation coefficient only the ratio M/R,
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where R is the hydrodynamic size of the molecule in
friction. Estimation of the molecular weight of the
graft copolymer from a single hydrodynamic charac-
teristic seems to be impossible, because KMHS-type
correlations for it are unknown.

Comparison of the chromatograms (see figure) of
the starting VP�AA HSIE and PMAG�NH2 copoly-
mers, their mechanical blend, and reaction product
shows that, in contrast to the blend of the starting
polymers, the chromatogram of the reaction product
contains new peaks with small retention volumes.
These peaks suggest the formation of graft copolymers
of higher molecular weight, compared to the starting
polymers, which is consistent with centrifugal sedi-
mentation data.

In independent experiments, we obtained the den-
sity increment ��/�c of the reaction product, from
which we determined its specific partial volume: � =
0.707 cm3 g�1. From this value, it is possible to esti-
mate, to a first approximation, the composition of the
reaction product. This was done as follows. First, we
determined [10, 12] � for PVP and PMAG: �PVP =
0.778 and �PMAG = 0.669 cm3 g�1. The reaction prod-
uct was isolated by precipitation into ethanol, in which
PVP is soluble, but PMAG is not and precipitates. If
the low-molecular-weight peak in the sedimentogram
is due to the presence in the unchanged form of only
one of the starting polymers, PMAG, then the specific
partial volume corresponding to the graft copolymer
can be calculated from the following relationship
(assuming the additivity of the specific partial vol-
umes):

�product = �graft x + �PMAG (1 � x),

where x is the fraction of the graft copolymer in
the reaction product.

We obtain �graft = 0.764 cm3 g�1, which can be
used for estimating the composition of the graft
copolymer:

�graft = �PVP y + �PMAG (1 � y),

where y is the PVP fraction in the graft copolymer;
we obtained y = 0.35.

Thus, using two independent methods, we proved
the possibility of preparing graft copolymers by
the reaction of two polymers containing mutually
reactive activated ester and amino groups in the side
chain and at the end of the macromolecule, respec-
tively.

Chromatograms of the polymers. Eluent 0.05 M sodium
trifluoroacetate in water, elution rate 3 �l min�1, 25�C.
(V ) Retention volume. (1) PMAG-NH2, (2) VP�AA HSIE
copolymer, (3) mechanical blend of the starting polymers,
and (4) reaction product.

CONCLUSIONS

(1) A graft copolymer with polyvinylpyrrolidone
backbone and poly-N-methacryloylaminodeoxyglu-
cose side chains was prepared by the reaction of poly-
N-methacryloylaminodeoxyglucose with a copolymer
of N-vinylpyrrolidone and acrylic acid N-hydroxysuc-
cinimide ester.

(2) The hydrodynamic parameters of the copoly-
mer obtained were calculated.
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Abstract�Mechanical properties, optical transmission, surface topography, and dielectric loss are studied
for films formed by blends of polymers of vinyl chloride and methyl methacrylate with their copolymers.

The development of new polymeric materials based
on blends of large-scale polymers is one of the most
promising areas of research on the way to modifica-
tion of properties of polymers. In this context, a major
interest was focused on the system poly(methyl meth-
acrylate) (PMMA)�poly(vinyl chloride) (PVC), which
has been studied in detail by 2D NMR spectroscopy,
differential scanning calorimetry, X-ray diffraction [1],
electron microscopy [2], and microcalorimetry [3, 4].
It was concluded in most studies that PMMA and
PVC are incompatible [1, 5�7]. In particular, Li et al.
[7] have drawn such a conclusion on the basis of the
fact that two glass transition temperatures were found
over the entire composition range of the blends. Our
thought is that the compatibility of this pair of poly-
mers can be improved by introducing a third compo-
nent, vinyl chloride (VC)/methyl methacrylate (MMA)
copolymer, into the system. Therefore, the goal of this
study was to examine in detail blends of VC and
MMA homopolymers with VC/MMA copolymer.

EXPERIMENTAL

Homopolymerization of VC and MMA and copoly-
merization of these monomers were carried out by
the suspension method in a specially designed 3.5-l
laboratory autoclave equipped with a 200-rpm impel-
ler agitator, a doser, a sampler, and a cooling jacket.
The MMA and VC monomers met the requirements
of GOST (State Standard) 20370�74 and TU (Techni-
cal Specifications) 6-01-14�90. The content of the

main component in both cases was no less than 99.9%.
In synthesis of PVC and VC-rich copolymers, we used
as an emulsifier F-50 hydroxypropyl methyl cellulose
(HPMC) containing 28.5 wt % methoxy groups and
7.0 wt % hydroxypropyl groups. In preparation of
PMMA and MMA-rich copolymers, we used the sa-
ponification product of the copolymer of methacrylic
acid (78.8 wt %) and MMA (21.2 wt %). As initiators
we used di-2-ethylhexyl peroxydicarbonate (EHPC)
and lauryl peroxide (LP), and as chain-terminating
agents, 0.2 wt % lauryl mercaptans (in preparation of
MMA-rich copolymers) and 0.75 wt % trichloroeth-
ylene (TCE) (in preparation of VC-rich copolymers).
The liquor ratio (water to monomer ratio) was 2 : 1
and 5 : 1 in VC- and MMA-rich systems, respectively.
The synthesis of PMMA with low (<10 wt %) VC
content was carried out at 80�C. In this case, the re-
action mass was rapidly cooled after 1�3 h. The syn-
thesis of PVC and VC-rich copolymers was performed
at 66�C until the pressure in the autoclave decreased
by 0.5 atm, which corresponded to a 75% consump-
tion of VC. Copolymers with increased degree of
homogeneity (DH) were obtained by stepwise addition
of the more reactive monomer, MMA, under nitrogen
pressure. To the initial mixture of VC (800 g) and
MMA (40 g), three 40-g portions of MMA were added
at 3.5-h intervals. The polymers were separated from
the mother liquor on a Buchner funnel, washed with
distilled water, and dried in an oven at 60�C. The con-
version was determined gravimetrically. The composi-
tion of the VC/MMA copolymers was determined
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Fig. 1. Instantaneous composition of VC/MMA copolymer
vs. the molar conversion q. (m1) Mole fraction of VC units
in the copolymer. Mole fraction of VC in the monomer
mixture M10: (1) 0.348, (2) 0.615, (3) 0.941, and (4) 0.969.

from the chlorine content according to GOST 25303�
92. The method is based on complete burning of a
sample in an oxygen flow, followed by chlorine de-
termination by titration with mercury nitrate. The mo-
lecular weight (MW) of PVC and VC-rich copolymers
was determined viscometrically in cyclohexanone at
25�C, using the Mark�Kuhn�Houwink equation:

[�] = KM� (K = 1.37 � 10�4, � = 0.78).

For PMMA and MMA-rich copolymers, K =
5.91 � 10�4 and � = 0.57 (solvent methyl ethyl ke-
tone; temperature 30�C) [8]. The films were obtained
by casting organic solutions of the mixtures in hand

Table 1. Characteristics of VC�MMA copolymerization
products (75�90% conversion)
����������������������������������������

Prod- � VC content �
���������������������uct � � M� � 10�3

no. � wt % � mol % �
����������������������������������������

1 � 0 � 0 � 42.0 and 116.0
2 � 4.5 � 7.0 � 33.0
3 � 10.1 � 13.2 � 35.0
4 � 29.5 � 40.1 � �
5 � 46.5 � 58.2 � �
6* � 57.7 � 68.6 � �
7 � 68.1 � 77.4 � �
8** � 74.0 � 82.0 � 35.0
9 � 78.9 � 85.7 � 46.0

10 � 84.9 � 90.0 � 42.0
11 � 89.0 � 92.8 � 42.0
12 � 94.1 � 96.2 � 42.4
13 � 100 � 100 � 47.0 and 90.0

����������������������������������������
* Conversion 36.5%.

** Copolymer with increased compositional homogeneity.

onto a glass support. The film thickness ranged within
0.15 � 0.01 mm. The transmittance was determined
using a KF-77 photoelectric colorimeter. The films
with a transmittance of 100�80, 80�30, and <30%
were classified as transparent, semitransparent, and
opaque, respectively. The mechanical tests were per-
formed on an RMI-5 tensile-testing machine.

Copolymerization of VC with MMA is compli-
cated by the more rapid exhaustion of the more reac-
tive monomer. Figure 1 shows the conversion de-
pendences of the instantaneous composition of the
copolymer, estimated from the relative reactivity of
the monomers r1 = 0.11 and r2 = 12.73 (here and here-
inafter, indices 1 and 2 refer to VC and MMA, respec-
tively). It is significant that these values were obtained
from data on copolymerization [9]. It is seen from
Fig. 1 that, in copolymerization of the mixtures en-
riched with VC to a considerable extent, PVC homo-
polymer is formed even at intermediate conversions.
Therefore, to obtain the copolymer as the only prod-
uct, the process should be completed on reaching rel-
atively low (30�40%) conversions. This is cost-inef-
ficient, and, moreover, makes no sense if the goal is
to prepare PVC�PMMA copolymer blends. Therefore,
copolymerization of VC-rich VC�MMA mixtures was
performed until reaching the maximal conversions.
In this case, the product was a blend of PVC with
VC/MMA copolymer. The composition of such blends
was determined as follows. First, the conversion cor-
responding to the onset of PVC formation (conven-
tionally defined as that corresponding to 99 mol %
VC + 1 mol % MMA) was estimated from the theo-
retical dependence of the instantaneous composition
of the copolymer on the conversion. Second, the bulk
composition of the copolymer was determined as

qo� m
�

1 = M10 � M1(1 � qo� ),

where qo� is the conversion corresponding to the onset
of PVC formation (wt %); m�1, bulk composition of
the copolymer; and M10 and M1 are the initial and
instantaneous mole fractions of the monomer in the
mixtures.

Then we determined the PVC content (wt %) in the
copolymerization product:

PVC = qlim � qo� ,

where qlim is the experimental limiting conversion
(wt %).

Characteristics of the copolymerization products
are listed in Table 1. At [VC]/[MMA] < 1, they are
copolymers, and at [VC]/[MMA] > 1, a blend of the
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Fig. 2. Optical transmission of mixed films from PMMA
blends: (1) PMMA�MMA/VC copolymer (46.5 wt % VC),
(2) PMMA�MMA/VC copolymer of high compositional
homogeneity (74 wt % VC), (3) PMMA�MMA/VC copoly-
mer (78.9 wt % VC), (4) PMMA�PVC, and (5) PMMA�
copolymerization product (89% VC�11% MMA). (I) Optical
transmission and (c) PMMA content; the same for Fig. 3.

copolymer with PVC is formed. The relative contents
of the products, estimated by the above-described pro-
cedure, are listed in Table 2.

Figures 2 and 3 show the most typical dependences
illustrating how the composition of blends of MMA
and VC homopolymers with products of their copo-
lymerization affects the optical transmission of the re-
sulting films. The films from PVC�PMMA (Fig. 2,
curve 4) and PMMA�MMA/VC copolymer (curve 3)
blends are opaque at a low MMA contents (minimal
optical transmission is observed for the compositions
with 20�30 wt % MMA).

The copolymers with a considerable MMA content
(4.5, 10.1, 29.5, and 46.5 wt % VC) form transparent
films when taken in combination with both PMMA
and PVC over the entire composition ranges. Typical
examples are given in Figs. 2 and 3 (curves 1). This
is also true for the copolymer with a lower MMA
content (26 wt %), but with increased compositional
homogeneity (Figs. 2 and 3, curves 2).

The blends of the VC-rich copolymerization prod-
ucts (78.9, 84.9, 89.0, and 94.1 wt % VC) form
opaque films with PMMA and semitransparent films
with PVC (Fig. 2, curve 5; Fig. 3, curves 3�5).

For the blends containing VC/MMA copolymer
(10.1 wt % VC, 89.9 wt % MMA), the changing mo-
lecular weight of PMMA from 4.2 � 104 to 1.16 � 105

had no effect on the optical transmission of the film,
which was close to 100%, while increasing the mo-
lecular weight of PVC from 4.7 � 104 to 9.0 � 104

resulted in that the films became opaque (Fig. 3,
curves 1 and 6).

Fig. 3. Optical transmission of mixed films from PVC
blends: (1) PVC1�MMA/VC copolymer (10.1 wt % VC);
(2) PVC1�MMA/VC copolymer of high compositional
homogeneity (74 wt % VC); (3, 4, 5) PVC1�MMA/PC
copolymerization products containing (3) 94.1, (4) 89,
and (5) 84 wt % VC; and (6) PVC2�MMA/VC copoly-
mer (10.1 wt % VC). Molecular weight: PVC1 4.7 � 104

and PVC2 9.0 � 104.

PVC�PMMA�copolymer (or copolymerization prod-
uct) ternary blends were characterized by the Gibbs
diagrams. We measured the optical transmission of
the films over the entire composition range. The op-
tical transmission of ternary films mostly correlated
with that of the binary films containing common com-
ponents. If some copolymer or VC/MMA copolymer-

Table 2. PVC content in VC�MMA copolymerization
products
����������������������������������������

� VC content � � �PVC weight
��������������� � �Prod-� � � q2,* � fraction

uct � in � in � q1
* � wt % � in blends

no. �monomer�copoly-� � � with the
� mixture � mer � � � copolymer

����������������������������������������
� 0.969**� 0.925 � 0.410 � �

1 � ���� � ���� � ���� � 81.5 � 0.451
�

0.952
�

0.885
�

0.421
� �

� 0.941 � 0.873 � 0.465 � �
2 � ���� � ���� � ���� � 74.7 � 0.264

�
0.909

�
0.791

�
0.483

� �
� 0.914 � 0.829 � 0.500 � �

3 � ���� � ���� � ���� � 79.9 � 0.216
�

0.870
�

0.752
�

0.524
� �

� 0.889 � 0.680 � 0.328 � �
4 � ���� � ���� � ���� � 36.5 � �

�
0.833

�
0.570

�
0.365

� �
� 0.615 � 0.465 � 0.720 � �

5 � ���� � ���� � ���� � 79.0 � �

�
0.500

�
0.352

�
0.775

� �
����������������������������������������
* (q1, q2) Conversions corresponding to completion of copoly-

merization and of the whole process, respectively.
** The mole fraction is given in the numerator, and the weight

fraction, in the denominator.
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Fig. 4. Fields of compositions forming (I ) opaque and
(II ) transparent films in the system PVC�PMMA�copoly-
merization product (89 wt % VC, 11 wt % MMA), com-
posed by PVC and copolymer A (79.1 wt % VC, 20.9 wt %
MMA).

ization product forms transparent films, being taken in
combination with both PVC and PMMA, then, with
rare exception, ternary films are transparent also. For
example, the ternary films containing MMA-rich co-
polymers are mostly transparent. The ternary films
with copolymerization products with high VC content
form both transparent and opaque films. Let us con-
sider, for example, copolymerization product no. 11
(89 wt % VC�11 wt % MMA) (Table 1). It follows
from the results of a theoretical estimation by the
above-described procedure that this product is a mix-
ture of PVC (26.4 wt %) and VC/MMA copolymer
(79.1 wt % VC). Figure 4 shows the Gibbs diagram
with this copolymer as a separate component, but not
the copolymerization product as a whole. Its another
fraction, PVC, is summed with the corresponding
component added to the mixture.

Field II corresponds to the compositions of trans-
parent films, and field I, of opaque films. Binary
blends copolymer�PMMA cannot be obtained, as the
copolymer is initially mixed with PVC, and, therefore,
the corresponding axis is given as a dashed line. In
the PVC�PMMA axis, we distinguish a segment cor-
responding to PVC�PMMA blends forming opaque
films.

The use of VC/MMA copolymers with comparable
VC and MMA contents (31.9% MMA�68.1% VC;
42.3% MMA�57.7% VC) as the third component
provides formation of films with an optical transmis-
sion of 80%. In both cases, the most transparent films
are formed from blends containing 20% of the copo-
lymer, PVC (70�50%), and PMMA (10�30%). It was
interesting to analyze the correlations between the op-
tical transmission of the films and their structural and
mechanical characteristics. Data for films of close
compositions, containing from 80 to 83.6% VC, are
listed in Table 3. The lowest strength was observed
for opaque PMMA� PVC binary films, and the highest
strength, for transparent PMMA�PVC�copolymer
ternary films. With close total relative content of the
monomeric units, the increase in the strength appeared
to be rather significant (by a factor of about 2), with
the relative elongation remaining practically unchanged
(within 16�20%). The compositions selected for com-
parison contain large amounts of the VC units. Such
a decision was made taking into account such factors
as the low cost of the base monomer and the incom-
bustibility of PVC and PVC-based materials, which is
significant from the practical standpoint.

To elucidate the features characteristic of the trans-
parent and opaque films formed by PVC�PMMA
blend compositions, we performed dielcometric and
scanning electron microscopic experiments. Figure 5
shows the surface topography at side illumination of
the opaque film composed by a blend of 80% PVC
and 20% PMMA and also of the transparent film (I =
80%, Fig. 3) consisting of 70% PVC and 30% copoly-
mer (89% VC, 11% MMA). As seen, the surface of
the opaque film is more developed, with grains 2,5�
3 �m in size. On the surface of the opaque film, the
intergrain boundaries are more diffuse, and the grains
are considerably smaller, being about 1 �m in size.
Data on the surface topography of the films at normal
illumination show considerable differences in the sur-
face roughness (1.66 and 0.14 �m for opaque and
transparent films, respectively), also suggesting that
the surface of the opaque films is more developed.

Since formation of a highly developed rough sur-
face is thermodynamically unfavorable because of

Table 3. Strength and optical transmission of binary and ternary mixtures of MMA and VC copolymers
������������������������������������������������������������������������������������

Composition, wt % � Total VC and MMA contents, wt % ��, MPa� I, %
������������������������������������������������������������������������������������
20 PMMA�80 PVC � 20 PMMA�80 PVC � 1.34 � 5
20 copolymer (89.9 MMA�10.1 VC)�80 PVC � 18 PMMA�82 PVC � 2.08 � 100
20 copolymer (31.9 MMA�68.1 VC)�10 PMMA�70 PVC � 16.4 PMMA�83.6 PVC � 2.90 � 80
20 copolymer (42.3 MMA�57.7 VC)�10 PMMA�70 PVC � 18.5 PMMA�81.5 PVC � 2.46 � 80
������������������������������������������������������������������������������������
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the higher surface free energy as compared to a smooth
surface, it may be concluded that formation of a
smooth surface is impeded by the incompatibility of
the components. The surface of the transparent film
is considerably less rough, suggesting better com-
patibility of the components in this case.

Figure 6 shows the temperature dependence of the
dielectric loss tangent for the films formed by PVC,
PMMA, a blend of 80% PVC and 20% PMMA, and
binary and ternary blends containing the copolymeri-
zation product (89% VC, 11% MMA). For the blend
polymer (curve 1), a characteristic plateau is observed,
while the curves of the homopolymers pass through
a maximum corresponding to the glass transition (75
and 110�C for PVC and PMMA, respectively). It may
be suggested that the weakly pronounced plateau in
curve 3 (Fig. 6) is a result of superposition of the
peaks characteristic of the components of an incom-
patible or partly compatible polymer blend. In all
the cases of the binary and ternary blends of the co-
polymers with the homopolymers, only one peak is
observed.

The results show that the properties of the films
formed by blends of PVC and PMMA and VC/MMA
copolymers depend on the extent of compatibility of
the components. The dielcometric data obtained for
the blends containing the copolymers suggest a higher
level of compatibility of the components as compared
to PMMA�PVC blends, which is also supported by
the SEM data. Therefore, it may be concluded that
the effect of interpenetration of the polymer networks
in PVC�PMMA mixtures is considerably enhanced
in the presence of VC/MMA copolymers. As a result,
the polymer blend becomes more homogeneous, which
is reflected, in particular, in erosion of the phase
boundaries as a result of formation of a transition
layer consisting of segments of all the components.

CONCLUSIONS

(1) Suspension copolymerization of vinyl chloride
with methyl methacrylate can be performed to high
conversions over a wide range of compositions of
monomer mixtures. In PVC-rich systems, poly(vinyl
chloride) is formed in the final stage of the process,
as a result of strongly different copolymerization con-
stants.

(2) Poly(vinyl chloride)�poly(methyl methacrylate)
blends enriched in PVC form opaque films. The use
of PVC/MMA copolymers as a component of the
blends allows preparation of transparent films from
blends of any composition.

Fig. 5. Surface topography of the films: (a) 80% PVC�
20% PMMA and (b) 70% PVC�30% copolymerization
product (89% VC, 11% MMA).

Fig. 6. Dielectric loss tangent tan� vs. the temperature T.
Film composition (%): (1) PVC + PMMA, (2) PVC,
(3) 70 PVC�30 copolymerization product (89 VC), (4) 20
copolymerization product 89 VC�60 PVC�20 PMMA, and
(5) PMMA.
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(3) Transparent films formed by blends of the
polymers and PVC/MMA copolymers demonstrate a
higher strength as compared to opaque films of simi-
lar compositions. This can be attributed to better com-
patibility of components, as demonstrated by the diel-
cometric and scanning electron microscopic data.
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Abstract�Low-temperature carbonization of hydroxyethyl, allyloxyethyl, and allylcarboxymethyl cellulose
ethers and their copolymers with polyacrylonitrile was studied. The quantitative relationships between
the degree of carbonization, on the one hand, and the degree of substitution of cellulose hydroxy groups and
chemical structure of the substituents, on the other, were established. The dependence of the carbon residue
on the amount of grafted polyacrylonitrile chains tends to a certain limit. The carbon residue depends on
the atmosphere in which the carbonization is performed.

Graft copolymers of cellulose and polyacrylonitrile
(PAN) simulate the structure of precarbonizates ob-
tained by joint thermolysis of cellulose and its nitro-
gen-containing derivatives with PAN [1].

In this study, we examined the behavior of cellulose
ethers (hydroxyethyl, HOEC; allyloxyethyl, AOEC;
allylcarboxymethyl, ACMC) and their graft copoly-
mers with PAN (AOEC�PAN, ACMC�PAN) at heat-
ing in the range 20�900�C in a vacuum, in a self-
generated atmosphere (SGA) and in CO2. Our goal
was to find synthetic routes to carbon compounds
based on cellulose derivatives and to elucidate the
influence of nitrogen-containing polymers on the yield
of the forming carbonizates.

EXPERIMENTAL

The cellulose ethers and PAN were prepared by
published procedures (see references in [1]).

The kinetics of thermochemical transformations in
various gas media were studied by thermovolumetric
analysis (TVA) with manometric recording [2]. The
behavior of the samples in SGA was studied on an
MOM C derivatograph [3] with recording of the
weight loss and thermal effects. Carbonization of the
compounds in a CO2 atmosphere was studied with an
STA 429 device (Netzsch), with recording of the same
parameters [4].

In accordance with the principal goal of our study,
determination of carbonization conditions ensuring the
maximal carbon residue (CR), we performed express
analysis of the samples in SGA. As noted previously,
carbonization of cellulose ethers and some other cellu-
lose derivatives occurs mainly in three steps; their
kinetic features were considered in [1, 5�9]. The most
interesting for us, in the context of this study, were
the quantitative and specific qualitative characteristics
directly related to the carbonization step occurring, as
a rule, above 400�500�C.

Comparison of the main parameters characterizing
degradation and cross-linking (carbonization) of our
samples (Table 1) reveals the following facts. The
ethers in hand show relatively poor heat resistance,
compared to PAN (the weight loss due to dehydration
up to the temperature T0 is 10�15%), and CR at
800�C is within 0�13%. Thermal degradation and
cross-linking, according to TGA (Fig. 1a), occur in
two steps. For cellulose ethers, in the first step in the
range 200�350�C, degradation occurs with the release
of a large amount of volatiles (up to 70% weight loss,
depending on the structure of substituents). As seen
from the DTA curves (Fig. 1b), degradation is exo-
thermic; it involves several reactions: dehydration,
decarboxylation, and formation and release of levo-
glucosan. The peaks of these reactions lie in the
same range, 250�20�C. The sharp exothermic peak
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Table 1. Thermal characteristics of degradation and cross-linking of cellulose ethers and their copolymers with
PAN in SGA*

������������������������������������������������������������������������������������
� T0 � T5 � T10 � T50 � TI � TII � TIII � TIV �

Ea,
� CR, % of

��������������������������������������������������� �Sample** � � � �sample weight,
� �C � �C � kcal mol�1 � 800�C

������������������������������������������������������������������������������������
PAN � 270 � 287 � 304 � 730 � 282(+) � � � 471(�) � 550(�) � 155.6 � 42.4
HOEC � 192 � 244 � 263 � 305 � 234(+) � 311(+) � 367(+) � 540(+) � 65.1 � 0.0
AOEC, �: � � � � � � � � � �

8 � 193 � 240 � 250 � 310 � 232(+) � 273(+) � 448(+) � 542(+) � 77.7 � 5.6
30 � 203 � 235 � 266 � 315 � 270(+) � � � 476(+) � � � 121.5 � 4.1

ACMC, � = 6 � 260 � 268 � 272 � 285 � 258(+) � 350(+) � � � 546(+) � 66.4 � 12.8
AOEC�PAN, C: � � � � � � � � � �

52 � 231 � 274 � 295 � 441 � 294(+) � � � 410(�) � 477(�) � 30.8 � 25.4
112 � 252 � 285 � 315 � 501 � 271(+) � � � 417(�) � 508(�) � 55.7 � 33.0
239 � 237 � 277 � 352 � 716 � 247(+) � � � 444(�) � 484(�) � 62.3 � 43.7
315 � 254 � 293 � 342 � 737 � 255(+) � � � 454(�) � 535(�) � 74.4 � 44.4
400 � 232 � 277 � 322 � 716 � 270(+) � � � 444(�) � 532(�) � 78.3 � 43.0
480 � 252 � 283 � 351 � 736 � 257(+) � � � 441(�) � 535(�) � 77.9 � 44.0

ACMC�PAN, C: � � � � � � � � � �
130 � 190 � 220 � 281 � 405 � 256(+) � � � 432(�) � 475(�) � 169.5 � 20.0
370 � 222 � 238 � 272 � 600 � 241(+) � � � 448(�) � � � 138.6 � 36.1
670 � 260 � 300 � 407 �>800 � 226(+) � � � 454(�) � 518(�) � 142.1 � 50.2

������������������������������������������������������������������������������������
* (T5, T10, T50) Temperatures of 5, 10, and 50% weight loss, respectively (determined with the weight loss in the initial step of

heating disregarded); (TI�TIV) temperatures of the exo- (+) and endothermic (�) peaks corresponding to steps I�IV of thermal
degradation and cross-linking; (Ea ) activation energy of sample degradation in the range 200�350�C.

** (�) Degree of substitution and (C ) degree of PAN grafting.

in the DTA curve of PAN, corresponding to the onset
of its cyclization [10] (Fig. 1b, curve 4), lies in the
same range. These facts suggest that, in joint thermol-
ysis of cellulose ethers and PAN in the range 200�
350�C, reactions involving the reactive products can
shift the degradation�cross-linking balance toward
cross-linking. To substantiate this assumption, we
considered the thermal characteristics of graft AOEC
and ACMC copolymers with various degrees of sub-
stitution, �, and various degrees of PAN grafting, C.

Table 1 shows that grafting of small amounts of PAN
to both ethers increases CR by a factor of 3�4 and
noticeably enhances the overall heat resistance of
the cellulose ethers. As C for AOEC�PAN grows,
CR increases to 44.5%. For ACMC�PAN samples,
the highest CR value was obtained at the highest C
value, C = 670.

The enhancement of the heat resistance and the in-
crease in the carbon residue in carbonization of graft
copolymers are apparently due to formation of cross-

Fig. 1. (a) TG and (b) DTA curves of thermal degradation and carbonization under SGA conditions. Heating rate 10 deg min�1,
sample weight 50 mg. (�m) Weight loss and (T ) temperature. Ether: (1) AOEC, � = 8; (2) AOEC, � = 30; (3) AOEC�PAN,
C = 480; and (4) PAN.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 8 2004

CARBONIZATION OF SOME CELLULOSE ETHERS AND THEIR GRAFT COPOLYMERS 1353

Table 2. Thermal characteristics of degradation and cross-linking in CO2 of samples of cellulose ethers and their
copolymers with PAN
������������������������������������������������������������������������������������

Sample
� T0 � T5 � T10 � T50 � � CR, % of
��������������������������������������������� �� � Tmax, �C � sample weight,
� �C � � 800�C

������������������������������������������������������������������������������������
HOEC � 230 � 272 � 281 � 319 � 332 � 19.2
AOEC, � = 8 � 263 � 278 � 282 � 760 � 325 � 47.3
ACMC, � = 6 � 264 � 270 � 278 � 720 � 292 � 43.8
AOEC�PAN, C = 480 � 261 � 290 � 324 � >800 � 262 � 55.7
ACMC�PAN, C = 500 � 271 � 282 � 311 � >800 � 274 � 59.5
������������������������������������������������������������������������������������
* (Tmax) Temperature of the exothermic peak.

linked structures by reactions of allyl groups with
nitrile nitrogen or reactions involving the degradation
products (radicals, intermediates). With ACMC�PAN,
the first steps of degradation may be accompanied by
condensation of carboxy groups with amino groups
arising in the course of PAN degradation.

The increased CR of the graft copolymers, com-
pared to CR of pure PAN, indicates that the cellulose
ethers are involved in cocarbonization with PAN. This
fact shows that it is promising to use PAN for modi-
fication of carbonizates of cellulose derivatives un-
der appropriate cocarbonization conditions differing
from dynamic heating in SGA.

It is known that the carbon residue in carbonization
of cellulose materials in some cases appreciably in-
creases when the carbonization is performed in CO2
[11]. To find whether this is the case for our system,
we performed a combined TG�DSC analysis of the
samples under dynamic conditions in a CO2 atmos-
phere at temperatures of up to 800�C (Table 2).

Comparison of the thermal characteristics of the
samples heat-treated in SGA and CO2 shows that the
balance of thermochemical degradation and cross-
linking shifts toward formation of cross-linked carbo-
nized products. Saturation of the surrounding atmos-
phere with degradation products causes an appreciable
increase in CR; this parameter reaches 60% for the
copolymers. The heat resistance, especially T50, in-
creases also. Presumably, the changes mainly concern
thermolysis of cellulose ethers; their CR increases by
almost an order of magnitude when the samples are
heat-treated in CO2. The heat resistance parameters
and CR of the graft copolymers increase also, but this
trend is less pronounced, compared to the ethers.

Thus, we confirmed once more the previous data
[12] that the rate of PAN cyclization in the initial
heating steps (250�300�C) is independent of the am-
bient atmosphere.

Similar features are observed in thermolysis of
graft copolymers of PAN with AOEC and ACMC in
a vacuum. At any degree of grafting, the TVA curve,
similarly to the DTA and DSC curves, contains a very
sharp, �bursting� peak corresponding to the onset of
PAN cyclization. Even at small C, this peak appears
at the same temperature; only its area proportionally
changes. At higher temperatures, the effect of PAN
on the formation of the cocarbonizate with cellulose
ethers varies, depending on the composition of the
surrounding gas phase and on the temperature mode.
As shown by our experiments, the CR varied under
dynamic heating conditions in opposite direction with
the heating rate and depended also on the chemical
structure of the cellulose ether, values of � and C, and
temperature range of heating; the dependence for all
the samples is proportional. For example, the CR of
the PAN�AOEC samples, compared to PAN�ACMC
samples, is higher if the thermolysis in the range 150�
300�C is performed faster. This may be due to compe-
tition of degradation through the hydroxy and carboxy
groups of the ethers with cross-linking through the
allyl groups. Above 300�C, the difference is less pro-
nounced, but the PAN fragments play a more signif-
icant role in the thermolysis under these conditions.

In the case of isothermal carbonization mode
(expected to be favorable for attaining maximal CR),
there are no clear correlations with the temperature
and time of the process. Experiments on isothermal
heating of the samples at 200�C in a vacuum for 10 h
and at 300�C in SGA for 4 h revealed only the ex-
pected dependence of the CR on the ambient gas me-
dium. In thermolysis in a vacuum, i.e., under condi-
tions of continuous removal of degradation products,
the CR is approximately 10�15% lower, compared to
the heat treatment in SGA. As for the time of heat
treatment and temperature, the CR of cellulose ethers
and copolymers shows no direct correlation with these
parameters. As in experiments on dynamic heating,
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the competition of degradation and cross-linking
should be taken into account in some cases; the de-
velopment of these processes is closely associated
with the chemical structure of the polymers. For ex-
ample, the CR of an AOEC sample with � = 8 after
heating for 10 h in a vacuum at 200�C is 40.7%,
whereas the copolymer with PAN under the same
conditions gives a CR of 27.6%. Furthermore, there
is no direct correlation even with the PAN content:
As the PAN content increases, the CR varies from
49 to 38%, passing through a minimum (27%).

One more interesting feature of the carbonization
of the examined cellulose ethers and their copolymers
with PAN in SGA is the appearance of endothermic
peaks at 450�600�C in the DTA curves (Fig. 1b, cur-
ves 3 and 4). It is clearly seen that, when a sample of
PAN�AOEC copolymer (C = 480) is heated at a con-
stant rate, endothermic peaks appear at 441 and 535�C.
Similar, but weaker peaks at 471 and 553�C are seen
in the DTA curve of PAN. Related peaks, slightly dif-
fering in the position and differing in the area, are also
observed in the DTA curves of the other copolymers
with different degrees of PAN grafting. These endo-
thermic peaks are apparently associated with the for-
mation of ordered areas in the carbonizate structure.
The shapes and intensities of these peaks suggest that
the initiator of the formation of the ordered crystallite-
like structures is PAN, but carbonizates of cellulose
ethers are also involved in the processes, increasing
the degree of orientation of the ordered areas. Special
spectroscopic studies are required to gain insight into
this phenomenon; here we can tentatively suggest for-
mation of primary turbostratic structures with various
degrees of ordering in this temperature range of pre-
carbonization. Depending on the concentration and
mutual orientation of the cyclic products of the reac-
tion of PAN and AOEC, intermediate polycyclic com-
pounds with a crystalline structure can form, and
their melting is detected by DTA. Similar effects have
also been observed with PAN�ACMC copolymers,
with the only difference that the endothermic effect
was the most pronounced in the range 440�460�C [1].

Both the carbonization and degradation are influ-
enced by the ambient atmosphere. For example, when
thermolysis is performed in CO2, changes occur only
in the carbonizate structure originating from cellulose
ethers, and no ordered structures are formed. No struc-
tural rearrangements are observed in the copolymers
in the range from 400 to 800�C. As for carbonization

in a vacuum, a noticeable weight loss below 500�C
and a certain release of hydrogen above 650�C cause
loosening and amorphization of the carbonizate.

CONCLUSIONS

(1) Hydroxyethyl, allyloxyethyl, and allylcarboxy-
methyl cellulose ethers and their graft copolymers
with acrylonitrile show promise for preparation of
carbon compounds.

(2) The composition of the surrounding atmos-
phere in carbonization exerts a decisive influence on
the carbon residue, which reaches 30�40% for some
ethers.

(3) In carbonization of graft copolymers in CO2,
the carbon residue reaches 55�60%.
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Abstract�The influence exerted by the molecular weight of partially crystalline polyimide derived from
4,4�-bis(4-aminophenoxy)diphenyl and 1,3-bis(3,4-dicarboxyphenoxy)benzene on the viscosity of its melt was
studied.

Composites with a partially crystalline polyimide
(PI) matrix are promising structural materials. This
matrix exhibits high mechanical and adhesion param-
eters, enhanced resistance to solvents, and high resis-
tance to heat and thermal oxidation. Composite mate-
rials based on such a polymer exhibit an increased in-
terlayer failure viscosity in combination with a high
softening point, determined not by glass transition but
by the melting of the binder [1]. An important prop-
erty of the PI binder is its capability to crystallize af-
ter melting and subsequent cooling. The crystalliza-
bility of the polymer increases with a decrease in the
molecular weight of PI and on addition of a bisimide
structurally related to the macromolecule unit or di-
amine moiety [2]. The film-forming properties of the
binder are preserved when the molecular weight of
the polymer compounded with a bisimide is decreased
only to a strictly definite level.

Apparently, the melting point and viscosity of PI
depend on its molecular weight and on the bisimide

added. When preparing a composite from a prepreg,
it is necessary to know the behavior of the melt of the
polymeric matrix (polymeric compound).

Our goals were to determine how the viscosity of
the melt of a PI compound varies with time, depend-
ing on the molecular weight of the starting PI and on
the bisimide content, and to find a formulation with
a stable and relatively low melt viscosity.

EXPERIMENTAL

The polyimide derived from 1,3-bis(3,4-dicarboxy-
phenoxy)benzene dianhydride (R, mp 163�164�C) and
4,4�-bis(4-aminophenoxy)diphenyl (OP2O, mp 193�
194�C) was prepared in two stages [3]. In the first
stage, we prepared a solution of the polyamido acid
(PAA), which was applied to a glass support and dried.
In the second stage, the resulting film was subjected
to thermal imidization with step heating to 280�C.
The chemical structure of PI is as follows:

����������

N���CO

CO

��
��O�
�
�O�
�
�
�CO�

CO�
N���O�����O���

R OP2O

N���CO

CO

��
��O�
�
�O�
�
�
�CO�

CO�
N���O�����O���

R OP2O
����������

The molecular weight of PAA was decreased by
varying the stoichiometric ratio of the monomers.
In the first procedure, the dianhydride was taken for
preparing PAA in a 3 or 5 mol % excess relative to
the stoichiometry, and in the second procedure, the di-

anhydride was taken in a 3, 5, or 10 mol % deficien-
cy relative to the diamine, with phthalic anhydride
(PA) added in the final stage in the amount equivalent
to the content of the remaining amino groups (6, 10,
and 20 mol %, respectively).
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Table 1. Intrinsic viscosities and molecular weights of PAA
������������������������������������������������������������������������������������
Sam-�Dianhydride : di-� � � �Sam-�Dianhydride : di-� � �
ple � amine �

PA,
� [�]DMF, dl g�1�Mw�10�4� ple � amine �

PA,
� [�]DMF, dl g�1�Mw�10�4

no. � molar ratio �
mole

� � � no. � molar ratio �
mole

� �
������������������������������������������������������������������������������������

1 � 1.05 : 1 � � � 0.61 � 2.0 � 4 � 0.97 : 1 � 0.06 � 0.67 � 2.4
2 � 1.03 : 1 � � � 0.74 � 2.9 � 5 � 0.95 : 1 � 0.1 � 0.50 � 1.3
3 � 1 : 1 � � � 1.67 � 15.0 � 6 � 0.90 : 1 � 0.2 � 0.38 � 0.8

�����������������������������������������	������������������������������������������

Bisimides 1 and 2 were prepared by thermal imid-
ization of bisphthalamido acids prepared by the reac-
tion of OP2O and 4,4�-bis(p-aminophenoxy)diphenyl

sulfone, respectively, with PA in 1 : 2 molar ratio in
N-methylpyrrolidone (MP):

����������
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�
�
�CO�

CO�
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����O��N��CO
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�
����
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�CO�

CO�
N���O���SO2

����O��N��CO

CO

�
���

����������

Bisimide 1 or 2 was added to a PAA solution in an
amount of 1, 3, 5, or 10 wt %.

Oligoimide 3 was prepared by three-step synthesis.
Reaction of a twofold excess of OP2O with 1,3-bis-
(3,4-dicarboxyphenoxy)benzene in MP gave the corre-

sponding oligomeric diamino amido acid, to which we
subsequently added phthalic anhydride in the amount
equivalent to the amount of amino groups. The solu-
tion was imidized thermally, with azeotropic distilla-
tion of water with toluene, to obtain the oligoimide:

����������
Oligoimide 3

����������

The intrinsic viscosity of PAA [�] was measured
with an Ubbelohde viscometer at 25�C in DMF. The
molecular weight of the samples was determined by
measuring the light scattering. The characteristics of
the polymers are listed in Table 1.

The viscosities of PI solutions were measured on
a PIRSP cone�plate rheogoniometer [4] (angle at
the cone apex 1�, diameter 40 mm, shear rate 0.02 s�1,
350�C).

Among samples prepared by the first procedure,
only the polymer with MW 2.0 � 104 (sample no. 1)
melts; higher-molecular-weight sample nos. 2 and 3

do not melt at 350�C. The initial viscosity of sample
no. 1 was 1.4 � 104 Pa s; the viscosity rapidly grew
in time, reaching 106 Pa s in 30 min.

To decrease the viscosity of melts, we added to PI
10 wt % bisimide 1, containing the same diamine
fragment as the PI and acting as plasticizer [5]. How-
ever, sample no. 3 (MW 1.5 � 105) did not melt even
at 350�C. For the other two samples, addition of bis-
imide 1 decreased the initial viscosity of the melt; the
effect was more pronounced with PI of lower molecu-
lar weight (Fig. 1, curves 4, 5). Similarly to the sam-
ple without bisimide addition, the melt viscosity grew
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Fig. 1. Viscosity � of melts of sample nos. 1�3 with addi-
tion of (1�3) 10% bisimide 2 and (4, 5) 10% bisimide 1 vs.
time �. 350�C; � = 0.02 s�1; the same for Fig. 2. R : OP2O
molar ratio: (1) 1 : 1, (2, 4) 1.03 : 1, and (3, 5) 1.05 : 1.

fairly rapidly. The viscosity grows in two steps.
The rates of these steps are equal for both samples
(Table 2, sample nos. 4 and 5, b1 and b2).

Bisimide i is insoluble in amide solvents. There-
fore, the system formed upon its mixing with PAA in
MP is heterogeneous, and the performance of bis-
imide 1 as plasticizer for high-molecular-weight PI is
poor. In the subsequent experiments, bisimide 1 was
replaced with bisimide 2, which is soluble in MP ow-
ing to the introduction of an SO2 bridge between the
phenylene groups in the amine fragment. With this
plasticizer, all the mixed systems melted at 350�C.
The initial viscosities of melts of sample nos. 1 and
2 were the same as those of the samples with bisim-
ide 1; the viscosity also grew in two steps (Fig. 1,
curves 1�3). However, the rate of viscosity growth in
this case depends on the molecular weight of the PI.
With lower-molecular-weight PI samples, the second
step began later and at lower viscosities, and the vis-
cosity growth was slower.

The viscosity growth with time was described by
the relationship log � = a + bt. Its parameters were
determined from the slopes of the tangents to the ex-
perimental curve. The interception point of the tan-
gents is the point of transition from the slow to the
fast step (Table 2).

Thus, we found that only a compound of the low-
est-molecular-weight PI with 10% bisimide 2 has the
low initial viscosity of the melt and the viscosity
grows slowly during relatively long time; however,
the viscosity grows more steeply in the second step,
probably owing to mutual linking of macromolecules
through terminal groups at high temperature.

To eliminate this process, we used samples with
PI of decreased molecular weight, obtained by the

Fig. 2. Viscosity � of sample nos. 4�6 vs. time �.
R : OP2O PA molar ratio: (1) 0.97 : 1 : 0.06, (2) 0.95 : 1 :
0.1, (3) 0.9 : 1 : 0.2, and (4) 0.97 : 1 : 0.06 with addition
of 10 wt % bisimide 2.

second procedure (endcapping with PA). The effect
was demonstrated for the example of a compound
modeling the chemical structure of PI (oligoimide 3).
This oligoimide is crystalline, but its melting point is
lower than that of PI. Therefore, its viscosity was
measured at 330�C, and it remained virtually un-
changed over a period of 2 h.

Figure 2 (curves 1�3) shows how the viscosities of
melts of sample nos. 4�6 (Table 1) vary with time.
A decrease in MW by endcapping with PA resulted
in a significant stabilization of the viscosity. However,
only sample no. 4 with MW 2.4 � 104 showed satis-
factory film-forming properties, necessary for obtain-
ing composite PI materials with the required proper-
ties. This sample showed an insignificant growth of
the viscosity with time. To further decelerate the vis-
cosity growth, we compounded this polymer with
10% bisimide 2. As a result, we not only ensured the
slowest growth of the melt viscosity (Fig. 2, curve 4),
but also decreased the initial viscosity of the melt.

Table 2. Coefficients of the equation log � = a + bt for
the slow (1) and fast (2) steps of viscosity growth;
time and viscosity corresponding to the transition
from the slow to fast step
����������������������������������������

Sam- �
a1,

� �
a2,

� �
t,

�
log �ple �

Pa s
� �

Pa s
� �

min
�

(�, Pa s)no.* � � � � � �
����������������������������������������

1 � 3.7 � 1.5 � 2.9 � 4.7 � 24 � 4.0
2 � 3.6 � 0.6 � 2.4 � 3.1 � 47 � 3.8
3 � 3.2 � 0.5 � 2.0 � 2.4 � 65 � 3.5
4 � 3.5 � 1.5 � 2.7 � 4.2 � 27 � 3.9
5 � 3.1 � 1.4 � 2.1 � 4.3 � 35 � 3.6

����������������������������������������
* Sample nos. correspond to curve nos. in Fig. 1.
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CONCLUSIONS

(1) The viscosity of melts of partially crystalline
polyimide prepared from 1,3-bis(3,4-dicarboxyphen-
oxy)benzene dianhydride and 4,4�-bis(4-aminophen-
oxy)diphenyl and of its compounds with bisimides 1
and 2 rapidly grows with time.

(2) The initial viscosity of the melt decreases on
compounding of the polyimide with 10 wt % bis-
imide 1 or 2. The viscosity growth decelerates with
bisimide 2, soluble in N-methylpyrrolidone; the effect
is the more pronounced, the lower the molecular
weight of the initial polyimide.

(3) To obtain a polyimide whose melt would ex-
hibit the viscosity most stable in time, the macromole-
cule ends can be capped with phthalimide groups.
The viscosity characteristics of a compound of such

polyimide with soluble bisimide 2 is the optimal for
preparing composites.
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Abstract�The weight of polyacrylic acid adsorbed on copper from an aqueous solution and the rate of copper
dissolution in the presence of hydrogen peroxide as functions of molecular weight of the polymer were studied.

Dispersions and solutions of acrylic polymers
containing carboxy groups find growing use in met-
al-protection paints and adhesives. In this context,
a need arises to study the processes on the metal
surface being in contact with solutions of carboxyl-
containing polymers. Numerous papers are devoted
to the mechanism of adsorption of polymers from so-
lutions [1�5], which is caused by the wide industrial
use of this process. In the majority of publications,
the conditions of adsorption equilibrium and kinet-
ics of polymer adsorption were studied. A study of
competitive adsorption of polymers from dilute and
semidilute solutions of polymers [6�8] showed that,
in a number of cases, one polymer is substituted for
another polymer in the adsorption layer. Desorption
of polymers has not been adequately studied. A study
of polystyrene desorption under conditions of varied
solvent flow upon the adsorbed polymer layer [9, 10]
showed that, with increasing velocity gradient, the
amount of the adsorbed polymer decreases, reaching
a minimum. The thickness of the adsorption layer of
polyacrylamide and polystyrene [11, 12] decreases
with increasing velocity of the solvent flow over the
layer.

A study of the kinetics of dissolution of copper(II)
oxide in polyethylenimine [10] and polyacrylic acid
(PAA) [11], dissolution of zinc oxide in PAA [12],
and also adsorption of polymer at their surfaces
showed that the rate at which the metal concentra-
tion in the solution grows depends on the amount
of adsorbed polymer.

Here we studied the influence of molecular weight
of PAA on the adsorption of the polymer at the cop-
per surface and the rate of copper dissolution in aque-
ous solution of PAA and hydrogen peroxide [13�15].

As seen from Fig. 1 (curve 1) and data listed in
the table, the weight of PAA adsorbed on 1 m2 of
copper surface increases with increasing molecular
weight of polymer and is virtually independent of the
initial concentration of the polymer in the solution at
its concentration above 10 g l�1. The latter suggests
that the saturation of the adsorption layer is reached
in this range of PAA concentration.

The copper surface area occupied with one macro-
molecule in the saturated adsorption layer was evalu-
ated by the formula

Sb = M/(ANA), (1)

where M is molecular weight of PAA, A is the weight
of PAA adsorbed at the unit surface area, and NA is
the Avogadro number.

Fig. 1. (1) Weight of PAA adsorbed on 1 m2 of copper
surface A, (2) dissolution rate v, (3) surface area of copper
occupied by one macromolecule Sb, and (4) ratio of the
rate of copper dissolution to the amount of PAA macro-
molecules adsorbed on 1 m2 of copper surface, v/Na, vs.
the molecular weight of PAA, M.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 8 2004

1360 KISLENKO, VERLINSKAYA

Influence of the molecular weight of PAA on the weight
of PAA adsorbed on 1 m2 of copper surface occupied by
one macromolecule in the adsorption layer and on the rate
of copper dissolution in PAA and H2O2 solutions
����������������������������������������

� �[PAA],� A, �Sb � 1019,� v,
� � g l�1 �mg m�2 � m2 �mmol m�2 h�1

����������������������������������������
16.0 � 1.22 � 20 � 3.5 � 7.55 � 9.9
11.5 � 1.18 � 20 � 4.1 � 4.61 � 9.5
11.5 � 1.18 � 10 � 3.9 � 4.88 � 9.5
7.60� 1.21 � 20 � 2.7 � 4.61 � 12.9
7.60� 1.21 � 10 � 2.6 � 4.75 � 12.9
2.43� 1.16 � 20 � 1.2 � 3.32 � 22.3
2.43� 1.16 � 10 � 1.3 � 3.19 � 22.3
1.54� 1.25 � 20 � 0.9 � 2.77 � 33.1
1.54� 1.25 � 10 � 1.0 � 2.56 � 33.1
����������������������������������������
* Molecular-weight distribution.

As seen from the table, the surface area occupied
by one macromolecule in the adsorption layer of the
copper surface increases with increasing molecular
weight of PAA.

The dependence of the surface area occupied by
a macromolecule in the absorption layer on the mo-
lecular weight of the polymer is linear in the logarith-
mic coordinates. The correlation coefficient of the
straight line is 0.949, and the slope, 0.35 � 0.07.
Hence, the dependence of the surface area occupied
by a PAA macromolecule on its molecular weight
can be written as

Fig. 2. Variation of the amount of dissolved copper, vCu, in
time t at PAA concentration of (a) 10 and (b) 20 g l�1.
H2O2 concentration 12 mmol l�1, 70�C. Molecular weight
of PAA, M � 10�5: (1) 11.5, (2) 7.6, (3) 2.43, and (4) 1.54.

Sb = 10�17.4 M 0.35. (2)

The H2O2 concentration in dissolution of copper in
PAA was chosen so that the rate of copper oxidation
to copper(II) ions was significantly lower than the rate
of formation of polyacrylates and the rate of their de-
sorption. During the experiment, the copper plate was
not coated with a copper(II) oxide layer. The PAA con-
centration in the solution was chosen so that it corre-
sponded to a plateau in the adsorption isotherm, which
is suggested by the close weights of PAA adsorbed on
the unit copper surface area at various initial PAA
concentrations in the solution (see table). This allowed
us to determine the influence of the degree of filling
of the plate surface with the polymer and to reveal
the influence exerted by the molecular weight of the
polymer on the rate of copper dissolution.

A study of the rate of copper dissolution in aque-
ous PAA showed that, in the examined concentration
range, it does not noticeably depend on the initial
concentration of the polymer in the solution (Fig. 2).
The linear dependence of the amount of dissolved cop-
per on time in the initial stage of the process suggests
an insignificant influence of the copper ion concentra-
tion on the process rate. At the same time, an increase
in the molecular weight of PAA results in a noticeable
increase in the process rate (Fig. 1, curve 2). The rate
of copper dissolution varies regularly with variation of
the weight of PAA adsorbed on the unit copper sur-
face area (see table). This suggests that the rate of
accumulation of copper(II) ions in the solution is
proportional to the rate of desorption of copper(II)
polyacrylates from the adsorption layer:

v = d[Cu2+]/dt = �kd Na , (3)

where � is the coefficient of proportionality between
the rate of copper dissolution and the rate of polymer
desorption, kd is the rate constant of PAA desorption,
and Na is the amount of PAA macromolecules ad-
sorbed on the unit copper surface area,

Na = ANA/M. (4)

To elucidate the influence of PAA molecular weight
on the rate constant of its desorption, we rearranged
expression (3) to obtain the equation

log (v/Na ) = B + b log M. (5)

As seen from Fig. 1, curve 4, the dependence of
the experimental data in the coordinates of Eq. (5) is
linear. The correlation coefficient of the straight line
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is 0.944. The parameter b is �0.29 � 0.8. Thus, ex-
pression (3) can be written in the form

v = 10�15.5 Na/M 0.29. (6)

A comparison of the exponents at molecular weights
in Eqs. (2) and (6) shows that, to a first approxima-
tion, the rate of desorption of macromolecules from
the adsorption layer is proportional to the amount of
macromolecules adsorbed on the unit copper surface
area and is in inverse proportion to the surface area
occupied by one macromolecule:

v = � kd Na/Sb � � kd Na/M 0.35. (7)

Our attempt to linearize dependence (7) in the log-
arithmic coordinates failed. The correlation coefficient
was less than 0.4, and the errors in determination of
the slope and the intercept on the ordinate axis were
significantly greater than the value itself. This can be
accounted for by the fact that the rate of polymer de-
sorption is affected by the number of bonds between
the macromolecule in the adsorption layer and active
centers of the surface. In general case, this effect is
not proportional to the surface area occupied by a mac-
romolecule in the adsorption layer.

It is well known that formation of copper salts with
PAA results in variation of the hydrodynamic cross
section of the macromolecule globule in the solution
[16, 17], and reaction of PAA with H2O2 results in
degradation of macromolecule. Monitoring of the var-
iation of the relative viscosity of PAA solution, which
can characterize the variation of the state of the poly-
mer macromolecule, showed that, in dissolution of
copper at high H2O2 concentration (0.12 M), this val-
ue noticeably decreases (Fig. 3, curve 1). It should be
noted that copper(II) oxide is formed in this case at
the plate surface even within the first minutes after the
beginning of the process. The rate of copper dissolu-
tion is an order of magnitude higher than that in the
above studies. The insignificant decrease in the solu-
tion viscosity in time suggests that the degradation of
the polymer in reaction of H2O2 with PAA in the ab-
sence of copper ions is slow (Fig. 3, curve 2). An in-
crease in the concentration of copper ions in the solu-
tion (Fig. 3, curves 3 and 4) accelerates the PAA de-
gradation under the experimental conditions.

An increase in the concentration of copper ions in
PAA solution results in a decrease in the relative vis-
cosity of the PAA solution (Fig. 4, curve 1). However,
this dependence is less pronounced that the depen-
dence of the relative viscosity of the solution on the
molecular weight of PAA (Fig. 4, curve 2).

Fig. 3. Variation of the relative viscosity of PAA solution
�rel with time t (1) in dissolution of copper, and in reac-
tion of PAA with H2O2 (2) in the absence of copper ions
and in the presence of (3) 5.7 and (4) 21.4 mmol l�1 of
copper(II) sulfate at 70�C. Molecular weight of PAA
11.5 � 105, PAA concentration 20 g l�1, H2O2 concentra-
tion 120 mmol l�1.

Fig. 4. Relative viscosity �rel of solution with a PAA con-
centration of 21 g l�1 vs. the (1) concentration of copper(II)
sulfate in solution c and (2) molecular weight of PAA M.

Thus, in the initial stage of copper dissolution in
PAA solution in the presence of H2O2, the polymer
degradation and, accordingly, the variation of the hy-
drodynamic characteristics of the macromolecule due
to formation of copper salts with PAA insignificantly
affect the rate of the polymer desorption.

EXPERIMENTAL

We used PAA samples with various molecular
weights, prepared by radical polymerization in an aque-
ous solution. We used acrylic acid distilled at 140�C
(freezing point 13�C), potassium persulfate recrystal-
lized from aqueous solution, and hydroquinone of
chemically pure grade. The purity of acrylic acid,
determined from the content of double bonds by the
bromide-bromate method [18], was 99.6%, and that
determined from the content of carboxy groups (titra-
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tion with 0.05 N NaOH) was 99.8%. The polymeriza-
tion was carried out at 80�90�C; the concentrations
of acrylic acid, sodium persulfate, and hydroquinone
were 180�230, 5�10, and 0�6 g l�1, respectively.
The molecular weight was adjusted by addition of var-
ious amounts of hydroquinone to the reaction mixture.
The PAA samples were recrystallized with hydro-
chloric acid and dried at room temperature. The mol-
ecular weights evaluated from the intrinsic viscosity of
PAA solution in dioxane at 30�C and the molecular-
weight distribution of PAA samples, determined by
fractional dissolution, are listed in the table. The rate of
copper dissolution in PAA was studied using a copper
plate (purity 99.9%, total surface area 65 � 10�4 m2).
The adsorption of PAA was studied on a copper pow-
der produced electrochemically with average particle
size of 3 � 10�6 m. Before experiments, the copper
plate and copper powder were washed with acetone to
remove organic impurities and with hydrochloric acid
to remove copper oxide from the surface.

Preliminary studies showed that the rate of copper
dissolution in PAA at room temperature is very low
both in the absence and in the presence of the oxidiz-
ing agent, H2O2. Therefore, further studies were car-
ried out at 70�C with continuous rotation of the me-
tallic plate in the solution of the polymer and the ox-
idizing agent. To determine the copper concentration
in the solution upon the plate, 10-ml samples of the
polymer solution were taken at certain intervals and
an excess of concentrated ammonia solution was
added to this sample.

The concentration of copper salts in the samples
was determined from the spectrum of the ammonia
complex of copper at 448 nm (Specord 40 spectro-
photometer, cell thickness from 0.2 to 10 mm, de-
pending on the concentration of the copper complex).
The amount of copper was evaluated by the formula

v(tn) = cr (tn)Vr (tn)(1000M) + � cs(tj)Vs(tj)/(1000M ),
n

j = 1

where v(tn) is the amount of copper (mole) released
by the instant of time tn; cr(tn), cs(tj), Vr(tn), and
Vs(tj) are the concentrations (g l�1) and volumes (ml)
of the solution in the reactor and in the samples at
the instants of time tn and tj, respectively; M = 63.5 is
the atomic weight of copper.

The adsorption of PAA on copper powder was stud-
ied in the absence of H2O2 at 70�C. A study of the
process kinetics showed that the equilibrium concen-
tration of polymer in the adsorption layer is reached
within 1�5 min after the beginning of the process.
Therefore, to study the adsorption isotherm, a copper

suspension in a PAA solution was stirred for 0.5 h
and centrifuged for 15 min at a rate of 8000 rpm.
The PAA concentrations in the initial solution and
in the solution after centrifuging were determined
by potentiometric titration with 0.01 N NaOH on
a pH-646 pH-meter. The concentration of adsorbed
PAA in the mixture was determined from the differ-
ence between these concentrations. The PAA adsorp-
tion was evaluated by division of the concentration of
adsorbed PAA by the concentration of the dispersed
phase.

CONCLUSIONS

(1) Adsorption of polyacrylic acid on the copper
surface increases with increasing molecular weight
of the polymer.

(2) A decrease in the molecular weight of the poly-
mer results in a higher rate of copper dissolution in
polyacrylic acid solution in the presence of hydrogen
peroxide.

(3) The rate of copper dissolution is governed by
the rate of desorption of polyacrylates; it is propor-
tional to the amount of polymer macromolecules ad-
sorbed on the unit surface area and is in inverse pro-
portion to the surface area occupied by the macro-
molecule in the adsorption layer.
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Abstract�Parameters of oxidation of polyethylene with molecular oxygen in the presence of a phenolic
antioxidant, 2,2�-methylenebis(4-methyl-6-methylcyclohexylphenol), at 80�210�C were studied. The pos-
sible mechanism of interaction of the polymer with the antioxidant near the melting point was considered
theoretically. The suggested theoretical relationships are consistent with experimental data.

Polymeric materials are usually intended for long-
term service. However, tests performed in the course
of their development are limited in time, and it is
difficult to reliably estimate from their results the ser-
vice life of the materials under real conditions. Accel-
erated tests are performed at elevated temperatures at
which the polymer exists as a melt, and it is important
to know to what extent the results of accelerated tests
can be extrapolated to the real service conditions. One
of the factors complicating the extrapolation is the
phase transition (melting) of the polymer.

A polymeric substance differs from its low-molec-
ular-weight analogues in a number of characteristics,
among which the most significant for studies of ox-
idation processes are the virtually zero vapor pressure
in the entire temperature range of existence of the
polymer and the extremely low translation mobility
of polymer macromolecules in combination with the
high the vibration mobility of the segments.

In this study, we examined the inhibited oxidation
of the simplest polymer, polyethylene (PE), with mo-
lecular oxygen in the temperature range 80�210�C
including the range of melting of this �crystalline�
polymer (108�C). As inhibitor we used 2,2�-methy-
lenebis(4-methyl-6-methylcyclohexylphenol) (MCHP).
The relatively high molecular weight of this antiox-
idant, M = 400, decreased its volatilization in the
course of the reaction, but, at the same time, made
us to use an indirect method for monitoring its con-
sumption: a study of the dependence of the induction
period on the initial antioxidant concentration.

In going from a low-molecular-weight substance
to its high-molecular-weight analogue, the role of the

cage effect substantially increases. As a result, the
yield of hydroperoxides decreases from approximately
100% in hydrocarbons to 5�20% in hydrocarbon poly-
mers (polyolefins) [1, 2], and stable nonuniformities
in the macromolecular packing play the role of a
second component dissolved in a polymeric substance
[3]. In crystalline polymers, crystalline formations ap-
pear below the melting points; their content increases
with lowering temperature, and in some cases they
behave as radical (or, more precisely, free-valence)
scavengers. It was interesting to understand to what
extent the properties of the intercrystallite amorphous
substance differ from the properties of a melt of the
same polymer.

The main steps of oxidation of hydrocarbon poly-
mers are similar to the related steps of oxidation of
low-molecular-weight hydrocarbons:

R. + O2 � RO2
. , (1)

but the differences become significant in the step

RO2
. + RH � ROOH + R.. (2)

In polymers, the primary products are located close
to each other, and their reaction, e.g., by the scheme

ROOH + R.
� RO. + ROH. (3a)

is highly probable. As a result, the yield of the hydro-
peroxide per mole of uptaken oxygen (�) is consider-
ably lower than unity (or 100%) and depends on the
oxygen concentration [1, 2]. Therefore, the process
can be described by the overall reaction
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RO2
. + RH � �ROOH + R.. (3b)

Common antioxidants (IH), phenols and aromatic
amines, react with oxygen more readily than do
monomeric units of the polymer [1, 4]; therefore, the
initiating step of the oxidation is the reaction of the
antioxidant with oxygen. Since the majority of the
radicals generated in the process decays in the reaction
with the same antioxidant, the process can be de-
scribed by the scheme [5]

IH + O2 � I. + HO2
. (4)

(rate constant k0),

HO2
. + IH � H2O2 + I. (5)

with the subsequent reaction of hydrogen peroxide
with the antioxidant:

H2O2 + 2IH � H2O + 2I.. (6)

Thus, one event of antioxidant oxidation [reac-
tion (4)] leads to consumption of f = 4 antioxidant
molecules. A minor part of radicals generated in the
process reacts with monomeric units of the polymer
RH, initiating the oxidation:

HO2
. + RH � H2O2 + R.. (7)

However, the chains initiated by these radicals are
subsequently terminated by the same antioxidant.
Therefore, reaction (7) does not affect f.

The chain termination occurs in reaction of IH with
RO

.
2 radicals involved in the polymer oxidation:

kt
RO2

. + IH �� ROOH + I.. (8)

The I
.

radicals can also recombine with R
.
, i.e.,

they can inhibit oxidation, but the major fraction of I
.

radicals finally transforms into a nonvolatile colored
product inhibiting the oxidation in the absence of the
starting antioxidant species [1, 6].

The reaction of hydroperoxy groups with adjacent
monomeric unitgs RH results in chain branching. In
all the steps of branching, the cage effect preventing
the escape of free radicals plays an important role:

ROOH + RH � RO. + R. + H2O

� ... � �R. + products. (9)

In a developed chain reaction, free radicals mainly
arise in chain branching processes (formation and
decomposition of hydroperoxy groups). If the chain
branching rate is higher than the chain termination
rate, the reaction is autoaccelerating; otherwise the
reaction occurs in the steady-state mode, i.e., the reac-
tion rate is a single-valued function of the concentra-
tions of the reactants: monomeric units of the polymer
[RH], oxygen, and antioxidant. The antioxidant con-
centration corresponding to the point of transition
from the steady-state to autoaccelerating mode is
termed the critical concentration. As shown in [1, 7],
it is determined as follows:

[IH]cr = ������� .
�� k2 [RH]
(1 � �)kt

(10)

Thus, the expression for [IH]cr contains the ratio of
two rate constants and the product of two coefficients,
each of which may be temperature-dependent.

Above the critical concentration, the antioxidant is
mainly consumed for oxidation [steps (4)�(6)]; the
process is first-order with respect to the antioxidant.
Then

������ = kapp [IH],
d [RH]

d t
(11)

where the constant kapp is equal to the rate constant of
the reaction IH + O2, k0, multiplied by f. The first
order of consumption of strong antioxidants in oxida-
tion of polyolefins has been observed repeatedly [1, 3].

When the antioxidant concentration decreases to
the critical level in the course of its consumption,
the reaction rate steeply increases, and the residual
amount of the antioxidant is consumed in a short time
�cr. The dependence of the induction period on the
initial antioxidant concentration [IH]0, calculated with
this assumption, can be described by the formula
[1, 7]

� = �0 + �� ln���� .
kapp

1
[IH]cr

[IH]0 (12)

Formula (12) can be used to determine the param-
eters of inhibited oxidation: critical antioxidant con-
centration and apparent rate of its consumption. In
particular, the rate constant kapp (s�1) is

kapp = ������ ,
	�

	ln [IH]0 (13)

and the well-defined inflection in the curve of induction
period � vs. the initial antioxidant concentration [IH]0
corresponds to the critical antioxidant concentration.
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Fig. 1. (1) Oxygen uptake and accumulation of (2) car-
bonyl and (3) hydroxy groups [monitored by the optical
density at 1700 (>CO) and 3600 cm�1 (�OH)] in oxida-
tion of PE containing 1.25 � 10�4 mol kg�1 MCHP.
100�C, O2 pressure 150 mm Hg. (�PO2

) Change in
the oxygen pressure, (D) optical density, and (�) reaction
time.

EXPERIMENTAL

We used low-density PE (molecular weight Mw =
55700) and MCHP antioxidant. Polyethylene was re-
precipitated from m-xylene and washed with alcohol;
MCHP (mp 140�C) was recrystallized from alcohol.
Samples were prepared by blending the polymer and
antioxidant powders with addition of a small amount
of alcohol, which subsequently vaporized. Samples of
0.05 g weight were oxidized in a static vacuum unit
[1] at an oxygen pressure of 150 mm Hg (which ap-
proximately corresponds to the partial pressure of
oxygen in the atmosphere).

Figure 1 shows the kinetic curves of the O2 uptake
and accumulation of the �OH and >CO groups in oxi-
dation of a sample containing 1.25 � 10�4 mol kg�1

MCHP at 100�C. Oxidation under these conditions
occurs with a significant induction period; all the
three curves start to ascend at the same tempera-
ture. According to the theory [1, 7], the onset of
the ascent corresponds to the instant of time at which
the antioxidant concentration decreases to the critical
value.

Fig. 2. Induction period � of PE oxidation vs. the initial
antioxidant concentration [IH]0. Temperature, �C: (1) 80,
(2) 90, and (3) 100.

Fig. 3. (1) Apparent rate constant kapp of antioxidant
consumption and (2) preexponential factor A0 vs. temper-
ature T in the Arrhenius coordinates. Dashed line denotes
the melting point of the polymer.

In accordance with formula (12), the induction
periods of PE oxidation at all the temperatures vary
with the initial antioxidant concentration, following
the logarithmic law (Fig. 2). This allowed is to obtain
the temperature dependences of the rate constants kapp.
In the portions above and below the melting point,
kapp varies according to the Arrhenius law with the ap-
parent activation energy of 153 and 126 kJ mol�1 below
and above the melting point, respectively (Fig. 3).
An unexpected result was a strong variation of the
preexponential factor; its common logarithm decreased
from 15.6 to 10.0 [s�1] on melting of the polymer.

The critical MCHP concentration also varied differ-
ently above and below the melting point. It is more
convenient to determine this concentration from the
nontransformed curves of the induction period vs.
the initial antioxidant concentration. In contrast to kapp,
the apparent activation energy of variation of [IH]cr in
the solid polymer was lower than that in the melt: 12.6
and 48.2 kJ mol�1, respectively (Fig. 4). The expres-
sion for the critical concentration contains several rate
constants, and we cannot assign the observed jump to
any of them.
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According to Eqs. (4)�(6), the direct reaction of IH
with O2 is followed by a series of secondary reactions,
and the constant kapp can be expressed as k0[O2] f.
Variation of the local IH concentration in the phase
transition should not affect the value of the constant,
which is first-order with respect to [IH]. The quantity
f, equal to 3 according to (5)�(7), should not signifi-
cantly change either, even if the actual reaction mech-
anism is different.

The higher activation energy of the antioxidant
oxidation below the melting point can be readily
explained as follows. According to the sorption mech-
anism suggested in [3, 8], molecules dissolved in a
polymer are mainly concentrated at the sorption cen-
ters Za (sites of distorted short-range order) matching
most closely the dissolved molecules (MCHP in our
case) in size and shape. Below the melting point of
a polymer, crystalline formations arise, preventing
migration of macromolecules and their segments, and
rearrangement of a sorption center required for forma-
tion of a reaction complex requires more energy. The
increased (by five orders of magnitude) preexponential
factor below the melting point is more difficult to
explain.

CONCLUSIONS

(1) An experimental study of polyethylene oxida-
tion with molecular oxygen in the presence of a di-
polar antioxidant revealed breaks in the temperature
dependences of kinetic parameters near the melting
point polyethylene (180�C). This fact indicates that
the completely molten polymer essentially differs in
properties and structure from the amorphous substance
remaining below the melting point.

(2) Extrapolation of data on inhibited oxidation
of polyethylene beyond the melting point with the
simple Arrhenius law is incorrect.

Fig. 4. Variation of the critical concentration of the anti-
oxidant [IH]cr with temperature T in the Arrhenius co-
ordinates.
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Abstract� The kinetics of viscosity variation and the concentration and kinetic modes of precondensation
of a mixture of epoxy-4,4�-isopropylidenediphenyl and phenol-formaldehyde oligomers in Cellosolve solutions
in the presence of phosphoric acid at 333 K were studied. The cluster structure parameters of the chemical
network of epoxy-phenolic polymeric coating on a tin plate, obtained by thermal curing of precondensates of
an oligomer mixture, were determined using the silver chloride sputtering method.

In studying the structure of cross-linked epoxy-
phenolic polymers we have demonstrated previously
[1, 2] that a uniform chemical network is formed on
the surface of polymeric coatings at an epoxydiane
(EO) to phenol-formaldehyde (PO) oligomer molec-
ular weight ratio close to 4 : 1, the optimal molecular
weight of EO (Mn) being about 3500. To improve
the compatibility of EO and PO in solutions and to
obtain an epoxy-phenolic polymer by thermal curing
of the oligomers, precondensation of EO and PO is
carried out in the presence of phosphoric acid [3, 4].
On adding H3PO4 to a solution of the oligomers,
mono-, di-, and triphosphates of EO are formed [5]. In
the course of thermal curing of a mixture of the oligo-
mers, the methylol (butoxy) groups of PO react with
the epoxy (hydroxy) groups of EO, and the methylol
groups of PO form etheric cross-linking bonds [6, 7].

In [1, 2, 8], we suggested a cluster mechanism of
aggregation of oligomeric molecules in solutions in
the course of thermal precondensation of EO/PO mix-
tures. Following the cluster model [9, 10], one can
distinguish three major kinetic stages of precondensa-
tion of the oligomers, as well as the corresponding
topological types of the chemical network structure of
cross-linked epoxy-phenolic polymer. The precon-
densation mechanism in EO�PO mixed solutions, i.e.,
the structural evolution of aggregates of the oligomers,
involves disaggregation of EO and PO aggregates and
formation of mixed EO�PO aggregates and then of
an infinite cluster of these macromolecules. Such an
approach is useful for optimization of the molecular,

concentration, and kinetic parameters of precondensa-
tion of the oligomers in solutions [2]. Previously
we have shown [8] that the oligomer molar ratio
N1(EO)/N2(PO) and the phosphoric acid concentration
N3 predetermine the shape of the kinetic curves char-
acterizing the viscosity dynamics in EO�PO mixed
solutions.

A uniform chemical network of the epoxy-phenolic
polymer is formed in curing of the oligomer mixture,
provided that the density of EO and PO aggregates
approaches that of the infinite cluster in the vicinity
of the threshold concentration of the particles in the
solution [2]. Such a network is not formed in the ini-
tial and intermediate stages of precondensation of the
oligomers. In this case, the correlation radius � of
clusters representing the network junctions initially
decreases from �250 to �50 nm and then increases
to �500 nm with precondensation time, which is con-
sistent with data on the Rayleigh light scattering in
EO and PO solutions [11].

The topology of the points of the chemical network
on the surface of the epoxy-phenolic polymer depends
on the molecular weight Mn and concentration of EO
and PO [1]. At Mn(EO) = 2100 and Mn(PO) = 850,
some extended discrete clusters (�lattice monsters�
[1, 9]) are found, which have a low lattice density and
constitute an inhomogeneous chemical network of
the crosslinked polymer. A uniform and homogeneous
network of the epoxy-phenolic polymer is formed at
Mn(EO) = 2800�3500 [1, 2]. At the same time, it
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should be noted that the structure of the points of
the chemical network in the epoxy-phenolic polymer
obtained by curing the oligomers in the presence of
phosphoric acid remains to be understood [4, 12].

In this study, we examined the kinetics of viscosity
variation in mixed solutions of EO and PO oligomers
in the course of precondensation in the presence of
phosphoric acid. The distribution of the points of the
chemical network on the epoxy-phenolic polymeric
coatings on a tin plate, prepared by curing of precon-
densates of oligomer mixtures containing various phos-
phoric acid concentrations, was also determined.

EXPERIMENTAL

Samples of E-05 epoxy-4,4�-isopropylidenediphenyl
resin and DFFr phenol-formaldehyde resin (based on
diphenylolpropane and formaldehyde) (Pigment hold-
ing company) were characterized by capillary vis-
cometry and gel chromatography [13, 14]. The num-
ber-average molecular weight Mn and the Mw/Mn ratio
(Mw is the weight-average molecular weight) of the
oligomers are listed in Table 1. The intrinsic viscosity
[�] of the oligomers was determined in Cellosolve (C).

The dependences of the viscosity � of mixtures
of E-05 and DFFr in Cellosolve on the precondensa-
tion time t were obtained at c(E-05) = 26.7 g dl�1

and c(DFFr) = 9.12 g dl�1, which corresponds to
N1(E-05)/N2(DFFr) = 1 [2]. Precondensation and
viscosity measurements in E-05 and DFFr mixed so-
lutions in C in the presence of H3PO4 were carried out
directly in a cylinder�cylinder cell of a Rheotest-2
rotary viscometer at 333 K. The results are presented

Table 1. Characteristics of oligomers at 298 K*

����������������������������������������
Olig- � EN, � [�], � DP � Mn � Mw/Mn
omer � % �dl g�1, �5%� �10% � �10% � �10%
����������������������������������������
E-05 � 1.8 � 0.134 � 10�17 � 2850 � 2.70
DFFr � � � 0.061 � 2�5 � 1030 � 3.85
����������������������������������������
* (EN) Epoxide number and (DP) degree of polymerization.

Table 2. Time of reaching the limiting viscosity � in
precondensation of E-05�DFFr mixture in EC (N1/N2 = 1,
g = 81 s�1, T = 333 K)
����������������������������������������
Sample� c(H3PO4)�N3/(N + N2)*� �, Pa s, � t,

no. � % � �5% � �0.03 � min
����������������������������������������

1 � 0 � 0 �1.54 (1.42)**� 180
2 � 14.3 � 0.02 �1.47 (1.28) � 150
3 � 30 � 0.04 �1.42 (1.43) � 120
4 � 50 � 0.07 �1.50 (1.51) � 120
5 � 75 � 0.09 �1.47 (1.49) � 120
6 � 100 � 0.13 �1.38 (1.47) � 90
7 � 125 � 0.17 �1.59 � 150
8 � 150 � 0.20 �1.56 (1.56) � >180
9 � 490 � 0.66 �1.53 (1.40) � >240

����������������������������������������
* (N1, N2, N3) Moles of E-05, DFFr, and H3PO4, respectively.

** Given in the parentheses is the viscosity � of E-05�DFFr
mixture in solution, corresponding to the extremum in
the �(t) curve in the course of precondensation of the olig-
omers.

in Fig. 1 and Table 2. The viscosity was measured at
a shear rate g = 81 s�1 to within 3 mPa s.

Phosphoric acid was added to the E-05�DFFr mix-
ture in the initial stage of precondensation of the olig-

Fig. 1. Kinetic curves of the viscosity � of a mixture of E-05 and DFFr resins in C solutions in the presence of phosphoric acid.
c(H3PO4) (rel %): (a) 0, (b) 75, (c) 100, and (d) 150. Shear rate g = 81 s�1; T = 333 K. (t) Precondensation time.
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Fig. 2. Microdecorographs of epoxy-phenolic coatings on food tin. (a, b) Fragments of the coating surface; H3PO4 concentration
in mixed oligomer solution (rel %): (c) 30, (d) 75, (e) 100, and (f) 150. Magnification: (a, c�f) 8000 and (b) 10000.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 8 2004

CLUSTER STRUCTURE OF EPOXY-PHENOLIC POLYMER 1371

Table 3. Parameters of the cluster structure of the chemical network of the epoxy-phenolic polymer, obtained from
the electron microscopic data (coatings on tin were prepared by curing precondensates of a mixture of oligomers)
������������������������������������������������������������������������������������
Sample no.� �l � 0.03 � �1, �2, nm � D � 7% � m � 0.2 � R, nm, �5% � <R>, nm
������������������������������������������������������������������������������������

1 � 0.93 � 430 � 1.97 � 6.8 � 41 � �

� 0.91** � 560** � 1.89** � 4.1** � (280)*** �
2 � 0.94 � 450 � 1.93 � 4.1 � 46 � 450

� 0.73** � 1200** � 1.78** � � (1000) �
3 � 0.59 � 350 � 1.82 � 4.5 � 50 � 315

� 0.30** � 2000** � 1.68** � � (1250) �
4 � 0.54 � 260 � 1.85 � 5.3 � 26 � 177

� 0.34** � 1490** � 1.66** � � (900) �
5 � 0.60 � 270 � 1.81 � 5.8 � 31 � 105

� 0.48** � 810** � 1.62** � � (800) �
6 � 0.55 � 590 � 1.93 � 4.1 � 31 � 308

� 0.34** � 2600** � 1.74* � � (2000) �
7 � 0.47 � 400 � 1.85 � 5.0 � 31 � 378

� 0.25** � 1500** � 1.3 ** � � (1000) �
8 � 0.96 � 520 � 1.94 � 7.0 � 36 � 478

� � � � � (800) �
9 � 0.98 � 560 � 1.95 � 7.1 � 37 � �

� � � � � (1200) �
������������������������������������������������������������������������������������

* Lattice density �l of the fine fraction of AgCl particles (�1) corresponds to the correlation radius �1. (<R>) Mean radius of
the aggregates meeting the condition R < �1 [9].

** Parameters related to coarse AgCl particles or to the DFFr phase.
*** Given in the parentheses is the minimum average distance between coarse AgCl particles.

omers. The H3PO4 concentration in the mixed olig-
omer solution was varied from 14.3 to 490 rel %
(a quantity of 0.25 g of H3PO4 per 36 g of the E-05�
DFFr mixture was taken as 100% [3]) (Table 2, sam-
ple nos. 1�9). Polymeric coatings 4 to 6 �m thick
were prepared by casting 20% solution of the pre-
condensate in C onto electrolytic tin plate, followed
by air-curing for 15 min at 483 K [15, 16] (Table 3,
sample nos. 1�9).

The cluster structure of the epoxy-phenolic poly-
mer was studied by depositing silver chloride by ther-
mal evaporation onto the coating surfaces in a vacu-
um (1.33 � 10�3 Pa) to an effective thickness of the
layer of 0.4 nm. Carbon replicas with decorating AgCl
nanoparticles were obtained using the procedure de-
scribed in [1] and then studied with an EVM 100 L
electron microscope. The electron micrographs of the
surface of polymer films on food tin were improved
by digital image processing [2] (Figs. 2a�2f).

The kinetic curves characterizing the variation of
the viscosity in the course of precondensation of
an E-05�DFFr mixture in the presence of H3PO4 show

extrema (Fig. 1). Previously, it has been demonstrated
[8] that the position of the extrema in the viscosity
curves as well as that of the ascending and descending
portions and those of saturation depend on the param-
eter N3/(N1 + N2). The dip in the curves corresponds
to N3/(N1 + N2) < 0.04, and the peak was observed at
N3/(N1 + N2) = 0.09�0.13 (Table 2, sample nos. 5, 6).
With increasing phosphoric acid concentration at
N3/(N1 + N2) >0.17, the viscosity of the mixed oligo-
mer solution does not approach the saturation in a fi-
nite time interval (Fig. 1d; Table 2, sample nos. 8, 9).

The observed different shapes of the viscosity cur-
ves can be interpreted in terms of the cluster mech-
anism of precondensation of the EO�PO mixture [2].
This mechanism predicts that the density of the aggre-
gates of oligomeric molecules changes in the course of
precondensation with the H3PO4 concentration [8].
We have demonstrated previously [2] that the dip in
the viscosity curves is caused by the formation of
mixed elementary aggregates of the oligomers, having
high packing density, and the peak in the curves can
be attributed to the formation of aggregates with a rel-
atively lower density of molecular packing.
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Fig. 3. Relative time �t of precondensation of the oligomer
mixture in C vs. the concentration c of phosphoric acid.

Fig. 4. Density � of aggregates of the oligomeric molecules
vs. the concentration c of phosphoric acid. Fractal dimen-
sion D of aggregates: (1) 1.7 and (2) 2.

Table 2 allows us to derive a correlation between
the limiting viscosity � of the mixture and the time t
in which it is attained in the course of precondensa-
tion of the oligomers in the solution. From these data
one can estimate the optimal H3PO4 concentration and
the parameter N3/(N1 + N2) corresponding to the min-
imum viscosity of the oligomeric mixture. The time t
in which the limiting viscosity � of the mixed oligo-
meric solution is attained, estimated relative to the po-
sition of the extremum in the �-vs.-t curve, is the
shortest at N3/(N1 + N2) 	 0.1, like that for � (Fig. 3).
If the parameter N3/(N1 +N2) deviates from this op-
timal value, the time of precondensation increases
(Table 2, sample nos. 1�4, 7�9).

Using the cluster model, the density 
 of the aggre-
gates of E-05 and DFFr molecules can be expressed

in terms of the relative viscosity �rel of the oligomer
mixture in the solution [8]:

� � w(3 �D)/D( [�]c/ln �rel )
(3 �D)/(3 � 2D),

where w = 0.637 is the factor of random packing of
hard spheres; D, the fractal dimension of the aggre-
gates in the solution [9]; and �rel = �/�0 (� and �0
are the viscosities of the solution and the solvent, re-
spectively) [14].

The density of the aggregates of the oligomeric
molecules in the solution was estimated for the pre-
condensates of the E-05�DFFr mixture in Cellosolve
at [�]c = 5.0 (dimensionless parameter) and the intrin-
sic viscosity of the precondensates [�] = 0.15 dl g�1

(Table 2, sample nos. 1�9). The fractal dimension D
of the aggregates of the oligomeric molecules was
taken to be 1.7 and 2 (Fig. 4).

Figure 4 shows that the density 
 of aggregates of
the oligomers changes in parallel with the limiting
viscosity of the oligomer mixture in the solution in the
course of precondensation. The density is the lowest
near c(H3PO4) = 100%, which corresponds to N3/(N1 +
N2) 	 0.1 and to N3/N1 � 0.3 (Table 2, sample no. 6).
In this case, the observed relatively low density of ag-
gregates of the oligomers is caused by the fact that EO
monophosphates are preferentially formed in the solu-
tion [5]. The increase in the limiting viscosity � of
the oligomer mixture and in the density 
 of aggre-
gates of the oligomeric molecules within the range
N3/(N1 + N2) = 0.17�0.66 is probably due to the for-
mation of di- and triphosphates [7].

The patterns of distribution of decorating particles
on the surface of the epoxy-phenolic polymer reveal
an inhomogeneous structure of the coatings, which is
represented by regions of localization of fine (20�
30 nm) and coarse (150�500 nm) AgCl particles
(Fig. 2). The inhomogeneous energy microprofile of
the polymeric coating, i.e., different strengths of bind-
ing of the adsorbed AgCl particles to the support, is
caused by the parameters of distribution of the reac-
tive functional groups of E-05 and DFFr on the sur-
face. Clusters of fine AgCl particles firmly bound
to the polymer surface primarily reflect the distribu-
tion of EO functional groups [1, 2]. Clusters of
coarse AgCl particles on the surface of the epoxy-
phenolic coatings are formed, as demonstrated previ-
ously [1, 2], via coalescence of fine particles and
topologically correspond to the distribution of the
functional groups of PO.

The mechanism of interaction of silver chloride
with the functional groups of PO involves partial
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reduction of AgCl to metallic silver by quinone-
methide groups of the epoxy-phenolic polymer formed
in thermal curing of the oligomer mixture [7]. In
the next stage, nucleation of Ag nanoparticles starts,
providing growth of coarse decorating particles of
AgCl. Reduction of silver chloride by hydroxyben-
zenes, which, taken as a mixture with hydroquinone,
are effective reducing agents for silver halides, are
widely used in chemical photographic processing of
silver halide materials [17]. This mechanism of inter-
action of AgCl with the functional groups of PO is
additionally supported by the fact that the amount of
coarse AgCl particles on the surface of the epoxy-
phenolic polymer falls with decreasing PO concentra-
tion in the oligomer mixture [1, 2].

Spatially correlated groups of fine and coarse de-
corating particles can be regarded as lattice clusters
[9] differing in the fractal dimension D, coordination
number m, density of the quasilattice points, and cor-
relation radius �. These parameters control the short-
range distribution of particles on the surface of poly-
meric films on the scale R < � [18], and they can be
estimated from the radial distribution function [1, 2]
(Table 3).

On the surface of the film prepared by thermal
curing of the precondensate of the oligomer mixture in
the absence of phosphoric acid (Tables 2 and 3, sam-
ple no. 1), we found a two-phase macroinhomoge-
neous structure of the resulting polymer (Figs. 2a, 2b).
The fine and coarse AgCl fractions are localized sep-
arately. These fractions are represented by extended
domains hundreds of micrometers in size. In this case,
a uniform chemical network is not formed on the poly-
mer surface on the scale close to the correlation radius
� of AgCl clusters as a result of the poor compatibility
of the oligomers in the solution.

In the presence of phosphoric acid, thermal curing
of the precondensates gives a more uniform chemical
network of the epoxy-phenolic polymer (Tables 2
and 3, sample nos. 2�9). Generally, two types of frac-
tal clusters of fine and coarse AgCl particles are dis-
tinguished on the polymer surface, which form two
chemical networks whose points contain either E-05
or DFFr (Figs.2c�2f). The size and lattice density
distribution of these clusters on the polymer surface
depend on the phosphoric acid concentration in the
mixed oligomer solution.

The mean cluster lattice density 
l, estimated by
the method described in [1], varies as a function of
the radius R of the circle with a center at the lattice
point occupied by a particle by the law 
l(R) � (R)D � 2

Fig. 5. Lattice density �l of the clusters of decorating AgCl
particles vs. the radius R of the circle surrounding a cluster
of the particles. Coatings on tin plate. H3PO4 concentration
(rel %): (1, 2) 0 (curves 1 and 2 correspond to the frag-
ments of the surface of sample no. 1, Table 3), (3) 30,
(4) 100, (5) 125, and (6) 150.

[9]. Transition to the network is controlled by chang-
ing D on the scale R = � [18].

Table 3 summarizes parameters of the cluster struc-
ture of the polymer prepared by curing the precon-
densates at various H3PO4 concentrations. In the
absence and at a large excess of phosphoric acid in
the precondensate, the cluster lattice density 
l on
the polymer surface is higher than that at c (H3PO4) =
30�125%.

For coatings prepared by curing the precondensates
in the absence of phosphoric acid and also for those
obtained at a large excess of the acid in the oligomer
mixture, the dependences 
l(R) plotted in the logarith-
mic coordinates are represented by of two linear por-
tions (Fig. 5). For the coating obtained in the absence
of the acid, two dependences 
l(R) were obtained, cor-
responding to polymeric phases enriched with either
E-05 or DFFr (Fig. 5, curves 1, 2). At c (H3PO4) =
14�125 rel %, the 
l(R) curves consist of three por-
tions (Table 3, sample nos. 2�6). At c (H3PO4) �
150 rel %, the chemical network of the epoxy-pheno-
lic polymer is characterized by a unique correlation
radius �, and within the range 14�125 rel %, by two
values �1 and �2 corresponding to the short- and long-
range order in the AgCl particle density distribution
on the surface (Fig. 5, curves 3�6).

The mean radius of the clusters, <R>, which char-
acterizes the average distance between the chemical
network points on the scale R � �1 [9], reaches the
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minimum value at c (H3PO4) = 75 rel % (Table 3,
sample no. 5). Here the particle size and the distance
between coarse AgCl particles on the surface are at
a minimum, and their concentration is at a maximum.
In this case, the coordination number m 	 6 corre-
sponds to a triangular quasilattice [8], and the lattice
density 
l(�1) of the clusters reaches a local maximum
(correlation radius �2 reaches a local minimum). It is
significant that, in this case, a uniform network of
the infinite cluster is formed from coarse and fine
AgCl particles, and the localization regions can be
imagined as two fractal (infinite) clusters nested with-
in each other, the coverages of the surface with these
clusters being approximately equal.

According to the percolation theory [9], the thresh-
old of percolation in microinhomogeneous systems for
two types of points on a triangular lattice corresponds
to the critical percolation probability pcr = 0.5. In
our case, points of such a lattice are occupied by
coarse and fine AgCl particles, and the lattice density

l of fractal clusters of fine and coarse particles is
close to the critical value corresponding to an infinite
cluster [9, 18]. Therefore, it may be suggested that,
at c (H3PO4) = 75 rel %, the chemical network of
the epoxy-phenolic polymer is the most uniform,
which is confirmed by high protective characteristics
of the polymeric coatings in simulated media [8].

At small deviations from c (H3PO4) = 75 rel %,
less uniform networks are formed on the surface,
and the coordination number m of the quasilattice de-
creases from 6 to 4�5 (Table 3, sample nos. 4, 6).
At c (H3PO4) = 50 rel. %, the infinite cluster con-
sists of only coarse AgCl particles with inclusions of
discrete domains of localization of fine particles. At
c (H3PO4) = 100 rel %, the uniform network is formed
by only fine AgCl particles (no uniform network of
coarse particles).

In the range c (H3PO4) = 100�125 rel %, the fractal
structure of the chemical network is represented by
an infinite cluster of fine AgCl particles and extended
discrete domains of localization of coarse particles.
The cluster structure of these extended regions of
localization of coarse AgCl particles is similar to lat-
tice monsters on a square lattice (m = 4) [19], since
an extended cluster of coarse particles does not spread
throughout the lattice, but only partially covers the
surface [1, 9]. Such a cluster has a branched structure.
However, its lattice density 
l on the scales R < �
and R > � is lower than the critical lattice density
(
cr 	 0.59) at which an infinite cluster starts to form
on a square lattice [19].

At c (H3PO4) = 50, 100, and 125 rel % (Table 3,
sample nos. 4, 6, and 7), the chemical network of
epoxy-phenolic coatings is characterized by noticeable
fluctuations of the lattice density 
l in the vicinity
of �1 and �2 corresponding to the short- and long-
range orders of AgCl particle distribution on the sur-
face. Such coatings demonstrate worse protective prop-
erties as compared to those obtained at c (H3PO4) =
75 rel % [8].

At a considerable excess of phosphoric acid in
the precondensate, the coordination number m of
the lattice on the coating surface grows with increas-
ing acid concentration in parallel with the lattice den-
sity 
l of clusters, and also in parallel with the limit-
ing viscosity of the oligomer mixture in the solution
in the final stage of precondensation (Tables 2 and 3,
sample nos. 8, 9). In these cases, a highly cross-linked
chemical network of the epoxy-phenolic polymer is
formed on the coating surface.

CONCLUSIONS

(1) The minimum values of the limiting viscosity
of the oligomer mixture and the density of aggregates
of the oligomers in the final stage of precondensation,
and also the preferential formation of monophosphates
of the epoxy-4,4�-isopropylidenediphenyl oligomer in
solution, were observed at the orthophosphoric acid to
oligomer molar ratio N3/(N1 + N2) 	 0.1.

(2) The most uniform cluster structure of the chem-
ical network of the epoxy-phenolic polymer is formed
on the coating surface at N3/(N1 + N2) 	 0.1. In this
case, the lattice density of infinite clusters of AgCl
particles, which represent points of the chemical net-
work formed in thermal curing of a mixture of the
epoxy-4,4�-isopropylidenediphenyl and phenol-form-
aldehyde oligomers is close to the threshold of per-
colation on a triangular lattice, and the coverages of
the surface with these clusters are nearly equal.
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Abstract�Radical polymerization of the quinone derived from monoethanolamine vinyl ether and 2,3,5,6-
tetrachloro-1,4-benzoquinone (chloranil) was studied by classical polarography. The conditions of preparation
of the redox polymer were optimized. The kinetic characteristics of the process were calculated.

One of the main lines of the Kazakhstan-2030
strategic development program is the use of domestic
raw materials and their processing into materials
useful for industry and agriculture, with the aim to
replace imported materials. The use of redox polymers
(or redox ion exchangers) in research and practice is
restricted by the lack of starting monomers for their
synthesis.

Systematic studies are made to develop procedures
for preparing new unsaturated monomers based on
monoethanolamine vinyl ether (MEAVE) produced
in Kazakhstan. Previous studies have been concerned
with the preparation of new redox polymers derived
from MEAVE and suitable for production of redox
ion exchangers [1], conditions of radical homopoly-
merization of some compounds derived from MEAVE
and quinones, kinetic characteristics of the process
[2�4], and copolymerization of these compounds with
acrylic acid, styrene, 4-vinylpyridine, and N-vinylpyr-
rolidone. For these reaction systems, the relative ac-
tivity constants, resonance stabilization factors Q,
and polarities e have been calculated [5, 6].

In this study, we analyzed polarographically the rad-
ical polymerization of the disubstituted derivative of
chloranil and MEAVE, MEAVE�CA�MEAVE.

EXPERIMENTAL

Azobis(isobutyronitrile) (AIBN) was recrystallized
from absolute methanol, mp 102�103�C.

2,5-Bis[N-(2-vinyloxy)ethyl]amino-3,6-dichloro-
1,4-benzoquinone (C14H16N2O4Cl2) (MEAVE�CA�
MEAVE) was prepared according to [1].

The radical polymerization was performed as de-
scribed in [2�4]. The optimal conditions were deter-
mined polarographically: 80�C, initiator concentration
6 wt %, monomer concentration in DMF 20 g l�1,
polymerization time 5 h. The polymer yield under
these conditions is 80.47%. The reaction kinetics was
monitored polarographically (by the amount of un-
changed monomer) and gravimetrically (by the poly-
mer yield).

The polarograms were recorded in a temperature-
controlled cell of a PU-1 polarograph at 25 � 0.5�C,
using a mercury dropping electrode with the open-cir-
cuit capillary characteristic m2/3 t1/6 = 4.38 mg2/3 s�1/2,
vs. saturated calomel electrode. The supporting elec-
trolyte was phosphate buffer solution (pH 7.4) in 25%
DMF. Prior to polarographic measurements, the solu-
tions were bubbled with argon to remove oxygen.

The IR spectra were measured on a Specord M-80
spectrophotometer using KBr pellets (200 mg KBr +
1 mg sample). In the spectra of the polymers, the
vinyl C�H band at 2928 cm�1 disappears, but the
NH stretching (3248 cm�1) and bending (1592 cm�1)
bands are preserved, as well as the bands of the ring
C=C bonds at 1504 cm�1, =C�N bond at 1328 cm�1,
ether group at 1208 cm�1, and C�Cl bonds at 712 and
752 cm�1. The quinone carbonyl band is broadened
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Table 1. Elemental composition and some physicochemical properties of the disubstituted monomer derived from
chloranil and MEAVE and of its polymer
������������������������������������������������������������������������������������

� Calculated, % � � � � � �
� ����������� � � � [�], � �, � SEC � RC

Compound � found, % � Yield, % � mp, �C � � � �
���������������������������� � � � ��������������
� C � H � N � Cl � � �

dl g�1

�
g cm�3

� mg-equiv g�1

������������������������������������������������������������������������������������� 48.43 � 4.64 � 8.06 � 20.42 � � � � � �
Monomer � ���� � ���� � ���� � ���� � 86.20 �103�105 � � � 0.2385 � � � �

� 48.55 � 4.64 � 8.18 � 20.36 � � � � � �� 48.43 � 4.64 � 8.06 � 20.42 � � � � � �
Polymer � ���� � ���� � ���� � ���� � 80.47 � 190 �0.16�0.18 � 1.0424 � 1.45 � 2.12� 48.55 � 4.64 � 8.18 � 20.36 � � � � � �
������������������������������������������������������������������������������������

and shifted to higher frequencies (1688 cm�1, against
1660 cm�1 for the monomer), which is typical of
quinone polymers.

Viscometric studies were performed in Ubbelohde
capillary viscometers in a temperature-controlled cell
at 25�C in DMF; the density, static exchange capacity
(SEC), and redox capacity (RC) were determined as
described in [2�4].

The reaction of chloranil with MEAVE yielded an
unsaturated redox monomer capable, in contrast to the
starting ether, of radical polymerization. The chemical
composition and some physicochemical characteristics
of the MEAVE-substiututed quinone and its polymer
are listed in Table 1.

From the measured content of the unchanged
monomer, we determined the degree of its conversion
and constructed the kinetic curves of polymerization
(FIg. 1).

To calculate the rate constants of the overall poly-
merization process, we determined the reaction order.
From the linear dependence of log c of the monomer
on the reaction time (Fig. 2), we found that the proc-
ess is monomolecular with respect to the monomer
(m = 0.74) and is described by first-order reaction
relationships.

The rate constants of MEAVE�CA�MEAVE poly-
merization, calculated from the first-order kinetic
equation, and the preexponential factors k0, calculated
from the Arrhenius equation k = k0 e�E/RT, are
listed in Table 2.

The plot of ln k vs. 1/T (Fig. 3) is a straight line;
from its slope, we determined the activation energy:

E = 4.571�tan ���,

where � is the slope of the straight line relative to the
abscissa, and � is the ratio of scales along the abscissa
and ordinate.

In the chosen scales, tan� = tan30� = 0.5774,
� = 103, and the activation energy E = 4.571 �
0.5774 � 103 = 26.393 kcal mol�1 (110.35 kJ mol�1).

Fig. 1. Kinetic curves of MEAVE�CA�MEAVE poly-
merization. (A) Polymer yield and (�) time. Tempera-
ture, K: (1) 346, (2) 360, and (3) 353.

Fig. 2. Concentration c of the monomer vs. the time �

of MEAVE�CA�MEAVE polymerization.

Fig. 3. Rate constant k of MEAVE�CA�MEAVE poly-
merization vs. temperature T.
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The redox monomer prepared from MEAVE and
chloranil is capable of polymerization, whereas
MEAVE does not form homopolymers in the presence
of radical initiators [2�4]. It should be noted, how-
ever, that the reactivity of MEAVE�CA�MEAVE in
homopolymerization is considerably lower than that
of other MEAVE-substituted quinones:

Redox monomer E, kJ mol�1

MEAVE�1,4-benzoquinone�MEAVE 11.95
MEAVE�2,3-dichloro-5,6-dicyano- 47.34
1,4-benzoquinone
MEAVE�1,2-naphthoquinone 62.50
MEAVE�1,4-benzoquinone 76.71
MEAVE�1,4-naphthoquinone 82.84
MEAVE�chloranil�MEAVE 110.35

Comparison of the activation energies of polymer-
ization of structurally related disubstituted 1,4-benzo-
quinone and chloranil derivatives shows that the
monomer based on 1,4-benzoquinone is considerably
more reactive than the chloranil derivative. Apparent-
ly, the two symmetrically situated chlorine atoms
cause redistribution of the electron density, leading to
a certain decrease in the polarization of the double
bond. As a result, the activity of the radical and hence
the homopolymerization rate decrease.

CONCLUSIONS

(1) The conditions of radical polymerization of a
new disubstituted quinone derivative obtained from
monoethanolamine vinyl ether and 2,3,5,6-tetrachloro-
1,4-benzoquinone (chloranil) were optimized.

Table 2. Kinetic characteristics of polymerization of
the disubstituted monomer derived from MEAVE and
chloranil
����������������������������������������
T, K � 10�3/T � k �10�4, s�1 � ln k � k0 �1012, s�1

����������������������������������������
346 � 2.89 � 0.58 � �5.65 � 2.71
353 � 2.83 � 1.23 � �4.90 � 2.69
360 � 2.78 � 2.42 � �4.22 � 2.54
����������������������������������������

(2) The kinetic of radical homopolymerization was
studied, and the rate constants of the process, activa-
tion energies, and preexponential factors of the Arrhe-
nius equation were determined. The presence of two
chlorine atoms in the monomer affects the activity of
the radical and considerably decreases the reactivity
of the monomer in radical polymerization.
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Abstract�A procedure was developed for gas-chromatographic determination of benz[a]pyrene in waste-
water, with similar pretreatment of reference solutions used for plotting the calibration diagrams and of
real wastewater.

The environmental monitoring becomes an increas-
ingly topical problem, because the development of
industrial production gives rise to a greater number of
pollution sources.

Among the known toxic agents, polyaromatic hy-
drocarbons (PAHs) require the most stringent control
in environmental objects due to their carcinogenic
activity.

Polycyclic aromatic hydrocarbons are formed in
incomplete combustion of organic compounds; they
appear in air, soil, and water from various cultural and
natural sources, such as combustion of fuels, smoking,
oil refining, forest fires, volcanic activity, etc. In the
atmosphere, PAHs are transferred with air masses to
long distances and their fall-outs contaminate the en-
vironment. One of the known PAHs exhibiting high
carcinogenic activity is benz[a]pyrene (3,4-benzpyrene,
BP); its maximum permissible concentration (MPC)
in the atmosphere and in air in working areas of in-
dustrial plants is 0.1 � 10�5 and 1.5 � 10�4 mg m�3,
respectively; MPC for water and soil is 5 � 10�6 mg l�1

and 0.02 mg kg�1 [1], respectively.

Analysis of PAHs occurring in the environmental
objects in so small concentrations requires that rather
stringent requirements should be satisfied at any stage
of the procedures used and, thus, very selective and
sensitive analytical methods should be developed.
The procedures devised in [2, 3] for analysis of PAHs
in water are based on capillary gas chromatography
with mass-spectrometric detection. Due to simplicity
of experimental equipment and availability of modern
methods for data recording and treatment, these pro-
cedures can be used in both routine and proximate

analyses. However, these procedures are based on the
quantitative treatment of the gas-chromatographic
data and do not take into account experimental errors
originating from the sample preparation.

Since monitoring of water samples for the content
of BP impurities involves its determination at concen-
trations not higher than MPC, this problem cannot
be solved without preconcentration. Small amounts
of PAHs (including BP) are recovered using extrac-
tion and sorption methods, supercritical fluid extrac-
tion, etc. Despite the significant number of studies
devoted to optimization and use of various procedures
for sample pretreatment, no one can be considered
preferable. However, the main stage in almost all the
known procedures of sample pretreatment is still liq-
uid-liquid extraction [4], with benzene as extractant
providing the best recovery of PAHs from water. It
should be noted that only thoroughly purified sol-
vents and freshly prepared references should be used
in the analysis.

EXPERIMENTAL

In this study, wastewater samples were treated us-
ing liquid�liquid extraction with benzene as extractant.

The chromatographic tests were performed on a
GALS-311 gas chromatograph (LYuMEKS company,
Russia) equipped with a flame-ionization detector and
a capillary quartz column (3000 � 0.025 cm) with
a low-polarity stationary phase; ultrapure nitrogen car-
rier gas was used.

The following hydrocarbon impurities occurring in
water (aliphatic hydrocarbons C1�C10, benzene, tolu-
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Quantitative analysis of BP
����������������������������������������

Proce-� cBP
*, � �

� mg dm�3 � Found x � 1� x, mg dm�3 � �, %dure � (added) � �
����������������������������������������

Absolute calibration procedure

(A) � 0.0049 � 0.0007 � 11.2 � 10�4 � 85.7
� 0.0096 � 0.0026 � 13.9 � 10�4 � 72.9
� 0.0489 � 0.0155 � 11.9 � 10�3 � 68.3
� 0.0976 � 0.0563 � 15.1 � 10�3 � 42.3
� 0.8957 � 0.6438 � 14.5 � 10�2 � 28.1

(B) � 0.0049 � 0.0043 � 7.1 � 10�4 � 12.2
� 0.0096 � 0.0089 � 11.4 � 10�3 � 7.3
� 0.0489 � 0.0448 � 15.8 � 10�3 � 8.4
� 0.0976 � 0.0921 � 19.2 � 10�3 � 5.6
� 0.8957 � 0.8425 � 15.9 � 10�2 � 5.9

Analysis with calibration curve

(A) � � � 1.52 � 10�3 � 12.6 � 10�4 �
� � 2.63 � 10�3 � 13.4 � 10�4 �
� � 4.44 � 10�3 � 13.6 � 10�4 �

(B) � � � 2.48 � 10�3 � 14.2 � 10�4 �
� � 3.68 � 10�3 � 15.2 � 10�4 �
� � 6.55 � 10�3 � 15.9 � 10�4 �

����������������������������������������
* (cBP) concentration of BP and (�) relative error.

ene, ethylbenzene, xylene isomers, acetone, carbon
tetrachloride, chloroform, 1,2-dichloroethane, 1,2-di-
bromoethane, chloroethane, bromoethane, naphthalene,
2-methylnaphthalene, 1-methylnaphthalene, biphenyl,
acenaphthene, etc.) do not interfere with the chroma-
tographic determination of BP, because these com-
pounds are efficiently separated on the column used.
Benz[a]pyrene was identified by the retention time
of the reference (tRsr = 17.2 min).

In this study, we employed the published procedure
[5] in which the reference solutions with known con-
tents of compounds in question is used for construct-
ing calibration diagrams, being subjected to the same
pretreatment as the samples to be analyzed. The effect
of the sample pretreatment on the results of qualitative
gas-chromatographic determination of BP was studied
using model systems.

In procedure A, we prepared a series of reference
solutions in benzene with known concentrations of BP
and then plotted the chromatographic peak areas vs.
the BP concentration [6].

In procedure B, the calibration curve was plotted
using the data of chromatographic analysis of refer-
ence solutions subjected to the same pretreatment
as real water. We prepared five model mixtures with
known BP concentration; for this purpose, the re-

quired weighed portions of the State Reference Sample
(benzene solution with BP concentration of 1 mg cm�3)
were added to distilled water (1 dm3). The resulting
solution was thoroughly mixed, sodium chloride was
added, and the system was extracted with three por-
tions of benzene. The benzene solutions were com-
bined and passed through anhydrous Na2SO4, which
was then twice washed with benzene. Then, the com-
bined extracts were evaporated to nearly 1 cm3 vol-
ume. The whole procedure B is shown in the scheme.

Preparation of the calibration by procedure B.

5 � 10�2, 1, and 10 mg) of BP solution in benzene
Addition of weighed portions (5 � 10�3, 10�2,

(1 mg cm�3) to five portions of water (1 dm3)

�
��
�
�
�
��

�

�

�

��

�����������������

������������

������

������

������

������������
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�
�
�
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���

Addition of NaCl (30 g) and extraction

���
������������������������

�
��
�
�

�
�����������������������

with benzene (3 � 35 ml)
�����

��������
�
�
��
���

����

����

Drying with Na2SO4�
�
�
����������������

������������������

�
�
����

Evaporation to dryness�
�
�
������������������
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Plotting of the calibration curve
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As indicated by the experimental results (see table),
the relative error in determining BP in water by pro-
cedure A at its low content is 86%, and it does not
exceed 12% in procedure B.

The results of a quantitative gas chromatographic
analysis of real wastewater are also listed in the table.

CONCLUSIONS

(1) Chromatographic analysis of benz[a]pyrene is
based on comparison with the calibration curves for
reference solutions subjected to the same treatment as
real wastewater in question.
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(2) In contrast to the procedure involving solutions
subjected to the same pretreatment as the samples to
be analyzed, the straight use of reference solutions
of known concentration can cause underestimation of
the benz[a]pyrene content in real systems by up to
an order of magnitude.
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Abstract�A procedure was developed for preparing a new trifunctional vulcanizing agent for unsaturated
rubber composites, 1,3,5-trinitrosobenzene; its suitability as an additive to rubber�substrate adhesive
formulations was examined.

Dinitrosoarenes are used as highly active vulcaniz-
ing agents for unsaturated rubbers and composites
thereof [1]; p-dinitrosobenzene (DNB) is widely used
in rubber�substrate adhesive formulations [2]. The
curing power of dinitrosoarenes is based on their bi-
functional structure allowing cross-linking of two un-
saturated rubber molecules. Calculations predict [3]
that 1,3,5-trinitrosobenzene (TNB) should be more
reactive in vulcanization than DNB. Therefore, syn-
thesis of trifunctional TNB is of theoretical and ap-
plied interest.

The goal of this study was to develop a facile pro-
cedure for preparing TNB and to evaluate its vulcaniz-
ing properties and adhesive power in rubber�substrate
formulations.

The initial attempts to prepare TNB by reduction of
1,3,5-trinitrobenzene to 1,3,5-tri(hydroxylamino)ben-
zene, followed by oxidation, failed because of side
reactions yielding azo and azoxy derivatives. Another
route led to success: oxidation of cyclohexane-1,3,5-
trione trioxime (CTO) with 30�35% HNO3 in the
presence of minor amounts (�0.1%) of nitrogen ox-
ides. In the course of the reaction, TNB is formed as
a hydrophobic foam:

�
��
�� �����

HNO3(NO)2

�
�� �

�

�	

NOH

NOHHON ON NO

NO

�
��
�� �����

HNO3(NO)2

�
�� �

�

�	

NOH

NOHHON ON NO

NO

In dilute nitric acid free of nitrogen oxides, CTO
readily dissolves to form a brown solution, without

oxidation to TNB. Addition of a small amount of
sodium nitrite as a source of nitrogen oxides initiates
oxidation of CTO to TNB; thus, NO2 and N2O4 are
key compounds in the reaction.

EXPERIMENTAL

Cyclohexane-1,3,5-trione trioxime was prepared as
described in [4].

1,3,5-Trinitrosobenzene. Dilute nitric acid was
prepared by adding 16 ml of 98% HNO3 containing
0.2�0.4% nitrogen oxides to 50 g of ice. To the re-
sulting 35% HNO3 solution containing dissolved ni-
trogen oxides (�0.1%), 1.0 g of CTO was added with
vigorous stirring at 12�15�C. Virtually immediately
after the dissolution of CTO, TNB was formed as
a hydrophobic foam. The product was filtered off,
washed with water to neutral reaction and then with
acetone, and dried. Yield 0.32 g (34%); light tur-
quoise powder, mp 170�C with decomposition. No
tarring was observed. Analytical data:

Found, %: C 43.90, N 25.20, H 1.65.

C6H3N3O3.

Calculated, %: C 43.65, N 25.45, H 1.83.

The mass spectrum (EI, 70 eV) recorded on
a Finnigan MAT-212 device showed that the sam-
ple completely sublimed on being introduced into the
ion source. Mass spectrum, m/z (Irel, %): 165.1
[M]+ (59), 135 [M�NO]+ (42), 105.1 [M�NO�NO]+

(8), 75.1 [M�NO�NO�NO]+ (100). The fragmenta-
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tion pattern involves the loss of NO groups character-
istic of nitrosoarenes [5] and can be described by
the scheme

�
�

	�
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At room temperature, TNB is virtually insoluble in
organic solvents and sparingly soluble in hot (100�C)
toluene or xylene with the formation of an unstable
green solution.

Oxidation of TNB yields 1,3,5-trinitrobenzene,
similarly to oxidation of nitrosoarenes [2]. In partic-
ular, addition of 1 g of TNB to 20 ml of hot (80�C)
98% nitric acid, followed by keeping at this tempera-
ture for 2�3 min and dilution with 100 ml of water,
yields 0.9 g (70%) of 1,3,5-trinitrobenzene, mp 121�
122�C; its spectral (IR, 1H NMR) and TLC (Rf) char-
acteristics coincide with those of an authentic sample.

The IR spectrum of TNB (KBr), recorded on a Bru-
ker Vector-22 spectrometer (Fig. 1), contains a strong
band at 1272 cm�1, characteristic of nitroso-arene
trans dimers [5]; the band at 3119 cm�1 is assigned
to stretching vibrations of the aromatic C�H bonds.
The spectrum suggests that solid TNB has a poly-
meric structure with trans-dimerized nitroso groups,
which makes this compound difficultly soluble and
relatively stable, comparable in properties with poly-
meric p-dinitrosobenzene having similar trans-azo-
N, N �-dioxide structure [6�8]:
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In agreement with the theoretical predictions [3],
TNB surpasses DNB in the vulcanizing activity and
is of interest as a high-rate curing agent for composite
systems based on unsaturated rubbers.

Fig. 1. IR spectrum of TNB in KBr. ( T ) Transmission and
(�) wave number.

We compared the physicomechanical properties of
vulcanized products obtained under �cold� (25�C)
vulcanization conditions with TNB and its structural
analogue applied in the same field, DNB. The stock
compounding was performed on cold rollers; the
weight proportions of the components were as fol-
lows: butyl rubber 100, DG-100 channel black (filler)
50, stearic acid (plasticizer) 2, and DNB or TNB
(vulcanizing agent) 1.

Vulcanization of rubber stocks was performed with
1�1.2-mm-thick plate samples at room temperature for
24 h, after which the physicomechanical characteris-
tics of the vulcanizates were studied with an RMI-250
tensile testing machine (Table 1).

As seen from Table 1, cold vulcanization of a
model formulation with TNB ensures better physico-
mechanical characteristics.

We also examined the possibility of using TNB as
a component of a rubber�substrate adhesive formula-
tion. The impregnating compound was prepared by
mixing 100 wt parts of o-xylene, 10 wt parts of SKN-

Table 1. Physicomechanical characteristics of vulcanizates
����������������������������������������

Vulcanizing � Tensile strength, � Elongation
agent � MPa cm�2 � at break, %

����������������������������������������
DNB � 7.5 � 320
TNB � 9.3 � 380

����������������������������������������
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Table 2. Results of tests by the H method
����������������������������������������

Cord thread
� Strength H with indicated agent
������������������������������
� DNB � TNB

����������������������������������������
25KNTS � 175 � 195
13ATL-VU � 103 � 128
����������������������������������������

40 butadiene�acrylonitrile rubber, 5 wt parts of chlo-
rinated Nairit (chloroprene rubber), and 5 wt parts
of DNB or TNB. The resulting compound was used
to treat 25KNTS polycaprolactam cord threads
and 13ATL-VU Anid (nylon) threads by their short
dipping into a tank with the impregnating compound.
After drying, the impregnated cord threads were
placed in a mold for vulcanization with a standard
rubber stock based on SKI-3 isoprene rubber, with
subsequent determination of the rubber�cord binding

strength by the H method [9]. The results are listed in
Table 2.

As seen from Table 2, TNB used as component of
a rubber�substrate adhesive formulation ensures high-
er adhesive characteristics, compared to the formula-
tion with DNB.

An ESR study of the vulcanization mechanism
with TNB (Radiopan SE/X 2544 spectrometer) re-
vealed, in the initial steps of the reaction of SKDK di-
vinyl rubber (toluene solution) with TNB, the signals
of nitroxyl radicals (Fig. 2; aN = 1.06, aH = 0.28 mT;
g = 2.0057).

The mechanism of unsaturated rubber vulcaniza-
tion with TNB presumably involves depolymeriza-
tion of TNB to the monomer and subsequent reactions
similar to those of DNB with olefins [10, 11]: pseudo-
Diels�Alder addition to the alkene unit, formation
and oxidation of the hydroxylamine derivative to
nitroxyl, and reactions yielding a three-dimensional
network:

����������

����������

Owing to the presence of three reactive nitroso
groups, TNB shows advantages over dinitroso-
arenes.

CONCLUSIONS

(1) A procedure was developed for preparing
1,3,5-trinitrosobenzene by oxidation of cyclohexane-

Fig. 2. ESR spectrum of the nitroxyl radical in the initial
step of the reaction of TNB with SKDK.

1,3,5-trione trioxime with dilute nitric acid in the pres-
ence of nitrogen oxides.

(2) Solid 1,3,5-trinitrosobenzene is a polymer ow-
ing to the intermolecular dimerization of the nitroso
groups and formation of trans-azo-N, N �-dioxide frag-
ments.

(3) The trifunctional structure of 1,3,5-trinitroso-
benzene ensures higher physicomechanical character-
istics of vulcanizates and higher adhesive character-
istics of rubber�substrate adhesive formulations pre-
pared with this agent.
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Abstract�Water absorption by ED-20 epoxy resin modified with fullerid nanoparticles, astralenes, was
studied as influenced by the modifier content.

Epoxy resins, epoxy-acrylic copolymers, and their
composites are used in electrical engineering and ra-
dioelectronic industry, aircraft construction, shipbuild-
ing, and mechanical engineering. These materials are
also used in building industry as components of pot-
ting and impregnation compounds, adhesives, sealants,
and binders of reinforced plastics. The adhesion of
epoxy resins to most of fillers, supports, and reinforc-
ing fibers is high. Epoxy adhesives are among the best
known polymers in the adhesive strength. Cured ep-
oxy resins have good mechanical properties, low
shrinkage, and high chemical resistance.

Since polymeric epoxy composites are used in large
(usually multilayer) power and insulating structures,
water absorption of the epoxy matrix should be esti-
mated. It should be noted that the strength and elastic
modulus decrease by 15�20% and the glass transition
point substantially decreases at water absorption of

Fig. 1. Typical polyhedral multi-layer particle 150 nm long
with internal slit capillary. Scale 1 : 1; the same for Fig. 2.

5�8 wt % [1]. The dielectric properties of polymeric
composites used for electrical and radio engineering
purposes are strongly deteriorated by water absorption.

Epoxy matrices with water absorption of no higher
than 1% are the most promising for preparing modern
polymeric and composite structures [1].

In this study, we examined the modification of
ED-20 epoxy-4,4�-isopropylidenediphenol resin with
astralene carbon nanoparticles to decrease its water
absorption.

EXPERIMENTAL

We used astalenes, carbon fulleroid nanoparticles,
[2] as the modifier.

A typical polyhedral multilayer particle 150 nm
long with internal slit capillary is shown in
Fig. 1. Similar particles are shown in Fig. 2. Their

Fig. 2. General view of dispersed astralenes.
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shape and the configuration of the slit capillary are
clearly seen.

We used ED-20 epoxy resin [GOST (State Stan-
dard) 10587�84], PEPA curing agent [TU (Technical
Specification) 2413-357-00203447�99], and carbon
nanomodifier (TU 2166-001-13800624�2003). The
experiments were performed using a VLR-200 analyt-
ical balance and an UZV2-1.6/18 ultrasonic bath with
an UZG16-1.6/22 ultrasonic generator.

The epoxy resins were modified by two methods.
The first method was developed in our laboratory.
The nanomodifier was dispersed for 15 min in acetone
in an ultrasonic bath, and then the acetone was re-
moved. The epoxy resin was also treated in the ultra-
sonic bath for 15 min. Then a weighed portion of the
modifier was added in small portions to the resin with
stirring over a period of 20 min without interrupting
the ultrasonic treatment. The curing agent was intro-
duced with continuous vigorous stirring over a period
of 5 min. The weight ratio of the curing agent to the
resin was 1 : 10. The finished formulation was cast
into a mold and cured at room temperature for 24 h.
The completely cured sample was weighed and boiled
in 0.2 wt % NaCl solution to remove the excess cur-
ing agent. Then the sample was weighed again and
boiled in NaCl solution for 2 h. After that it was dried
between pieces of filter paper and weighed to deter-
mine the water absorption.

The second procedure was performed in accordance
with GOST 4650�80. Each point of the concentration
dependence of water absorption was obtained with
10�15 samples of two different batches of the resin.
The experimental dependences of the water absorption
by the epoxy matrix on the nanomodifier concentra-
tion are shown in Figs. 3a and 3b.

The relative error for each point of the concentra-
tion dependences does not exceed 18 rel % at the con-
fidence level of 0.95.

As seen from both figures, the water absorption is
low. It is this fact that necessitates the use of the orig-
inal procedure. The sample obtained by the procedure
performed in accordance with GOST 4650�80 should
be weighed within 3 min after its removal from the
cooled solution. In this case, residual moisture is re-
tained on its surface. The presence of surface water
masks the actual water absorption in the bulk of the
epoxy matrix. The almost constant (0.7 wt %) water

Fig. 3. Water absorption m by ED-20 epoxy resin, deter-
mined by (a) conventional and (b) original procedure, vs.
the content c of nanomodifier (astralene) in the polymeric
matrix. Bold line shows water absorption by the unmodified
resin. Figures at the points denote water absorption (wt %).

absorption for all the samples prepared by the con-
ventional procedure (Fig. 3a) is due just to this fact.
The water absorption by the unmodified resin is shown
by the bold line.

The water absorption determined by the original
procedure, which involves removal of the surface wa-
ter, strongly depends on the modifier content (Fig. 3b).
It should be noted that the dependence passes through
a minimum at the astralene concentration of 5 � 10�2

to 2 � 10�3 wt %. Probably, this concentration of ful-
leroid particles catalyzes formation of the polymeric
matrix.

This is also the case for other astralene-containing
composites.

CONCLUSION

The dependence of water absorption by ED-20
epoxy resin on the concentration of a fulleroid modi-
fier was obtained. The water absorption decreases
by a factor of 2 at the modifier concentration of
5 � 10�2

�2 � 10�3 wt %.
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Jons Jakob Berzelius
(To 225th Anniversary of His Birthday)

Professor Jons Jakob Berzelius, a member of the
Royal Swedish Academy of Sciences (since 1808),
its president (1810�1818) and permanent secretary
(since 1818), an honorary foreign member of the Im-
perial Petersburg Academy of Sciences (since 1820),
and a member of academies of sciences and scientific
societies of many other countries occupies a rather
honorary place in the history of chemistry.

Being one of the best experts on chemistry of his
time, he made an outstanding contribution to the cre-
ation and development of quite a number of its most
important fields.

J.J. Berzelius was born on August 20, 1779, in
southern Sweden into a teacher’s family. Having re-
ceived his primary education at home, he entered the
gymnasium at a small Swedish town of Linko�ping in
1793. Already at an early age, Berzelius was interested
in natural science and studied the flora and fauna of
the neighborhood. Having early lost his parents, he
was obliged to earn his living already when studying
at the gymnasium and gave lessons. In the end of
September 1796, the seventeen-years-old youth en-
tered the old-established university of the town of
Uppsala. Founded in 1477, this educational institution
was deservedly famed. When being an undergraduate
medical student, Berzelius become interested in chem-
istry and gained an opportunity to use the facilities
of the university’s chemical laboratory. Berzelius was
particularly attracted by the basic research conducted
by a prominent French chemist A.L. Lavoisier (1743�

1794) and by fundamentals of his oxygen theory ex-
plaining the processes of burning and oxidation. The
young Swedish scientist took an active interest in
the results of investigations carried out by an English
physicist and chemist J. Dalton (1766�1844), which
were published at the very beginning of the XIX cen-
tury, and in studies of his Italian colleagues: physiol-
ogist L. Galvani (1737�1798) and physicist A. Volta
(1745�1827).

In May 1801, the degree of a candidate of medicine
was conferred on Berzelius for his studies of medici-
nal mineral water. Having completed his education,
Berzelius obtained the place of supernumerary assis-

tant at the Medical-Surgical Institute in Stockholm.
During those same years, Berzelius managed, with as-
sistance of W. Hisinger (1766�1852), a Swedish in-
dustrialist and scientist, to equip a laboratory and fab-
ricate instruments necessary for investigations, in-lud-
ing a voltaic pile. Already in May 1802, he presented
a paper devoted to the effect of electricity on living
organisms and became a doctor of medicine and phar-
macy. In that same year, at the age of 23, Berzelius
was appointed an adjunct of medicine and pharmacy
at the Medical-Surgical Institute in Stockholm. In
1807, he was appointed an ordinary professor of chem-
istry and pharmacy at the same institute. In 1807,
Berzelius founded the Swedish Society of Physicians.

In 1808, the young scientist was inducted into
the Royal Swedish Academy of Sciences, and was
elected its president in 1810. Beginning in 1818, he
was the permanent secretary of the Academy for thirty
years. In 1818, Berzelius was ennobled; he became
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a baron in 1835. In 1832 he terminated his teaching
activities and concentrated all his attention on scien-
tific studies. As mentioned in the monograph [1],
already by the end of the 1810s, Berzelius became
the leading figure in world’s chemical science and at-
tracted the attention of scientists from many countries.

The scientific activities of Berzelius were diverse
and successful, their scale is astonishing. Having
started with an analysis of the influence exerted by
electricity on organic bodies, Berzelius performed,
together with Hisinger, a first study in the field of
electrochemistry of solid solutions already in 1802.
He subjected aqueous solutions of various salts of
sulfuric acid to electrolysis. In the same year, he pub-
lished in Swedish the book Treatise on Galvanism.
The results of his experiments were described in more
detail and more completely in an article published by
Berzelius and Hisinger in German in 1803. Already
this first publication presented new concepts of the
behavior of chemical compounds in electrolysis. In
the following years, these concepts were transformed
into the electrochemical theory of affinity. Much atten-
tion was given to investigations by Berzelius and the
closely related studies carried out by G. Davy (1778�

1829) in the same years in a book by I.A. Kablukov
[2]. According to Berzelius, any complex body can
be separated into two parts, one electronegative and
the other electropositive. In a comparatively finished
form, the main concepts of the electrochemical theory
developed by Berzelius were formulated in papers
published in 1812 and 1815 [1].

In 1803, Berzelius and Hisinger discovered, virtu-
ally simultaneously with M.H. Klaproth (1743�1817),
a German chemist analyst, a new element, cerium.
In 1817, Berzelius discovered in the waste from sul-
furic acid production one more new element, an ana-
logue of tellurium. This element was named selenium.
In 1828, Berzelius discovered and, in the next year,
isolated in pure form a new element and named it
thorium. In 1823, Berzelius obtained silicon in pure
form for the first time.

In 1817, a Swedish chemist J.A. Arfwedson (1792�
1841) discovered lithium at Berzelius’s laboratory
and under his supervision and described the prop-
erties of this element. In 1830, another pupil of Ber-
zelius, N.G. Sefstro�m (1787�1845), discovered vana-
dium. Berzelius studied the chemistry of vanadium
compounds.

In addition to isolating thorium and silicon, Ber-
zelius was the first to obtain zirconium and tantalum,
which had been only known in compounds, in the

form of individual metals. The Swedish scientist
paid a considerable attention to ores and minerals,
in which the nature of Scandinavia is so rich. Having
done an enormous amount of work and performed
a great number of analyses, Berzelius systematized,
in fact, for the first time the available minerals and,
based on the results of chemical analyses and on elec-
trochemical concepts developed by the him, combined
them in families and groups. Berzelius also improved
the existing methods for qualitative analysis of min-
erals. Before the beginning of the XIX century, min-
eralogy had been a purely descriptive science. After
Berzelius’s works, the chemical composition of min-
erals became their basic classification characteristic.
The investigations performed by the Swedish scientist
laid the foundation of the chemical area in geology
and mineralogy, which was further developed in the
second half of the XIX century.

In 1811�1818, Berzelius analyzed and determined
the percentage composition of about two thousand
compounds, and determined the atomic weights of
a great number of elements known by that time. This
enormous work served as a confirmation and experi-
mental substantiation of Dalton’s atomistic concepts.
Dalton introduced the notion of the atomic weight at
the very beginning of the XIX century and compiled
the first table of relative atomic weights of the most
important elements, with the atomic weight of hydro-
gen taken to be unity, and formulated the law of mul-
tiple proportions. The standpoint of Berzelius in the
field of atomism and its transformation were analyzed
in detail in the monograph by Yu.I. Solov’ev and
V.I. Kurinnoi [1]. In 1826, based on newly discovered
laws and results of investigations (Dulong�Petit law,
investigations of isomorphism), Berzelius composed
a new system of atomic weights for 29 chemical ele-
ments, with the atomic weights of 23 of these being
very close to their modern values.

Berzelius suggested a simple and understandable
notation of chemical elements, which is used by chem-
ists until now. This notation was first described by the
author in 1813, and in a more complete form, in 1815.
So the chemists got a unified chemical language.

In 1811, Berzelius commenced a study of organic
compounds, having started with the fabrication of in-
struments for their elemental analysis. This made it
possible to analyze with high precision quite a number
of important organic compounds and to conclude that
their composition can be described using chemical for-
mulas. This aspect of Berzelius’s activities was con-
sidered in detail in the monograph [3]. Berzelius him-
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self wrote in 1839: �A chemical study of the organic
nature have become one of the most interesting sub-
ject of natural science� [3]. By the end of Berzelius’s
life, organic chemistry occupied the leading position
in chemistry.

During a number of years, Berzelius worked on
a textbook of chemistry and was occupied with its re-
edition and improvement. The first volume was pub-
lished in 1808, and the following four volumes, in
1812, 1818, 1827, and 1828. The textbook was trans-
lated into other languages. For example, in 1843�

1848 a translation of the fifth edition was published in
German in five large volumes; in 1845�1850, a French
translation was published. The textbook written by
Berzelius discussed for the first time such notions as
isomerism, allotropy, and catalysis.

Berzelius was the first organizer of scientific in-
formation in the history of science. In 1821, Annual
Report of Advances in Physics and Chemistry was
published in Swedish. During the period of time from
1821 till 1847, 27 issues of Annual Reports were
published, all of which were translated into German.
During the first years of publication, the issues cov-
ered investigations in physics, chemistry, astronomy,
zoology, botany, and technology. The issues pub-
lished in 1825 to 1839 covered only physics and
chemistry. Beginning in 1840, the issues were devoted
to chemistry and mineralogy. Berzelius not only re-
viewed a great number of scientific publications, but
also attempted to make an objective critical estimate
of most of these works.

Berzelius maintained close scientific relationships
with many leading scientists of his time. In the sum-
mer of 1812, he visited London and got acquainted
with of Davy, whose works in electrochemistry had
long been known to Berzelius. In 1818, the Swedish
scientist made a long trip abroad, during which he
visited England, France, Switzerland, and Germany.
He became closely acquainted with C.L. Berthollet
(1748�1822), P.L. Dulong (1785�1838), and German
and Swiss chemists. Later, Berzelius repeatedly vis-
ited Germany and got acquainted with outstanding re-
presentatives of this country: poet, philosopher, and
natural scientist J.W. Goethe (1749�1832); scien-
tist, traveller, and public figure A. Humboldt (1769�

1859); and well-known chemist J. Liebig (1803�1873).
Such prominent and, later, well-known German chem-
ists as Ch.G. Gmelin (1792�1860), H. Rose (1795�
1864) and his brother G. Rose (1798�1873), F. Wo�hler
(1800�1882), and H.G. Magnus (1808�1871) were
trained in different times at Berzelius’s laboratory.

Among the Russian chemists who improved their ed-
ucation at this laboratory were G.I. Gess (1802�1850),
Yu.V. Fritsshe (1808�1871), G.V. Struve (1822�
1908), and K. Shmidt (1822�1894). Later, Gess and
Fritsshe were elected members of the St. Petersburg
Academy of Sciences (in 1830 and 1852, respective-
ly), and Struve and Shmidt, corresponding members
(in 1876 and 1873). The scientific relationships be-
tween Berzelius and Russian scientists were analyzed
in a monograph [1] and in [4, 5]. As already noted,
Berzelius was elected for �outstanding achievements
in chemistry� an honorary member of the St. Peters-
burg Academy of Sciences. A great number of his
works were published in Russian translation in peri-
odical [mostly in Gornyi zhurnal (Mining Journal)]
and other publications. In turn, Berzelius paid a suf-
ficient attention to works of Russian scientists and
noted their high level and practical value [4]. Berzelius
corresponded with a number of Russian scientists; the
correspondence with Gess was especially intensive [5].

Jons Jakob Berzelius died of a continuous illness
on August 7, 1848. His life and activities were de-
scribed in detail in monographs [1, 6]. A vast litera-
ture: articles in journals [7] and reference publications
[8�10], is devoted to the outstanding Swedish scientist.
The achievements of Berzelius in chemistry of rare-
earth metals were considered by D.N. Trifonov [11].
The contribution of the Swedish scientist to the the-
ory of catalysis was discussed by V.I. Kuznetsov [12].
The known historian of chemistry B.N. Menshutkin
(1874�1938) named Berzelius �the most outstanding
chemist of the first half of the XIX century� [13].
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Third International Scientific-Practical Conference
�New Fuels with Additives�

III International Scientific-Practical Conference
�New Fuels with Additives� was held in St. Peters-
burg on June 1�3, 2004. The conference was orga-
nized by the St. Petersburg Scientific Center of the
Russian Academy of Sciences, Scientific Council for
Combustion and Explosion of the Russian Academy
of Sciences (Northwestern division), Administration
of St. Petersburg (Committees for Transport and for
Nature Management, Environment Protection, and
Ecological Safety), Prikladnaya Khimiya Russian
Scientific Center, a number of other institutes, and
St. Petersburg fuel company. Among the participants
of the conference were 136 institutions and associa-
tions from 9 countries, including 26 research institu-
tions, 18 higher school institutions, 62 plants of oil-re-
fining and fuel industry, and 5 plants for manufacture
and repair of engines.

The conference was timed with the 95th birthday
of V.S. Shpak, an outstanding scientist in the field of
applied chemistry, Honored scientist and technologist
of the Russian Federation, Honorary chemist, and
academician of the Russian Academy of Sciences.
Opening the conference, Shpak mentioned that the
requirements to the quality of all kind of fuels have
become increasingly stringent, primarily as regards
the ecological conditions of their use. Also important
is the energy resource saving. To significantly im-
prove the ecological safety of fuels, raise their energy
content, increase the reliability and service life of
stationary and on-board power installations, it is nec-
essary to use new chemical means of doping of the
hydrocarbon raw materials. This leads to creation of
a wide variety of chemical products, which are named
fuel additives and are new to the chemical industry.

The widening of the variety of products and or-
ganization of their manufacture should be consistent
with the development of petrochemical industries, be-
cause oils and base fuels may differ strongly and this
circumstance complicates the doping of fuels and
bringing their quality in conformity with the new
international standards. Shpak urged the conference
participants to actively discuss these problems.

The conference participants were also addressed by
the deputy chairman of the St. Petersburg Scientific

Center of the Russian Academy of Sciences, Acade-
mician G.F. Tereshchenko. He conveyed to them the
greeting message of Zh.I. Alferov, Nobel Prize Lau-
reate and academician of the Russian Academy of
Sciences, and wished successful work.

More than 80 reports devoted to various aspects
of manufacture and use of fuels with additives were
delivered at the conference. Review reports were pres-
ented by leading specialists of our country: T.N. Mi-
tusova (Volgograd), V.E. Emel’yanov (Moscow),
A.M. Danilov (Moscow), F.V. Turovskii (Moscow),
V.N. Lozhkin (St. Petersburg), V.V. Sokolov (Mos-
cow), E.M. Mokhnatkin (St. Petersburg), A.L. Dmi-
triev (St. Petersburg), V.F. Bol’shakov (St. Peters-
burg), A.V. Nikolaenko (St. Petersburg), S.N. Volgin
(Moscow), O.I. Shapovalenko (St. Petersburg), and
many others. The reports were mostly devoted to de-
velopment and manufacture of fuel additives in Russia.
Production of cetane-improving additives based on
nitrates and peroxides and octane-improving additives
containing compounds of iron, nickel, and manganese,
as well as amines and oxygenates, were discussed.

Problems associated with the use of oxygenate fuels
from renewable sources of raw materials, and also
liquefied natural gas, were considered. A lengthy dis-
cussion was aroused by reports devoted to methods
for obtaining, storing, and using hydrogen in internal
combustion engines.

As a result of the discussion of the reports, a con-
clusion was made that the quality of the most part
of fuels manufactured in Russia fail to conform to
the modern requirements.

The main achievement of the domestic oil-refining
industry was the complete termination of the manufac-
ture and use of leaded gasoline, beginning on July 1,
2003. The speakers noted the insufficiency of the ma-
terial resources of testing centers and laboratories for
carrying out certification, qualification, and validation
tests of new and alternative fuels with additives. Until
now there is no sufficient coordination of works in
the field of manufacture of a variety of additives to
motor fuels. At the same time, there exist domestic
technologies for manufacture of additives that make
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it possible to obtain fuels on a level with the highest
world’s standards.

The conference participants noted the benefits of
the exchange of views and familiarization with the
newest developments in the field of production and
use of new fuels and additives. It was found advisable
to hold such scientific-practical conferences once in
two years and a decision was made to hold the next
conference in 2006.

One of the most promising ways to improve the
quality of motor fuels and diminish noxious dis-
charges into the atmosphere is to use oxygen-contain-
ing additives, combustion catalysts, and alternative
fuels, such as liquefied natural gas and hydrogen.

In order to diminish the dependence of Russia on
the import of additives, the conference found it ap-
propriate to commission the Scientific council for
combustion and explosion of the Russian Academy
of Sciences with addressing the Government. A sug-
gestion is to be made to create on the basis of the
Council for combustion and explosion, with special-
ists from other organizations, a Center for coordina-
tion of development and manufacture of additives to
fuels. The resolution of the conference makes quite
a number of recommendations aimed to improve the
production and quality evaluation of fuels, additives,
and other petroleum products.

A.G. Morachevskii
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Sergeev, G.B., Nanokhimiya (Nanochemistry),
Moscow: Mos. Gos. Univ., 2003, 288 pp.

The book by G.B. Sergeev, a professor of Moscow
State University, is the first domestic monograph de-
voted to the new and rapidly developing scientific
area, nanochemistry. Nanosize particles have been
actively studied in various fields of science in the
recent 15�20 years. These investigations became par-
ticularly intensive in the 1990s, and the term nano-
chemistry appeared in those same years. Presently,
such terms as �nanoparticles,� �nanoclusters,� �nano-
composites,� and �nanotechnologies� are already in
wide use.

The monograph comprises an introduction, eight
chapters, a conclusion, and a bibliographic list. In the
brief introduction (pp. 9�11), the author, in particular,
notes that studies of nanoparticles composed of var-
ious elements of the periodic system open up new
areas of chemical research, which cannot be under-
stood in terms of the already developed concepts.
The presently available experimental material makes
it possible to define nanochemistry as a field of sci-
ence that is concerned with production, properties,
and reactivity of particles and ensembles of particles
that have, at least in one direction, a size less than
10 nm. Determining how the particle size or the num-
ber of atoms in a particle affect its physicochemical
properties and reactivity is one of the most fundamen-
tal problems of modern chemistry. The monograph
being discussed gives primary attention to the spe-
cifics of obtaining and chemical transformations of
atoms, clusters, and nanoparticles of metals belong-
ing to various groups of the periodic system. A sep-
arate chapter is devoted to nanoparticles based on
carbon and silicon.

The small first chapter (pp. 12�20) is devoted to
a general characterization of the problem, presents
the author’s classification of nanoparticles, and for-
mulates some important concepts. It is, in particular,
noted that the particle size is an active variable, which
determines, together with other variables, the state
of the system and its reactivity. Reactions into which
solid substances do not enter are possible for their
nanoscale particles.

The second chapter (pp. 21�53) considers ways to
obtain and stabilize nanoparticles. The high chemical
activity characteristic of metal atoms is preserved in

dimers, trimers, and in clusters formed from these
atoms, as well as in nanoparticles with a great number
of atoms. Studies of active particles of this kind are
only possible if various stabilizing agents are used.
The following methods are discussed: chemical re-
duction mainly in the liquid phase; reactions in mi-
celles, emulsions, and dendrimers;, photo- and radia-
tion-induced chemical reduction; cryochemical syn-
thesis; and physical techniques. The material pres-
ented in the chapter is mainly based on publications
of 2000 and 2001.

The third chapter (pp. 54�66) is devoted to meth-
ods for determining the size and studying some prop-
erties of nanoparticles in the gas phase, on a surface,
in the bulk, or in a matrix. To methods of this kind
belong transmission or scanning electron microsco-
py, electron-probe microscopy, diffraction techniques
(X-ray and neutron diffraction analysis), and a num-
ber of other physical techniques. Despite the wide
diversity of the existing methods for studying indi-
vidual nanoparticles in the gas phase and in the bulk
of nanostructures, the author notes the necessity for
developing new techniques that should not only mea-
sure various parameters of nanoparticles, but also
trace in detail how these parameters vary in the course
of formation and subsequent self-organization of nano-
particles and upon fabrication of nanotechnological
devices on their base.

The fourth chapter (pp. 67�135) presents the main
concepts of the intensively developing new scientific
area: cryochemistry of nanosize particles or cryonano-
chemistry.1 The chapter is mainly constituted by re-
sults of experimental studies of processes involving
nanoparticles of magnesium, silver, and rare-earth
metals at low (77 K) and ultralow (4�7 K) tempera-
tures. The final section of the chapter considers the
possibility of modeling of the physicochemical prop-
erties and reactivity of metal nanoparticles.

The fifth chapter (pp. 136�191), named �Chemical
nanoreactors� by the author, pays considerable atten-
to application of the method of matrix isolation for
����������

1 G.B. Sergeev is a known specialist in cryochemistry and one
of the authors of the monograph Kriokhimiya (Cryochemistry)
(Moscow: Khimiya, 1978).
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stabilization of active particles. The method consists
in that substances are accumulated under the condi-
tions that hinder reactions. For example, the matrix
in a solid inert substance at low temperature hinders
diffusion, and active particles are virtually immobile
(stable), frozen in the medium that cannot react with
them. Inert gases can serve as matrices. A great num-
ber of examples of reactions involving various metals
in inert and active matrices are given.

The rather small sixth chapter (pp. 192�200) con-
tains evidence concerning the nanochemistry of car-
bon and silicon. The author emphasizes the impor-
tance of the discovery of fullerenes and, later, carbon
nanotubes for development in the future of nano-
technologies applicable in actual practice.

The seventh chapter (pp. 201�219) is devoted to
dimension effects in nanochemistry. By dimension
effects in chemistry is understood the fundamental
change in the physicochemical properties and reactiv-
ity, depending on the number of atoms or molecules
in a substance particle, which occurs at particles sizes
of less than 100 atomic-molecular diameters. The man-
ifestation of dimension factors is one of the basic dis-
tinctions of nanochemistry from the chemistry of re-
actions that occur under ordinary conditions. It is em-
phasized at the end of the chapter that it is studying
the dimension factors and establishing a relationship
between the number of atoms involved in a reaction
and the resulting fundamental chemical changes that is
the main subject of nanochemistry. The size, shape,
and organization of metal particles in the nanometer
range directly affect the chemical activity of the re-
sulting systems, stability and properties of the mate-
rials obtained and the possibility of their use in nano-
technology.

The eighth chapter (pp. 220�253) contains the most
recent evidence (the years of 2000�2002) concerning
various fields of application of nanoparticles in sci-

ence and technology: development of new catalysts,
use of highly active nanocrystalline metal oxides in
various syntheses, use of semiconductor nanoparticles,
and development of nanophotonics, which is a new
area of research concerned with optical properties
of objects with a size considerably smaller than the
wavelength of light. A separate section of the chapter
is devoted to application of carbon nanotubes.

In the conclusion (pp. 254�260), the author for-
mulates, on the basis of an analysis of the experimen-
tal material described, some general conclusions and
points out promising areas of investigations into the
chemical properties and reactivity of various elements
of the periodic system, depending on the particle size.
The origination and development of nanoscience, and
nanochemistry as its most important component, is in
line with the modern development of natural science.

The bibliographic list (pp. 261�284) contains 606
references to publications by domestic and foreign
authors. Noteworthy is the fact that more than 75%
of references is to publications of the years of 1990
to 2002. Particularly great is the number of publica-
tions in the field of nanochemistry in 2000 and 2001.
The monograph by G.B.Sergeev has a subject index
(pp. 285�287).

Nanoscience has an interdisciplinary nature; it re-
lies upon the approaches and investigation techniques
used in physics, chemistry, biology, and materials
science. The importance and role of this science will
grow in the XXI century year by year. The very in-
terestingly and rather simply written monograph by
G.B.Sergeev may be undoubtedly of interest to a wide
audience of specialists. The book will arouse interest
in nanochemistry, its possibilities, fundamental as-
pects, and tasks.

A.G. Morachevskii
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Abstract�The kinetics and mechanism of oxidation of titanium, zirconium, and hafnium in air at 973�
1473 K were studied in relation to the properties of the metals.

The kinetics and mechanism of oxidation of titani-
um, zirconium, and hafnium were extensively studied,
but the behavior of these metals actually was not
compared under identical conditions, except for cer-
tain data in [1]. At the same time, such data are of
both practical and scientific interest, as they give
insight into the features of oxidation of these metals.

The purpose of this work was to reveal how the
properties of titanium, zirconium, and hafnium affect
the kinetic parameters, temperature dependence of rate
constants, and activation energy of the oxidation,
the diffusion mechanism of scaling, and properties
of the scale.

Experiments were carried out in air with control-
lable humidity at a pressure of 101.3 kPa in the range
973�1473 K. The materials under study were high-
purity metals (99.93% Ti, 99.80% Zr, and 99.70% Hf)
melted in a fluidized bed in an electromagnetic field
in an atmosphere of purified argon [2]. The technique
of the preparation of 1.0(1.5)�1.0� (0.2�0.5)-cm
samples with a grain size of about 50 �m and the
experimental procedures in use are described in [3�5].

Comparison shows that the parameters of the oxi-
dation of titanium, zirconium, and hafnium are essen-
tially different. In particular (Table 1), the rate of Ti
oxidation at 1073�1473 K is much lower than that of
Zr, but much higher (at T > 1073 K) than that of Hf.

Processing of the oxidation curves (Fig. 1) shows
that Evans equation (1) [6] and laws close to parabol-
ic, cubic, and sometimes linear (2)� (4) are obeyed:

Klq
2 + Kpq = KlKp� + C, (1)

q2 = Kp� + C, (2)

q3 = Kc� + C, (3)

q = Kl� + C, (4)

where q is the weight of absorbed gases; �, time; C,
a constant; Kl, Kp, and Kc, rate constants of the oxida-
tion by linear, parabolic, and cubic laws, respectively.

In fact, laws (2)�(4) are not strictly fulfilled in the
case of the Zr and Hf oxidation, and the experimental
data can be formally described by expression (5) with
various n values.

q n = K� + C. (5)

As follows from Table 2, the kinetics of Ti oxida-
tion (3 h) at 1073�1373 K almost fully follows Evans
equation (1) (Fig. 2), which suggests nonstationary
character of this process and, hence, comparable con-
trol of its rate by diffusion and by interphase reactions
[6, 7]. At T < 1073 K, the equation is obeyed only
at the beginning of the test, being then replaced by
another relationship with 2 < n < 3 in expression (5).
Above 1373 (1423) K, the Evans law is not obeyed
owing to a considerable influence of a strong over-
heating of the sample surface on the kinetics of the
oxidation in the initial period [8]. With Hf (3 h), the
Evans law is obeyed only at 973�1023 K and, as op-
posed to Ti, above 1423 K, whereas in the range
1073�1423 K it is obeyed only at the beginning of
the oxidation (Fig. 2), with the subsequent transition
to dependence (2), which is close to parabolic. With

Table 1. Weight gain �q oxidation of Ti, Zr, and Hf in air
for 3 h
����������������������������������������

M
� �q, mg cm�2, at indicated temperature, K
������������������������������������
� 973 � 1073� 1173� 1273� 1323� 1373 � 1473

����������������������������������������
Ti � 0.40 � 1.5 � 7.9 � 21.5 � 34.4 � 31.7 � 35.7
Zr � 2.00 � 3.1 �13.2 � 31.1 � 54.5 � 43.1 � 82.9
Hf � 0.40 � 1.5 � 2.2 � 9.3 � 8.0 � 10.3 � 19.2

����������������������������������������
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Table 2. Influence of temperature T and time � of oxidation of Ti, Zr, and Hf on the type of kinetic law*
������������������������������������������������������������������������������������

Law of oxidation, temperature range, and time of its action
������������������������������������������������������������������������������������

Ti � Zr � Hf
������������������������������������������������������������������������������������
Eq. (1): �Eqs. (2) and (5): �Eq. (1):
973�1023 K, i.p.; 1073�1373 K, � � 3 h�973�1373 K, i.p., 2.0 � n � 2.4 �973�1023, 1473 K, � � 3 h; 1073�1423 K, i.p.
Eq. (5): �Eqs. (3) and (5): �Eqs. (2) and (5):
973�1023 K, a.i.p., 2 < n < 3; �973�1473 K, a.i.p., 2.6 � n � 3.0 �1073�1423 K, a.i.p., 2.1 � n � 2.4
1373�1473 K, � � 3 h, 2.5 � n � 5.0 � �
������������������������������������������������������������������������������������
* (i.p.) Initial period; (a.i.p.) after initial period.

Zr, the Evans equation is not obeyed at all, and the
oxidation process is usually described by parabolic
law (2) and subsequently by cubic law (3), or by laws
close to them.

In some cases, the cubic law converts to almost
linear law (4) with a noticeable increase in the oxida-
tion rate, suggesting a decrease in the protective prop-
erties of the oxide film. It should be noted that almost
all papers devoted to the kinetics of oxidation of Ti,
Zr, and Hf in air at 973�1473 K [4, 9�11] contain
evidences for the validity of laws (2)�(4) or those
close to them. The nonstationary character of Ti and
Hf oxidation under the same conditions was found for
the first time in [3, 5].

�, min

q, mg cm�2

Fig. 1. Curves of the oxidation in air of (2, 7, 9, 11) titani-
um, (5, 8, 10, 12) zirconium, and (1, 3, 4, 6) hafnium.
(q) weight gain and (�) time; the same for Fig. 2. Tempera-
ture (K): (1, 2, 5) 1173, (3, 7, 8) 1273, (10, 11) 1373,
and (6, 9, 12) 1473.

Figure 3, in which K l
(1) and K p

(1) characterize the
oxidation according to Evans equation (1) and K p

(2),
the oxidation according to parabolic law (2), shows
that the temperature coefficient K l

(1) for Ti increases
on passing to the region T > 1173 K, whereas in the
case of Hf oxidation, on the contrary, it decreases.
The dependences logK p

(1) = f (1/T) for both metals are
similar and consist of three sections; however, the
intermediate region in the case of Hf is longer com-
pared to Ti and is shifted toward higher temperatures.
The dependences logK p

(2) = f (1/T) for Zr and Hf are
also similar in shape and somewhat differ from each
other in the inflection points and lengths of separate
regions.

�, min

q, mg cm�2

Fig. 2. Data on the of oxidation in air of (1) zirconium,
(2�4) titanium, and (5�7) hafnium in the coordinates of
(2, 5) Evans equation and (1) cubic law; position of (3,
6) experimental points relative to (4, 7) curves of Evans
equation constructed with the values of Kl

(1) and Kp
(1) ob-

tained.
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Table 3. Apparent activation energy of oxidation of Ti, Zr, and Hf by linear [E l
(1)], parabolic [Ep

(1), Ep
(2)], and cubic

(Ec) laws
������������������������������������������������������������������������������������

M
� E l

(1) � Ep
(1) � Ep

(2) � Ec
����������������������������������������������������������������������������
� kJ mol�1

������������������������������������������������������������������������������������
Ti � 71 (973�1173)* � 235 (973�1123) � � � �

� 199 (1173�1423) � 510 (1123�1223) � � � �
� � � 159 (1223�1373) � � � �

Zr � � � � � 125 (973�1173) � 175 (973�1173)
� � � (1173�1323) � 300 (1173�1323) � 460 (1173�1273)
� � � � � � � 235 (1273�1473)

Hf � 150 (973�1173) � 90 (973�1173) � 95 (1073�1223) � �
� 100 (1173�1473) � 220 (1173�1373) � 250 (1223�1423) � �
� � � 98 (1373�1473) � � � �

������������������������������������������������������������������������������������
* Temperature, K, is given in parentheses.

The apparent activation energies of the oxidation
by the corresponding laws (Table 3) are determined
with an error of � (3�7)%. As compared to Hf, for Ti
the apparent activation energy El

(1) of interphase proc-
esses at T < 1173 K in Table 3 is lower, and at T >
1173 K, much higher. In the case of Ep

(1), the relation-
ship is inverse. The activation energy of oxidation of
Zr by parabolic law, Ep

(2), and by cubic law, Ec, is
much greater than Ep

(1) and Ep
(2) for Hf in all the tem-

perature ranges.

log K(1)
l

[mg cm�2 min�1]

�log K(1), �log K(2)
p p

[mg2 cm�4 min�1]
log Kc

[mg3 cm�6 min�1]

103/T, K�1

Fig. 3. Temperature dependence of (1, 2) Kl
(1), (4, 6) Kp

(1),
(5�7) Kp

(2), and (3) Kc for the oxidation in air of (2, 4) tita-
nium, (3, 7) zirconium, and (1, 5, 6) hafnium. Kl, Kp, and
Kc are constant of the oxidation by linear, parabolic, and
cubic laws, respectively.

According to Table 4, the role of the formation of a
diffusion oxygen layer (DOL) in the overall oxidation
process sharply increases in going from Ti to Hf,
whereas the rate of its growth by parabolic law (2) in-
creases less significantly. This is caused, in particular,
by higher protective properties of the scale on Hf. In-
deed, on the replacement of titanium by hafnium the
total oxidation rate decreases (Table 1) owing to a
noticeable decrease in the scaling rate (Table 4).

In both cases, especially in the case of Ti, the oxy-
gen fraction z in DOL decreases as the time of iso-
thermal oxidation (1273 K) increases. This is attribut-
able to the fact that the DOL increases by parabolic
law (2), and the oxide layer, by Evans equation (1),
i.e., the first process is retarded faster than the second
one. As the temperature increases up to approximately
1273 K, the role of the DOL formation in the overall

Table 4. Influence of temperature T and time � of Ti and
Hf oxidation on the content q and fraction z of oxygen
in the diffusion layer
����������������������������������������

T, K
�

�,
� Ti � Hf

� ������������������������������
� min �q, mg cm�2� z, % �q, mg cm�2� z, %

����������������������������������������
1073 � 180 � 0.3 � 24 � � � �
1173 � 180 � 1.3 � 16 � 1.5 � 69
1273 � 15 � 1.0 � 24 � 1.0 � 71

� 30 � 1.5 � 21 � 1.6 � 63
� 60 � 2.0 � 16 � 2.6 � 61
� 120 � 2.8 � 14 � 4.3 � 61
� 180 � 3.4 � 13 � 5.4 � 60

1373 � 180 � 8.2 � 26 � 2.7 � 24
1473 � 180 � 10.4 � 29 � 3.6 � 18
����������������������������������������
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Table 5. Influence of metal and temperature on the ratio K l
(1)/Kp

(1) in the initial period of oxidation
������������������������������������������������������������������������������������

M
� K l

(1)/Kp
(1), mg cm�2, at indicated temperature, K

������������������������������������������������������������������������������
� 1073 � 1123 � 1173 � 1223 � 1273 � 1323 � 1373 � 1423

������������������������������������������������������������������������������������
Ti � 3.1 � 1.7 � 0.2 � 0.05 � 0.06 � 0.08 � 0.08 � �
Hf � 5.7 � 2.2 � 2.0 � 2.00 � 0.40 � 1.00 � 0.20 � 0.20

������������������������������������������������������������������������������������

process of Ti oxidation noticeably decreases, but it
sharply increases as the temperature increases to
1473 K. However, in the case of Hf, passing to the
region of T > 1273 K is accompanied, on the contrary,
by an essential decrease in both the DOL growth rate
and the oxygen fraction in it.

According to the X-ray diffraction analysis, the
scale formed in oxidation of Ti, Zr, and Hf at 973�
1473 K consists of their dioxides: tetragonal TiO2
(rutile), monoclinic (�-phase) and, above 1223 K, also
tetragonal (�-phase) ZrO2, and monoclinic HfO2.
A practically white oxide film is formed on Ti at 973�
1473 K, whereas in the case of Zr and Hf the film is
formed only at 1273 < T < 1373 and 1173 < T <
1423 K, respectively, which is usually accompanied
by cracking of the sample along edges. Outside these
regions the scale on Zr and Hf has an anthracitic
color. Unlike Ti with a regular microlayered structure
of the scale on edges (T � 1373 K), a denser oxide
layer of pillared crystals with pores arranged mainly
perpendicularly to the sample surface is formed in oxi-
dation of Zr and Hf at temperatures of up to 1473 K.

The scale on Ti obtained at T > 1073 K has a weak
adhesion to the matrix surface after cooling, whereas
in the case of Zr and Hf it is very strongly linked to
the metal, which makes practically impossible its
quantitative mechanical separation.

According to the experiments with �inert	 labels,
the oxide film on Zr and Hf grows up to 1473 K
almost exclusively owing to diffusion of O2 [4, 5].
In the case of Ti, the role of cationic diffusion in
the formation of the oxide film becomes noticeable
above 1373 K, and some authors believe [9] that it is
dominating even at T < 1273 K.

It follows from Table 5 that the ratio K l
(1)/Kp

(1)

noticeably increases in going from Ti to Hf, suggest-
ing an increasing role of diffusion processes in the
control over the rate of the nonstationary oxidation.
As the temperature increases, at least within certain
limits [up to 1273 (1323) K for Ti and up to 1273 K
for Hf], the ratio K l

(1)/Kp
(1) decreases, suggesting an

increasing role of interphase processes in the resulting

oxidation rate according to the theoretical concept
[12]. The increase in K l

(1)/K p
(1) at T > 1273 (1323) K

is associated with specific features of the temperature
dependences of K l

(1) and K p
(1) (Fig. 3) and with a

change in the mechanism of the nonstationary oxi-
dation.

Thus, the data obtained show that, in going from Ti
to its chemical analogs, the overall rate and the type
of kinetic relationships of the oxidation considerably
change, with Evans equation (1) not obeyed at all for
Zr. The position and length of particular regions of
the temperature dependence of the rate constants, its
character in the case of K l

1, and the activation energy
of oxidation also change essentially.

Simultaneously the role of diffusion in the control
over the rate of the nonstationary oxidation and the
fraction of oxygen in DOL increase, the adhesion of
the oxide film to the matrix surface strengthens, its
color and morphology change, and the role of anionic
diffusion in scaling grows. The behavior of Zr during
the test especially strongly differs from that of Ti.
As far as the type of oxidation relationships is con-
cerned, hafnium is more similar to titanium, but with
respect to the role of reacting components in the dif-
fusion process of scaling and certain properties of
the scale it is similar to zirconium.

The specific features of the oxidation of Ti-group
metals in air are apparently associated with differences
in their physical and chemical properties (Table 6).
In particular, the similarity of a number of important
characteristics of Zr and Hf and their dioxides, such as
the electronic configuration of the outer shell, atomic
and ionic radii, crystal structure, unit cell parameters,
ionization potential, molar volume, and Pilling�Bed-
worth coefficient (
MO2/
M), and the same type of
point defects in the lattices of the dioxides determine
similarity of their behavior in oxidation. It appears,
for example, in the identity of the diffusion mechan-
ism of scaling, the similarity of its morphology, color,
and adhesion properties, in a common parabolic law
of the oxidation, and in the same type of temperature
dependences of Kp

(2). At the same time, certain differ-
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Table 6. Main properties of titanium-group metals and their dioxides [13�15]
������������������������������������������������������������������������������������

Property � Ti � Zr � Hf � TiO2 � ZrO2 � HfO2
������������������������������������������������������������������������������������
Electronic configuration � 3d24s2 � 4d25s2 � 5d26s2 � � � � � �
Atomic radius, � � 1.46 � 1.59 � 1.58 � � � � � �
Ionic radius, � � 0.61 � 0.74 � 0.75 � � � � � �
Crystal structure � �, hcp � �, hcp � �, hcp � Tetragonal � Monoclinic � Monoclinic

� �, bcc � �, bcc � �, bcc � Tetragonal � Tetragonal � Tetragonal
Unit cell parameters of � c = 4.683 � c = 5.147 � c = 5.040 � a = 4.584 � Monoclinic � Monoclinic
�-phase, � � a = 2.950 � a = 3.231 � a = 3.188 � c = 2.963 � a = 5.17 � a = 5.12

� � � � � b = 5.26 � b = 5.18
� � � � � c = 5.30 � c = 5.25

T���, K � 1155 � 1135 � 1573 � � � 1273 � 1973
Tm, K � 1938 � 2133 � 2503 � 2123 � 2970 � 3085
��G0

298, kJ mol�1 � � � � � � � 889 � 1037 � 1054
m�2 	1018, g deg2 � 8.6 � 10.9 � 13.5 � � � � � �
H273, MPa � 900 � 1600 � 1700 � � � � � �
Ionization potential, eV � 6.7 � 6.9 � 7.0 � � � � � �
Solubility of oxygen in �-M, � 34 � 29 � 20.5 � � � � � �
at. % � � � � � �
Vat(mol), �3 � 10.8 � 14.0 � 13.4 � 18.8 � 21.9(�) � 21.8(�)

MO2/
M � � � � � � � 1.74 � 1.56 � 1.62
Type of defects in MO2 � � � � � � � V ..

O + Tij���� � V O
.. � V O

..

������������������������������������������������������������������������������������

ences in the properties of Zr and Hf and their dioxides
(Table 6) cause the observed differences in the oxida-
tion rate, type of kinetic relationship (Table 2), and
also in apparent activation energy E p

(2), though some-
times this correlation is ill-defined.

However, many important characteristics for Ti and
TiO2 differ from those of Zr, Hf, and their dioxides
more essentially, except for types of crystal lattices of
the metals, TiO2, ZrO2 (T > 1273�1373 K), and HfO2
(T > 1973 K). This is manifested, e.g., in substantial
growth in the energy of interatomic bonds m�2 in
going from Ti to its analogs and in the strength of
the lattices of their dioxides in going from TiO2 to
HfO2, which favors the observed increase in the Hf
resistance to oxidation (T > 1073 K). A decrease in
the electronegativity in the same direction is accom-
panied, in particular, by a decrease in the solubility of
oxygen in the �- and �-phases of the metals. This
explains the observed decrease in the rate of DOL
growth (T > 1273 K) in going from Ti to Hf (Table 4).
Taking into account the opposite effect exerted on the
DOL growth by oxygen dissolution in a metal proper
and by transfer of the interface with scale into the
depth of the matrix, we should expect a similar result
in the range T < 1273 K. Furthermore, higher energy
of interatomic bonds in Zr and Hf lattices, as com-
pared to Ti, increases the relative role of intercrystal-

lite boundaries as the most reactive surface regions
in the oxidation process. As a result of the penetration
of the oxide in these regions into the depth of the
metal, the strength of the adhesion of the oxide film
with the matrix sharply increases, which is proved
experimentally. In the case of Ti, the role of this
factor is much weaker.

Owing to the stronger bonding between scale crys-
tallites on Zr and Hf and to high Pilling�Bedworth
coefficients for monoclinic ZrO2 (1.56) and HfO2
(1.62), the stress arising in the scale results in its
cracking along edges of the sample, and sometimes
even in its deformation. When titanium is oxidized
in air, owing to the even higher Pilling�Bedworth
coefficient for rutile (1.74) and lower strength of
adhesion between the scale and the matrix and bet-
ween scale particles, as compared to Zr and Hf, the
scale integrity gets disturbed, which results in increas-
ing chemical potential of oxygen. This promotes
formation of rutile with approximately stoichiometric
composition. Virtual absence of this phenomenon in
the case of Zr and Hf at a higher scale density is
proved, in addition to other facts, by a considerable
role of the near-parabolic and cubic laws in their oxi-
dation. According to the existing concept [16], cubic
law (3) of the growth of thick oxide films is a result
of superposition on the diffusion process of secondary
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phenomena in the scale such as the aging, retarding
the oxidation.

These factors ultimately determine a number of
morphological features of the scale and its phase
boundary with the metal. However, an important cir-
cumstance, usually neglected in such studies, should
be noted. Namely, structures of the forming scale and
the scale after cooling the sample withdrawn from
the hot zone can differ essentially owing to unequal
coefficients of thermal expansion, plasticity, and cool-
ing rates of the metal and the oxide film. In fact, the
samples of refined and commercial titanium VT1-0
withdrawn from a hot zone (1273 K) had a regular
microlayer structure of porous scale and a cavity
on its boundary with the matrix, whereas the oxide
film obtained by cooling the samples with the furnace
to room temperature tightly adhered to the metal sur-
face and showed no microlamination. In this case,
pores were mainly arranged as chains parallel to the
interface between the metal and oxide phases. These
results show that the existing concept of the mechan-
ism of formation of the microlayered scale [1, 9, 12]
should be corrected.

The influence of the properties of Ti and Hf on the
temperature dependence of K l

(1) is manifested as a de-
crease in its slope for Hf as compared to Ti in going
to the range T > 1173 K. In the case of the logK p

(1) =
f (1/T) dependence, the inflection points are somewhat
shifted toward higher temperatures, and the length
of the middle region increases in going from Ti to Hf.

It is know that inflections in the temperature
dependences of the rate constants suggest a change in
the oxidation mechanism. The first bend (Fig. 3) is at-
tributable to the fact that the allotropic � � � transi-
tion in the metal phase starts to affect the oxidation
process. This transformation, which takes place at
1155 and 1135 K for pure Ti and Zr [14], respective-
ly, is accompanied by loosening of the metal lattice in
excited states of the atoms. However, the fact that in
the same temperature region there is also a bend for
Hf, which is characterized by a change in the tempera-
ture coefficient K l

(1) different from that for Ti and
by T��� = 1973 K (Table 6), suggests the action of
another mechanism in this case. The effect of the � �
� transition on the oxidation appears not only at the
equilibrium temperature, but also within a certain
temperature range. It is caused, in particular, by the
fact that the equilibrium temperatures of the � � �
transition on the surface and in the bulk of the metal
are essentially different (80 K for Ti) [17]. The second
bend is attributable to stabilization of the �-phase, and

for Zr, also to the transformation of monoclinic ZrO2
into the tetragonal form at T 
 1273 K [14].

Because of the greater accepting power of Ti com-
pared to Zr (owing to incomplete filling of its 3d shell,
whereas in the case of Zr the 4d shell is filled com-
pletely), the metallic bonding predominates in Ti6O
and Ti3O suboxides and covalent bonding, in Zr6O
and Zr3O [14, 15]. As a result, the strength of the
interatomic bonding in the titanium lattice increases
as the concentration of oxygen in it grows, which
enhances the scale resistance of Ti�O alloys, whereas
the dissolution of oxygen in Zr is accompanied by
a decrease in the strength of the interatomic bonding
[14, 15]. In particular, this fact seems to be respons-
ible for the observed increase in the oxidation rate
in going from Ti to Zr.

The predominance of oxygen vacancies V O
..

in ZrO2
and HfO2 lattices [13] causes the observed scale
growth up to 1473 K owing to anionic diffusion. At
the same time, when Ti is oxidized in air at high tem-
peratures (T > 1373 K), owing to the presence of in-
terstitial Tij���� cations in the rutile lattice along with
V O

..
[13], the participation of the titanium cations in

scaling becomes apparent.

As found earlier [18], the higher activity of oxygen
in scale on its boundary with the metal, compared to
the equilibrium activity, is a reason for the nonsta-
tionary oxidation of Ti in oxygen and in air. The
results obtained in this work do not contradict the
assumption that in the case of Hf nonequilibrium con-
ditions of the oxidation in air are mainly localized
on the scale�gas boundary. However, precise solution
of this problem requires a special study.

CONCLUSIONS

(1) Many basic parameters of the oxidation essen-
tially change in going from Ti to Zr and Hf, which is
primarily caused by the fact that the strength of
chemical bonds in the crystal lattices of the metals
and their dioxides, accepting powers of these ele-
ments, types of point defects in the lattices of the
dioxides, and Pilling�Bedworth coefficients are dif-
ferent.

(2) The similarity of the physical and chemical
properties of Zr and Hf, and of their dioxides causes
the similarity of the diffusion mechanism of scaling
and of the scale characteristics. The behavior of Zr
in the oxidation differs from that of Ti most sharply,
whereas Hf is more similar to Ti than to Zr as far as
the type of oxidation relationships is concerned.
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Abstract�Features of the hydrolytic transformation of iron(III) basic sulfate under hydrothermal conditions
at 140�200�C were studied. The influence of the conditions of the hydrothermal treatment of iron(III) basic
sulfate on the rate and degree of its hydrolysis was examined. The chemical and phase composition of
metastable intermediates was ascertained, and conditions for the formation of the final product of thermal
hydrolysis, hematite of high phase purity, were determined.

Hydrothermal technique plays a growing role in
production of the � modification of superfine iron(III)
oxide. This technique allows fine control of the par-
ticle sizes and shapes and preparation of virtually
monodisperse products. The monodispersity ensures
high physicochemical characteristic of pigments,
whereas the variation of particle sizes and shapes
makes it possible to vary color tints over a wide
range [1].

Procedures for the production of �-Fe2O3 at ele-
vated temperatures from aqueous suspensions of
iron(III) �-, �-, and �-oxyhydroxides have been
described in the literature, and the influence of various
factors on the transformation rate and product charac-
teristics has been elucidated [2�4]. Data on the pro-
duction of �-Fe2O3 by hydrothermal treatment of
iron(III) basic salts, particularly of FeOHSO4, are
available [5, 6]. However, data on the phase and
chemical transformations occurring during the process
are limited, which prevents development of a method
for the production of �-Fe2O3 from FeOHSO4. There-
fore, the aim of this work was to study chemical,
phase, and disperse composition of the products of
FeOHSO4 hydrolysis in relation to the treatment
conditions.

EXPERIMENTAL

Iron(III) basic sulfate was prepared by thermal
treatment of pure grade iron(II) sulfate heptahydrate
first at 105�C for 1.5 h and then at 250�C for 4�6 h
[6]. The resulting iron(III) basic sulfate with the
composition Fe2O3 �2.01SO3 �0.01FeO �1.19H2O was

suspended in water and then subjected to the hydro-
thermal treatment at 140�200�C. The treatment was
performed in Teflon-lined steel autoclaves. The tem-
perature was maintained with the accuracy of �1�C.
After the treatment, the autoclave was quickly cooled
to room temperature, and the precipitate was separated
from the liquid phase by filtration and dried at 105�C.
The content of iron(III) and sulfate ions in the liquid
and solid phases was determined by chemical analy-
ses. The degree of hydrolysis was calculated from the
content of Fe3+ and SO4

2� ions in the solid phase.
Products of the FeOHSO4 hydrolysis were studied by
X-ray phase analysis (DRON-2 installation, filtered
CoK

� radiation), by a microscopic technique (a Cam
Scan scanning electron microscope equipped with
an AN-1000 EDS detector), by a stereologic method
(a Mini-Magiscan automatic image analyzer, Jojce
Loebl), and by thermogravimetry (a Paulik�Paulik�
Erdey Q-1500 derivatograph, heating rate 5 deg min�1).

Our study has shown that hematite, �-Fe2O3, is the
final stable phase of the hydrothermal treatment of
the aqueous suspension of iron(III) basic sulfate.
Phase and chemical transformations occurring in the
system iron(III) basic sulfate�water are manifested as
significant changes in sizes and shapes of solid phase
crystals, occurring during the hydrothermal treatment.
The difference in the crystal habit (morphology) of the
starting FeOHSO4 and final hematite phase is clearly
seen in the electron micrographs (Fig. 1). Particles of
the starting FeOHSO4 have a globular shape with
a size of 10�30 �m. Particles of �-Fe2O3 have a
pillared shape with an average length of 1 �m and
average width of 0.5 �m. Such a significant change in
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(a) (b) (c)

Fig. 1. Electron micrographs. Sample: (a) starting FeOHSO4, (b) intermediate hydrolysis product, and (c) �-Fe2O3.

the crystal morphology suggests that the transforma-
tion of FeOHSO4 into �-Fe2O3 occurs by the dissolu-
tion�precipitation mechanism.

It is known that one of the main synthesis param-
eters determining the habit of �-Fe2O3 crystals is pH
of the medium. For example, according to [6], needle-
shaped hematite crystals are formed in an acid medi-
um and isometric crystals, in neutral and weakly basic
media, but the crystals formed in a strongly basic
medium have a platelike shape [4]. It is most likely
that in our case the formation of pillared hematite
crystals is determined by low pH of the medium
produced by the hydrolysis of FeOHSO4.

It should be noted that the distribution of hematite
particles over both length and width is narrow (Fig. 2).
Such a narrow distribution is attained owing to the
uniformity of nucleation and crystal growth in the
entire reaction volume.

Data on the composition of the forming solid and
liquid phases as influenced by the conditions of
FeOHSO4 hydrolytic transformations are given in the
table. According to these data, the rate of formation
the �-Fe2O3 phase and the phase purity depend on
temperature, duration of hydrothermal treatment, and
the FeOHSO4 : H2O ratio in the suspension. The rate
of iron oxide formation significantly increases as the
H2O weight fraction in the suspension and treatment
temperature increase. For example, according to the
X-ray phase analysis, hematite is detected after 12-,
8-, 4-, and 2.5-h treatment of the FeOHSO4 suspen-
sion at 140, 160, 180, and 200�C, respectively.

Single-phase �-Fe2O3 precipitates (according to
the X-ray data) are formed at high degrees of hydroly-

sis when the residual content of sulfate ions is less
than 3%.

The dependences of the degree of hydrolysis of the
iron(III) salt on the FeOHSO4 : H2O ratio, tempera-
ture, and hydrothermal treatment duration are shown
in Fig. 3, which indicates that the highest degree of

(a)A, %

d, �m

(b)A, %

d, �m

Fig. 2. Histograms of �-Fe2O3 particle distribution with
respect to (a) length and (b) width. (A) Content and (d) par-
ticle size.
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Influence of conditions of FeOHSO4 hydrolytic transformations on the composition of the solid and liquid phases
������������������������������������������������������������������������������������

Treatment conditions � Analytical data
������������������������������������������������������������������������������������

initial �
T, �C

�
�, h

� pH of � concentration of� content of SO4
2� �

phase composition of productFeOHSO4 : H2O � � � liquid � Fe(III) in liquid � in solid phase, �
weight ratio � � � phase � phase, g l�1 � wt % �

������������������������������������������������������������������������������������
1 : 15 � 160 � 1 � 2.0 � 14.3 � 46.1 �Fe(OH)3 � 2x(SO4)x �nH2O
1 : 5 � 160 � 25 � 0.57 � 24.8 � 20.0 ��-Fe2O3 + Fe(OH)3 � 2x(SO4)x �nH2O
1 : 10 � 160 � 25 � 0.46 � 11.2 � 17.6 ��-Fe2O3 + Fe(OH)3 � 2x(SO4)x �nH2O
1 : 15 � 160 � 25 � 0.81 � 9.6 � 7.6 ��-Fe2O3 + Fe(OH)3 � 2x(SO4)x �nH2O
1 : 25 � 160 � 25 � 0.79 � 3.6 � 4.3 ��-Fe2O3 + Fe(OH)3 � 2x(SO4)x �nH2O
1 : 15 � 140 � 25 � 0.91 � 4.0 � 16.2 ��-Fe2O3 + Fe(OH)3 � 2x(SO4)x �nH2O
1 : 15 � 180 � 25 � 0.78 � 9.3 � 0.6 ��-Fe2O3
1 : 15 � 200 � 25 � 0.73 � 8.1 � 0.5 ��-Fe2O3
1 : 15 � 160 � 40 � 0.76 � 9.4 � 2.9 ��-Fe2O3

������������������������������������������������������������������������������������

X, %

�, h

1
2
3
4
5

Fig. 3. Dependences of the degree of FeOHSO4 hydrolysis
X on the treatment duration � at various temperature and
FeOHSO4 : H2O ratios. Temperature (�C): (1) 200,
(2�4) 160, and (5) 140. FeOHSO4 : H2O: (1, 3, 5) 1 : 15,
(2) 1 : 25, and (6) 1 : 5.

(a)

(b)

d, �
Fig. 4. X-ray diffraction pattern of hydrolysis products
obtained at 160�C after a treatment for (a) 40 h and (b) 2 h.
(d) Interplanar spacing.

FeOHSO4 hydrolysis (98.5%) is attained at 200�C and
an FeOHSO4 : H2O ratio of 1 : 25. As the synthesis
temperature decreases and the FeOHSO4 : H2O ratio
increases, the degree of hydrolysis decreases, with its
value depending on the synthesis conditions. For
example, the hydrothermal treatment of an FeOHSO4
suspension at 140�C makes it possible to attain the
degree of hydrolysis of 79.2%.

According to X-ray data (Fig. 4), the hydrolytic
transformation of FeOHSO4 occurs under the experi-
mental conditions to give an intermediate phase of
iron basic sulfates with the gross composition
Fe(OH)3 � 2x(SO4)x �nH2O (x and n are variables
depending on the solid : liquid ratio in suspension,
temperature, and treatment duration; x = 0.5�0.9 and
n = 0.6�1). When the degree of hydrolysis reaches
70%, in addition to the Fe(OH)3 � 2x(SO4)x �nH2O
phase, the �-Fe2O3 phase appears, its amount increas-
ing with the progress of the hydrolysis. Consequently,
the formation of a series of iron hydroxysulfates of
variable composition, which are stable within a wide
temperature range, precedes the formation of hematite
in the FeOHSO4�H2O system. The study of these
hydrolysis products shows that they have a well-
pronounced crystal structure and the crystals are of
a regular cubic shape (Fig. 1b). According to the
experimental data on this phase, the crystal size
monotonically increases as the temperature and dura-
tion of the hydrothermal treatment increase. The
maximal edge length attains 1.2�1.5 �m.

The derivatogram of the starting FeOHSO4 ap-
preciably differs from that of the intermediate product
(Fig. 5). According to the structural data [7], water in
the iron(III) basic sulfates 3Fe2O3 �4SO3 �9H2O,
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Fe2O3 �2SO3 �H2O, and Fe2O3 �2SO3 �5H2O can be in
various forms. In particular, in Fe2O3 �2SO3 �H2O
water is entirely in the form of OH� groups and hence
the endothermic effect in the range 500�550�C is
caused by its removal. Apparently, Fe(OH)2(SO4)0.5 �
0.7H2O contains water of crystallizatiopn, coordinated
water, and bridging hydroxy groups, responsible for
three endothermic effects in the sample thermogram
(Fig. 5b). The removal of bridging hydroxy groups
from iron(III) hydroxysulfate at 500�C is accompanied
by the breakdown of the structure and formation of
two phases: �-Fe2O3 and Fe2(SO4)3. The deep endo-
thermic effect in the range 680�750�C corresponds to
the decomposition of iron(III) sulfate. Hematite is the
final product of the thermal treatment of iron(III) basic
sulfates.

In contrast to the thermal transformation, the hy-
drolytic transformation of the intermediate phase
Fe(OH)3 � 2x(SO4)x �nH2O to hematite under hydro-
thermal conditions is more complicated. In this case,
the formation of hematite follows the dissolution�
precipitation mechanism involving formation of nuclei
of a new phase and their further growth. The mechan-
ism of the hydrolysis of iron(III) salts and of the
formation of insoluble products with a composition
strongly depending on the conditions of their forma-
tion is considered in [8�10]. It was shown [10] that
possible products of the hydrolysis of iron(III) salts
are goethite, lepidocrocite, hematite, and amorphous
hydrogel. In the course of prolonged aging at a
temperature below 90�C, amorphous hydrogel trans-
forms into goethite, and at higher temperatures, into
�-Fe2O3. Direct precursors of the forming solid phase
of iron(III) oxides and hydroxides are polynuclear
hydrolysis products containing from 3 to 13, from 13
to 33, and from 33 to 100 iron(III) atoms in a mole-
cule [8�10]. The composition of the polymers affects
significantly the structure and physicochemical prop-
erties of the precipitates. The oligomers (3�13) under
certain conditions can transform both into a solid
phase and into oligomers (13�33). In turn, these
oligomers can participate in the aggregation of the
goethite precipitate (�-FeOOH) or transform into
stable hydroxylated polymers. As the polymer lifetime
decreases with increasing temperature [8], the rate of
the �-Fe2O3 phase formation grows. Thus, according
to our experimental data, at 200�C this phase is
formed within 2�4 h, and at 160�C, within 15�24 h.

It is known [10] that the nature of an anion appre-
ciably affects the whole pattern of the hydrolysis
of Fe3+ ions. Anions block one or more coordination
sites of iron(III) in the stage of the formation of equi-

(a)T, �C
DTG

DTA

%
�m,

(b)T, �C
DTG

DTA

%
�m,

Fig. 5. Derivatograms of (a) initial iron(III) basic sulfate
and (b) iron(III) basic sulfates obtained at 160�C and the
FeOHSO4 : H2O ratio of 1 : 15 after 5-h treatment. (T) Tem-
perature and (�m) weight loss.

librium hydrolysis products and thus significantly
affect the structure and sizes of polymers by incor-
poration into their molecules, hindering formation of
the solid phase. For example, in the presence of sul-
fate ions, goethite and hematite appear as additions
to sulfate-containing solid phases. Therefore, it is
quite natural that the intermediate phase of the vari-
able composition Fe(OH)3 � 2x(SO4)x �nH2O, which is
stable within a wide temperature range, is formed
in the course of the FeOHSO4 hydrolysis.

The experimental data on the effect of the
FeOHSO4 : H2O ratio on the degree and rate of the
hydrolysis of Fe3+ ions can be explained as follows.
As the FeOHSO4�H2O suspension is diluted, i.e., the
water content in it increases, the equilibrium is shifted
toward formation of hydrolysis products. The accumu-
lation of H+ ions in the liquid phase in the process
leads to a decrease in pH, an increase in the degree
of dissolution of hydrolysis intermediates, and the
growth of iron(III) concentration in the liquid phase.
In this case, the rate of hydrolytic transformations
giving rise to stable insoluble hydrolysis products,
hematite in particular, increases.
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CONCLUSIONS

(1) The influence of the FeOHSO4 : H2O ratio,
temperature, and time of the hydrothermal treatment
on the rate and degree of the hydrolysis of iron(III)
basic sulfate was studied. The hydrolysis of FeOHSO4
is accompanied by the formation of a metastable
phase of iron(III) basic sulfates of variable composi-
tion, Fe(OH)3 � 2x(SO4)x �nH2O.

(2) Hematite is the final hydrolysis product in the
system FeOHSO4�H2O. The hematite crystals have
a pillared shape and are characterized by a narrow size
distribution.
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Abstract�Hydrated amorphous cobalt and nickel(II) ammine diphosphates were prepared.

The chemistry of binary compounds of double-
charged metal ions is fairly well studied, and the pos-
sibilities for development of new phosphate materials
based on them are almost exhausted or require higher-
level approaches [1, 2]. Amorphous phosphates hav-
ing an increased reactivity owing to their thermo-
dynamic instability are of special interest even among
known compounds [3]. They are formed as aqua and
hydroxo complexes in ammonia solutions [4]. In this
context, it was interesting to isolate new phosphate
compounds containing coordinated ammonia from
ammonia solutions. Such compounds can exhibit a
biological or catalytic activity [5�8] and also can be
used as luminophores or their components [9].

Published procedures for preparing transition metal
ammine complexes [10�14] can be subdivided into
homogeneous and heterogeneous procedures. The
homogeneous procedures are based on reactions of
metal salt solutions with an aqueous ammonia solu-
tion, followed by precipitation of ammine complexes
with an organic solvent, evaporation, or freezing of
the solution. In the heterogeneous procedures, a solu-
tion or a solid metal salt is treated with gaseous
ammonia.

The main problem of isolating solid diphosphates
of double-charged metal ammine complexes from
a homogeneous mixture is very high solubility of salts
with complex [M(NH3)n]2+ ions; therefore, it appears
difficult to achieve the solubility product (SP) for
precipitating complex phosphate salts.

EXPERIMENTAL

We prepared hydrated nickel(II) ammine diphos-
phate by salting it out from an ammonia solution with
an organic solvent [14]. As the starting reagent we
used Ni2P2O7 �6H2O (37.0% NiO) synthesized ac-

cording to [15]. We dissolved 1 g of this compound
in 10 ml of 23% ammonia. We added 25 ml of ace-
tone to the resulting solution. In so doing, a blue sub-
stance precipitated, which was then separated from
the mother liquid and kept at 15�25�C in air until it
completely solidified (to constant weight). Found, %:
NiO 33.41; P2O5 32.56; NH3 10.70; H2O 23.34.
Nickel(II) ammine diphosphate Ni2P2O7 �3NH3 �
6H2O. Calculated, %: NiO 32.41; P2O5 32.11; NH3
11.24; H2O 23.78.

The composition of the anionic component was de-
termined by quantitative paper chromatography [1]
(% of P2O5): P2O7

4� 95.50, PO4
3� 4.50. The starting

nickel diphosphate contained 3.50% of P2O5 as PO4
3�.

We prepared hydrated cobalt(II) ammine diphos-
phate by the procedure similar to that used for prepar-
ing cobalt(II) ammine monophosphate [7]. The start-
ing cobalt diphosphate Co2P2O7 �6H2O was prepared
according to [16, 17]. The synthesis included satura-
tion of Co2P2O7 �6H2O powder with gaseous am-
monia under static conditions at 15�25�C for 96 h,
followed by keeping in air of the resulting powder at
15�25�C to a constant weight. Found, %: CoO
32.95; P2O5 32.01; NH3 13.26; H2O 21.69. Cobalt(II)
ammine diphosphate 2Co2P2O7 �7NH3 �11H2O. Cal-
culated, %: CoO 32.97; P2O5 32.11; NH3 13.12;
H2O 21.80.

Composition of the anionic component (quantita-
tive paper chromatography [1], % of P2O5): P2O7

4�

93.80 and PO4
3� 6.20. The starting cobalt(II) diphos-

phate contained 5.30% of P2O5 as PO4
3�.

The content of Ni2+ and Co2+ was determined
complexometrically, that of P2O5, gravimetrically
[19], that of ammonia, by distilling it off on a Seren’-
ev apparatus [20], and that of water and ammonia (in
total), by the weight loss on heating for 2 h at 650�C.
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2�, deg

Fig. 1. X-ray patterns of the starting hydrated diphosphates
and of nickel and cobalt ammine diphosphates (1) Ni2P2O7 �
6H2O, (2) Ni2P2O7 �3NH3 �6H2O, (3) Co2P2O7 �6H2O, and
(4) 2Co2P2O7 �7NH3 �11H2O. (2�) Bragg angle.

The X-ray analysis was carried out on a DRON-UM1
diffractometer (CuK� radiation), with a graphite
single crystal fixed in the diffracted beam as a mono-
chromator. The X-ray patterns were recorded by step-
by-step scanning over the angle range 2� 4��80�.
The scanning step was 0.05�, and the exposure time

Frequencies of the absorption maxima in the IR spectra of the compounds
������������������������������������������������������������������������������������

�, cm�1

������������������������������������������������������������������������������������
Ni2P2O7 �6H2O � Co2P2O7 �6H2O � Ni2P2O7 �3NH3 �6H2O� 2Co2P2O7 �7NH3 �11H2O� Assignment

������������������������������������������������������������������������������������
3600�3000 s, br � 3500�3000 s, br � 3400�3000 s, br � 3400�3100 s, br ��(H2O), �as(NH3)

1640 m � 1675 sh; 1620 m � 1665 sh � 1650 sh; 1600 m �
1510 w � 1540 w � 1610 m � 1545 sh ��(H2O), �as(NH3)

� � 1465 sh � 1445 w � �s(NH3)
� � 1430 m � �
� � 1410 sh � �
� � � 1325 m � �s(NH3)

1110 s � 1120 w � 1140 w � 1125 sh � �as(PO3)[P2O7]
� 1110 s � 1120 w � 1100 s �

1070 s � 1080 s � 1095 s � 1080 s �
1030 w � 1025 w � 1010 w � 1010 w �
895 s � 890 s; 800 sh � 890 s � 865 s � �s(PO3)(PO)

� 700 w, sh � � 710 w � �as(POP)[P2O7]
665 s, sh � 680 w � 670 w � 680 sh � �as(OPO)

� � 650 w � �
� � 580 sh � �

540 s � 540 s � 540 m � 540 m � �s(OPO)
� � 510 m � 510 sh � M�N

480 sh � 450 w � 450 sh � 440 sh � M�O
������������������������������������������������������������������������������������

in a point, 3�9 s. The measured diffraction maxima
were approximated by the Voight pseudofunction,
separating out the K�1

component. The IR spectra
were recorded with a Specord 75-IR spectrophotom-
eter using KBr pellets (sample concentration 0.2�
0.3 wt %). The electronic diffuse reflection spectra
were taken on a Specord M-40 device in the range
30000�12000 cm�1.

The results of the X-ray analysis show that the
starting Ni2P2O7 �6H2O is crystalline, whereas the
starting Co2P2O7 �6H2O as a whole is X-ray amorph-
ous with a single distinct reflection maximum at 2� =
6.5� and a broad band with a maximum at 2� = 19��
20�. Their X-ray patterns agree with the published
data [21, 22]. Ammine diphosphates of Ni(II) and
Co(II) synthesized from these compounds were found
to be X-ray amorphous. In the case of Ni2P2O7 �
3NH3 �6H2O, a reflection maximum is observed at
2� = 9.5�, and 2Co2P2O7 �7NH3 �11H2O has ill-
defined maxima at 2� = 7.0�, 11.0�, and 19��21�,
which may correspond to a proportional distance in
the subsequent formation of the crystal structure in
the compounds (Fig. 1).

The IR spectra of the starting nickel and cobalt
hydrated diphosphates and of the ammine diphos-
phates obtained from them are given in the table. In
the spectra of all the compounds, there is a strong
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�, cm�1

K

Fig. 2. Electronic diffuse reflection spectra of (1) Ni2P2O7 �
6H2O, (2) Ni2P2O7 �3NH3 �6H2O, (3) Co2P2O7 �6H2O, and
(4) 2Co2P2O7 �7NH3 �11H2O. (�) Wave number and
(K) reflection coefficient.

broad absorption band in the range 3400�3000 cm�1,
corresponding to the stretching vibrations of NH and
OH groups. In the range 1675�1540 cm�1, there are
absorption bands corresponding to the bending vibra-
tions of H2O and asymmetric bending vibrations of
NH3 in the ammine complexes. The vibrations of
coordinated NH3 and H2O in these regions could not
be distinguished. The range 1465�1410 cm�1 of the
spectra of the ammine diphosphates suggests the pres-
ence of NH3 involved in a stable hydrogen bond with
proton transfer with the P2O7

4� anion. It is accom-
panied by averaging of the electron density over the
whole chain of atoms forming the hydrogen bond [23,
24]. These compounds have an absorption band in the
range of 1325 cm�1, assignable only to the symmetric
bending vibrations of coordinated NH3 molecules
[25]. The asymmetric and symmetric stretching vibra-
tions of the P2O7

4� group are manifested in the range
1125�800 cm�1 as strong absorption bands. At 720�

540 cm�1, weak absorption bands assignable to the
vibrations of P�O�P and O�P�O groups are observed.
In the range 510�545 cm�1, the stretching vibrations
of M�N and M�O bonds are observed in the spectra
of the ammine diphosphates [23, 26].

Thus, examination of the IR spectra suggests that
two different types of NH3 molecules are present in
the composition of nickel(II) and cobalt(II) ammine
diphosphates: the molecules interacting with metal
ions by the donor�acceptor mechanism only and the
molecules additionally involved in hydrogen bonding
with charge transfer.

The electronic reflection spectra of the starting
aqua and ammine diphosphates of nickel(II) and

cobalt(II) are shown in Fig. 2. The long-wave reflec-
tion (absorption) maximum in the reflection spectra
is known to shift to higher frequencies on successive
substitution of ammine ligands for aqua ligands [27].
The comparison of the spectra of Ni2P2O7 �6H2O
(Fig. 2, curve 1) and nickel(II) ammine diphosphate
(Fig. 2, curve 2) shows that the reflection maxima are
shifted from 13200 to 14840 cm�1 and from 24360 to
25240 cm�1, i.e., toward higher frequencies. The elec-
tronic reflection spectra of Co2P2O7 �6H2O (curve 3)
and cobalt(II) ammine diphosphate (curve 4) are also
shown. In these spectra we also observe the shift of
the reflection maxima from 18640 to 18880 cm�1.

CONCLUSIONS

(1) Solid X-ray amorphous hydrated ammine di-
phosphates of nickel(II) and cobalt(II), Ni2P2O7 �
3NH3 �6H2O and 2Co2P2O7 �7NH3 �11H2O, were
prepared.

(2) The synthesized compounds were studied by
IR and electronic spectroscopy, and their coordination
structure was confirmed.
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Abstract�Impurities accumulated in the extractant in the course of operation of the plant for purification of
wet-process phosphoric acid, obtained from apatite concentrate, by extraction with tri-n-butyl phosphate are
identified by IR and mass spectra.

According to [1], by 2000 the world output of pure
phosphoric acid was about 2.3 million tons (recalcu-
lated on P2O5), including 1.7 million tons of purified
phosphoric acid (PPA) from wet-process phosphoric
acid (WPPA). At the Voskresensk Institute of Fer-
tilizers and Phosphoric Acid, Joint-Stock Company,
an experimental-industrial plant for production of
PPA from WPPA by tributyl phosphate (TBP) extrac-
tion on pulsating columns operates since 1995. Its
annual output capacity is above 15000 t of P2O5.

It should be pointed out that purification of WPPA
is performed using crude TBP. In the recycling mode,
TBP is rapidly contaminated with impurities con-
tained in WPPA. This changes for worse the hydro-
dynamic parameters of the pulsating columns, result-
ing in reduction of their output capacity and even in
flooding of the apparatuses. It was demonstrated in
studying the phase separation rate in the emulsions
H3PO4�TBP and H3PO4�actual extractant at various
densities of the aqueous and organic phases that, over
the entire density range, the settling rate of the emul-
sion in the system extractant�H3PO4 is considerably
lower than that in the system TBP�H3PO4. The results
are given in Table 1 and Fig. 1. The experiments were
performed under practically identical conditions
(viscosity, density, stirring rate) (see, for example,
experiment nos. 6 and 18, 8 and 20, 11 and 23, etc.).
Evidently, in the systems, some surfactants are gradu-
ally accumulated, acting as emulsifiers, emulsion
stabilizers, and interfacial layer blockers.

The sedimentation rate of an actual emulsion in the

gravitational field is described by Eq. (1) [2].

2gr 2(�1 � �2) �1 + �2
v = �����������������, (1)

3�2 3�1 + 2�2

where �1 and �2 are the densities of the dispersed and
continuous phases, respectively (determined experi-
mentally); �1 and �2 are the viscosities of the dis-
persed (from [3]) and continuous (determined experi-
mentally) phases; and r is the radius of dispersed
particles.

The mean radii of the dispersed particles r (cm) in
the H3PO4�TBP and H3PO4�extractant emulsions, es-
timated by Eq. (1), are given in Table 1. At identical
densities and viscosities of the phases, the mean size
of the dispersed particles in the H3PO4�extractant
emulsions is lower by a factor of 1.5�3.5 than in the
H3PO4�TBP emulsions.

To remove organic impurities from the extractant,
we used the method described in [4]. The extractant
was washed with 15% Na2CO3 (Vo : Vw = 3 : 1) at
50�C. The resulting aqueous solution containing
sodium phosphates and some organic admixtures was
treated with 40% phosphoric acid (recalculated on
P2O5) at a 5 : 1 volume ratio with continuous stirring.
At this stage we observed separation of either a
powder-like deep brown substance (sample no. 1) or
a resin also colored deep brown (sample no. 2). These
substances were separated by filtration or decanting,
washed with distilled water, and dried at about 60�C
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Table 1. Settling rates in H3PO4�TBP and H3PO4�extractant emulsions at 20�C
������������������������������������������������������������������������������������

Experi-
� Organic phase � Aqueous phase �

v, cm s�1
�

r, cm������������������������������������������������������������� �
ment no. � �, g cm�3 � P2O5, M � �, cP � �, g cm�3 � P2O5, M � �, cP � �
������������������������������������������������������������������������������������

Crude TBP�H3PO4

1 � 1.031 � 0.66 � 10.46 � 1.236 � 3.43 � 3.83 � 0.0029 � 0.002
2 � 1.049 � 0.92 � 12.71 � 1.290 � 4.16 � 5.01 � 0.0092 � 0.004
3 � 1.055 � 1.01 � 13.57 � 1.297 � 4.26 � 5.20 � 0.0062 � 0.003
4 � 1.061 � 1.10 � 14.48 � 1.297 � 4.26 � 5.20 � 0.0040 � 0.003
5 � 1.078 � 1.35 � 17.40 � 1.352 � 5.07 � 6.85 � 0.0026 � 0.002
6 � 1.106 � 1.79 � 23.56 � 1.429 � 6.29 � 10.12 � 0.0101 � 0.005
7 � 1.115 � 1.94 � 25.97 � 1.470 � 6.98 � 12.45 � 0.0154 � 0.006
8 � 1.156 � 2.62 � 40.46 � 1.470 � 6.98 � 12.45 � 0.0129 � 0.007
9 � 1.100 � 1.69 � 22.08 � 1.441 � 6.48 � 10.74 � 0.0044 � 0.003

10 � 1.142 � 2.38 � 34.78 � 1.533 � 8.09 � 17.10 � 0.0151 � 0.007
11 � 1.156 � 2.62 � 40.46 � 1.561 � 8.60 � 19.66 � 0.0105 � 0.006
12 � 1.161 � 2.71 � 42.71 � 1.570 � 8.77 � 20.58 � 0.0096 � 0.006

Extractant�H3PO4

13 � 1.027 � 0.61 � 10.02 � 1.202 � 2.99 � 3.23 � 0.0045 � 0.003
14 � 1.047 � 0.89 � 12.44 � 1.252 � 3.64 � 4.15 � 0.0055 � 0.003
15 � 1.052 � 0.96 � 13.13 � 1.265 � 3.81 � 4.42 � 0.0050 � 0.003
16 � 1.067 � 1.19 � 15.45 � 1.279 � 4.01 � 4.75 � 0.0020 � 0.002
17 � 1.070 � 1.22 � 15.87 � 1.312 � 4.49 � 5.62 � 0.0007 � 0.001
18 � 1.102 � 1.73 � 22.56 � 1.404 � 5.88 � 8.92 � 0.0020 � 0.002
19 � 1.109 � 1.83 � 24.31 � 1.466 � 6.91 � 12.19 � 0.0019 � 0.002
20 � 1.130 � 2.17 � 30.48 � 1.466 � 6.91 � 12.19 � 0.0017 � 0.002
21 � 1.091 � 1.55 � 20.03 � 1.414 � 6.05 � 9.39 � 0.0021 � 0.002
22 � 1.137 � 2.30 � 32.94 � 1.535 � 8.12 � 17.24 � 0.0013 � 0.002
23 � 1.152 � 2.55 � 38.54 � 1.563 � 8.65 � 19.90 � 0.0010 � 0.002
24 � 1.161 � 2.71 � 42.71 � 1.570 � 8.77 � 20.58 � 0.0012 � 0.002

������������������������������������������������������������������������������������

in an oven. The chemical composition of sample no. 2
was as follows (wt %): C 30.6, H 5.6, N 1.05, S 1.4,
P 14.31, F 2.17, Cl 0.3, Si 0, Na 0.59, Fe 0.16, and
Ca 0.16.

v, cm s�1

�, g cm�3

Fig. 1. Settling rate v in emulsions: (1, 2) H3PO4�TBP and
(1�, 2�) H3PO4�extractant as a function of the viscosity of
the organic phase �.

As seen, the product separated from the extractant
has a complex composition. Presumably, in addition
to organics it contains some inorganic compounds
such as phosphoric acid, phosphogypsum, fluorides,
and sodium and iron phosphates.

To identify compounds composing the products
separated from the extractant, we measured the IR
spectra of sample nos. 1 and 2 with a Perkin�Elmer
983 spectrometer (Fig. 2). The spectra show the
bands due to C�H stretching vibrations at 2931 and
2955 cm�1; CH bending vibrations at 1457 cm�1; and
C=O vibrations (1709, 1710 cm�1) characteristic of
saturated and unsaturated aliphatic acids [5]. Also the
spectra show the band at 1606 cm�1 typical of C=C
in-plane vibrations of aromatic compounds [5]. It
should be pointed out that this band becomes more
distinctly pronounced after recrystallization of sample
no. 2 from acetone. For comparison, in Fig. 2 are
presented the spectra of crude TBP [TU (Technical
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Specifications) 2435-305-05763458�01], OP-4 emul-
sifier (TU 6-02-997�90), and crude oleic acid [GOST
(State Standard) 7580�55].

We also studied the product separated from the
extractant by mass spectrometry in the electron impact
mode. The sample was placed into a gold crucible and
heated in a vacuum (10�5 Pa) until a vapor appeared.
The spectra were recorded at 150�C (Fig. 3).

The mass spectra of both samples are identical.
Comparison with reference data reveal that the sam-
ples contain tri-n-butyl phosphates [6, 7]; oleic, abiet-
ic, and stearic acids; and, possibly, butanol, poly-
(acrylamide) [8], and naphthenic acids.

According to the reference data [7], the mass spec-
trum of TBP shows the following peaks (m /e) [rela-
tive intensity (%) is given in parentheses]: 237 (0.3),
211 (15), 183 (1), 181 (1.5), 167 (2), 156 (1), 155
(22), 154 (1.5), 153 (2), 137 (5), 127 (2), 125 (8),
113 (1), 112 (1), 111 (2), 100 (3), 99 (100), 83 (1),
82 (2), 81 (1), 57 (12), 56 (5), and 55 (4). To these
values we can also add the peak m /e 41 [6]. All these
peaks were found in the spectra of sample nos. 1
and 2.

According to [8], the mass spectrum of oleic acid is
as follows (m /e): 41 (100), 55 (94.9), 43 (64.9), 83
(34.4), 67 (33.3), 57 (33.3), 54 (26.7), 56 (24.4), 81
(23.6), and 97 (23.1). All the ten peaks were found in
sample no. 2 and nine of them, in sample no. 1.

In the spectrum of sample no. 1 we found the fol-
lowing peaks assigned to stearic acid (m /e): 43, 57,
41, 55, 71, 73, 60, and 69; and in sample no. 2: 43,
57, 41, 55, 71, 73, and 69. The peaks assigned to
abietic acid are as follows (m /e): 91, 105, 77, 79, 121,
93, 67, and 81 (sample no. 2).

Furthermore, in the spectrum of sample no. 2 we
found practically all the peaks reported in [8] for such
naphthenic acids and esters as cyclopentyl acetate,
cyclohexanecarboxylic acid, cyclohexyl acetate, and
cyclohexylpropionic acid.

In addition to electron impact, the samples were
also studied by such a mild mass-spectroscopic meth-
od as field desorption (Table 2).

In the field-desorption mass spectrum of sample
no. 1 (powder), the most intensive peak corresponds
to the sodium atom, suppressing all the other peaks.
The next in the intensity is the peak corresponding to
the potassium atom. The peaks found in the spectrum
of sample no. 2 can be assigned to several individual
compounds such as TBP (MW 266.3), dibutylphos-
phoric acid (MW 210), phosphate of oxyethylated

T

�, cm�1

Fig. 2. Infrared spectra of organic compounds: (1) TBP,
(2) sample no. 1, (3) sample no. 2, (4) sample no. 2 recrys-
tallized from acetone, (5) oleic acid, and (6) OP-4 emul-
sifier. (T) Transmittance and (�) wave number.

alkylphenol CH3(CH2)8�C6H4O(CH2�CH2O)3�
CH2CH2O�P(OH)2O (MW 476), its fragment CH3 �
(CH2)8�C6H4 (MW 203), and also oxyethylated alkyl-
phenol CH3(CH2)10C6H4O(CH2�CH2O)4H (MW
424).

Thus, our results show that the extractant circulat-
ing in the system contains such impurities as dibutyl-
phosphoric acid, oxyethylated alkylphenols and their
phosphates, oleic, abietic, and stearic acids, butanol,
amines, naphthenic acids, etc.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

1416 LEMBRIKOV et al.

I, %

I, %

Fig. 3. Mass spectra of substances separated from the extractant: (1) sample no. 1 and (2) sample no. 2. (I) Intensity.

The product separated from the extractant by soda
washing, being introduced into the process solutions,
demonstrates the surfactant effect. It was found that
introduction of 0.1% of this product into TBP de-
creases the phase separation rate in the system TBP�
H3PO4 by a factor of 6.5.

The source of the indicated compounds is apatite
concentrate containing some flotation agents such as
oleic acid, tall oil, OP-4 emulsifier, and also com-

Table 2. Field-desorption mass spectra with acetone as
a solvent
����������������������������������������

Sample no. � Irel, % � Mass
����������������������������������������

1 � 2.5 � 127
� 2.8 � 99
� 2.3 � 89
� 9.0 � 58
� 9.1 � 39
� 100.0 � 23

2 � 17.6 � 477
� 6.9 � 422
� 27.9 � 421
� 9.5 � 268
� 61.6 � 267
� 10.6 � 212
� 100.0 � 211
� 7.0 � 203
� 9.9 � 189
� 86.2 � 59
� 19.0 � 57

����������������������������������������

pounds, e.g., poly(acrylamide), formed in the stage of
sulfuric acid decomposition of the concentrate and in
the course of clarification of H3PO4. OP-4 emulsifier
is the source of oxyethylated alkylphenols with the
general formula CnHn + 1C6H4O(CH2�CH2O)mH,
where m = 3, 4. Tall oil is the source of resin acids
(e.g., abietic acid) and unsaturated (oleic) and satu-
rated (stearic) acids. Note also that crude oleic acid
contains up to 10% of naphthenic acids. Furthermore,
sulfuric acid decomposition of apatite is accompanied
by sulfonation and phosphatization. Evidently, oxy-
ethylated alkylphenols are involved in phosphatization
with formation of phosphates.

The product separated has a complex composition,
containing the major impurities from the extractant.
Therefore, it is advisable to use it as a reference for
photocolorimetric determination of the degree of con-
tamination of the extractant. The applicability of this
method is limited by the maximal content of organic
impurities in the extractant at a level of 2 mg ml�1.
At higher contamination level, poorly separable sys-
tems are formed.

To conclude, surfactants accumulated in the system
deteriorate extraction purification of WPPA with TBP.
To keep the operating parameters of the system at
a reasonable level (i.e., to avoid accumulation of sur-
factants), it is necessary to introduce the stage of soda
washing of the extractant. Furthermore, it is necessary
to avoid introduction of surfactants to the WPPA puri-
fication system and, as far as possible, at the stage
of manufacture of WPPA.
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CONCLUSION

The extractant (tri-n-butyl phosphate) circulating in
the system of extraction purification of wet-process
phosphoric acid, obtained from apatite concentrate,
contains impurities of dibutylphosphoric acid, oxy-
ethylated alkylphenols and their phosphates, oleic,
abietic, stearic, and naphthenic acids, butanol, amines,
etc.
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Abstract�To increase the efficiency of hydrometallurgical processing of lean rare-earth raw material,
the effect of salt anion and metal cation on the characteristics of Ce(III) and Y(III) recovery from dilute aque-
ous solutions with tri-n-butyl phosphate was studied on the basis of the thermodynamic theory of extraction.

Modern hydrometallurgy of rare-earth metals
(REM) is based on the extraction of their nitrates with
tri-n-butyl phosphate (TBP). However, as lean rare-
earth raw materials, for instance, eudialyte ores of
the Kola peninsula, are involved in the process the
efficiency of extraction recovery and separation of
lanthanide salts should be increased. It becomes
urgent to search for new, more efficient extractants
and study the effect of the salt anion on the extracta-
bility. It is advisable to characterize the extraction by
Gibbs constants and energies of extraction. Previous-
ly, we studied the thermodynamics of extraction of
zirconium salts with TBP and solutions of trialkyl-
benzylammonium salts (TABA, alkyl: C4H9�C10H21)
in o-xylene [1, 2] and extraction of cerium and yttri-
um sulfates with TABA sulfate in o-xylene [3, 4]. In
this work, we compare the characteristics of extraction
of Ce(III) and Y(III) salts with TBP and TABA.

The features of Ce(III) and Y(III) extraction with
TBP were studied using model systems REM nitrate�
Mg(NO3)2. The REM content was approximately
preset by the weight of the metal nitrate taken and was
then refined photometrically. All the reagents were
of chemically pure grade. The metal ion concentration
was similar to the REM content in solutions from
leaching of eudialyte concentrates and was about
0.01 mol kg�1.

The extraction and phase separation were per-
formed in separating funnels. The stirring rate was
2000 rpm and was preset with an automatic stirrer.
The duration of phase contact required for equilibra-
tion was determined experimentally and amounted to
30 min. The phases fully separated within 15 min.

The content of cerium(III) and yttrium(III) in the
aqueous phase (initial and equilibrium) was deter-

mined photometrically (� 670 nm) with Arsenazo III
in the acetate buffer solution at pH 3 [5]. The chem-
icals used in the analysis were of analytically pure
grade. The REM content in the organic phase was
determined as the difference of the concentrations in
the initial and equilibrium aqueous phases with regard
to the difference in the phase volumes (weights):

maq
corg = (c0 � caq)����, (1)

morg

where corg is the equilibrium metal concentration in
the organic phase (mol kg�1); caq, REM concentration
in the equilibrium aqueous phase (mol kg�1); c0, ini-
tial content of cerium or yttrium in the aqueous phase
(mol kg�1); and maq /morg, ratio of weights of the
aqueous and organic phases, respectively.

The experimental values of the metal distribution
coefficients were determined as follows:

D = corg /caq, (2)

where D is the metal ion distribution coefficient; caq,
corg, equilibrium concentrations of the metal ion in the
aqueous and organic phases, respectively (mol kg�1).

The experimental data were obtained at pH 3.
pH was monitored with a pH-150M pH-meter with
a combined electrode.

To elucidate the mechanism of REM extraction
with tributyl phosphate and calculate the extraction
constants, we measured the dependences of the Ce(III)
and Y(III) distribution coefficients between the aque-
ous and organic phases on the TBP concentration in
o-xylene at a constant ionic strength supported by 2 M
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Mg(NO3)2. The initial concentration of Ce(III) or
Y(III) nitrates was 0.01 mol kg�1. Thus, change in the
concentration of REM nitrates during extraction
should not noticeably affect the solution ionic strength,
equal to 6 mol kg�1. The measured ln�ln dependences
of the Ce(III) and Y(III) distribution coefficients on
the TBP mole fraction are shown in Figs. 1a and 1b.
The TBP concentration was expressed in mole frac-
tions, because the standard state of the extractant is the
pure liquid with the mole fraction X = 1. Logarithmic
coordinates were used to obtain linear dependences.
The equation of the extraction reaction is

M3+(aq) + 3NO3
�(aq) + nTBP(org)

�
� Me(NO3)3 �nTBP(org), (3)

where M is Ce or Y.

The law of mass action (for Ce) appears as

[Ce(NO3)3 �nTBP]
K = ����������������������, (4)

[Ce3+][NO3
�]3 �Ce3+ �3

NO�3
[TBP]n

where �i are activity coefficients of ions.

We replace the product of activity coefficients by
the mean ionic activity coefficient of cerium(III)
nitrate:

�
�

= (�Ce3+ �NO�3
)1/2. (5)

With regard to (2), Eq. (4) transforms into

D
K = ������������. (6)

[NO�

3]3 �4
�

[TBP]n

and, after taking the logarithm, into

ln D = ln K + 3ln [NO3
�] + 4ln �

�
+ n ln [TBP]. (7)

It follows from (7) that the dependence of lnD on
ln [TBP] for Ce(III) or Y(III) should be linear at the
constant ionic strength with the slope equal to the
solvation number in the extractable complex. The
dependences in Fig. 1 are approximated by straight
lines with the confidence factors R2 0.94 and 0.96 for
Ce(III) and Y(III), respectively:

ln D = 1.64 ln [TBP] + 2.25 for Ce(III), (8)

ln D = 1.93 ln [TBP] + 1.55 for Y(III). (9)

It follows from Eq. (8) that about 36% of cerium

(a)

(b)

Fig. 1. Logarithm of distribution coefficient D of (a) ceri-
um(III) nitrate and (b) yttrium(III) nitrate as a function of
logarithm of TBP mole fraction x in o-xylene.

nitrate solvates contain one TBP molecule and 64%,
two TBP molecules. According to Eq. (9), the solva-
tion number of yttrium nitrate within the error limits
is equal to 2. The extraction constants can be calcu-
lated from the absolute terms of the equations

ln K = 2.25 � 3ln [NO3
�] � 4ln �

�
for Ce(III), (10)

ln K = 1.55 � 3ln [NO3
�] � 4ln �

�
for Y(III). (11)

The concentration of nitrate ions in the experiments
was 4 mol kg�1. The value of the mean ionic activity
coefficient was taken equal to that for LaCl3 at the
ionic strength of 6 mol kg�1, �� = 0.342 [6]. From
these values, we calculated the extraction constants
KCe = 10.8 and KY = 5.4 and the Gibbs free energies
�G0

298(Ce) = �5.90 and �G0
298(Y) = �4.18 kJ mol�1.

We also studied the dependence of lnD on the con-
centration of the salting-out agent, Mg(NO3)2. Experi-
ments were performed at the initial cerium concentra-
tion of 0.01 mol kg�1 without diluent. The results are
shown in Figs. 2a and 2b.

The ln�ln dependences of the distribution coef-
ficients of Ce(III) and Y(III) on the nitrate ion concen-
tration are described by the following linear equations
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(a)

ln [NO3] [mol kg�1]
�

(b)

ln [NO3] [mol kg�1]
�

Fig. 2. Logarithm of distribution coefficient D of (a) ceri-
um(III) nitrate and (b) yttrium(III) nitrate as a function
of logarithm of nitrate ion concentration [NO3

�].

with the confidence factor R2 0.92 and 0.99, respec-
tively:

ln D = 2.93ln [NO3
�] � 1.89 for Ce(III), (12)

ln D = 3.29ln [NO3
�] � 2.67 for Y(III). (13)

The slopes of straights lines (12) and (13) within
the error limits are close to 3, i.e., to the stoichiomet-
ric coefficient at nitrate ion in Eq. (3) (in other words,
to the number of anions in the extractable complex).
The extraction constants can be calculated from the
absolute terms of Eqs. (12) and (13). Since neat TBP
was used, its activity in the equation for the law of
mass action is equal to 1. Then, Eq. (7) transforms
into

ln D = ln K + 4ln �
�

+ 3ln [NO3
�]. (14)

As above, the mean ionic activity coefficient is
taken equal to 0.342. From (12) and (13) we obtain

ln K = �1.89 � 4ln �
�

= 2.40 for Ce(III), (15)

ln K = �2.67 � 4ln �
�

= 1.62 for Y(III) (16)

and calculate the constants and Gibbs free energies

(a)

(b)

Fig. 3. Logarithm of distribution coefficient D of (a) ceri-
um(III) chloride and (b) yttrium(III) chloride as a function
of logarithm of TBP mole fraction x in o-xylene.

KCe = 11.0 and KY = 5.0; �G0
298(Ce) = �5.95 and

�G0
298(Y) = �4.02 kJ mol�1. Thus, the consistent ther-

modynamic characteristics of the extraction were
obtained by two independent methods. The averaged
values are KCe = 10.9�0.1 and KY = 5.2�0.2;
�G0

298(Ce) = �5.92�0.03 and �G0
298(Y) = �4.10�

0.08 kJ mol�1.

To study the effect of anion on REM extraction, we
measured the ln�ln dependences of the distribution
coefficients of CeCl3 and YCl3 on the TBP mole frac-
tion in o-xylene at the concentration of the salting-
out agent, MgCl2, of 2 mol kg�1 (Figs. 3a, 3b). The
logarithmic dependences are well described by straight
lines with the confidence factor R2 0.96 and 0.93,
respectively:

ln D = 0.5 ln [TBP] � 0.27 for Ce (III), (17)

ln D = 0.9 ln [TBP] � 0.69 for Y (III). (18)

Their slopes give solvation numbers of 0.5 for
CeCl3 and approximately 1 for YCl3 in the organic
phase, and hence the extraction reactions are described
by the following equations:

Ce3+(aq) + 3Cl�(aq) + 0.5TBP(org)

�
� CeCl3 �0.5TBP(org), (19)
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Y3+(aq) + 3Cl�(aq) + TBP(org) �� YCl3 �TBP(org). (20)

The extraction constants were calculated from
the absolute terms of Eqs. (17) and (18). Here, the
formula similar to (7) is also valid:

ln D = ln K + 3ln [Cl�] + 4ln �
�

+ n ln [TBP]. (21)

The mean ionic activity coefficient was taken equal
to 0.342, similarly to nitrates. Hence,

ln KCe = �0.27 � 3ln [Cl�] � 4 ln �
�

= �0.14, (22)

ln KY = �0.69 � 3ln [Cl�] � 4 ln �
�

= �0.56; (23)

KCe = 0.87 and KY = 0.57; �G0
298(Ce) = 0.35 and

�G0
298(Y) = 1.39 kJ mol�1.

We also studied the dependence of the distribution
coefficient of Ce2(SO4)3 on the TBP concentration in
o-xylene at a MgSO4 concentration of 2 mol kg�1

(ionic strength 8 mol kg�1) (Fig. 4). It is described
by the equation

ln D = 1.5 ln [TBP] � 2.40. (24)

In accordance with the condition of electroneutral-
ity, the equation of the extraction equilibrium is

2Ce3+(aq) + 3SO4
2�(aq) + nTBP(org)

�
� Ce2(SO4)3 �nTBP(org). (25)

In this case, the law of mass action is

[Ce]org
K = ������������������

2[Ce3+]2[SO4
2�]3 �5

�
[TBP]n

D
= �����������������. (26)

[Ce3+][SO4
2�]3 �5

�
[TBP]n

The Ce concentration in the organic phase should
be divided by two to take into account association of
Ce2(SO4)3 in the solvate [it follows from (24) that the
solvation number in cerium sulfate extraction is equal
to 1.5]. The extraction constant was calculated by
the equation

lnK = �2.40 � ln [Ce3+] � 3ln [SO4
2�] � ln 2 � 5ln �

�
= 2.90.

(27)

The cerium(III) concentration in the organic phase
was, on the average, taken equal to 0.01 mol kg�1, the

Fig. 4. Logarithm of distribution coefficient D of ceri-
um(III) sulfate as a function of logarithm of TBP mole
fraction x in o-xylene.

concentration of sulfate ions, 2 mol kg�1, and the
mean ionic activity coefficient, 0.5, which is equal to
that of lanthanum chloride at an ionic strength of
8 mol kg�1 [6]. For reaction (25), we obtain K = 18.2
and �G0

298 = �7.19 kJ mol�1. Per mole of Ce(III), the
solvation number is 0.75, K = 4.3, and �G0

298 =
�3.60 kJ mol�1.

The characteristics of extraction of Ce(III) and
Y(III) salts with TBP at the concentration of the cor-
responding magnesium salts of 2 mol kg�1 are listed in
Table 1. All the values are given per mole of REM.

It follows from Table 1 that in the series chloride�
sulfate�nitrate the solvation number and extraction
constant increase and the Gibbs energy decreases.
This is caused by a decrease in the charge on the ter-
minal oxygen atoms in anions, z, which was calcu-
lated as a quotient of division of the anion charge by
the number of terminal atoms. The z value character-
izes the density of the negative charge on the anion.
The lower the charge density, the more strongly the
cation polarizes the phosphoryl group of TBP and
binds TBP according to the scheme

Anz��Ce3+�O=P(OC4H9)3.

Table 1. Molar characteristics of extraction of cerium(III)
and yttrium(III) salts with TBP
����������������������������������������

Salt
�

[z]
� Solvation�

K
� �G0

298,
� � number � � kJ mol�1

����������������������������������������
Nitrate: � � � �

Ce(III) � 1/3 � 1.64 � 10.9�0.1 � �5.92�0.03
Y(III) � � 2 � 5.2�0.2 � �4.10�0.08

Sulfate: � � � �
Ce(III) � 1/2 � 0.75 � 4.3 � �3.6

Chloride: � � � �
Ce(III) � 1 � 0.5 � 0.57 � 0.35
Y(III) � � 1 � 0.87 � 1.39

����������������������������������������
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Table 2. Comparison of extraction characteristics of cerium(III) and yttrium(III) salts with TBP and TABA (100% TBP,
extraction of nitrates; 0.5 M TABA, extraction of sulfates; pH 3; concentration of magnesium salts 2 mol kg�1; REM
concentration about 0.01 mol kg�1)
������������������������������������������������������������������������������������

M3+
� TBP � TABA
������������������������������������������������������������������
� D � �G0

298, kJ mol�1 � D � �G0
298, kJ mol�1

������������������������������������������������������������������������������������
Ce(III) � 8.6 � �5.92�0.03 � 35�4 � �8.9�0.3
Y(III) � 7.3 � �4.10�0.08 � 10.2�2.0 � �7.5�0.2

������������������������������������������������������������������������������������
Separation coefficient � 1.18 � 3.5
������������������������������������������������������������������������������������

The solvation numbers of yttrium(III) are higher
than those of Ce(III), which can be explained by
smaller ionic radius of yttrium. The smaller the cation
radius, the higher is its ionic potential and the more
strongly the cation polarizes the phosphoryl group.
However, the extraction constants for yttrium(III) salts
are lower and the Gibbs energies, higher than for the
Ce(III) salts. This can be explained as follows. During
extraction, TBP molecules substitute water from the
first coordination sphere of the cation. In the process,
the H-bonds with the second coordination sphere are
ruptured. Water molecules, which are more polar than
TBP molecules, are bound more strongly with Y(III)
than with Ce(III) having lower ionic potential. There-
fore, the energy consumption for dehydration of Y(III)
cations is not compensated by the energy of solvation,
and the thermodynamic characteristics of extraction
of Y(III) salts are less favorable as compared to
Ce(III).

Virtually no separation of yttrium and cerium in
extraction with TBP is observed. The distribution
coefficients of Ce(III) and Y(III) nitrates in extraction
with neat TBP and those of their sulfates in extraction
with 0.5 M TABA sulfate in o-xylene [3, 4] at pH 3
and magnesium salt concentration of 2 mol kg�1 are
listed in Table 2. The initial REM concentrations were
0.01 mol kg�1. As seen, the efficiency and selectivity
of REM extraction with TABA is substantially higher
than with TBP. This result is especially important in
hydrometallurgical processing of lean rare-earth raw
materials.

CONCLUSIONS

(1) The constants and Gibbs energies of cerium(III)
and yttrium(III) extraction with TBP are determined.
The extraction constants and solvation numbers in-
crease and Gibbs energies decrease in the series
chloride�sulfate�nitrate, which can be explained by a
decrease in the charge density on the anion and the
corresponding growth in polarization of the phos-
phoryl group. In going from cerium(III) to yttri-
um(III), the solvation number increases, but the
extraction constants decrease.

(2) The extraction constants and distribution and
separation coefficients of cerium(III) and yttrium(III)
are higher in extraction with trialkylammonium salts
than with TBP.

REFERENCES

1. Dibrov, I.A., Chirkst, D.E., and Litvinova, T.E., Zh.
Prikl. Khim., 1996, vol. 69, no. 3, pp. 397�403.

2. Dibrov, I.A., Chirkst, D.E., and Litvinova, T.E., Zh.
Prikl. Khim., 2002, vol. 75, no. 2, pp. 202�207.

3. Dibrov, I.A., Chirkst, D.E., and Litvinova, T.E., Zh.
Prikl. Khim., 2002, vol. 75, no. 2, pp. 197�201.

4. Dibrov, I.A., Chirkst, D.E., and Litvinova, T.E., Tsvetn.
Met., 2003, no. 7, pp. 112�115.

5. Savvin, S.B., Arsenazo III (Arsenazo III), Moscow:
Atomizdat, 1966.

6. Kratkii spravochnik fiziko-khimicheskikh velichin (Brief
Handbook of Physicochemical Quantities), Rav-
del’, A.A., Ed., Moscow: Vysshaya Shkola, 2001, p. 133.



1070-4272/04/7709-1423�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 9, 2004, pp. 1423�1425. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 9,
2004, pp. 1435�1437.
Original Russian Text Copyright � 2004 by Kabanov.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Effect of Heat Treatment on Thermal Stability of Limestone

A. A. Kabanov

Krasnoyarsk State Pedagogical University, Krasnoyarsk, Russia

Received April 15, 2004

Abstract�The nature of the anomalous effect exerted by the heat treatment of limestone at 500 and 600�C on
its thermal stability at 825�C was studied.

The author’s method involving preliminary heat
treatment of limestone in air at 500 and 600�C to
accelerate its thermal decomposition at high tempera-
tures has been patented [1]. After the heat treatment
at both temperatures, the positive effect was obtained;
after treatment at 500�C, the effect was stronger,
which seems to be abnormal. The nature of this effect
could be discussed only after the composition and
thermal stability of calcium carbonate and natural
limestone were studied in detail [2�6]. In this study
we supplemented and developed these studies with
the aim to elucidate the nature of the effect discovered
in [1].

After natural limestone was dispersed [1], its
<0.08-mm fraction was sieved and heat-treated in air
for 6 h at 200, 500, and 600�C. Then, the preparations
were stabilized again by keeping over P2O5 for no
less than 10 days. The preparation heat-treated at
200�C was considered as the starting sample.

The composition of the starting samples and results
of the phase analysis are presented in [5, 6]. The min-
erals present in the starting samples from the Solo-
menskoe deposit are as follows (wt %): CaCO3 (cal-
cite) 96.20, �-Fe2O3 �0.38H2O (hydrohematite) 1.06,
(FeIII, Al4)[OH]8(Si4O10) �1.74H2O (ferrihalloysite)
1.47, and other impurities 1.17.

The kinetic curves of the limestone decomposition
were taken at 825�0.1�C with 0.100-g samples using
the volumetric analysis [3]. The X-ray phase analysis
(XPA) was done on a DRON-3 diffractometer. The
magnetic susceptibility of the powdered samples
(0.20 g) was measured on a pendular magnetic balance
[6] at a heating rate of 2.0�0.1 deg min�1. The IR
spectra were recorded on a UR-20 spectrophotometer
using mulls in mineral oil. The M�ossbauer spectrum
was obtained on an electrodynamic spectrometer based
on an AI-5006-3M-V100 analyzer operating in the

constant acceleration mode. The spectra were proc-
essed on an ES-1022 computer. The 57Co isotope
with an activity of 0.5 GBq in a chromium matrix was
the �-radiation source.

The kinetic curves of the thermal decomposition of
limestone show that, compared to heat treatment at
600�C, the heat treatment at 500�C produces an ab-
normal effect on the decomposition rate (Fig. 1). The
thermal decomposition was performed till the first,
metastable state [6] of the limestone samples was at-
tained. The heatings decrease the time of attaining
the final degree of the sample decomposition. The
reason why the decomposition after heating to 500�C
is accelerated to a greater extent can be suggested
on the basis of the XPA data (Figs. 2a, 2b). The im-
purities formed in the limestone at 500�C are oxides
�-Fe2O3 and Fe3O4, whereas at 600�C only the FeO
impurity is formed. As compared to w�ustite FeO,

�, % �fin = 61%

�, min
Fig. 1. Kinetic curves of the limestone decomposition
at 825�0.5�C. (�) Degree of decomposition and (�) time.
Sample: (1) Starting and (2, 3) heat-treated at 600 and
500�C, respectively.
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(a)

(b)
d/n, �

d/n, �
Fig. 2. X-ray diffraction patterns of the limestone heat-treated at (a) 500 and (b) 600�C. (I) Absorption intensity and (d /n) inter-
planar spacing. (a) (I) CaCO3 �xH2O, (II) �-Fe2O3 �yH2O, and (III) Fe3O4; (b) (I) CaCO3 �xH2O and (II) FeO.

T, �C

� � 106, cm3 g�1

Fig. 3. Specific magnetic susceptibility 	 of limestone vs.
temperature T. Sample: (1) starting and (2�4) heat-treated
at 500, 600, and 825�C, respectively.

hematite at 825�C is a stronger catalyst of the calcite
decomposition. This is due to the fact that the magnet-
ic susceptibility of hematite at a temperature of the
limestone decomposition is higher than that of w�ustite
[4]. Magnetite Fe3O4 is a well-known ferromagnetic,
and, owing to high magnetic susceptibility, its catalyt-
ic activity should be higher than that of hematite and
w�ustite.

The above hypothesis is confirmed by the results of
the magnetic measurements (Fig. 3). Indeed, the mag-
netic susceptibility of the samples heated at 500�C is
higher at all the temperatures, up to the temperature
of limestone decomposition (825�C), than that of the
samples heated at 600�C. In both cases, the magnetic
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R, %

�, cm�1

Fig. 4. IR spectra of the limestone heat-treated at (1) 200
and 500�C and (2) at 825�C. (R) Transmission and (
) wave
number.

v, mm s�1

N � 10�4

Fig. 5. M�ossbauer spectrum of limestone. (N) Counts per
channel and (v) velocity of the �-ray source.

susceptibility of the samples is higher than that of the
starting sample (curve 1). The magnetic susceptibili-
ties of the samples heat-treated at 825�C (curve 4)
show that both the main substance (calcite) and the
impurities of iron compounds present in it undergo
profound chemical transformations. The IR spectra of
the samples heated at 200 and 500�C are similar
(Fig. 4, curve 1). Their assignment is given in [3].
The IR spectra taken after the heating at 825�C
(curve 2) revealed significant changes in the main
substance, with a certain portion of calcite and water

retained in the product, as in the case of reagent-grade
calcium carbonate [3]. In other words, calcite does not
fully decompose in this case either, and structural
water stabilizes its lattice. The M�ossbauer spectrum
(Fig. 5) revealed hematite in the samples heated at
825�C. Comparison of this spectrum with that of the
starting limestone [6] shows that, after heating at
825�C, the hematite particles are agglomerated, which
accounts for the decrease in their magnetic susceptibil-
ity (Fig. 3, curve 4).

CONCLUSIONS

(1) The limestone from the Solomenskoe deposit,
heat-treated at 500�C for 6 h, shows lower thermal
stability at 825�C than that heat-treated at 600�C.

(2) The abnormal temperature effect exerted by the
limestone heat treatment on its thermal stability dur-
ing the subsequent heating to 825�C is due to the dif-
ferent catalytic activities of iron oxides, which are
formed in the limestone from impurities in the course
of the heat treatments.
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Abstract�The activities of copper in liquid nickel�copper�iron alloys at 1600�C were calculated along
sections with constant xNi : xFe ratios of 3 : 1, 1 : 1, and 1 : 3 (xi is the mole fraction of a component in
an alloy).

The integral molar excess Gibbs energies �Gex and
enthalpies �H of mixing of liquid Ni�Cu�Fe alloys at
1600�C, calculated from experimental data for binary
boundary systems, have been reported previously
[1, 2]. A number of geometric models and the poly-
nomial Redlich�Kister method have been used in the
calculations. Modern techniques for calculation of
integral thermodynamic characteristics of liquid
ternary metallic systems on the basis of the corre-
sponding properties of binary systems were considered
in detail in [3]. As a kind of a calculation reliability
criterion in the absence of experimental data for a
ternary system can serve the closeness of the results
obtained using different geometric models and the
analytical technique. For the Ni�Cu�Fe system, calcu-
lations of �Gex and �H by different methods yield
reasonably consistent results [1, 2].

The partial molar thermodynamic characteristics of
copper in liquid alloys of the system Ni(1)�Co(2)�
Fe(3) can be calculated using the known expressions
relating the partial and integral parameters in ternary
systems [3]. For example, the partial excess Gibbs
energy for copper (component 2) along a path with
a constant ratio of the other two components (x1 : x3)
is given by

�G2
ex = �Gex + (1 � x2)(��Gex/�x2)x1/x2

, (1)

where �G2
ex is the partial molar excess Gibbs energy

for the composition determined by the mole fractions
x1, x2, and x3 (or x2, x1 : x3), and �Gex is the integral
molar excess Gibbs energy of the ternary system for
the composition under consideration.

Another possibility of estimating the partial molar
parameters of copper or any other component of the
ternary system is to calculate them from the related

quantities for binary boundary systems. This method
is applied to liquid metallic systems rather rarely [4].
At the same time, it follows from the basic equation
of the Toop method [3, 4], which is widely used for
calculating the thermodynamic characteristics of
ternary systems, that

x1 x3
� �

�G2
ex = �������Gex

2(12) + ������Gex
2(23)�

1 � x2 1 � x2� �x2

� (1 � x2)2[�Gex
13]x1/x3

, (2)

where �Gex
2(12) and �Gex

2(23) are the excess partial
molar Gibbs energies for component 2 in binary
boundary systems 1�2 and 2�3 at a given x2; and
�Gex

13 is the excess integral molar Gibbs energy of the
binary boundary system 1�3 at a given ratio x1 : x3.

The available data on the thermodynamic proper-
ties of liquid alloys in the binary boundary systems
Ni�Cu, Cu�Fe, and Fe�Ni have been discussed in
detail [1, 2]. The input data used in calculations for
the system Ni�Cu were based on the results of [5�7],
and the �Gex and �H values recommended by Batalin
[8, 9] were adopted for the systems Cu�Fe and Ni�Cu.
The dependence of the integral thermodynamic func-
tions on composition was expressed analytically with
the use of Redlich�Kister polynomials [1, 2]. The
table compares the activities of copper in liquid alloys
of the ternary system Ni�Cu�Fe, calculated using
Eqs. (1) and (2) for compositions that lie on secants of
the concentration triangle with xNi : xFe ratios of 3 : 1,
1 : 1, and 1 : 3. The agreement between the results
obtained is quite satisfactory. If the only goal of a cal-
culation of the thermodynamic properties of a ternary
system from data on binary boundary systems is to
obtain the partial molar parameters of a component of
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Activity of copper in liquid nickel�copper�iron alloys at 1600�C, calculated using Eqs. (1) and (2)
������������������������������������������������������������������������������������

xCu

� xNi : xFe = 3 : 1 � xNi : xFe = 1 : 1 � xNi : xFe = 1 : 3
�������������������������	������������������������	������������������������
� (1) � (2) � (1) � (2) � (1) � (2)

���������	�����������	������������	������������	�����������	�����������	������������
0.10 � 0.35 � 0.33 � 0.41 � 0.41 � 0.45 � 0.46
0.20 � 0.53 � 0.53 � 0.61 � 0.59 � 0.64 � 0.62
0.30 � 0.67 � 0.64 � 0.72 � 0.69 � 0.74 � 0.70
0.40 � 0.74 � 0.72 � 0.76 � 0.75 � 0.77 � 0.76
0.50 � 0.79 � 0.77 � 0.80 � 0.80 � 0.79 � 0.80
0.60 � 0.82 � 0.81 � 0.84 � 0.83 � 0.83 � 0.84
0.70 � 0.85 � 0.84 � 0.88 � 0.86 � 0.89 � 0.87
0.80 � 0.89 � 0.87 � 0.91 � 0.88 � 0.93 � 0.89
0.90 � 0.93 � 0.92 � 0.94 � 0.92 � 0.94 � 0.92

���������
�����������
������������
������������
�����������
�����������
������������

the ternary system, then calculation by Eq. (2) seems
to be preferable, compared to that by Eq. (1). Figure 1
shows isoactivity lines for copper in Ni�Cu�Fe liquid
alloys at 1600�C.

Equation (2) makes it possible to estimate, on the
basis of data for binary boundary systems, the limiting
activity coefficient for copper in Ni�Fe liquid alloys.
At x2 = 0 (xCu = 0), Eq. (2) takes the form

(�G2
ex)� = x1[�Gex

2(12)]
� + x3[�Gex

2(23)]
� � [�Gex

13]x1/x3
. (3)

In turn, knowledge of the limiting excess Gibbs
energy for component 2 enables calculation of the
activity coefficient for this component at infinite dilu-
tion by considering liquid alloys 1�3 of various com-
positions as solvents:

(�G2
ex)� = RT ln ��2(13). (4)

The quantities �Gex
2(12) and �Gex

2(23), related to
binary systems 1�2 and 2�3, can be calculated using
the Redlich�Kister polynomial, which describes the
concentration dependence of the integral excess Gibbs
energy in these systems. For example, the following
dependences were obtained for the Ni�Cu system
(�Gex is in kJ mol�1, 1873 K):

�Gex = xNi(1 � xNi)[18.8829 � 3.5732(2xNi � 1)

� 0.3147(2xNi � 1)2],

and for the Cu�Fe system

�Gex = xCu(1 � xCu)[29.5990 + 0.2475(2xCu � 1)

+ 6.8151(2xCu � 1)2].

As already reported [1], equations of this kind
describe experimental data with high precision.

Now, a polynomial relation for the binary system
1�2 is considered in the general form:

�Gex = x1(1 � x1)[b1 + c(2x1 � 1) + d(2x1 � 1)2]. (5)

For the binary system 1�2, Eq. (1) takes the form

�G1
ex = �Gex + (1 � x1)(��Gex/�x1)P, T , (6)

�G2
ex = �Gex � x1(��Gex/�x1)P, T . (7)

Differentiation of Eq. (5) and substitution of the
appropriate values into Eqs. (6) and (7) yields

�G1
ex = (1 � x1)2[b + c(4x1 � 1) + d(12x2

1 � 8x1 + 1)], (8)

Fig. 1. Isoactivity lines for copper in liquid Ni�Cu�Fe
alloys at 1873 K.
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Fig. 2. (1) Limiting activity coefficient of copper, ��Cu, and
(2) its logarithm vs. the composition xFe of the liquid
Ni�Fe alloy at 1873 K.

�G2
ex = x2

1[b + c(4x1 � 3) + d(12x2
1 � 16x1 + 5)]. (9)

At x1 � 0 or x1 � 1 (x2 � 0), accordingly,

(�G1
ex)� = b � c + d, (10)

(�G2
ex)� = b + c + d. (11)

In the boundary system Ni�Cu, copper is component 2
and Eqs. (9) and (11) are to be used for calculating
�Gex

Cu and (�Gex
Cu)�. At the same time, copper is com-

ponent 1 in the boundary system Cu�Fe, and similar
calculations require that Eqs. (8) and (10) should
be used.

Thus,

[�Gex
Cu(Ni)]

� = 18.8829 � 3.5732 � 0.3147

= 14.995 kJ mol�1,

ln ��Cu(Ni) = 0.963, ��Cu(Ni) = 2.619.

[�Gex
Cu(Fe)]

� = 29.5990 � 0.2475 + 6.8151

= 36.167 kJ mol�1,

ln ��Cu(Fe) = 2.323, ��Cu(Fe) = 10.201.

The limiting values of the activity coefficients of
copper in liquid alloys with nickel or iron are reason-
ably consistent with published experimental data [1].

For the iron�nickel system, the dependence of
�Gex on the alloy composition at 1873 K is described
by the equation

�Gex = xFe(1 � xFe)[�11.0909 + 6.1995(2xFe � 1)

� 0.9194(2xFe � 1)2].

Data on �Gex for the system Fe�Ni at xNi : xFe of
3 : 1, 1 : 1, and 1 : 3 are required for substitution into
Eq. (5). In other words, it is necessary to know �Gex

at xNi = 0.75, 0.50, and 0.25:

xNi 0.75 0.50 0.25
xFe 0.25 0.50 0.75

�Gex
Ni�Fe, kJ mol�1 �2.704 �2.770 �1.541

As a result, the following values of the limiting
thermodynamic functions are obtained for copper in
liquid Ni�Fe alloys of various compositions at a tem-
perature of 1873 K:

xNi 0.75 0.50 0.25
[�Gex

Cu]�, kJ mol�1 22.992 28.351 32.414
ln ��Cu 1.476 1.821 2.082
��Cu 4.378 6.176 8.016

Figure 2 shows that the dependence of ln ��Cu and
��Cu on the composition of the liquid Ni�Fe alloys is
very close to a linear dependence.

CONCLUSIONS

(1) Calculation of the activity of copper in liquid
nickel�copper�iron alloys at 1600�C by two different
methods yields consistent results.

(2) Estimates of the limiting values of the activity
coefficients of copper in liquid Cu�Ni, Cu�Fe, and
Cu�(Ni�Fe) alloys are presented. The dependence of
��Cu on the composition of the Ni�Fe alloy is nearly
linear.
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Abstract�The synthesis of magnesium oxide with high adsorptive properties by the sulfate�ammonia and
sulfate�carbonate methods and the effect exerted by the conditions of synthesis of magnesium oxide and hy-
droxide on their adsorptive activity were studied. The thermograms of the synthesized samples are presented.
The activity of the samples, evaluated by the iodine number, was determined in relation to the synthesis
conditions.

Chemically synthesized magnesium oxide and hy-
droxide have large specific surface area and high
mechanical strength, and therefore they have high
catalytic activity and good adsorptive properties [1].
Magnesium hydroxide has high adsorption capacity
with respect to the majority of Group III�VIII ele-
ments [2]. Also, magnesium compounds form cements
of the type of hydroxy salts, crystallizing in mixing of
magnesium oxide with various water-soluble magnesi-
um salts [3, 4]. This study was aimed to develop an
adsorbent of radioactive iodine for its utilization and
disposal.

The sorption capacity of magnesia depends on the
specific surface area and is characterized in industry
by the iodine number N, i.e., by the amount of ab-
sorbed iodine (mg-equiv) per 100 g of MgO. The
ability of magnesium compounds to take up iodine
and form cements with various anions suggests the
possibility of synthesis of magnesium hydroxide and
oxide with high adsorptive properties and subsequent
preparation of stone-like structures suitable for utiliza-
tion and disposal of radioactive iodine.

The surface and adsorptive properties of synthetic
magnesia strongly depend on both the kind of the
starting compounds and the synthesis method [5].

The effect exerted by synthesis conditions on the
chemical composition and surface properties of mag-
nesium hydroxide and oxide has been determined
previously by the example of the magnesia synthesis
from pure solutions of analytically pure grade
MgSO4, which involved precipitation of Mg(OH)2
with ammonia [6]. It was shown that the synthesis
conditions, including temperature T, concentration of

the initial solution cinit, amount of alkaline reagent,
and process time �, essentially affect the specific sur-
face area Ssp of magnesium hydroxide and oxide.

In this study, we studied the properties and per-
formed the qualitative analysis of magnesia obtained
from natural caustic magnesite. The raw material was
caustic magnesite from the Sadkinskoe deposit (Che-
lyabinsk oblast) containing (wt %) MgO 86, CaO
4.06, Fe2O3 1.46, CO2 1.3, Al2O3 0.8, and the in-
soluble residue 0.8. Magnesia was prepared by the
sulfate�ammonia and sulfate�carbonate processes. The
bound magnesium was transferred into the solution
using H2SO4 and (NH4)2SO4 solutions.

The sulfate�ammonia process for production of
magnesia from caustic magnesite involves treatment
of the raw material with 10�15 wt % solutions of
(NH4)2SO4 (amount 100�110% of the stoichiometry),
yielding MgSO4 solutions and gaseous ammonia.
After the precipitate is separated, the MgSO4 solution
is treated with ammonia to precipitate Mg(OH)2, from
which magnesium oxide is obtained by calcination.
The process involves the reactions

MgO� + (NH4)2SO4 = MgSO4 + 2NH3 + H2O,

MgSO4 + 2NH3 + 2H2O = Mg(OH)2� + (NH4)2SO4,

Mg(OH)2 = MgO + H2O.

The process time is 2 h; temperature interval, 80�

100�C; and the concentration of the resulting MgSO4
solution, 12�15 wt %. The MgSO4 solutions contain
the following impurities (wt %): CaO 0.12, SiO2
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0.01�0.02, and Al2O3 0.002. Solutions of such com-
position do not require additional purification. The
solid phase consisting of undecomposed magnesite
and impurities was filtered on a vacuum filter.

Magnesium hydroxide Mg(OH)2 was precipitated
from the MgSO4 solution at 20�80�C for 2�10 min.
The precipitate was filtered off, dried, and calcined
at 250�900�C.

The chemical composition of the magnesium hy-
droxide precipitate prepared at different temperatures
is given in the table.

The table shows that, along with magnesium hy-
droxide, MgSO4 �3Mg(OH)2 �8H2O is present in the
precipitates at lower synthesis temperatures; the lower
the temperature, the higher its mass fraction. The com-
pound MgSO4 �3Mg(OH)2 �8H2O exhibits binding
properties, and its presence in the cements will im-
prove the quality of stone-like structures.

The sulfate�carbonate synthesis of magnesia in-
cluded dissolution of caustic magnesite in sulfuric
acid at pH 3�3.5 to prepare a magnesium sulfate solu-
tion, into which caustic magnesite was added to re-
move impurity calcium compounds and sesquioxides.
The precipitate was separated on a vacuum filter, the
resulting magnesium sulfate solution was neutralized
with a solution of potassium carbonate, and magnesi-
um subcarbonate was precipitated. To obtain mag-
nesia, magnesium subcarbonate was calcined at 250�

900�C. The process involves the reactions

MgO + H2SO4 = MgSO4 + H2O,

3MgSO4 + 3K2CO3 + 5H2O = 2MgCO3 �Mg(OH)2 �4H2O

+ 3K2SO4 + CO2�,

2MgCO3 �Mg(OH)2 �4H2O = 3MgO + 2CO2 + 5H2O.

Magnesium subcarbonate synthesized by the above
technology contains (wt %) MgO 40, CO2 29, H2O
24, and CaO 0.26.

The chemical analysis of the synthesis products
was done by the methods presented in [7]. The surface
properties of magnesium hydroxide and oxide were
characterized by the iodine number N. The iodine
number was determined according to [8].

The dependences of the iodine numbers of mag-
nesium hydroxide on the temperature of its synthesis
and of magnesium oxide on the calcination tempera-
ture are shown in Fig. 1 for the samples synthesized
by the sulfate�ammonia method. The magnesium hy-
droxide samples were obtained by drying in air of wet

Composition of the magnesium hydroxide precipitate
����������������������������������������

T, �C
� Content in precipitate, wt %
����������������������������������
� Mg(OH)2 � MgSO4 �3Mg(OH)2 �8H2O

����������������������������������������
20 � 66.6 � 33.4
30 � 70.4 � 29.6
40 � 81.4 � 18.6
60 � 82.5 � 17.5
80 � 92.4 � 7.6

����������������������������������������

hydroxide obtained at different temperatures of the
synthesis.

The dependence of N on the synthesis temperature
for the samples dried at 20�C shows that the lower the
synthesis temperature, the higher the iodine number N
of magnesium hydroxide (curve 3). The sample syn-
thesized at 20�C and dried in air has the highest ad-
sorption activity (N = 155). With increasing synthesis
temperature, N decreases to 124 at 40�C and to 70
at 80�C.

The adsorption activity of magnesium oxide sam-
ples depends on the calcination temperature. Among
magnesium hydroxide samples calcined in the range
450�700�C, the samples calcined at 450�C have the
highest N value; for example, the sample synthesized
at 20�C (Fig. 1, curve 1) has N = 340. With increasing
synthesis temperature, N decreases markedly, to 275
at 40 and to 230 at 80�C. Increasing the calcination
temperature to 500�C decreases N by a factor of 1.3
(curve 2). Under these conditions, N of magnesium
oxide is, however, larger than that of hydroxide

N, mg-equiv I/100 g MgO

T, �C

Fig. 1. Iodine number N vs. the synthesis temperature T of
magnesium hydroxide. Temperature of calcination of mag-
nesium oxide (�C): (1) 450, (2) 500, (4) 600, and (5) 700.
Temperature of drying of magnesium hydroxide (�C):
(3) 20.
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N, mg-equiv I/100 g MgO

T, �C

Fig. 2. Iodine number N vs. the calcination temperature T
of magnesium hydroxide and magnesium subcarbonate.
Sample: (1) no. 1 and (2) no. 2.

(a)

�, min

T, �C

TG

DTA

T

(b)T, �C

TG

DTA

�, min

T

Fig. 3. DTA and TG curves of (a) magnesium hydroxide
and (b) magnesium subcarbonate. (T) Temperature and
(�) time.

(curve 3). As the calcination temperature is increased
further to 600 and 700�C, N decreases drastically,
irrespective of the temperature of the magnesium
hydroxide synthesis.

Examination of the microstructure of the precipi-

tates obtained under the different conditions shows
that small particles with a more developed surface are
formed at lower synthesis temperatures and coarser
particles with a less developed surface, at higher tem-
peratures. This accounts for the dependences charac-
terizing the effect of temperature on the hydroxide
surface properties.

The magnesium oxide samples synthesized by the
sulfate�ammonia (sample no. 1) and sulfate�carbonate
(sample no. 2) methods have different surface charac-
teristics. The N value of the starting samples is 155
for sample no. 1 and 70 for sample no. 2. The depen-
dence of the iodine number on the calcination tem-
perature has a maximum (Fig. 2). At a calcination
temperature of 450�C, the N value of the samples syn-
thesized by the ammonia and carbonate methods is
maximal (340 and 320, respectively). At lower calci-
nation temperatures, the N values differ considerably:
e.g., at 350�C N is 322 (sample no. 1) and 262 (sam-
ple no. 2).

As the calcination temperature is increased to 500�

530�C, N remains fairly high, 250�260, for both
the samples. At higher temperatures N drastically de-
creases, and at 700�900�C its value for the sample syn-
thesized from magnesium hydroxide is lower than in
that for the sample obtained using potassium carbonate.

Such a trend in variation of the surface properties
of the calcined samples with temperature is due to the
fact that, in the course of the calcination of sample
no. 1 to 450�C, water of hydration is removed with
formation of pores, with the magnesium hydroxide
skeleton preserved. At higher temperatures, the struc-
tural rearrangement, agglomeration, and sintering take
place.

For sample no. 2, the removal of water of hydra-
tion, which is complete at 450�C, is accompanied by
decarbonation, with most of carbon dioxide being also
removed in the range 400�500�C. Variation of the
carbon content in the calcined magnesium subcarbo-
nate (sample no. 2) confirms this result.

T, �C CO2, vol %

20 30.5
300 28.9
350 28.2
400 7.5
450 1.1

Heating to higher temperatures results in the ag-
glomeration and sintering. This is also confirmed by
the thermogravimetric analysis of the samples.

The thermogravimetric analysis of sample no. 1
(Fig. 3a) shows that, at 120�130�C, hygroscopic
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moisture and a part of water of hydration are removed,
which is associated with the presence in magnesium
hydroxide of the impurity salt MgSO4 �3Mg(OH)2 �
8H2O. The removal of hygroscopic and hydration
water from the above salt is confirmed by a diffuse
endothermic effect at 130�C. Water of hydration is
removed stepwise through hydrates of magnesium
oxosulfate. The weight loss in the process is 12.8%.
The dehydration of magnesium hydroxide is complete
at 450�C, with the weight loss of 22.2%.

The thermogravimetric analysis of sample no. 2
(Fig. 3b) shows that its water of hydration is removed
at 315�C, giving rise to an endothermic effect. The
weight loss is 19.3%. The endothermic effect at 432�C
corresponds to the magnesium carbonate dissociation.
The weight loss is 8.3%. Magnesium hydroxide is de-
hydrated within 400�420�C. The decarbonation is
complete at 580�C, with the weight loss of 31.7%.

The methods proposed make it possible to syn-
thesize magnesium oxide surpassing in the surface
properties the samples produced by the leading world
companies.1

CONCLUSION

Highly active magnesia can be synthesized from
natural material using sulfate reagents for the dissolu-
tion and ammonia and potassium carbonate for the
precipitation of magnesium compounds.
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Abstract�Adsorption of a series of organic compounds on the surface of �-Fe2O3 is studied. The experi-
mental data are analyzed using the Frumkin and Langmuir isotherms. The standard Gibbs energies of adsorp-
tion �G0

A and �G0
ads corresponding to different standard states are estimated.

Adsorption of organic compounds from aqueous
solutions on iron and its oxides should be taken into
account in studying inhibition of ferrous metal corro-
sion, flotation of ores, and electroplating [1, 2]. To
control these processes, it is necessary to find param-
eters uniquely characterizing the binding of an organic
molecule to the metal or oxide surface. In the works
on adsorption of surfactants on metals or oxides, the
common method is to obtain an adsorption isotherm
describing the dependence of the coverage of the sur-
face with adsorbed molecules (�) on their molar con-
centration in the bulk of the solution corg [1�3].

From the experimental adsorption isotherm

f (�) = Bcorg, (1)

the constant B is determined, and then the standard
Gibbs energy of adsorption �G0

A, corresponding to
asymmetric standard state, is calculated by well-
known Eq. (2) [2, 3]:

�G0
A = �RT ln (55.5B). (2)

In this case, the activity coefficient of the organic
compound in the bulk of the solution forg � 1 if
corg � 0.

In practice, the Langmuir isotherm [ f (�) = �/(1 �
�)] or the Frumkin isotherm is commonly used. In the
latter case,

f (�) = [�/(1 � �)] exp (�2a�).

If the adsorption isotherm is written in the form of
Eq. (3),

f (�) = Baorg = exp (�G0
ads/RT) xorg �org, (3)

where xorg and �org are the mole fraction and activity
coefficient of the organic compound in the bulk of the
surfactant-containing aqueous solution, the standard
Gibbs energy of adsorption �G0

ads corresponds to the
symmetrical standard state in the bulk of the solution
[4]. In this case, the pure substance is taken to be the
standard state, for which the condition aorg = xorg = 1
is valid.

From Eqs. (1) and (3), taking into account Eq. (2),
we obtain the standard Gibbs energy of adsorption
expressed via the activity coefficient of the organic
compound at infinite dilution [4]:

�G0
A = �G0

ads � RT ln ��org. (4)

In this case, the surfactant activity coefficient ��org
corresponding to the symmetrical standard state at
infinite dilution (xorg � 0) includes all kinds of inter-
actions occurring in the solution between the surfact-
ant molecule and water. Depending on the nature of
the organic molecule, the ��org value can range from 1
to 103�104 [5]. It follows from Eqs. (1), (2), and (4)
that �G0

A depends on both the metal�surfactant bind-
ing energy and the properties of the aqueous surfact-
ant solution. Therefore, the �G0

A value does not pro-
vide an unambiguous information on the surfactant�
metal or surfactant�oxide binding energy, and this
parameter cannot be used for characterization of the
interaction between the surfactant molecule and the
surface of a solid, as was made in [6, 7].

At the same time, it follows from Eq. (4) that the
Gibbs energy �G0

ads characterizes the binding of an
organic molecule to the metal or oxide surface, since



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

THERMODYNAMIC PARAMETERS CHARACTERIZING ADSORPTION 1435

Table 1. Physicochemical and adsorption properties of surfactants
������������������������������������������������������������������������������������

Surfactant
�

I, eV
�

�, nm
�

csat
org, M

� RT ln ��org � ��G0
A � ��G0

ads �
�� � � �����������������������������������

� � � � kJ mol�1 �
������������������������������������������������������������������������������������
�-Naphthylamine � 7.25 � 229 � 1.74�10�3 � 25.2 � 24.5	0.9 � 0.7 �

2.5	0.6� � 274 � � � (26.3	0.4)* � �0.8 �
� � 334 � � � � �� � � � � � �

Aniline � 7.7 � 230 � 3.52�10�1 � 12.3 � 17	0.5 � �4.7 � 2.7	0.2
� � 280 � � � � �� � � � � � �

�-Naphthol � 7.8 � 226 � 4.3�10�3 � 23.0 � 23.7	0.4 � �0.7 � 2.2	0.1
� � 270 � � � � �
� � 323 � � � � �� � � � � � �

Naphthalene � 8.1 � 218 � 2�10�4 � 30.7 � 28.1	0.8 � 2.6 � 2.4	0.3
� � 270 � � � � �
� � 310 � � � � �� � � � � � �

Benzoic acid � 9.6 � 230 � 2.2�10�2 � 19.1 � 19.4	0.5 � �0.3 � 2.5	0.2
� � 280 � � � � �� � � � � � �

Phthalic anhydride � 10.1 � 205 � 3.5�10�2 � 17.9 � 20.4	0.6 � �2.5 � 4.0	0.1
� � 280 � � � � �

������������������������������������������������������������������������������������
* Estimated by Eqs. (8) and (2).

the bulk properties of the solution are taken into ac-
count through the parameter RT ln ��org [4].

The goal of this work is experimental study of
adsorption of a series of surfactants from aqueous
solutions on the surface of �-Fe2O3 and estimation of
�G0

ads using Eq. (4), to characterize the surfactant�
oxide surface binding.

EXPERIMENTAL

As a subject matter we selected surfactants strongly
different in their chemical and physicochemical prop-
erties. The difference between the first ionization
energies of the organic molecules I, which, to a first
approximation, reflect the energy of the highest oc-
cupied molecular orbitals, is about 3 eV (1 eV =
96.485 kJ mol�1) (Table 1).

Organic compounds (analytically or chemically
pure grade) were purified as follows. �-Naphthyl-
amine was recrystallized from hot distilled water to
obtain pearl white-pink flakes; �-naphthol, from hot
distilled 90% ethanol, as white crystals; naphthalene,
from hot distilled 90% ethanol, as white flakes; ben-
zoic acid, from hot distilled water, as white crystals.
Phthalic anhydride was purified by sublimation, to
obtain white needles; and aniline, by distillation, to
obtain a transparent liquid. The adsorbent was pre-
pared as follows. Iron(III) oxide (analytically pure

grade) was fired at 650�C for 3 h, furnace-cooled to
150�200�C, transferred into an desiccator with dry
silica gel, and cooled to room temperature. This proce-
dure provided removal of water and CO2 molecules
from the oxide surface, dehydration of iron(III) hy-
drous oxide occurring at 300�420�C, and finally, its
conversion into reddish-brown �-Fe2O3 (hematite).
All the aqueous solutions were prepared with double-
distilled water. Initially, nearly saturated stock sur-
factant solutions were prepared (Table 1), which then
were diluted to the desired concentrations. The oxide
was contacted with a surfactant solution with inter-
mittent stirring for 2 h at 19�1�C and then separated
by centrifugation. The surfactant concentration in the
solution after centrifugation was determined by the
optical density D measured on an SF 2000 spectro-
photometer in a 1-cm cell. This instrument provides
reliable measurements over the optical density range
from 0.3 to 1.0, so that the solutions should be diluted
to obtain distinct UV spectra. The amount of the
adsorbed surfactant 	org (mol m�2) was estimated
by Eq. (5).

(c0
org � corg)V


org = �����������, (5)
A

where A is the effective surface area (m2) of the oxide
sample (g); V, volume of the solution (l); and c0

org and
corg are the surfactant concentrations (M) in the solu-
tion before and after adsorption.
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Table 2. Parameters of surfactant adsorption on �-Fe2O3
������������������������������������������������������������������������������������

Surfactant

� Frumkin isotherm � Langmuir isotherm
����������������������������������������������������������������������������
� 
max�106,�

2a
� B, �

�
�

Kr
� 
max�106, � B, �

�
�

Kr� mol m�2 � � l mol�1 � � � mol m�2 � l mol�1 � �
������������������������������������������������������������������������������������
�-Naphth- � 5.2	1.4 � �2.4	0.1 � 460	160 �1.93�10�9 � 0.989 � 2.5	0.2 � 840	100 �2.1�10�9 �0.986
ylamine � � � � � � 2.35* � 950	100* � �0.986� � � � � � � � �
Aniline � 4.4	0.2 � 0.80	0.13 � 18	2 � 6�10�5 � 0.95 � 5.0	0.3 � 22	3 � 6�10�5 �0.948

� � � � � � 5.3* � 19	3* � �0.944� � � � � � � � �
�-Naphthol� 5.5	0.3 � 0.6	0.1 � 330	30 � 2.6�10�8 � 0.978 � 6.8	0.5 � 300	38 �2.6�10�8 �0.979

� � � � � � 7.0* � 300	72* � �0.951� � � � � � � � �
Naphthal- � 5.0	0.7 � 0.95	0.05 �1680	320 � 5.8�10�11� 0.982 � 5.0	1.0 �2110	550 �9.7�10�11�0.969
ene � � � � � � 5.9* �1667	810* � �0.891� � � � � � � � �
Benzoic � 4.8	0.3 � 1.45	0.1 � 50	7 � 2�10�6 � 0.928 � 7.3	0.2 � 49	15 �2.1�10�6 �0.923
acid � � � � � � 8.1* � 42	16* � �0.857� � � � � � � � �
Phthalic � 3.0	0.1 � 0.5	0.2 � 81	12 � 7.7�10�6 � 0.929 � 3.1	0.2 � 100	16 �7.4�10�6 �0.928
anhydride � � � � � � 2.9* � 122	23* � �0.890
������������������������������������������������������������������������������������
* Parameters B and �max were estimated by Eq. (8).

The concentrations of the surfactants in solutions
were determined using the calibrating curves D�corg
at the corresponding wavelengths 
 (Table 1). The
optical density at these wavelengths was demonstrated
to be proportional to the surfactant concentration.

The BET surface area of the �-Fe2O3 powder, de-
termined by the low-temperature adsorption of ni-
trogen, was from 6.1 to 11.7 m2 g�1, depending on the
sample, which is well consistent with the reference
data for zirconium [8] and zinc [9] oxides.

For a given surfactant, adsorption was studied with
the same oxide sample. The sample weight was 1 or
2 g. The surface area of the oxide powder was greater
by a factor of at least 103 than the surface area of the
cell and that of the air/solution interface. Therefore,
the interfacial adsorption could be neglected.

For poorly soluble surfactants, the activity coef-
ficient �0org can be estimated by Eq. (6) [5].

RT ln ��org � �RT ln xsat
org, (6)

where xsat
org is the surfactant concentration in the

saturated aqueous solution (mole fraction).

The solubilities of the organic compounds in water
were taken from [10�12]. Since we found no pub-
lished data for �-naphthylamine, its solubility was
determined experimentally. A saturated solution of
�-naphthylamine was prepared in distilled water
saturated with Ar at 19�C with continuous stirring for

3 days in the dark. The solubility was estimated at
1.45 �10�3 from the optical density by extrapolation
of the calibrating curve.

The RT ln �0org values estimated by Eq. (6) are given
in Table 2.

The experimental 	 and corg isotherms were
analyzed by the Frumkin isotherm equation reduced to
the form of Eq. (7), using the Origin program pack.

x� 	
y = ����������� exp (�P2x), (7)

P3(P1 � x)
 �

where y � c0
org, x � 	 (mol m�2), P1 � 	max, P2 �

2a/	max (a is the attraction constant in the Frumkin
isotherm equation), and P3 � B. In so doing, we found
the empirical coefficients P1, P2, and P3, the variance
� of corg, correlation factor r, and standard deviations
for P1, P2, and P3.

Note that Eq. (7) includes dimensionless param-
eters 	/(	max � 	) and 2a(	/	max). Therefore, the true
value of B was determined regardless of how reliable
is the parameter A in Eq. (5). At 2a = 0, the Frumkin
isotherm is reduced to the Langmuir isotherm. To
obtain reasonably reliable parameters of Eq. (7), the
number of experimental 	 values estimated by Eq. (5)
should be at least 15�20 (see figure).

Table 2 summarizes data on the parameters 	max,
2a, and B, and also on the variance � for Eq. (7) and
correlation factor r.
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The Langmuir isotherm can be written as

1 
max
���� = B���� � B. (8)
corg 


Representation of the experimental data in the coor-
dinates 1/corg�1/	 makes it easy to determine the
parameters B and 	max. Table 2 shows these param-
eters estimated by Eq. (7) at 2a = 0 using the Origin
program pack, and also by Eq. (8). The results ob-
tained by these two methods are well consistent.
Changing the Frumkin isotherm for the Langmuir iso-
therm results in increasing 	max at 2a > 0.5 or in
decreasing 	max at considerably negative 2a values. It
follows from Eq. (4) that �G0

ads depends on the Gibbs
energy �G0

A, and the latter, in turn, on the equation of
the adsorption isotherm. It also follows from Table 2
that, if 0 < 2a < 1.5, changing one isotherm for
another has practically no effect on B. Therefore, in
this case, within the errors indicated in Table 1, the
Gibbs energy �G0

A estimated by Eq. (2) does not de-
pend on the equation of the adsorption isotherm used
for analysis of the experimental corg�	 curves.

Nikolenko et al. [8] studied adsorption of a series
of surfactants on the surface of ZrO2 in 0.1 M KCl.
Addition of a strong electrolyte to water results in
salting-out of the surfactant from the aqueous solution
(Sechenov effect):

(�G0
A)sol = �G0

A + �G0
sol, (9)

where (�G0
A)sol is the Gibbs energy of adsorption of

the surfactant in the aqueous electrolyte solution and
�G0

sol, difference of the Gibbs energy of adsorption
caused by salting-out of the surfactant.

In 0.1 M KCl, �G0
sol 
 �1 kJ mol�1 [13]. The

(�G0
A)sol values for benzoic acid and aniline are �23.3

and �17.6 kJ mol�1, respectively [8]. Therefore, the
�G0

A values characterizing adsorption of these sur-
factants on ZrO2 are �22.3 and �16.6 kJ mol�1, re-
spectively, which is consistent with the �G0

A values
from Table 1.

Table 1 also includes the standard Gibbs energy of
adsorption �G0

ads corresponding to the symmetrical
standard state, estimated by Eq. (4). The values of this
energy are small for all the surfactants studied except
aniline. Table 1 shows that aniline is rather readily
soluble in water, and, therefore, estimation of ��org by

Eq. (6) can provide an error of 2 to 3 kJ mol�1 in
determination of the parameter RT ln ��org. Since the
error of determination of the surfactant solubilities is


 � 106, mol m�2

corg � 103, M

corg vs. � plot for �-naphthylamine adsorbed on �-Fe2O3,
estimated by Eq. (7) using the Origin program pack with
the parameters given in Table 2. (�) Amount of adsorbed
surfactant and (corg) surfactant concentration in the solution.

unknown, one cannot estimate the error of determina-
tion of �G0

ads.

Previously we demonstrated [4] that there is a
distinct correlation between �G0

ads and the first ioniza-
tion potentials of the surfactant molecules adsorbed on
bismuth. Table 1 shows, firstly, that such a correlation
is lacking and, secondly, that ��G0

ads� << ��G0
A�.

Except for aniline, one may accept �G0
ads = const.

Then, the arithmetic mean
���
�G0

ads 
 0.

It follows from Eq. (4) that the observed high nega-
tive �G0

A values and, correspondingly, high adsor-
bability of the surfactants on iron(III) oxide are con-
trolled by the surfactant activity coefficients in the
bulk of the solution. In other words, the adsorbability
of the surfactants on �-Fe2O3 is controlled not by
the interaction of the surfactant with the oxide surface,
but by the bulk characteristics of the aqueous surfact-
ant solution. Dissolution of the organic surfactant is
accompanied by distortion of the structure of water,
and the solvent tends to throw out the organic mole-
cules to the interface layer.

In this context, it becomes clear why the adsorb-
ability of carboxylic acids on ZrO2 decreased with
increasing pH [8]. At pH >7.5, readily soluble car-
boxylates are formed. Decreasing ��org results in in-
crease in �G0

A and, correspondingly, in decrease in
the adsorption constants B and �.

Table 2 shows that, in most cases, the Frumkin iso-
therm better fits the experimental 	�corg curves than
does the Langmuir isotherm (� is lower, and r is
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somewhat higher). It is seen also that, for all the sur-
factants except phthalic anhydride, 	max corresponds
to the vertical orientation of the organic molecules on
the surface. This is clear from the physical standpoint,
since the solvent tends to push out as many surfactant
molecules as possible to the interface layer.

Adsorption of a surfactant from a solution on the
surface of a solid is always accompanied by replace-
ment of water molecules from the surface to the bulk
of the solution. It was demonstrated in [3, 4] that, in
this case, the expression for �G0

ads can be written as

�G0
ads = �G0

org � ��G0
H2O, (10)

where �G0
org and �G0

H2O are the standard Gibbs
energies characterizing the work of transfer of a mole
of the pure substance (surfactant or water) from the
bulk to the surface and � is the number of moles of
water replaced from the surface layer formed at the
interface in adsorption of 1 mol of the surfactant.

Parameter � is estimated by Eq. (11) [14]:

� = 
max, H2O/
max, (11)

where 	max, H2O is the maximal coverage of the sur-
face with water (mol m�2).

It is commonly accepted that 	max, H2O = 12 �
10�6 mol m�2 [14]. The � values estimated by
Eq. (11) are given in Table 1.

The numerical values of parameters �G0
org and

�G0
H2O are resultants of the work that should be done

for partial break of the bonds between the molecules
and for their transfer to the surface, and the work
spontaneously expended for the formation of a new
bond between the adsorbed molecules and the oxide
surface.

The work associated with the transfer of � moles of
water from the bulk to the surface is written as [4]

W = ��H2O AH2O, (12)

where �H2O is the surface tension of water (�H2O =

71.96�10�3 J m�2 [15]); AH2O, area occupied by 1 mol
of water on the surface (AH2O = 8.3 �104 m2 mol�1).
At � = 2.5 (Table 1), W = 15 kJ mol�1. This value
is well comparable with the dispersion interaction
energy [16].

The result that �G0
ads 
 0 is probably due to the

fact that the water and surfactant molecules are bound

to the oxide surface by the dispersion forces. In this
case, �G0

org and ��G0
H2O are small as a result of the

compensating effects of different factors.

For the case of �G0
ads 
 0, �G0

A, B, and, corre-
spondingly, � can be estimated theoretically by
Eqs. (1), (2), and (4) without performing laborious
measurements on the adsorption of the surfactants.

CONCLUSIONS

(1) The adsorbability of organic surfactants from
aqueous solutions on the surface of �-Fe2O3 is con-
trolled not by the specific interaction of organic mole-
cules with the oxide surface, as commonly believed,
but by the surfactant activity coefficients ��org in the
bulk of the solution.

(2) The ��org values depend only on the properties
of the binary solution, and knowing ��org allows es-
timation of the adsorbability of surfactant on �-Fe2O3.
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Abstract�The development of the surface of natural coal from Donets field in the course of thermolysis with
KOH was studied. The dependences of the specific surface area of coal containing 90% carbon on the activa-
tion time, temperature (400�800�C), and KOH/coal ratio (0.75�4.5 g g�1) were determined. The effect
exerted on the development of the porous coal structure by low-temperature (20�2�C) oxidative modification
causing formation of oxygen functional groups and reorganization of the coal three-dimensional structure
was studied.

Thermolysis in the presence of alkali metal hy-
droxides (chemical activation) is widely used for
preparing activated carbons (ACs) with a high specific
surface area and a developed system of nanopores
(down to 2 nm) [1, 2]. Nanoporous ACs are of par-
ticular importance owing to their use in air and water
treatment, metal sorption, etc., and also in storage of
methane and hydrogen as fuels for internal-combus-
tion engines [3]. As a rule, thermolysis in CO2 or
steam atmosphere (physical activation) does not yield
nanoporous ACs, because in this case meso- (2�
50 nm) and macropores (more than 50 nm) are mainly
developed [1].

Various carbon materials, especially, biomass
wastes or coals with low degree of metamorphization
(DM) are used for preparing ACs by chemical activa-
tion [1]. However, data on conversion of highly
metamorphized coals and anthracites into nanoporous
ACs by chemical modification are virtually lacking,
despite the fact that these carbons are very promising
as AC precursors owing to high content of aromatic
carbon and high strength, which can be retained in the
final activation products. We studied the conversion
of highly metamorphized coals from Donets field into
materials with a high specific surface area by heat
treatment in the presence of alkali metal hydroxides.

EXPERIMENTAL

In this work we used highly metamorphized coals
with the carbon content from 90 (OS brand coal) to

95.2 wt % (anthracite) and particle size of 0.16�
0.25 mm; the detailed characteristics of these coals are
given in [4]. The chemical activation was performed
in two stages: (1) mixing of carbon with 50% aqueous
KOH solution, storage for 72 h at 20�2�C, drying,
and grinding (KOH/dry coal weight ratio was varied
within RKOH = 0.75�4.5 g g�1); (2) heating of carbon
with alkali in a horizontal quartz tubular reactor in an
argon flow (2 dm3 h�1) at activation temperature T for
time �. The solid product was cooled, washed to re-
move alkali successively with water, HCl, and again
water (to negative reaction for Cl� ions), and dried at
105�5�C. The yield of AC Y (wt %) was determined,
and the specific surface area SBET (m2 g�1) was meas-
ured by low-temperature adsorption of argon [5].

The structure of carbon samples was studied by
X-ray diffraction (XRD) analysis on a DRON-3 UM
diffractometer (CuK� radiation) and by diffuse reflec-
tion Fourier IR spectroscopy on a Bio-Rad Win-IR
spectrometer in the 4000�400 cm�1 range (5% carbon
samples in KBr, 500 scans, 2 cm�1 resolution).

Thermolysis of the initial carbons in the absence of
alkali at 800�C for 2 h gives products with a low
specific surface area (Fig. 1, curve 1); the SBET values
vary in the 11�16 m2 g�1 range and are independent
of the carbon content. In the presence of alkali, the
specific surface area of carbons increases, but this in-
crease strongly depends on DM (Fig. 1, curve 2). This
effect, being minimal for anthracite, approximately
linearly increases with decreasing carbon content,
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being maximal for OS coal. The development of the
specific surface area of this coal as influenced by
the main factors of chemical activation (time, tem-
perature, and alkali/coal weight ratio) was studied
more comprehensively. As seen from the kinetic data,
first SBET sharply increases within 1 h of activation
(T = 800�C), then nearly exponentially decreases, and
remains constant within the experimental error at � �

2 h. The AC yield changes in the opposite direction.
Since our results are similar to those given previously
in [6], the activation time in further experiments
was 2 h.

The AC specific surface area remains unchanged in
the 400�550�C temperature range and linearly in-
creases with temperature from 550 to 800�C (Fig. 2,
curve 1). The SBET values increase with increasing
KOH content up to RKOH � 2 g g�1, whereas further
increase in the alkali content does not affect the
specific surface area (Fig. 2, curve 2). These data
show that the maximal specific surface area of AC
prepared form OS coal using the activation procedure
is SBET = 500�50 m2 g�1. This value is relatively low
for ACs prepared by chemical activation, because
their specific surface area is usually higher than
1000 m2 g�1 [1, 2].

In this work we also studied the influence exerted
on the development of the specific surface area by
low-temperature preactivation. This low-temperature
chemical modification of the coal structure with oxi-
dants can precede both chemical and physical activa-
tion. Atmospheric oxygen and perchloric and nitric
acids are often used as oxidants; HNO3 can be used as
vapor, aqueous solution, and mixtures with HClO4 or
Ac2O [7].

We studied modification of OS coal, whose chemi-
cal activation was the most efficient (Fig. 1). The
activation was performed using the HNO3�Ac2O
modifying system, which, according to [8], rapidly
reacts with coals of various nature and DM at room
temperature, and modification proceeds not only in
the surface layer, but also in the coal matrix bulk.

In contact with HNO3�Ac2O mixture (50 mol kg�1

coal), the structure of the OS coal is completely re-
organized within 6 h at 18�2�C; as a result, the coal
is converted into structurally modified coal (SMC)
[4, 6]. This new material is characterized by higher
content of oxygen (by a factor of 3.7) and nitrogen
(by a factor of 3.6) and lower content of carbon (see
table). In contrast to the initial coal, the main struc-
tural elements of SMC are polynuclear nitroarenes.
The IR spectra of SMCs show the C=C skeleton vib-

c, wt %

Fig. 1. Development of the specific surface area SBET in
thermolysis of coals (1) in the absence of alkali and (2) in
the presence of KOH (RKOH = 1.5 g g�1, T = 800�C, and
� = 2 h). (c) Carbon content.

RKOH, g g�1

T, �C
Fig. 2. Development of the specific surface area SBET of
OS coal as influenced by (1) activation temperature T
(RKOH = 1.5 g g�1, � = 2 h) and (2) alkali/coal weight ratio
RKOH (T = 800�C, � = 2 h).

rations at 1600 cm�1 and the stretching (1540 and
1350 cm�1) and bending (750 cm�1) vibrations of the
aromatic nitro groups. The side substituents of nitro-
arenes are methyl (2955 and 2870 cm�1) and methyl-
ene (2925, 2865, 1440 cm�1) groups and oxygen-
containing functional groups: carboxy (1720 cm�1),
phenolic (1280 cm�1), ether (1270, 1230 cm�1), and
quinoid (1564 cm�1).

Composition of the initial and modified OS coal
����������������������������������������

Composition
� Content in coal, %
�����������������������������
� initial � SMC

����������������������������������������
Ash � 1.1 � 0.8
C � 90.0 � 66.4
H � 4.4 � 4.1
S � 0.9 � 0.9
N � 1.6 � 5.8
O � 3.1 � 22.8

����������������������������������������
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KS SBET, m2 g�1

T, �C

Fig. 3. (1) Specific surface area SBET and (2) efficiency
coefficient KS as functions of temperature T at activation of
SMC (RKOH = 1.5 g g�1, � = 2 h).

SBET, m2 g�1 Y, %

RKOH, g g�1

Fig. 4. (1) Specific surface area SBET and (2, 3) yield Y as
functions of the alkali/coal weight ratio RKOH Coal: (1,
2) SMC and (3) initial OS coal.

Similarly to arenes in the initial coal, nitroarenes in
SMCs are aggregated in �crystallites,� but the param-
eters of the supramolecular structure are different.
Owing to modification, the interlayer spacing d002
increases from 0.378 to 0.381 nm, whereas the height
Lc and average diameter La of crystallites decrease
from 1.05 to 0.9 and from 1.38 to 1.33 nm, respec-
tively. As compared to the initial coal, SMC is more
reactive to alkali even at stage of mixing (20�2�C),
due to reaction of KOH with OH-acidic functional
groups. In the course of thermolysis, SMC is con-
verted into AC with the best characteristics.

The temperature dependence of SBET for SMC is
shown in Fig. 3 (curve 1). In contrast to the initial
carbon (Fig. 2, curve 1), the development of SMC
surface begins at 400�C, and the specific surface area
almost linearly increases to 1200 m2 g�1 in the tem-
perature range studied (400�800�C). The effect of
structural modification can be illustrated by the effi-
ciency coefficient KS, which is the ratio of the specific

surface area of ACs prepared from SMC and from the
initial coal at similar T, �, and RKOH. The highest
modification effect is observed at 400�600�C; in the
600�800�C range KS varies within 2.5�3.8.

With increasing KOH/SMC ratio, the specific sur-
face area passes through a maximum (Fig. 4, curve 1).
The maximal values are obtained at RKOH = 2.5�
3.0 g g�1 and reach 2000 m2 g�1. The yields of ACs
from SMC and initial carbon decrease with increasing
RKOH (Fig. 4, curves 2, 3). The shapes of the curves
are similar, but the yields of ACs from SMCs are
lower by a factor of 1.5�2.0. Thus, in the presence of
KOH the specific surface area of the modified carbon
develops more intensively as compared to the initial
carbon. This effect is probably due to the presence
of a significant amount of functional groups appearing
in the carbon structure in the course of modification.
At mixing, functional groups react with KOH with
formation of potassium phenolates and carboxylates
and cleavage of the ester groups. These reactions
promote penetration of K+ and OH� ions and KOH
molecules and their fixation in the carbon skeleton as
separate ions, molecules, and molecular aggregates
(clusters).

Occupation of the intermolecular space with ionic
and molecular aggregates of alkali sterically hinders
formation of the C�C bonds in the AC skeleton,
which is formed at 400�800�C under the thermolysis
conditions. Probably, the volume of the alkali cluster
is the volume of the future pore, whose size and hence
the internal surface area are determined by the cluster
size.

At low content of functional groups in carbon,
the content of incorporated alkali and the number of
clusters is small, which causes small pore volume and
low specific surface area of SCs. This explains low
SBET for the initial OS coal (Fig. 2); the content of
oxygen in it is 3.1 wt %, compared to 22.8 wt % in
the modified coal (see table). With increasing steric
hindrance to penetration of alkali into the carbon
matrix on passing from OS coal to anthracites, the
efficiency of chemical modification decreases (Fig. 1,
curve 2) and treatment with KOH does not noticeably
affect the development of the specific surface area of
anthracites. However, the efficiency of chemical
modification for anthracites is rather high and allows
preparation of ACs with a specific surface area of up
to 450 m2 g�1 [9].

CONCLUSIONS

(1) Thermolysis of natural coals in the presence of
KOH increases the specific surface area of activated
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carbons. The effect decreases with increasing degree
of metamorphization of the coal and increases with
temperature in the 400�800�C range; it is determined
by the alkali/coal weight ratio.

(2) Low-temperature oxidative modification sig-
nificantly (by a factor of 2.5�3.8) promotes the de-
velopment of the specific surface area at activation in
the presence of KOH. Heating of modified carbon in
the presence of KOH (2�3 g of KOH per gram of
coal) at 700�800�C yields a carbon material with a
highly developed surface area (1800�2000 m2 g�1) in
a yield of 28�30%.
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Abstract�To characterize the reaction of zinc ions with anion exchangers of various types, the equilibrium
compositions of all the components of the sorption system (zinc salt, hydrochloric acid, and water) and
distribution of associated molecules in the resin phase were considered.

Anion exchangers are widely used in chemical
analysis and in hydrometallurgy for concentration of
zinc ions and their separation from concomitant ele-
ments in chloride solutions [1�3]. In analytical chem-
istry, a series of ion-exchange resins are recommended
for separation of non-ferrous metals in the hydrochlor-
ic acid media [1, 2, 4, 5]. In hydrometallurgy, anion
exchangers of various basicities (VP-1aP, AMP,
VP-1P, AP, EDE-10P) and ampholytes Dowex-1,
ANKB-35, etc. [1, 6, 7] are used for purification of
nickel and cobalt-containing solutions. In spite of
extensive data on sorbents for zinc(II) recovery, there
is no common opinion on interaction between zinc
chloride complexes and resin functional groups. The
prevailing opinion is that zinc(II) exists in the solution
and is sorbed by anion exchangers mainly in the
form of negatively charged complexes [ZnCl3]� and
[ZnCl4]2� [1�7]. Theoretically, sorption of neutral
species [ZnCl2]0 by the nonexchange mechanism is
not ruled out also [8]. The preferred adsorption of
Zn(II) neutral complexes with anion exchangers
because of weak hydration is suggested in [9]. Tremil-
lon [10] explains sorption of Zn(II) from chloride
solutions by participation of counterions of the fixed
anion-exchange groups (in this case, chloride ions)
in completion of the coordination sphere of the un-
saturated zinc(II) acido complexes. Balakin et al.
[11] studied the effect of the basicity and degree of
hydration of amino groups on the zinc ion sorption
and concluded that the selectivity with respect to zinc
chloride complexes is caused by the �electroselec-
tivity� phenomenon. All the above shows that, by
now, the sorbed zinc species have not been identified
reliably, and no criteria allowing selection of the most
efficient sorbent for zinc(II) recovery from various
process solutions have been formulated. In this work,

the equilibria in the ion exchanger�HCl�KCl�ZnCl2�
H2O system were studied to characterize the interac-
tion of Zn(II) acido complexes with the ion exchanger
ionogenic groups and the influence of amino group
structure and other factors on this interaction, with
the aim of predicting sorption properties of ion
exchangers.

EXPERIMENTAL

The following ion exchangers of various types were
used in the study: AV-17, VP-1P, VP-1aP, SN-3,
SB-1, AN-18, AN-31, and ANKB-35.

Structure of the functional groups
of the ion exchangers studied

Res1��N

Res2�N(CH3)2

AN-18 � 10PVP-1P

,Res1��N

Res2�N(CH3)2

AN-18 � 10PVP-1P

,

Res1��N�N�CH3

,

VP-1aP

Res2�(H3C)3N
+

AV-17

,Res1��N�N�CH3

,

VP-1aP

Res2�(H3C)3N
+

AV-17

,

Res1��N
�CH2N��(CH2)2OH

(CH2)2OH

SN-3

,
Res1��N

�CH2N��(CH2)2OH

(CH2)2OH

SN-3

,

�CH�O�CH2�CH�CH2�NH�
� �

OH
�R

CH2

,�CH�O�CH2�CH�CH2�NH�
� �

OH
�R

CH2

,

R = �[NH�CH2�CH2�]n�NH�

AN-31

,R = �[NH�CH2�CH2�]n�NH�

AN-31

,
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Table 1. Main physicochemical properties of ion exchangers studied*
������������������������������������������������������������������������������������

Ion exchanger
� Anion-exchange groups, � Capacity for Zn(II), �

pK (pH at � = 0.5)
�

K d
n(ZnCl2)� � � �� mg-equiv g�1 � mg-equiv g�1 � �

������������������������������������������������������������������������������������
VP-1P � 4.81 � 3.37 � 4.49 � 41.76
AN-18 � 10P � 3.76 � 2.71 � 7.00 � 39.53
VP-1aP � 3.93 � 5.50 � 8.9 � 64.06
AV-17 � 1.59 � 3.00 � 10.95 � 127.9
SN-3 � 4.13 � 2.47 � 3.31 � 29.07
AN-31 � 8.85 � 2.21 � 3.79 � 24.20
SB-1 � 8.15 � 1.83 � 3.55 � 17.55
ANKB-35 � 0.74 � 0.57 � 2.86 � 47.21
������������������������������������������������������������������������������������
* The capacity for Zn(II) was determined as recalculated on [ZnCl4]2� at cHCl = 2.5 M; averaged values of Kd

n(ZnCl2) at ceq(Zn) =
0.01 mmol dm�3 are listed.

�CH�O�CH2�CH�CH2�NH�
� �
CH2 OH
�
R2

�
R1

�

,�CH�O�CH2�CH�CH2�NH�
� �
CH2 OH
�
R2

�
R1

�

,

R2 = �[NH�CH2�CH�CH2]n�NH�

R1 = �CH2�CH2�OH,

�
OHSB-1

,R2 = �[NH�CH2�CH�CH2]n�NH�

R1 = �CH2�CH2�OH,

�
OHSB-1

,

Res2�CH2�N��CH2COOH
CH2COOH

ANKB-35
,

Res2�CH2�N��CH2COOH
CH2COOH

ANKB-35
,

where Res1 is copolymer of vinylpyridine and divinyl-
benzene (DVB); Res2, copolymer of styrene and
DVB.

Pretreatment of ion exchangers and determination
of their anion-exchange capacity were performed as
in [12, 13]. All the ion exchangers were transferred
into the Cl� form. The main properties of the ion
exchangers used are listed in Table 1.

The acid�base properties of ion exchangers were
determined potentiometrically [12] in 0.5 M KCl as
supporting electrolyte. The pK was calculated by
the Henderson�Hasselbach equation as pH of 50%
neutralization (protonation) of amino groups. The ion-
exchange equilibrium in the anion exchanger�electro-
lyte system was studied at the liquid-to-solid ratio of
50 : 1. The solutions were prepared using ultrapure
grade HCl and analytically pure grade zinc chloride
and KCl. The duration of ion exchanger contact with
solution was 7 days, which is sufficient to attain the
ion-exchange equilibrium. The capacity of ion ex-
changers for zinc was determined from the difference

between the metal concentrations in the solution
before and after sorption and from the results of
regeneration of the anion exchanger with distilled
water (l : s = 200 : 1). The amount of hydrochloric
acid sorbed was monitored from its content in the
eluate. The concentrations of the components were
determined: HCl potentiometrically, Zn2+ complexo-
metrically, and Cl� conductometrically. The moisture
content in ion exchangers was determined from ther-
mograms [12] measured on a Q-1500 D derivatograph.

Ion exchangers differing in the acid�base properties
of amino groups, matrix structure, functional com-
position, and synthesis method were taken (Table 1).

Ion exchangers SB-1 and AN-31 are epoxy�amine
resins of polycondensation type; the other resins are
of polymerization type and are based on copolymer of
styrene with DVB (AV-17, AN-18, ANKB-35) or of
vinylpyridine with DVB (VP-1aP, AN-31, SN-3).

Ion exchangers SB-1, AN-31, and AV-17 have the
gel structure of the matrix, all the others have the
porous structure.

Ion exchangers AV-17, AN-18, AN-31, SB-1, and
ANKB-35 contain aliphatic amino groups of various
compositions; anion exchangers VP-1aP, VP-1P, and
SN-3 contain pyridine fragments.

Ion exchangers AV-17, AN-18, and VP-1P are vir-
tually monofunctional, while all the other resins con-
tain combinations of amino groups of various types
(SN-3). Furthermore, anion exchangers SN-3, SB-1,
and AN-31 additionally contain hydroxy groups and
ampholyte ANKB-35, carboxy groups.

It is known [1, 8, 10] that the maximal capacity of
highly basic anion exchangers with respect to zinc is
attained at 2�3 M Cl� in the solution. This is also true
for sorbents considered in our study (Fig. 1). In spite
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[HCl], M

Fig. 1. Static exchange capacity of ion exchangers SECZn
as a function of hydrochloric acid concentration [HCl] in
the equilibrium solution. (1) AV-17, (2) SN-3, (3) AN-31,
(4) SB-3, (5) VP-1P, (6) AN-18, (7) VP-1aP, and
(8) ANKB-35.

�s

[HCl], M

Fig. 2. Influence of the chloride ion concentration on
zinc(II) speciation. (�s) Fraction of the given zinc(II)
species in the solution and ([HCl]) concentration of hydro-
chloric acid. (1) Zn2+, (2) [ZnCl2]0, (3) [ZnCl]+,
(4) [ZnCl3]�, and (5) [ZnCl4]2�.

of the difference in the absolute values of the static
exchange capacity for Zn(II) (SECZn) apparently con-
nected with physicochemical properties of the poly-
mers, similar shape of the dependences for so different
resins (Fig. 1) suggests similar mechanism of adsorp-
tion of zinc acido complexes.

The reaction of functional groups with zinc ions
can be analyzed in detail from data on zinc(II) specia-
tion in chloride solutions. Figure 2 shows that, at
[Cl�] = 2�3 M, only 20% of zinc(II) exists as cationic
species (Zn2+, ZnCl+) unsorbable by anion ex-
changers; 70% as the neutral complex [ZnCl2]0; and
only 10%, as negatively charged ions ZnCl3

� and
ZnCl4

2�. Such a distribution and the above-indicated
similar trends in the Zn(II) sorption (Fig. 1) suggest
that the sorption equilibrium is determined by the
concentration of the prevailing neutral complex
[ZnCl2]0. The statistical treatment of zinc sorption
with AV-17 anion exchanger (Table 2) confirms this

suggestion, since SECZn maximally correlates with
the ZnCl2 content in the solution (R2 = 0.99), and the
ZnCl2 distribution coefficient between the solution
and ion exchanger is virtually independent of the Cl�

concentration.

Similar pattern is shown by the other ion ex-
changers studied, except polyfunctional ion ex-
changers for which Kd(ZnCl2)0 tends to increase with
the HCl concentration (Table 3). More pronounced
influence of the acidity on the sorption of Zn(II) ions
is demonstrated by Fig. 3, which shows the results
obtained at different concentrations of HCl but con-
stant concentration of Cl� supported by KCl ([HCl] +
[KCl] = const).

With increasing HCl concentration, the sorption
capacity for Zn(II) is practically constant for AV-17
monofunctional anion exchanger and increases by
15�25% for SN-3 and SB-1, by 40% for AN-31, and
by 60% for ANKB-35 within the 0�2.5 M HCl con-
centration range.

The increase in the sorption capacity, characteristic
for anion exchangers with additional donor centers, is
caused by the induction effect discussed in [14�16].
It was shown in these works that, in aminocarboxylic
ampholytes, the basicity of amino groups substantially
depends on the solution acidity due to positive charge
on carboxy groups, which is transferred along the
conjugated polymer chain to amino groups. Thus,
when the concentration of the chloride ions is suf-
ficient to form the neutral complex [ZnCl2]0 (total
concentration of HCl + KCl 2.5 M) and this species
predominates, the exchange capacity is maximal and
constant for AV-17 monofunctional ion exchanger and
somewhat increases with increasing HCl content for
polyfunctional ion exchangers with additional active
centers affecting the basicity of the sorbent amino
groups.

It is interesting that the exchange capacity for
Zn(II) of AV-17 and VP-1aP ion exchangers is by a
factor of 1.5�3 higher than the exchange capacity of
the functional groups themselves {similar effect was
observed previously with highly basic anion exchanger
Dowex 2 � 10 in sorption of mercury(II) chloride
complexes [10]}. This excess is observed within vir-
tually the whole interval of HCl concentrations studied
(0.7�9 M). This phenomenon is in conflict with the
exchange equivalence if we assume that zinc ions are
sorbed as negatively charged ions, especially as
[ZnCl4]2�, taking into account their small fraction
among the other Zn(II) species in the chloride solu-
tion. This �anomaly� in the Zn(II) behavior can be
explained assuming that the neutral zinc complexes



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

SORPTION OF ZINC COMPLEX IONS FROM CHLORIDE SOLUTIONS 1447

Table 2. Zinc(II) distribution between the solution and AV-17 anion exchanger as a function of hydrochloric acid concen-
tration and zinc(II) speciation in the solution*
������������������������������������������������������������������������������������
Composition of �

SECZn,

�

Kd(�Zn)

�
Zn2+

�
[ZnCl]+

�
[ZnCl2]0

�
[ZnCl3]�

�
[ZnCl4]2�equilibrium �

mmol g�1

� � � � � �
solution � � � � � � �

������������ � �����������������������������������������������������������
cHCl, �ceq(�Zn),� � � ceq, �

Kd
� ceq, �

Kd
� ceq, �

Kd
� ceq, �

Kd
� ceq, �

KdM � mM � � � mM � � mM � � mM � � mM � � mM �
������������������������������������������������������������������������������������
0.65 � 21.02 � 0.743 � 35.36 �10.12 � 73.4 � 4.25 � 174.7 � 6.48 � 114.67� 0.11 � 6750 � 0.06 �13 500
1.25 � 18.79 � 1.286 � 67.69 � 4.35 � 296.0 � 3.50 � 366.9 � 10.28 � 125.2 � 0.34 � 3782 � 0.32 � 4083
1.8 � 20.36 � 1.468 � 81.56 � 4.41 � 665.8 � 2.68 � 546.7 � 11.86 � 123.8 � 0.59 � 2488 � 0.82 � 1790
2.49 � 17.80 � 1.497 � 83.20 � 1.13 �1144 � 2.10 � 711.6 � 12.29 � 121.9 � 0.80 � 1861 � 1.48 � 1009
3.1 � 17.91 � 1.478 � 82.07 � 0.64 �1749 � 1.69 � 874.3 � 12.28 � 120.4 � 1.00 � 1478 � 2.30 � 642
3.7 � 18.00 � 1.422 � 78.97 � 0.57 �2495 � 1.36 �1046 � 11.79 � 120.7 � 1.14 � 1242 � 3.14 � 452
4.83 � 18.61 � 1.301 � 70.28 � 0.31 �4195 � 0.97 �1341 � 10.96 � 118.7 � 1.39 � 936 � 4.98 � 261
6.00 � 19.24 � 1.195 � 62.85 � 0.18 �6636 � 0.70 �1706 � 9.87 � 121.0 � 1.56 � 766 � 6.93 � 172
7.27 � 19.76 � 1.064 � 53.18 � 0.11 �9668 � 0.50 �2106 � 8.62 � 123.4 � 1.65 � 645 � 8.88 � 120
������������������������������������������������������������������������������������
R2

SECZn/c(ZnCln) � 0.540 � 0.366 � 0.097 � 0.990 � 0.032 � 0.019� � � � � �
������������������������������������������������������������������������������������
* Kd(�Zn) = SECZn/ceq(�Zn), Kd(ZnCln) = SECZn/ceq(ZnCln), where n is the number of coordinated chloride ions, n = 0�4.

Table 3. Distribution coefficients Kd(ZnCl2)0 for various ion exchangers as a function of acidity [ceq(�Zn) = 0.01 mM]
������������������������������������������������������������������������������������

cHCl, M
� Kd(ZnCl2)0

����������������������������������������������������������������������������
� VP-1P � AN-18 � 10P � VP-1aP � AV-17 � SN-3 � AN-31 � SB-1 � ANKB-35

������������������������������������������������������������������������������������
0.6 � 185.6 � 150.9 � 239.6 � 199.1 � 110.6 � 186.6 � 122.2 � 29.1
2.4 � 203.7 � 145.1 � 255.7 � 205.8 � 115.1 � 206.4 � 135.1 � 30.2
3.0 � 205.1 � 149.1 � 250.9 � 214.0 � 113.0 � 205.7 � 142.3 � 33.8
3.8 � 196.7 � 147.1 � 254.4 � 203.1 � 120.4 � 211.6 � 148.8 � 36.0
6.2 � 209.1 � 149.8 � 257.1 � 199.6 � 128.4 � 234.2 � 153.6 � 39.0
9.5 � 205.0 � 149.8 � 252.8 � 198.5 � 133.4 � 240.5 � 156.2 � 41.4

������������������������������������������������������������������������������������
Average � 200.9 � 148.6 � 251.8 � 203.4 � 120.1 � 214.2 � 143.0 � 34.9

������������������������������������������������������������������������������������

are sorbed. It is believed in [9] that one of the causes
of the sorption selectivity is solvation of both iono-
genic group and sorbable species in the solution and
in the ion exchanger phase, i.e., the selectivity is con-
sidered as competition between solvation of fixed
active groups of the ion exchanger and solvation of
the sorbable species in the solution and in the ion
exchanger phase. If zinc(II) is sorbed from chloride
solutions with anion exchangers in the form of neutral
complexes, we can suggest that this process should be
accompanied by the loss of neutral molecules forming
the solvation shell around the ionogenic groups. The
experimental data on distribution of the components
of the system between the electrolyte and resin phase,
listed in Table 4, confirm the above mechanism of
the sorption.

[HCl], M

Fig. 3. Static exchange capacity of ion exchangers SECZn
as a function of concentration of free hydrochloric acid
[HCl] at total KCl and HCl concentration of 2.5 M. (1) AV-
17, (2) AN-31, and (3) ANKB-35.
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Table 4. Influence of the electrolyte composition on sorption of solution components with AV-17 anion exchanger
������������������������������������������������������������������������������������

Experiment
� Composition of equilibrium solution, M � Composition of ion exchanger phase, mmol g�1

���������������������������������������������������������������������������
no. � HCl � [ZnCl2]0 � KCl � HCl � [ZnCl2]0 � KCl � H2O

������������������������������������������������������������������������������������
1 � 0 � 0 � 0 � 0 � 0 � 0 � 53.86
2 � 0.51 � 0 � 0 � 0.35 � 0 � 0 � 46.31
3 � 3.18 � 0 � 0 � 3.08 � 0 � 0 � 42.68
4 � 6.71 � 0 � 0 � 6.83 � 0 � 0 � 42.69
5 � 0 � 0 � 0.65 � 0 � 0 � 0.13 � 45.39
6 � 0 � 0 � 2.09 � 0 � 0 � 0.79 � 37.55
7 � 0 � 0 � 4.37 � 0 � 0 � 1.61 � 32.16
8 � 0.50 � 0.05 � 0 � 0.30 � 0.85 � 0 � 31.15
9 � 3.26 � 0.05 � 0 � 1.28 � 1.72 � 0 � 14.08

10 � 6.63 � 0.05 � 0 � 3.42 � 1.54 � 0 � 18.31
11 � 2.67 � 0.05 � 0 � 1.02 � 1.74 � 0 � 13.72
12 � 2.65 � 0.1 � 0 � 0.93 � 2.03 � 0 � 11.86
13 � 2.68 � 0.55 � 0 � 0.88 � 2.33 � 0 � 10.14
14 � 0 � 0.05 � 2.75 � 0 � 1.54 � 0.56 � 11.58
15 � 0 � 0.1 � 2.68 � 0 � 1.77 � 0.52 � 10.89
16 � 0 � 0.57 � 2.69 � 0 � 2.18 � 0.51 � 8.20

������������������������������������������������������������������������������������

In particular, in accordance with run nos. 2�7
(Table 4), increase in HCl (or KCl) concentration in
the electrolyte naturally increases the degree of their
penetration into the ion exchanger due to Donnan
effect [8, 9]. At the same time, this phenomenon is
accompanied by substantial loss of hydration water
from the sorbent. Even small amounts of Zn ions in
the system (run nos. 10, 14) promote not only sorbent
dehydration but also displacement of HCl and (or)
KCl molecules. The higher the sorption of zinc com-
plexes, the smaller amount of the competing mole-
cules of the electrolyte components remains in the ion
exchanger phase (run nos. 8, 10).

Table 1 reveals a correlation between the degree of
sorption of zinc acido complexes and basicity of
amino groups. This correlation becomes more obvious

log Kd
n

Fig. 4. [ZnCl2]0 distribution coefficient as a function of the
basicity of amino groups: (1) ANKB-35, (2) SN-3, (3) SB-1,
(4) AN-31, (5) VP-1P, (6) AN-18 �10P, (7) VP-1aP, and
(8) AV-17.

when the experimental data are graphically presented
in the pKd�logKd

n coordinates, where Kd
n is the

average distribution coefficient related to the concen-
tration of ion exchanger amino groups.

The linearity of this dependence (Fig. 4) shows that
the basicity of amino groups, along with their content,
is the governing factor in sorption of zinc acido com-
plexes, except Kd(ZnCl2)0 for amino carboxylic am-
pholyte ANKB-35, which, as mentioned above, sub-
stantially depends on HCl concentration in the equi-
librium solution. The results obtained suggest the fol-
lowing interpretation of the sorption process. Amino
groups in the chloride solutions are surrounded by the
solvation shell consisting of water and HCl molecules.
Interaction of the neutral complexes [ZnCl2]0 with the
resin functional groups results in substitution of HCl
and H2O molecules from the solvation shells of
these groups. Thus, sorption of Zn(II) with anion
exchangers from chloride solutions is due to competi-
tion of neutral molecules (HCl, H2O, ZnCl2) for
solvation of the resin functional groups, rather than to
ion exchange proper.

CONCLUSIONS

(1) The study of the equilibrium in the Zn2+
�HCl�

KCl�H2O system showed that sorption of zinc acido
complexes with an ion exchanger proceeds not by
the anion-exchange mechanism but by the solvation
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mechanism, i.e., [ZnCl2]0 molecules exchange with
neutral molecules forming the solvation shell of the
resin amino groups.

(2) The main factors affecting Zn(II) sorption from
solutions are the amount and basicity of anion ex-
changer amino groups; these factors should govern
the choice of ion exchangers for practical tasks.

(3) The procedure of the synthesis, type of the
matrix, porosity, and degree of monofunctionality
(structure of ionogenic groups) of ion exchangers, the
mutual position of nitrogen atoms in the chain of
ionogenic groups, and other factors affect the zinc(II)
sorption equilibrium insignificantly.
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Abstract�The performance of various carbon materials in sorption capture of chlorine from waste gases
yielded by electrolysis of nickel�manganese solutions was studied. A simple method was proposed for regen-
eration of carbons after sorption of chlorine, which makes them suitable for repeated use in sorption installa-
tions for chlorine capture.

Sorption methods are widely used for capture of
toxic impurities such as ammonia, CO2, SO2, NOx,
H2S, CS2, methanol, chlorobenzene, ethyl acetate,
o-xylene, diethylamine, acetic acid, and methane from
waste gases yielded by various production processes.
We found [1�7] that the capacity and selectivity of
carbon sorbents can be significantly improved by
modification with metal ions, their salts, and nitrogen,
sulfur, and phosphorus heteroatoms; also, we eluci-
dated the role played by surface complexing and by
other factors affecting sorption of the above-men-
tioned substances.

In this work we tested the suitability of sorption for
removal of one of the most toxic gases, chlorine,
yielded by electrolysis of nickel�manganese solutions.

Activated carbons are known as fairly efficient
sorbents of gaseous Cl2; they were used in develop-
ment of war gas masks since World War I [8�11].
More recent works [12�14] concerned interaction of
carbon materials (CMs) with Cl2 under various condi-
tions. For example, activated carbons were suggested
as sorbents for removal of dissolved molecular chlor-
ine and its oxygen-containing compounds (so-called
�active chlorine�) from water after its disinfection, as
well as from process solutions such as, e.g., anolyte
after electrolysis of sodium chloride [15�17].

All these facts suggested that Cl2 would be effi-
ciently sorbed by CMs from waste gases yielded by
electrolysis of nickel�manganese solutions. To quan-
titatively estimate the sorption efficiency, we studied
here the sorption power of a number of CMs with
respect to gaseous and dissolved chlorine generated on
a laboratory electrolysis installation1 and formulated
������������
1 This work was carried out jointly with the Institute of Super-

hard Materials, National Academy of Sciences of Ukraine.

recommendations on chlorine capture from waste
gases.

To estimate the efficiency of binding Cl2 by vari-
ous CMs, we carried out experiments on a model
sorption installation. The carbon under study was
charged either into a vessel (column) with the desired
volume (for room-temperature experiments) or into
a quartz tube (for experiments at 200�650�C). In the
latter case, the tube was placed into an oven with con-
trolled temperature. The amount of carbon varied with
the specific CM, depending on the volume of the
column used (typically 30�3 cm) and the bulk weight
of the carbon. The weighed portion was 40�60 g on
the average. Gaseous Cl2 was produced by reacting
concentrated HCl with crystalline KMnO4. In all the
experiments, 100 ml of HCl was gradually added to
100 g of KMnO4. The rate of supply of the Cl2 being
released (initial concentration 22 mg l�1) was gov-
erned by the rate of its formation in the above-men-
tioned reaction. The chlorine that broke through was
absorbed by an alkali solution.

We tested as sorbents commercial carbons BAU,
AR-B, SKT, activated anthracite (AA), and carbon
fabric (AUT). Selected structural characteristics of
these carbons are listed in Table 1.

The amount of bound chlorine was estimated both
from the sorbent mass increment and by chemical
analysis (iodometric titration) of the solutions absorb-
ing the chlorine that broke through or was desorbed
[18].

The sorbed Cl2 was washed out from the carbons
with water both under static (by shaking a known
amount of the sorbent with the required amount of
water) and dynamic conditions. The amount of the
desorbed chlorine and its concentration in other solu-
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tions were determined similarly [18]. It should be
noted that iodometric determination of active chlorine
in the electrolyte is hindered by high concentrations
of nickel and manganese salts.

We found that various CM samples take up sig-
nificant amounts of Cl2, namely, 300�600 mg g�1

and over (Table 2). The highest capacities for chlorine
were exhibited by activated anthracite and SKT com-
mercial carbon. These materials are also characterized
by acceptable mechanical strength and are relatively
inexpensive and readily available. AR-B carbon and
carbon fabric (AUT) have considerably lower capaci-
ties; the BAU granules markedly break down after
several runs. The capacity of the carbons for chlorine
was increased by moistening, as well as by preheat-
ing at 200�C.

Table 2 shows that the amount of the Cl2 sorbed
tends to increase with temperature. This suggests
a complex chemical interaction between this gas and
carbon [19], which can involve adsorption and a sub-
stitution, addition, or another reaction. The nature of
interaction can vary depending on the composition of
the carbon material, the presence of reactive impuri-
ties promoting such interaction, chemical nature of
the surface, pore structure characteristics (the presence
of pores with a definite size), and other factors.

Probably, in the case of anthracite and SKT carbon
these factors were favorably combined, making these
materials the most efficient agents for capture of Cl2
from waste gases yielded by electrolysis. For exam-
ple, Table 1 shows that carbons with high capacities
for chlorine contain significant amounts of micropores
Vmicro (cf. BAU, AR-B, and SKT).

To prevent release of toxic Cl2 into the environ-
ment, it is essential to estimate not only the total
capacity for chlorine but also the capacity of sorbents
until breakthrough (or the related parameter, protec-
tive action time [5, 6, 9]). These parameters are
typically different: The breakthrough occurs before
the sorption power of an adsorbent is exhausted. Our
experiments showed that this is the case for sorption
of Cl2 by the carbons. However, with activated
anthracite and SKT the protective action time remains
fairly long. Also, we observed the so-called �rest� of
sorbent, i.e., resumption of sorption, evidently, after
diffusion of the sorbed Cl2 inside the sorbent grains.
When the process is terminated, Cl2 fills the internal
space of the pores, the surface gets free, and the proc-
ess continues. Similar effect was observed by Zelin-
skii and Sadikov [8].

Based on the sorption capacities and specific fea-

Table 1. Selected structural characteristics of carbon
sorbents*
����������������������������������������

Carbon
� Ws for C6H6, � Pore volume, m3 g�1 � Ssp,
� �����������������
� cm3 g�1

� Vmeso � Vmicro � m2 g�1

����������������������������������������
BAU � 0.35 � 0.25 � 0.10 � 750
AR-B � 0.45 � 0.30 � 0.15 � 418
SKT � 0.40 � 0.36 � 0.28 � 650
AUT � 0.63 � 0.53 � 0.10 � 1200
AA � 0.28 � 0.05 � 0.23 � 742
����������������������������������������
* Ws is the total volume of sorption pores for benzene [9],

Vmeso, volume of mesopores; Vmicro, volume of micropores;
and Ssp, specific surface area of the sorbent.

Table 2. Chlorine sorption by various carbon materials
����������������������������������������
Sam- �

Sorbent
�

Moisture
�

T,
�Capacity for

ple � �
content

�
�C

� chlorine,
no. � � � � mg g�1

����������������������������������������
1 � AA �Air-dry � 25 � 305
2 � � �Dried at 200�C � 25 � 358
3 � � �Moistened � 25 � 452
4 � � �Air-dry � 200 � 521
5 � � � � � 450 � 525
6 � � � � � 650 � 540
7 � BAU � � � 25 � 270
8 � � �Dried at 200�C � >25 � 370
9 � AUT �Air-dry � 25 � 102

10 � AR-B � � � 25 � 260
11 � SKT � � � 25 � 610
����������������������������������������

tures of sorption of Cl2 on CMs, revealed in model
laboratory experiments, we calculated the character-
istics of a sorption installation for sorption of Cl2
from waste gases yielded by electrolysis of Ni�Mn
solutions. This installation incorporates two vertical
fixed-bed carbon adsorbers. One adsorber is placed
directly at the bath outlet and operates until saturation
with chlorine, and another adsorber serves for exhaus-
tive capture of Cl2 in cases of a possible breakthrough
in the first adsorber and of possible fluctuations of
the amount of chlorine released.

To estimate the amount of the sorbent required for
Cl2 capture, we determined the content of Cl2 in
waste gases from electrolysis on a laboratory electro-
chemical installation with the electrolyte volume of
500 l. We found that electrolysis of Ni�Mn-containing
solutions in this installation at room temperature
yields 35.5 mg l�1 of active chlorine, or 213 mg l�1

at elevated temperatures (60�70�C).
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Based on the capacity for chlorine, capacity until
breakthrough, the amount of the Cl2 released from the
anode space of the electrolysis installation, and bulk
density of the carbon, the amount of SKT or activated
anthracite required for exhaustive capture of the Cl2
released from a 500-l electrolysis bath within a month
was estimated at 15�20 kg (50�60 l).

The sorption filter should be shaped as a cylindri-
cal column manufactured from a chlorine-resistant
material (polyvinyl chloride, fluoroplastic) with re-
commended diameter of 25 cm and height of 130�
150 cm.

The nature and strength of chlorine binding under
various sorption conditions differ substantially
(Table 2). This is of deciding importance for the fate
of the waste sorbent which can be suitable either for
repeated use without discharging in the same process
of Cl2 sorption after regeneration or for use in other
processes (after discharging) as a sorbent with differ-
ent properties. The properties of the spent sorbent can
actually be different, since the contact of Cl2 with
carbon under certain conditions can involve chemical
interaction modifying the chemical nature of the car-
bon surface. We showed [19] that chlorinated carbons
acquire new, e.g., bactericidal, properties. For exam-
ple, we prepared a number of samples containing
strongly bound chlorine, exerting a persistent disin-
fecting effect, which do not release chlorine into the
environment or release it into water in amounts close
to those specified by GOST (State Standard) 2874�82
�Potable Water� (0.3�0.5 mg l�1).

In this work we focused on regeneration of carbon
to make it suitable for repeated runs in adsorbers.
Carbons are typically regenerated by thermal, eluent
(desorption), and destructive methods [20, 21].

Clearly, the deciding factor in choosing the method
is the nature and strength of Cl2 binding. Therefore,
we determined the sorption capacity of the carbons
with respect to Cl2 at different temperatures and also
tested the possibility of washing out chlorine sorbed
under different conditions. Table 2 shows that the
carbons exhibit high sorption capacities for Cl2 both
at room temperature and upon heating to 200�650�C.

Below we characterize desorption of chlorine,
sorbed under various conditions, with water.

It is seen that Cl2 sorbed by the carbons at room
temperature is easily and rapidly, virtually exhaustive-
ly, washed out with water in a single washing run
(sample nos. 2�5, 10), and there is almost no desorp-
tion of Cl2 sorbed at high temperatures (sample

Desorption of active chlorine from various carbons
by single washing with distilled water. Weighed portion
of carbon 1 g; water volume 100 ml; contact time 1.5 h;
initial concentration c0 of active chlorine (per gram of

sorbent) ca. 6.0 mg l�1

Sample no. 2 3 4 5 6 9 10
Table 2
cd,* mg l�1 5.39 5.04 5.39 3.69 0.14 0.00 4.54
������������
* Active chlorine concentration in the desorbate.

no. 6). This is, most probably, due to different char-
acters of Cl2 sorption. For example, despite fairly low
capacity for chlorine at room temperature, AUT car-
bon exhibits no desorption of chlorine, probably
because of its too strong binding by the fibrous sor-
bent. Desorption is enhanced by repeated water treat-
ment of the carbon being regenerated.

Triple washing out of active chlorine from anthracite
with distilled water. Weighed portion of carbon 15 g;

water volume 200 ml; contact time 15 min; initial
concentration c0 of active chlorine (per gram of sorbent)

ca. 5.4 mg l�1

Washing First Second Third
cd, mg l�1 4.20 0.40 0.05

After the first washing of activated anthracite,
the chlorine concentration decreases from 5.4 to
4.2 mg l�1 (by 22%); after the second, by 92%; and
the third washing affords 99% regeneration of AA.

Our data suggest that conventional thermal meth-
ods of carbon regeneration are unsuitable in our case.
Evidently, regeneration is favored by weak binding of
chlorine with carbon or reduction of chlorine into
chloride ions directly in carbon pores [15�17].

We showed that, although the capacity for chlorine
increases at high temperatures, regeneration of such
spent sorbents is hindered. Therefore, it is reasonable
to capture chlorine from waste gases without specially
rising the temperature and to regenerate carbons by
water treatment.

Our previous studies [17] on removal of active
chlorine with activated carbons from spent anolyte
(saturated NaCl solution) yielded by chlorine produc-
tion revealed conditions suitable for regeneration of
carbon sorbents saturated with chlorine. Indeed, we
found (see figure) that chlorine is most efficiently
removed by washing spent carbons with acidic solu-
tions (pH 2�4).

We found that, upon contact with carbons, chlorine
is removed from anolyte mostly via reduction of
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Q, mg g�1

Amount Q of active chlorine removed from the anolyte
with (1) AR-B, (2) AA, and (3) SKT carbons as influenced
by pH of the medium.

HClO and molecular chlorine to chloride ions; carbon
is oxidized to oxide compounds both on the surface
and in the bulk.

The procedure for dechlorination in acidic medium,
developed by us, was tested under process conditions
at active chlorine concentrations of 100�300 ml l�1.
The experiments were run under dynamic conditions
on two columns containing 20 kg of SKT each, at
80�C and the anolyte flow velocity of ca. 22 m h�1.
Both columns operated for over 75 days in total, and
throughout this period there was no breakthrough of
active chlorine.

Our results show that washing out of the sorbed
chlorine from spent carbons with acidified water will
involve not only desorption but also reduction of
chlorine to chloride ions. Conversion of the sorbed
chlorine into chloride ions, followed by washing of
carbon, can be used for utilization of chlorine and
regeneration of the sorbent.

The content of chlorine in wash waters can be
reduced to MPC either by dilution or by dechlorina-
tion with carbon materials, involving reduction of
active chlorine to chloride ions. The latter process can
occur under certain conditions in carbon pores as well.

CONCLUSIONS

(1) Sorption capture of Cl2 with various carbon
sorbents was studied, and the capacities of the sor-
bents for chlorine were estimated at different tempera-
tures and other experimental conditions; the best
sorbents were selected.

(2) Specific features of Cl2 sorption on carbon
materials were revealed, namely, the sorbent �rest�

phenomenon, i.e., resumption of sorption after diffu-
sion of the sorbed Cl2 inside the sorbent grains, and
the required predominance of micropores.

(3) The amount of the sorbent required for exhaus-
tive capture of chlorine within 1 month for a 500-l
electrolysis bath was tentatively estimated from the
capacity of the sorbent for chlorine, the capacity until
breakthrough, the amount of the chlorine released
in electrolysis of Cl2, and the bulk density of the
carbon. The dimensions of the sorption filter proposed
were estimated.

(4) Spent sorbents can be regenerated by desorp-
tion of active chlorine by a single or repeated treat-
ment with water, as well as under conditions favoring
dechlorination via reduction of active chlorine to
chloride ions at pH of wash waters of 2�4.
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Abstract�The influence exerted by a number of benzaldehyde derivatives on the rate of hydrogen evolution
from a lead�acid battery was studied.

The market of sealed lead�acid batteries shows
a steady rising tendency [1]. Use of batteries of this
kind makes it possible to virtually rule out any gas
evolution and to dramatically diminish the amount of
maintenance work. The last factor is of primary im-
portance, because, for some batteries, the maintenance
cost during the service life is comparable with the ini-
tial price of the battery itself [2]. The possibility of
sealing the lead�acid battery is based on the fact that
virtually the whole amount of O2 evolved at the posi-
tive electrode in charging is reduced at the negative
electrode (closed oxygen cycle). Performing a similar
hydrogen cycle is impossible without using additional
catalytic systems because of the extremely low rate of
H2 oxidation at the positive electrode. According to
[3], the rate of H2 oxidation at the PbO2 electrode is
lower than that of O2 reduction on Pb by a factor of
103. Thus, sealing the lead�acid battery requires that
the rate of H2 evolution should be minimized.

The scheme shows the sequence of operations
carried out to diminish the rate of H2 evolution in the
sealed battery. It can be seen that the task of inhibiting
H2 formation in the battery is integrated and involves
solutions related to the design and the composition of
the components of the electrode block (1.1, 1.3, 2.1),
to use of external, with respect to the block, devices
(2.2, 2.3, 2.4), and to optimization of the charging
mode (1.3).

Apparently, the most efficient are the operations
intended to diminish the H2 evolution rate, rather
than those aimed to oxidize the gas that has already
evolved within the battery, because the former opera-
tions control the causes, and the latter, the con-
sequences of the negative phenomenon.

The rate of H2 evolution can be markedly dimin-
ished by (i) excluding elements with low hydrogen

overvoltage (Sb, Cu, Ag, As, Fe, Mn, Ni, Co) from
the composition of the active paste and structural
materials [4], (ii) using additives that make higher
the overvoltage of H2 evolution at the negative elec-
trode, (iii) optimizing the relative amounts of the
active pastes [5, 6], and (iv) optimizing the charging
mode [7].

At present, neither catalytic electrodes made of
platinum or carbon materials nor H2 absorbents find
use in the world practice. Their use, on the one hand,
is inefficient and unreliable (catalyst poisoning, low
absorption of H2 because of its low partial pressure
within the battery), and on the other, makes higher the
cost of batteries.

Additives are widely used in lead batteries to im-
prove their energy-storage and resource parameters.
An important role of additives as expanders of nega-
tive active pastes, which slow down the rate of re-
crystallization of spongy lead and preserve its large
specific surface area, is well known [8]. Additives are
also used as inhibitors of self-discharge [9]. The
mechanism of their action commonly consists in that
the overvoltage of H2 evolution on lead and phase
impurities increases, which makes slower the rate of
the conjugated reaction of Pb oxidation. Additives are
also introduced into positive active pastes to improve
their mechanical strength and preclude their sagging
[10]. Additives of this kind can be introduced in the
form of fibers, powders, or suspensions. A consider-
able progress has been made in all of these areas.
However, the specific features of operation of a sealed
battery, on the one hand, impose restrictions on addi-
tives used in ordinary batteries, and on the other, re-
quire that new types of additives should be developed.

The aim of this study was to examine additives that
inhibit H2 evolution in a lead�acid battery.
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Inhibiting H2
evolution at negative

electrode (1)

Raising the rate
of H2 absorption
in the battery (2)

Methods for decelerating
H2 evolution

Making higher
the overvoltage of H2
evolution (�H) (1.1)

Excluding
the materials with low

�H (1.1.1)

Adding agents
accelerating
H2 oxidation

to the positive paste
(2.1)

Limiting the charging
voltage (1.2)

Using additives
that make higher

�H (1.1.2)

Oxidation of H2
at additional

catalytic electrodes
(2.2)

Using an excess
amount of the

negative electrode
paste (1.3)

Using devices
for recombination
of H2 and O2 (2.3)

Using H2 absorbents
(2.4)

General scheme of operations aimed to diminish the rate of H2 evolution in a sealed battery.

It is known that Pb belongs to metals with a high
overvoltage of H2 evolution. The constant a in the
Tafel equation for lead is 1.52�1.56 V. However,
phase impurities composed of metals with a low H2
overvoltage can be formed in a working battery on the
surface of the negative current lead. To elements of
this kind primarily belong Sb and Cu, for which a is
0.9 and 0.8 V, respectively. Antimony finds its way to
the negative electrode through corrosion of the current
lead (made of lead�antimony alloys) of the positive
electrode, and lead-plated copper current leads of the
negative electrode serve as a source of Cu. During the
service life of a battery, the protective properties of
the lead coating are impaired and Cu appears on the
surface of the negative active paste. Thus, an additive
that would make higher the overvoltage of H2 evolu-
tion on Sb and Cu but would not affect the course of
the main current-producing processes at the negative
and positive electrodes is necessary. With account of
the fact that the mechanism by which the gas evolu-
tion is hindered is associated with adsorption of addi-
tives (surfactants) onto the metal surface, an efficient

additive that would inhibit gas evolution must exhibit
a high adsorption selectivity with respect to Cu and
Sb, on the one hand, and Pb, on the other. As possible
additives were studied benzaldehyde derivatives. In
[11, 12], it was shown that aromatic aldehydes, which
are characterized by clearly pronounced polarity with
high dipole moment and, therefore, exhibit an in-
creased adsorption capacity, exert an inhibiting in-
fluence on H2 evolution. However, their adsorption
capacity largely depends on a substituting group,
which determines the electron distribution between
the benzene ring and this group. The choice of an
inhibitor is determined by the following: it should
exhibit a selective adsorption on Sb and Cu impuri-
ties, without decelerating the current-producing reac-
tion or O2 reduction. The following benzaldehyde
derivatives were examined in this study: 2-hydroxy-
benzaldehyde C7H6O2 (2-HB) and 2-methoxybenzal-
dehyde C8H8O2 (2-MB).

The study was carried out with Sb of SU1 brand,
copper foil, and Pb of S1 brand in specially purified
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5 M H2SO4. The performance of the additives was
estimated by analyzing the polarization curves meas-
ured at current in the range 0.5�50 mA cm�2 at
25�0.1�C.

Figure 1 shows the polarization curves obtained on
Sb and Cu in an H2SO4 solution with addition of
0�1.30 g l�1 of 2-MB and 0�1.17 g l�1 of 2-HB. The
table lists the efficiency factors Keff, defined as the
ratio of H2 evolution rates at a potential of 0.6 V in
solutions with and without an additive, for the addi-
tives studied.

Figure 1 shows that 2-MB and 2-HB are exceed-
ingly efficient in hindering the H2 evolution on both
Sb and Cu. At their concentration in the electrolyte
equal to 9.6 �10�3 M, Keff is 11.6�22.9 on Sb and
48�50 on Cu. It also follows from Fig. 1 that the
inhibiting effect of 2-MB and 2-HB grows as their
concentration in solution increases, to become the
most pronounced at a concentration of 9.6 �10�3 M.
However, the results obtained give no reason, as yet,
to recommend 2-MB and 2-HB as inhibitors of H2
evolution for lead batteries. For this purpose, it is
necessary to make sure that these additives do not
affect simultaneously the current-producing reactions
and the reactions of the closed oxygen cycle.

Figure 2 shows the polarization curves obtained on
a porous lead cathode in a 5 M H2SO4 solution with
addition of 0�0.9 g l�1 of 2-MB and 0�0.8 g l�1 of
2-HB. It can be seen that addition of 2-MB leads, in
the entire range of concentrations, to an increase in
the overvoltage of H2 evolution. This indicates that
the additive can be adsorbed on the Pb surface and
can thereby affect the main current-producing proc-
esses. At the same time, addition of 2-HB affects the
rate of H2 evolution on Pb only slightly, suggesting
its low adsorption capacity with respect to the Pb
surface.

It is known that the zero-charge potentials for Pb,
Cu, and Sb are �0.69, �0.04, and 0.0 V, respectively
(relative to a standard hydrogen electrode). Thus, the
surface of Pb is charged positively, and that of Cu
and Sb, negatively, at potentials of the negative elec-
trode. Therefore, the surface of Pb is covered in
H2SO4 with an adsorption layer of HSO4

� ions, and
that of Sb and Cu, with H+ ions [13]. It is also known
that introduction of various substituent groups into
the structure of benzaldehyde changes its electronic
configuration and the dipole moment of the molecule
[14].

The concept of moderate and strong inhibitors of
H2 evolution, which are derivatives of aromatic hydro-

(a)Vsp, ml cm�2 h�1

Vsp, ml cm�2 h�1

Vsp, ml cm�2 h�1

Vsp, ml cm�2 h�1

(b)

(c)

(d)

�E, mV
Fig. 1. Specific rate of hydrogen evolution, Vsp, on (a, b)
antimony and (c, d) copper in a 5 M H2SO4 solution with
addition of (a, c) 2-MB and (b, d) 2-HB vs. the polarization
potential E. Concentration (g l�1): 2-MB: (1) 0, (2) 0.05,
(3) 0.17, (4) 0.34, (5) 0.65, (6) 0.83, and (7) 1.30; 2-HB:
(1) 0, (2) 0.23, (3) 0.47, (4) 0.58, (5) 0.70, (6) 0.88, and
(7) 1.17.

carbons [13], can be used to account for the experi-
mental data obtained. It should be assumed that strong
inhibitors hinder not only the H2 evolution on Sb and
Cu through their adsorption on the surface of these
metals, but also the processes on the surface of Pb
because of the ability of such inhibitors to displace
HSO4

� ions and be adsorbed on the surface. As a
result, the current-producing reaction is hindered.

It was shown that the 2-MB additive has a high
adsorbability not only on Sb and Cu, but also on Pb.
The latter is strongly undesirable because of the de-
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Efficiency factors of 2-MB and 2-HB additives
����������������������������������������

2-MB � 2-HB
����������������������������������������

c, g l�1 (M) � Keff � c, g l�1 (M) � Keff
����������������������������������������

Antimony cathode

0.05 (3.7�10�4) � 1.8 �0.23 (1.9�10�3) � 2.3
0.17 (1.2�10�3) � 4.0 �0.47 (3.8�10�3) � 5.9
0.34 (2.5�10�3) � 6.6 �0.58 (4.7�10�3) � 12.8
0.83 (6.1�10�3) � 8.7 �0.88 (7.2�10�3) � 18.7
1.30 (9.6�10�3) � 11.6 �1.17 (9.6�10�3) � 22.9

Copper cathode

0.05 (3.7�10�4) � 2.9 �0.23 (1.9�10�3) � 2.7
0.17 (1.2�10�3) � 12.5 �0.47 (3.8�10�3) � 10.5
0.34 (2.5�10�3) � 16.7 �0.70 (4.7�10�3) � 24.0
0.65 (4.8�10�3) � 45.0 �0.88 (7.2�10�3) � 42.0
0.83 (6.1�10�3) � 50.0 �1.17 (9.6�10�3) � 48.0
1.30 (9.6�10�3) � 50.0 � � � �

����������������������������������������

creasing rate of the main current-producing process at
the negative electrode. Thus, the 2-MB inhibitor can-
not be recommended for use in lead batteries despite
its high performance. In the opinion of B�ohnstedt and
Radel [13], moderate inhibitors cannot displace
HSO4

� and be adsorbed on Pb, which predetermines
the high degree of their selective adsorption. In-

i, mA cm�2

i, mA cm�2

(a)

(b)
�E, mV

�E, mV
Fig. 2. Polarization curves obtained on a porous lead
cathode in a 5 M H2SO4 solution with addition of (a) 2-MB
and (b) 2-HB. (i) Current density and (E) potential. Con-
centration (g l�1): 2-MB: (1) 0, (2) 0.01, (3) 0.09, and
(4) 0.9; 2-HB: (1) 0, (2) 0.01, (3) 0.1, and (4) 0.8.

hibitors of this kind are mainly adsorbed on detri-
mental impurities (Sb, Cu) and suppress H2 evolution
on these elements. At the same time, they are not
adsorbed on Pb and do not exert any negative influ-
ence on the processes that occur on this element. Con-
sequently, the 2-HB inhibitor can be classed with
moderate inhibitors and recommended for use in lead
batteries.

However, prior to recommending 2-HB for use in
lead batteries, it is necessary to find out whether or
not it has an effect on the operation of the positive
electrode and, primarily, on the rate of O2 evolution,
which characterizes the efficiency of utilization of the
charging current, as well as on the kinetics of the
current-producing reaction. An influence of this kind
is, in principle, possible because of the contact bet-
ween the inhibitor introduced into a solution with
the positive active paste. For this purpose, polarization
curves were measured on a PbO2 electrode in the
anodic potential range in a solution containing the
2-HB inhibitor (Fig. 3a). Figures 3a and 3b show that
2-HB has no effect on the rate of O2 evolution at the
PbO2 electrode and on its discharge characteristics.

The performance of the 2-HB inhibitor was tested
in stationary batteries with a rated capacity of
12000 A h. At the end of the service life of these
batteries, the rate of H2 evolution was 600 (battery
no. 1) and 700 cm3 min�1 (battery no. 2). A 2-HB

E, V

(a)i, mA cm�2

E, V (b)

�, min
Fig. 3. (a) Polarization and (b) discharge curves obtained on
a PbO2 electrode in a 5 M H2SO4 solution (1) without additives
and with addition of (2) 2-MB and (3) 2-HB. Concentration
(g l�1): 2-MB, 0.9; 2-HB, 0.8. (i) Current density, (E) potential,
and (�) time.
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additive was introduced into battery no. 2, with the
result that the rate of gas evolution decreased to
200 cm3 min�1 in the subsequent cycle. In battery
no. 1, into which no additive was introduced, the gas
evolution rate increased to 670 cm3 min�1.

CONCLUSIONS

(1) According to our results, 2-hydroxybenzal-
dehyde can be recommended as an additive effectively
inhibiting the evolution of H2 in sealed lead�acid
batteries.

(2) This inhibitor can diminish the rate of H2
evolution on Sb and Cu by factors of 10�12 and
15�29, respectively, with the discharge characteristics
of the electrodes and the efficiency of the closed
oxygen cycle remaining virtually unaffected.
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Abstract�The influence exerted by the pH of an aqueous 0.0083 M solution of Na2H[PW12O40] on the
composition and morphology of anodic coatings galvanostatically formed on aluminum and titanium alloys
at sparking and breakdown voltages was studied.

Anodic treatment of rectifying metals in aqueous
electrolytes in the sparking and microarc mode (hence-
forth, anodic-spark deposition) can give coatings that
contain, in addition to oxides of a metal or alloy being
treated, oxygen compounds of elements contained in
the electrolyte. As a result, coatings that exhibit func-
tions typical of anodic films and are promising for use
in catalysis [1], as active elements of gas analyzers
[2, 3], and bioinert compounds [4] can be obtained.
As an example can serve the formation on titanium of
layers that contain barium, strontium, or lead titanates
and exhibit ferroelectric properties [5, 6].

One of the main processes that determine the com-
position of the forming anodic-spark layers is ther-
molysis of the electrolytic deposit around electric-
breakdown channels. Use of electrolytes containing
anionic complexes opens up additional opportunities
for directed formation of oxide structures. Coatings of
various compositions and purposes can be obtained in
electrolytes of this kind. For example, wear-resistant
coatings containing �-Al2O3 are obtained in solutions
with hexafluoroaluminate complexes [7]; corrosion-
resistant coatings with vanadium oxides, in electro-
lytes with phosphovanadate heteropolyanions [8, 9];
biocidal coatings with zinc phosphates, in solutions
with zinc polyphosphate complexes [10]; bioinert
coatings with hydrooxyapatite for implants, in elec-
trolytes with calcium glycerophosphate complexes [4];
and light-reflecting coatings that contain ZrO2 and are
resistant to the action of hard ultraviolet, in solutions
with alkali metal hexafluorozirconate complexes [11].

At the same time, the processes of coating forma-
tion in electrolytes with anionic complexes are now in
the stage of research and accumulation of experi-
mental data. Among such electrolytes, those contain-

ing iso- and heteropolyanions (IPA and HPA) are the
least studied. The interest in these electrolytes is
due to the following.

(a) The variety of IPA and HPA is rather wide.
Only the position of the central atom in an HPA can
be occupied by more than 60 elements [12]. Forma-
tion of coatings with diverse chemical compositions
would be expected in electrolytes with HPA. These
compositions must, apparently, reflect the scheme of
thermal transformations of HPA or of products formed
in their interaction with a metal being anodized.

(b) Conditions for formation of IPA and HPA are
satisfied in many aqueous solutions that are used in
anodic-spark oxidation and contain compounds of
vanadium, molybdenum, and tungsten in higher oxi-
dation states. Consequently, revealing the relationship
between the presence or absence of HPA in electro-
lytes and the composition of the anodic-spark layers
being formed is both practically and theoretically
important.

(c) Thermal decomposition of heteropoly com-
pounds is used to produce oxide catalysts [13]. It is
quite possible that thermolysis of HPA or products of
their interaction with a metal being anodized, which
occurs near electric-breakdown channels, will make it
possible to form on metals oxide structures promising
as regards their possible catalytic activity.

(d) It has been shown previously that films formed
in electrolytes with HPA show satisfactory protective
properties [8, 14, 15].

Until now, fundamental aspects of how the ele-
ments contained in HPA are incorporated into coat-
ings on rectifying metals have been studied in multi-
component electrolytes containing simultaneously
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Table 1. Characteristics of the electrolyte (0.0083 M Na2H[PW12O40] + NaOH) and phase composition of coatings
according to XPA
������������������������������������������������������������������������������������

Electrolyte � Coatings on aluminum �
Phase composition����������������������������������������������������������������������

initial � after anodizing �
i, A dm�2

�
phase composition

� of coatings
����������������������������������������� � �

pH � ��103, S cm�1 � pH � ��103, S cm�1 � � �
on titanium

������������������������������������������������������������������������������������
2.0 � 4.5 � 1.8 � 4.8 � 1�10 �WO2.9 �WO2.9
4.1 � 3.1 � 6.8 � 3.3 � 1�10 � � �Na0.1WO3
6.5 � 3.8 � 7.0 � 4.0 � 1�10 �WO2.9 or Na0.1WO3 � �
7.1 � 6.0 � 7.3 � 6.0 � 1�10 �Na0.1WO3 � �
7.8 � 12.0 � 10.9 � 12.0 � 1�2 �Amorphous �?Na0.1WO3

� � � � 3�10 �Na0.1WO3 �
12.6 � 14.3 � 13.0 � 14.3 � 1 �Amorphous �Na0.1WO3

� � � � 2�10 �WO3 or Na0.1WO3 �
������������������������������������������������������������������������������������

phosphate or borate anions and anions of transition
metals [9, 16�18]. Publications that report use of
commercial heteropoly compounds to form anodic-
spark coatings are scarce [14, 15]. The functional
properties and surface morphology of coatings formed
in electrolytes of this kind remain virtually unstudied.
Data on how coatings are formed in electrolytes with
phosphate and tungstate ions and various concentra-
tions of salts and pH values are contradictory [17].

It is known that the forms in which IPA and HPA
are present in the electrolyte depend on its pH [12].
The aim of this study was to determine how the com-
position and morphology of anodic-spark layers on
aluminum and titanium alloys depend on transfor-
mations of tungsten�phosphorus (phosphotungstate)
HPA that occur when the pH value of the electrolyte
is varied.

EXPERIMENTAL

The electrolytes were prepared from distilled water
and commercial Na2H[PW12O40] �9H2O and NaOH
of chemically pure grade. All the electrolytes were
produced by mixing the solutions at room tempera-
ture. The concentration of sodium hydrotungstophos-
phate in all the electrolytes was 0.0083 M, which
corresponds to a total tungsten(VI) concentration in
solution equal to 0.1 M. The electrochemical cell
employed and the procedure for pretreatment of alu-
minum (AMtsM) and titanium (VT1-0) samples
(40 � 10 � 1 mm) have been described previously [19,
20]. In each of the electrolytes, oxide layers were suc-
cessively formed on the samples in the galvanostatic
mode in the course of 10 min at current densities

of 1 to 10 A dm�2 for the aluminum alloy and
10 A dm�2 for the titanium alloy (because it was im-
possible to reach the sparking mode for titanium in
10 min at lower i). The electrolyte temperature did not
exceed 20�C in anodic-spark oxidation of aluminum
and became as high as 30�C in anodic-spark treatment
of titanium. After the treatment, samples with coatings
were thoroughly washed first with tap water and
then with distilled water and dried in air at room
temperature.

The sparking voltage was estimated from the ap-
pearance of first visually observed sparks on the
anode surface or by analyzing U = f (t) curves (from
the beginning of deviation of the dependence of the
voltage U across the electrodes on time t from linear
behavior). The phase composition of the coatings
was studied by X-ray phase analysis (XPA) on a
DRON-2.0 diffractometer (CuK� radiation). The ele-
mental composition of the coatings was determined
with a JEDE JXA-5A X-ray fluorescence analyzer.
31P NMR spectra of aqueous solutions were recorded
on a Bruker WP-80SY high-resolution spectrometer at
a frequency of 32.442 MHz. The chemical shifts are
given in the � scale (ppm) relative to 85% H3PO4.
The surface morphology was studied with an LEO 430
scanning electron microscope (SEM).

The pH values and the electrical conductivities of
tungstophosphate electrolytes before and after anodic-
spark treatment, and also the phase compositions of
the coatings formed, are listed in Table 1. It should be
noted here that the pH strongly increases in the course
of anodic-spark deposition from the initial values of
4.1 and 7.8 at an only slight change in the electrical
conductivity of the solutions, and the electrical con-
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U, V (a)

t, s

Ui, V
(b)

Fig. 1. Effect of pH of the electrolyte (a) on the dependence
of the voltage U across the electrodes on time � at i =
10 A dm�2 and (b) on the sparking voltage Ui in anodic-
spark deposition on the aluminum alloy. (a) pH: (1) 2.0,
(2) 4.1, (3) 6.5, (4) 7.8, and (5) 12.6. (b) i (A dm�2):
(1) 2, (2) 3, (3) 8, and (4) 10.

Fig. 2. Effect of pH of an electrolyte with 0.0083 M of
Na2H[PW12O40] on the outward appearance of coatings
on the aluminum and titanium alloys. Coating: (I) on the
AMtsM alloy, i = 2 A dm�2; (II) on the VT1-0 alloy, i =
10 A dm�2. pH before/after coating formation: (a) 2.0/1.8,
(b) 4.1/6.8, (c) 6.5/7.0. (d) 7.1/7.3, (e) 7.8/10.9, and
(f) 12.6/13.0.

ductivity decreases on passing from an electrolyte
with pH 2.0 to that with pH 4.1. The coatings formed
on both aluminum and titanium alloys contain WO2.9
or Na0.1WO3. The coatings formed on the aluminum

alloy at low current densities at pH 7.8�13.0 are X-ray
amorphous. The position of the curves describing the
U = f (t) dependences changes with the pH value and
the electrical conductivity (Fig. 1a). All the pH depen-
dences of the sparking voltage Ui show a maximum
at pH 4.1 and a minimum at pH 7.1.

The outward appearance of the coatings formed on
aluminum and titanium samples at various pH values
of the electrolyte is shown in Fig. 2. The coatings
formed on aluminum and titanium alloys in weakly
acidic and neutral electrolytes are green (white in
black-and-white photographs). In other cases, the
coatings on titanium are gray-green, and those on
aluminum are constituted by gray and green layers.
The outer green layer of the coatings formed in an
electrolyte with pH 6.5 show blue point-like inclu-
sions (darker in the photograph). Despite the differ-
ences in the outward appearance, most of the coatings
contain phases of nonstoichiometric tungsten oxide
and sodium�tungsten bronze (Table 1). As green
regions nucleate and grow on the surface of the alu-
minum samples, peaks of these phases appear in
X-ray diffraction patterns and their intensity increases;
in the absence of green regions, XPA shows that the
coatings are amorphous. Thus, gray layers formed on
the aluminum alloy in electrolytes with pH 2.0, 7.8,
and 12.6 are amorphous, and green layers contain
crystalline compounds of tungsten. The green regions
may appear as separate points and grow in the radial
direction, which is observed in electrolytes with
pH 2.0 and 7.8�10.6. Crystalline tungsten-containing
layers are formed in an electrolyte with pH 12.6. They
appear at sample edges and expand as a whole front
over the surface, with the surface coverage depending
on the quantity Q of electricity passed. At Q =
6 C cm�2, there are no green regions as yet; at Q =
12 C cm�2, the area of the anode surface covered with
green regions is small; and, beginning with Q =
60 C cm�2, the layer of a new phase of green color
occupies more than half of the anode surface, with the
arrangement of green regions symmetrical for both
sides of a sample.

The dependence of the content of the main ele-
ments in the coatings on pH is shown in Figs. 3a�3c.
The content of tungsten in the surface layers of the
coatings is maximal, and the content of aluminum or
titanium, minimal at pH 4.1�7.3, i.e., in the range of
formation of crystalline tungsten-containing oxide
layers. The amorphous layers formed on the alumi-
num alloy at pH 2.0 and 7.8�10.9 have approximately
the same elemental composition (Table 2), with the
W /P atomic ratio for these layers close to 12.
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(a)

(b)

(c)

c, wt %

c, wt %

c, wt %

(d)c, wt %

(e)

(f)

c, wt %

c, wt %

i, A dm�2

Fig. 3. Effect of pH of an electrolyte and of the current density i on the content c of the main elements in the coatings formed
on (a, b, d�f) aluminum and (c) titanium alloys. Current density i (A dm�2): (a) 1, (b) 3, and (c) 10. pH: (d) 2.0, (e) 4.1, and
(f) 12.6.

SEM images of the surface of the coatings formed
on the aluminum alloy in electrolytes with pH 2.0,
7.8�10.9, and 12.6�13.0 are shown in Fig. 4(I).
Noteworthy is the similarity of the surface mor-
phologies of amorphous layers [Figs. 4(I)b, 4(I)d]
obtained in acid (pH 2.0) and alkaline (pH 12.6�13.0)
electrolytes. The only difference consists in the size of
depressions and partly fused raised formations, which
are larger in the latter case [Fig. 4(I)d]. Amorphous
layers deposited from an electrolyte with pH 7.8�10.9
[Fig. 4(I)c] are formed of threads or fibers 3�10 �m
in diameter on a cellular partly melted surface. Cracks
are present on the surface of the fibers. Spherical
embedded particles (lighter in black-and-white pho-
tographs), which are crystalline inclusions of non-
stoichiometric compounds of tungsten, are observed
on the surface of the amorphous layer formed in an
acid electrolyte [Fig. 4(I)b)] and mostly on the surface
of fibers in the coatings formed in an electrolyte with
pH 7.8�10.9. Of the same crystalline formations are
composed more extended green regions, as shown in
Fig. 4(I)a (projecting fragment in the photograph).

The influence exerted by the current density on the

composition of coatings formed on the aluminum
alloy is illustrated by Figs. 3d�3f. The content of the
main elements (Al,W) in the amorphous layers of the
coatings formed in an acid electrolyte (pH 2) is in-
dependent of current density in the range i = 2�
10 A dm�2 (Fig. 3d). When anodic-spark coatings are
formed in an alkaline electrolyte (pH 12.6), the con-
centration of aluminum grows and that of tungsten
falls as the current density increases (Fig. 3f); the
composition of the coatings is constant in the range
i = 5�10 A dm�2. The crystalline tungsten-containing
green layers show a general tendency toward a de-
crease in the concentration of tungsten with increasing
current density (Fig. 3e), despite that the phase com-
position is constant and aluminum is virtually absent.
As can be seen in SEM images of the crystalline
layers ([Fig. 4(II)], the fragments of the surface profile
become coarser, and the distances between them,
longer, as the current density increases.

The sparking voltage Ui is related to the electrical
conductivity of the anodizing solution by the follow-
ing expression [21]:

Ui = a � b ln�. (1)
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Table 2. Effect of pH of phosphotungstate electrolyte on the concentration c and atomic ratios A of the main elements
in coatings
������������������������������������������������������������������������������������

pH
� c, wt % � A
����������������������������������������������������������������������������
� Al(Ti) � W � P � Na � Mn � O* � W/Al(Ti) � W/P

������������������������������������������������������������������������������������
Coatings on aluminum**

Black regions

2.0�1.9 � 6.7 � 44.7 � 0.64 � 0.16 � 0.04 � 42.6 � 1.1 � 12.1
4.1�6.8 �
6.5�7.0 � No black regions
7.0�7.3 �
7.8�10.9 � 6.41 � 43.6 � 0.65 � 0.26 � 0.08 � 49.0 � 1.0 � 11.3

12.6�13.0 � 38.5 � 14.1 � 0.16 � 0.11 � 0.3 � 33.8 � 0.1 � 15.7

Green regions

2.0�1.9 � 0.11 � 56.9 � 0.26 � 0.16 � 0.04 � 42.6 � � � 39
4.1�6.8 � 0.16 � 53.6 � 0.4 � 0.15 � 0.26 � 45.5 � � � 24
6.5�7.0 � 0.03 � 59.7 � 0.41 � 0.15 � 0.03 � 39.7 � � � 27
7.0�7.3 � � � 56.8 � 0.25 � 0.16 � � � 42.8 � � � 33
7.8�10.9 � 0.02 � 55.5 � 0.36 � 0.31 � � � 43.8 � � � 40

12.6�13.0 � 0.14 � 59.2 � 0.15 � 0.18 � 0.06 � 40.3 � � � 65

Coatings on titanium

2.0�1.9 � 6.29 � 57.0 � 0.37 � 0.22 � � � 35.55 � 2.4 � 26
4.1�6.8 � 0.04 � 64.0 � 0.07 � 0.36 � � � 35.22 � � � 154
6.5�7.0 � � � 60.3 � 0.14 � 0.28 � � � 39.07 � � � 73
7.0�7.3 � � � 60.3 � 0.22 � 0.3 � � � 39.01 � � � 46
7.8�10.9 � 8.97 � 48.6 � 1.05 � 0.88 � � � 39.23 � 1.4 � 7.8

12.6�13.0 � 11.1 � 44.6 � 0.55 � 1.04 � � � 41.73 � 1.0 � 13.7
������������������������������������������������������������������������������������
* The content of the element is determined as difference.

** The contents of elements obtained in experiments at different current densities were averaged.

In the given case, � depends on the amount of
the alkali added (Fig. 5a). The curve describing
the dependence of pH of a 0.0083 M solution of
Na2H[PW12O40] on the volume of a 1 M NaOH solu-
tion (titration curve) shows two steps at pH 3�7 and
8�12 (Fig. 5b). The first step corresponds to neutrali-
zation of the acid salt (2), which leads to a smaller
number of charge carriers and, consequently, to a
decrease in � (Fig. 5b):

Na2H[PW12O40] + NaOH � Na3[PW12O40] + H2O. (2)

In accordance with Eq. (1), a decrease in the elec-
trical conductivity leads to an increase in the sparking
voltage [to the minimum value of � in the � =
f (VNaOH) plot corresponds the maximum value of Ui
in the Ui = f (pH) plot, Fig. 1b]. At the same time,
the minimum in the dependence Ui = f(pH) is not
accompanied by changes in the type of the electrical
conductivity of the solutions or steplike changes in
pH. By contrast, it lies in the range of stable pH
values (Fig. 5b).

The following scheme of mutual transformations
at different pH values of an aqueous solution is
known for tungsten�phosphorus HPA [12]:
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Already at pH 1�2, an equilibrium is established bet-
ween PW12 and PW11:

[PW12O40]3� + (5 � x)OH� �� [HxPW11O39](x � 7)

�

+ HWO4
� + (2 � x)H2O. (3)
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(I)

(II)

(a) 100 �m
(b)

3 �m

(c) 3 �m (d) 3 �m

(a)
10 �m

(b) 3 �m (c) 10 �m

(d) 3 �m (e) 10 �m (f) 3 �m

Fig. 4. SEM images (45� view) of the surface of coatings formed on aluminum (I) at i = 2 A dm�2 in electrolytes with pH (a, b)
2.0, (c) 7.8, and (d) 12.6 and (II) in electrolytes with pH 4.1 at i (A dm�2): (a, b) 1, (c, d) 3, and (e, f) 8.

[PW11O39]7� solutions are stable in the range
pH 2�6; however, PW11 anions are in equilibrium
with PW9 and PO4

3� + WO4
2� at pH > 5. Simultane-

ously with the appearance of lacunar HPA in solution,
mono- or polytungstate will be present, depending

on pH. At pH > 9, tungsten�phosphorus HPAs de-
compose. In the 31P NMR spectra of a 0.0083 M
Na2H[PW12O40] solution, this is accompanied by
appearance of a peak at � = +2.9 ppm. This peak cor-
responds to the phosphate anion [22] and is absent
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(a)

(b)

V, ml

� � 103, S cm�1

Fig. 5. Effect of the volume V of 1 M of NaOH in a
0.0083 M Na2H[PW12O40] solution on (a) electrical con-
ductivity � and (b) pH.

at lower pH. The complex transformations in the elec-
trolyte correlate with the run of the curves describing
the dependences U = f (t) (higher or lower position in
the plot depending on pH, Fig. 1a) and Ui = f (pH)
(occurrence of maxima and minima, Fig. 1b) and with
the outward appearance (Fig. 2) and composition of
the coatings obtained (Fig. 3; Tables 1, 2). Analysis
of the titration curve (Fig. 5b) and the data in Table 1
(comparison of the initial and final pH values) shows
the following. In cases when the initial electrolyte has
the pH corresponding to that portion of the curve for
which the pH is nearly independent of the amount of
the alkali added (range of buffer solution), the final
pH value varies only slightly in the course of anodic-
spark deposition. If, however, the initial pH value
corresponds to the onset or middle of the titration
step, the variation of pH in the course of the anodic-
spark treatment will be pronounced. This is also
observed in electrolytes with initial pH 4.1 and 7.8,
i.e., the narrowest variation of the pH value in the
course of anodic-spark deposition corresponds to the
minimum Ui.

As also in the case of tungstate electrolytes [23],
the electrical conductivity of solutions varies in the
course of anodic-spark deposition only slightly even
when pH changes considerably (Table 1). At high
mobility of hydroxide ions, this fact can be attributed
to a decrease in the number of charge carriers, e.g., as
a result of discharge of tungstate ions to give WO3.

The green layers must seemingly contain WO3
(yellow) with a minor admixture of W(V) compounds
(blue). According to [16], one of processes that lead to

incorporation of the electrolyte components into the
coatings obtained is thermolysis of compounds that
are present on the anode near the electric-breakdown
channels. It was established experimentally that crys-
talline WO3 is a product formed upon annealing of
Na2H[PW12O40] �9H2O in a muffle furnace in air at
600�C for 2 h. In addition to thermal decomposition
of the heteropoly compound in anodic-spark deposi-
tion, there occurs thermolysis of water [24]. In the
breakdown channel and in regions adjacent to this
channel, tungsten(VI) oxide is reduced in the presence
of hydrogen formed in thermolysis of water, which is
accompanied by the appearance of blue point regions
in the green layer (Fig. 2, pH 6.5/7.0). The fact that
XPA does not reveal WO3 is presumably due to lower
crystallinity of this phase. In all probability, the green
layers of the coatings contain both WO3 and phases
of nonstoichiometric composition, which include
W(V) (Table 1).

The dependence of the elemental composition of
the coatings (Figs. 3a�3c) and of the atomic ratio
W/P (Table 2) on pH is, apparently, associated with
changes in the electrolyte composition. At pH 2.0, the
same W/P ratios in the coatings formed on aluminum
and in the electrolyte can be accounted for by in-
volvement of PW12 HPA in the coating formation.
Being adsorbed on the surface of aluminum oxide,
HPA can favor transfer of Al3+ ions from the crystal
lattice into solution in the form of soluble salts of
aluminum [25] or as aluminum-substituted hetero-
polytungstates [26, 27]. The anionic complexes
formed can be involved in coating formation. Presum-
ably, these processes affect the content of aluminum
in an anodic-spark layer.

The change in the ionic composition of the electro-
lyte at pH 4.1�7.3, which is associated with the for-
mation of lacunar species of HPA and isopolytung-
states, may favor growth of WO3-containing oxide
layers [23]. In this range of pH, aluminum and tita-
nium oxides are virtually insoluble [28], so that the
deposition of tungsten-containing oxide layers may
occur at the minimum involvement of the substrate
components.

At high pH values, hydrolysis of tungsten�
phosphorus HPAs to monomeric anions leads to a
decrease in the concentration of tungsten in amorph-
ous layers and in the number of regions that contain
crystalline compounds of tungsten. At the same time,
raising the concentration of hydroxide ions in the elec-
trolyte promotes chemical dissolution of aluminum
and leads to a rise in the concentration of hydroxo-
aluminate or hydroxotitanate complexes in the electro-
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lyte and to their involvement in coating formation.
As a result, the content of aluminum or titanium in
the coatings grows (Table 2). Despite the disintegra-
tion of HPA in alkaline electrolytes (according to the
above scheme [12]), the atomic ratio W/P in coatings
formed on aluminum in electrolytes with pH 7.8�13.0
is 11.3�15.7, i.e., is the same as that for coatings
formed in acid electrolytes. The value of the W/P ratio
can be understood in this case as follows. Amorphous
insoluble aluminum phosphates and tungstates or
compounds of composition Al2O3 �mP2O5 �nWO3 are
formed in the coatings, and phosphorus and tungsten
atoms are incorporated into the anodic-spark layers in
proportion to the concentrations of these atoms in the
electrolyte. The formation of aluminum tungstates in
electrolytes with pH 7.8�10.6, presumably in the
amorphous form, is indicated by the closeness of the
elemental composition and the morphology of the
coatings to those formed in a 0.1 M solution of
Na2WO4 [23, 29].

The fact that the dependences of the elemental
composition of the anodic-spark layers on aluminum
and titanium on the pH value of the electrolyte are the
same confirms that HPAs are involved in their forma-
tion. However, it remains unclear why the W/P and
W/Ti atomic ratios for coatings formed by anodic-
spark deposition on aluminum in an acid electrolyte
are nearly twice the W/P and W/Al ratios for coatings
on aluminum (Table 2). It should be noted that not
only the composition of HPAs, but also the solubility
of aluminum and titanium compounds in aqueous
electrolytes is a function of the solution pH. In acid
and alkaline media, the processes of chemical dissolu-
tion of amphoteric oxides are enhanced, and those in
neutral media are insignificant. These processes can
affect formation, composition, and morphology of
coatings.

Despite certain differences between the elemental
compositions of amorphous layers formed on alumi-
num in acid and alkaline electrolytes (pH 2.0 and
12.6), their SEM images [Figs. 4(I)b, 4(I)d] are simi-
lar and the coatings resemble in the surface structure
those obtained in an electrolyte with H3PO4 and
Na2WO4 [30]. The coatings formed in electrolytes
with pH 2.0 and 7.8 have close elemental composi-
tions, but differ in surface morphology. The mor-
phology of crystalline tungsten-containing layers
depends on the current density or amount Q of elec-
tricity expended for their formation [Fig. 4(II)], rather
than on pH of the electrolyte. As Q increases, both
the projecting fragments or surface profile motives
and depressions become larger, which is accompanied
by an increase in the volume of voids. In the case of

a microprobe analysis, the presence of voids leads to
a decrease in the surface-averaged concentration of
tungsten in the coatings, furnished by this method
(Fig. 3e).

CONCLUSIONS

(1) The composition of coatings formed on alumi-
num and titanium alloys in electrolytes with sodium
tungstophosphate reflects the pH dependence of the
composition of heteropolyanions in an electrolyte
solution.

(2) Multilayer coatings that contain in their outer
layer oxides of elements constituting the ligand sphere
of heteropolyanions are formed in weakly acidic,
neutral, and weakly alkaline electrolytes. In acid and
alkaline solutions, the components of heteropoly-
anions are incorporated into coatings formed on alu-
minum and titanium to a lesser extent.

(3) The surface layers formed in electrolytes
with sodium phosphotungstate contain WO2.9 or
Na0.1WO3, products of thermolysis of tungsten-phos-
phorus heteropolyanions.

(4) The surface of coatings formed in a neutral
medium is constituted by loose layers of crystalline
tungsten oxide compounds. The size of fragments of
these layers depends on the current density. The sur-
face of coatings formed in an alkaline medium has
a cellular structure.

(5) The data obtained confirm the direct relation-
ship between the forms in which iso- and heteropoly-
anions are present in electrolytes and the composition
of the layers being formed.
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Abstract�The optimization of the electroplating process in drum electrolyzers to minimize the standard
deviation of the coating thickness is considered.

The uniformity of a deposited metal layer is one
of the main quality parameters of electroplated coat-
ings obtained in baths with drums. The problems of
achieving a prescribed or the minimum possible vari-
ance of the coating thickness arise both in design of
electrochemical systems and in control of the proc-
esses. Solution of these problems is complicated by
the lack of a well-developed theory of the process and
by inconsistency of experimental data on how param-
eters of an electrochemical system affect the uni-
formity of a coating.

Technical specifications for fabrication of articles
with electroplated coatings commonly give the mini-
mum acceptable thickness of deposits, which predeter-
mines the electrolysis duration. If the coatings
deposited are nonuniform, then, on obtaining the
minimum possible deposit thickness in some parts of
an article, the thickness of deposits in other regions
may exceed the minimum value severalfold. This
leads to an unproductive increase in the expenditure of
a metal deposited, electrolyte, and electric power,
lowers the output capacity of the electroplating ap-
paratus, and makes higher the production cost of
the articles manufactured.

The choice of the electrolyte composition and elec-
trolysis parameters, as well as of the design of the
electroplating equipment and feeding units is governed
by the necessity for obtaining articles with the highest
possible thickness uniformity in their different parts.

As an optimization criterion is commonly used the
root-mean-square deviation (also termed standard
deviation) � of the thickness of a coating on articles
from its average value.

The main factors that affect the chosen criterion are
the current I, drum filling Ct, drum rotation frequency
�, and drum parameters: diameter D and degree of

wall perforation f0. Let I, Ct, and D be variables.
Then, to optimize the drum electrolyzer, it is neces-
sary to find the current I, drum filling Ct, and drum
diameter D at which the standard deviation of the
coating thickness, �(I, Ct, D) is the smallest:

�(I, Ct, D) � min,

at constraints determined by the equations of a math-
ematical model and by process limitations.

A particular case of the optimization problem to be
solved is a search for process variables: current I and
filling Ct for an available drum. In this case, it is
necessary to find the current I and drum filling Ct
at which the standard deviation of the coating thick-
ness, �(I, Ct), is the smallest:

�(I, Ct) � min.

To relate the chosen criterion to the variables, we
construct a system of equations of the mathematical
model. Theoretical concepts of the process and gen-
eralized experimental data formed a basis for the con-
straint equation suggested in [1], which relates the
standard deviation of the thickness of a coating de-
posited onto articles in a rotating drum to the param-
eters of the system:

� = K�h���0.5, (1)

where K is the scatter factor; h, average coating thick-
ness; and ��, electrolysis duration.

The average coating thickness is found from the
equation

n

� hi
i = 1�h = ������,n
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Anode

Fig. 1. Cross section of a drum electrolyzer.

where hi is the deposit thickness on the surface of ith
article, and n is the number of articles in the drum.

The scatter factor K is found using the formula

� �D sin (�/2)� �� �0.5

K = �(	Dfe � 1)������ 
1 + ����������� , (2)
390�Em Vt�/360� 
� �

where � is the current distribution parameter; D, drum
diameter; fe, filling factor; �, central angle opposite to
the charge surface; �, drum rotation frequency; Em,
efficiency of stirring of the articles; and Vt, article
falling velocity (Vt = 525 cm min�1 was recommended
in [1]).

The parameter � is determined by the geometry of
the articles being processed and by the electrolyte
properties in accordance with the equation

	 = [(S/Vz)ZFi0/(�RT)]0.5, (3)

where S /Vz is the ratio of the total area of the charge
to its volume; i0, exchange current density (the physi-
cal meaning of this quantity is the rate of the ion
exchange between the metal and solution in equi-
librium; it has a tabulated value determined by the
type of the electrode and the composition of the elec-
trolyte); �, electrical conductivity of the solution;
Z, number of electrons involved in the electrochemical
reaction; F, Faraday number F = 96484.56 C mol�1;
R, universal gas constant, R = 8.31433 J mol�1 K�1;
and T, absolute temperature of the solution.

Taking into account that Vz = Var and S = nSar,
where Var and Sar are the volume and surface area of
an article, respectively, we have

S/Vz = Sar/Var.

Then formula (3) takes the form

	 = [(Sar/Var)ZFi0/(�RT)]0.5.

The feed factor fe is calculated using the equa-
tion [2]

�/360 � 1/(2�) sin� � Vd/Vb
fe = ����������������������, (4)

8[ f0�/360 � 1/� sin (�/2)]

where Vd is the volume of the cathode contacts; Vb,
drum volume; and f0, degree of perforation of drum
walls.

The drum filling Ct is the quantity found from the
formula

Ct = Vz/Vb. (5)

Let us consider a cross section of a round drum that
is perpendicular to its axis (Fig. 1).

The hatched region is that part of the drum in
which the articles are contained. Let L be the drum
length. Then Vb = SbL and Vz = SzL, where Sb is the
cross-sectional area of the drum, and Sz is the area of
the feeding cross section. Hence,

Ct = Sz /Sb. (6)

The cross-sectional area of the drum is found as

Sb = �D2/4,

and the area of the feeding cross section is defined as
the difference of areas of sector AOB and triangle
AOB:

�
Sz = ��� (�D2/4) � 0.5(D2/4) sin�.

2�

Then Eq. (6) is brought to the form

CtSb = Sz,

�
Ct(�D2/4) = ��� (�D2/4) � 0.5(D2/4) sin�,

2�

Ct� = �/2 � sin(�/2),

� = sin� + 2Ct�. (7)

If the drum filling is known, we can find from
Eq. (7) the central angle � (rad) opposite to the charge
surface.

In [1], the stirring efficiency Em is defined as the
number of random agitations of the charge, divided
by the number of drum revolutions or, in other words,



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

OPTIMIZATION OF ELECTROPLATING PROCESSES IN DRUM BATHS 1471

the number of random agitations of the charge per
revolution of the drum.

Let us assume that the drum electrolyzer has the
form of a rotating smooth drum, within which a
granular substance, loaded articles, moves. The sub-
stance in the drum moves in the rolling mode and
circulates around point C, the circulation center
(Fig. 2).

It has been shown that the average time �av of a
cycle of circulation of the material around point C can
be found as

2Q
�av = ������������,

4�bl�(R2 � Rc
2)

where Q = 1/2L�R2(2	0 
 sin2	0) is the total amount
of the material in the drum; R, drum radius; �bl, bulk
density of the material; 	0, angles AOC and COB
(Fig. 2); and Rc, distance from the drum axis to the
circulation center C.

Then

LR2(2�0 � sin 2�0)
�av = ��������������. (8)

4�(R2 � Rc
2)

As �av � 0 and Q � 0, it follows from (8) that
R2 
 Rc

2 > 0, R > Rc or Rc < R. This condition is satis-
fied when the drum is less than half-filled. Con-
sequently, Ct < 0.5. The average number N of circula-
tion cycles during the time �� spent by the material in
the drum is given by

N = ��/�c. (9)

Then, at �� equal to the time of a revolution, N = Em.
The time of a revolution

�1 = 1/�. (10)

Combining formulas (8)
(10) and taking into account
that 2	0 = �, we have

4
Em = ���������[1 � (Rc/R)2].

L(� � sin�)

In [4], a procedure for calculating Rc was reported,
whence follows that, as a rule, the circulation center C
is situated at a distance equal to one third of the
charge depth from the charge surface. Then

Rc = a + 1/3(R � a) = (2a + R)/3 = (2R cos �0 + R)/3

= R/3[2cos (�/2) + 1].

Anode

Fig. 2. Circulation of articles in the drum.

Hence,

4 2cos (�/2) + 1� �2� �
Em = ����������1 � 
����������� �. (11)

L(� � sin�) 3� 
� �

The average coating thickness


h on articles from

the same charge is determined from the Faraday law
[5]:

�h = (E�/�m)i��, (12)

where � is the current efficiency; E, electrochemical
equivalent of a metal being deposited (g A�1 h�1); �m,
density of the metal being deposited (g cm�3); and
i, average current density (A cm�2).

When the articles move within the drum, the charge
is strongly agitated. As a result of the mechanical
impact, the coatings being deposited are partly rubbed
away, which is particularly pronounced in electro-
deposition of soft metals (zinc, tin, etc.). In [6], the
wear loss factor 
 was introduced, which has the fol-
lowing values: 20
40 and 40
60% for hard and soft
metals, respectively. With account of the coefficient 
,
Eq. (12) takes the form

�h = [E�/�m(1 + 0.01�)]i��. (13)

The current density is the ratio of the current I to
the area of that surface of the layer of articles, which
faces the anode:

i = I/Sa. (14)

Let us assume that the surface facing the anode is
a rectangle with sides AB and L (Fig. 1). The side AB
= D sin (�/2). Then the area Sa is given by

Sa = LD sin (�/2). (15)
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i = imax

h = hmin

i = imin

M = Mmin M = Mmax

Ct

Fig. 3. Constrains and feasibility region for the optimiza-
tion problem. (I) Current and (Ct) drum filling; the same
for Figs. 4�6. I = imin and i = imax are the curves of con-
straints on the average current density i; M = Mmin and
M = Mmax, straight lines of constraints on the charge mass
M; and h = hmin, curve of constraint on the thickness h of
a coating being deposited.

With account of (14) and (15), Eq. (13) takes the
form

�h = [E�/�m(1 + 0.01�)][I/LD sin (�/2)]��. (16)

Let us determine how the charge area Sz depends
on the drum filling Ct.

Provided that identical articles are coated in the
drum, we have for the charge area

Sz = nSar.

It follows from Eq. (5) that the charge volume
Vz = Ct Vb. The bulk density can be defined as

�bl = M/Vz,

where M is the mass of the charge.

Hence follows that M = �bl Vz = �blCtVb. Then
the number of articles in the drum

n = M/Mar = �bl CtVb/(�arVar),

where Mar is the mass of an article, and �ar is the
density of its material.

The charge area

Sz = nSar = CtVbSar/Var�bl/�ar.

With account of the mathematical model we con-
structed, the mathematical formulation of the optimi-
zation problem is as follows: it is necessary to find the
current I, drum filling Ct, and drum diameter D at
which the standard deviation of the coating thickness,

�(I, Ct, D), is at a minimum:

�(I, Ct, D) � min.

The constraint equations are the following:

� = K�h���0.5,

�h = [E�/�m(1 + 0.01�)][I/LD sin (�/2)]��,

� �D sin (�/2)� �� �0.5

K = �(	Dfe � 1)������ 
1 + ����������� ,
390�Em Vt�/360� 
� �

4 2cos (�/2) + 1� �2� �
Em = ����������1 � 
����������� �,

L(� � sin�) 3� 
� �

�/360 � 1/(2�) sin� � Vd/Vb
fe = ����������������������,

8[ f0�/360 � 1/� sin (�/2)]

	 = [(Sar/Var)ZFi0/(�RT)]0.5, (17)

� = sin� + 2Ct�,

i = I/Sa,

M = CtVb�bl,

Vb = L�D2/4.

Constraints:
�h � hmin, (18)

�� � ��max, (19)

Mmin � M � Mmax, (20)

imin � i � imax, (21)

where hmin is the prescribed minimum coating thick-
ness; ��max, maximum acceptable time of coating
deposition; Mmin, minimum mass of charge (deter-
mined by the prescribed output capacity): Mmax,
maximum acceptable mass of charge (determined by
the drum design); i, average current density; imax,
maximum acceptable current density (exceeding this
value leads to appearance of rejects); and imin, mini-
mum acceptable current density.

With imin and imax known, we can determine the
constraints on the current: Imin = Sa imin, Imax = Saimax
at a fixed surface area Sa of the layer of articles that
faces the anode. We start solving the optimization
problem from a particular, the simplest, case.

First, it is necessary to make analysis for existence
of a solution to the optimization problem. The prob-
lem can be solved if there exists a feasibility region
specified by constraints (18) and (20)
(21) (Fig. 3).
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The plots of the functions i = imin, i = imax, and h =
hmin are curves emerging from the origin of coordi-
nates. The slope of these curves is directly propor-
tional to the current density i. For the first function,
i = imin; for the second, i = imax; and for the third,
i = ihmin, where ihmin is the current density at which
the coating thickness is hmin. The value of ihmin can
be found from Eq. (13):

hmin(1 + 0.01�)�m
ihmin = ���������������.

E���

The condition for existence of a feasibility region
and, consequently, of the solution itself is as follows:
the plot of the function h = hmin must run above the
plot of the function i = imin, but below that of the
function i = imax, which is possible if the following
condition is satisfied:

imin � ihmin � imax. (22)

The optimization problem is two-dimensional (2D),
because it has two sought-for variables. Let us con-
sider Eq. (1). Let us assume that the scatter factor K is
constant. Then, with account of �� = const, the stan-
dard deviation of the coating thickness, �, will be at
a minimum at the smallest average coating thickness
h, i.e., the sought-for solution (Ct*, I*) will lie on the
curve h = hmin in the feasibility region (PQ portion).

The minimum standard deviation of the coating
thickness � = Khmin��

�0.5. The scatter factor K is
independent of ��. Then � = const���0.5. Con-
sequently, the standard deviation of the coating thick-
ness, �, decreases as the time of coating deposition,
��, becomes longer, and the minimum value of � is
observed at �� = ��max. Therefore, inequality (19) is
transformed into the equality �� = const = ��max.

The scatter factor function K is independent of the
current I, being determined only by the drum filling
Ct. Then, having found the value of Ct* at which the
scatter factor function K(Ct) takes the minimum value,
we can determine the precise position of the sought-
for solution to the optimization problem on the h =
hmin curve in the feasibility region:

I* = Sihmin = LD sin (�/2) ihmin. (23)

Thus, the 2D optimization problem is reduced to
a 1D problem that consists in a search for a minimum
of the function K(Ct) on the interval [CtP

, CtQ
], where

CtP
= Mmin/(�bl Vb),

CtQ
= Mmax/(�bl Vb).

To solve the general optimization problem, which
is of the 3D type, we considered particular cases at
different diameters D of the drum electrolyzer.

The minimum standard deviation of the coating
thickness � = Khmin��

�0.5 = K (D)const. In for-
mula (2) for the scatter factor K, the diameter D is in
the numerator with a positive sign, and, therefore,
the standard deviation of the coating thickness, �,
increases as D becomes larger. Thus, the minimum
value of � is achieved at the minimum possible values
of the diameter D.

Then, the general optimization problem is solved
as follows: D is raised, beginning with Dmin, with
a step �D until there exists the feasibility region [con-
dition (22) is satisfied]. This diameter is taken to be
the optimal diameter D*. Further, the minimum of the
function K(Ct) is found on the interval [CtP

, CtQ
]

using a method for 1D optimization (e.g., the bisection
method). The resulting optimal value of Ct* is used to
calculate by formula (23) the optimal current I*.

Thus, a 1D algorithm is used in the final stage
when solving the 3D optimization problem.

If constraint (18) is used, negative deviations of the
coating thickness from the average value are possible
for a large number of articles. It is more correct to use
constraints of the following type:

�h � � � hmin,

�h � hmin + �. (24)

The standard deviation of the coating thickness, �,
will be at a minimum at the smallest h, i.e., at

�h = hmin + �,

The coordinate Ct* corresponds to the minimum of
the function K(Ct). I* can be calculated from h and
Ct* by formulas (7) and (16).

It is necessary to satisfy condition (24). This is
achieved as follows.

(1) The starting value �(0) = 0 is set. It is taken
that hmin = hmin + �(0). The optimization problem is
solved with constraint (18). As a result, the optimal
value �(1) is obtained.

(2) It is taken that hmin = hmin + �(1). The optimi-
zation problem is solved with constraint (18). As a
result, the optimal value �(2) is obtained, etc.

This procedure is continued until the condition

��(i + 1) � �(i)� � �,
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Ct = 21.01%,
I = 23.82 A,
� = 0.5402 �m

Ct, %

I, A

Fig. 4. Solution of the optimization problem for the opera-
tion mode of a drum electrolyzer for 10 � M � 40 kg.

Ct, %

I, A

Ct = 16.68%, � = 0.5484 �m

I = 22.56 A,

Fig. 5. Solution of the optimization problem for the opera-
tion mode of a drum electrolyzer for 10 � M � 20 kg.

I, A

Ct, %

Ct = 49.91%, I = 11.32 A,
� = 0.4618 �m

Fig. 6. Solution of the optimization problem in designing
a drum electrolyzer.

where i is the number of iteration and � is prescribed
accuracy, is satisfied.

In the study, the problem of optimization of the
operation mode of a drum-type nickel-plating bath is
solved. As an example is taken a drum electrolyzer
with the following parameters: diameter D = 22.5 cm,

length L = 60 cm, rotation frequency � = 8 rpm, and
degree of wall perforation f0 = 22%.

The parameters of the metal being deposited (nick-
el) and the electrolyte are as follows: electrochemical
equivalent E = 1.095 g A�1 h�1; current efficiency � =
0.97; wear coefficient 
 = 40%; number of electrons
involved in electrolysis z = 2; exchange current
density i0 = 0.001 A cm�2; electrical conductivity � =
0.5 ��1 cm�1; electrolyte temperature T = 313 K; and
metal density �m = 8.9 g cm�3.

Articles with a total surface area Sar = 6 cm2 and
volume Var = 1 cm3 are to be nickel-plated. The
density of the material of the articles �ar = 7.8 g cm�3,
bulk density �bl = 5 g cm�3, time of coating deposi-
tion �� = 30 min. The minimum acceptable coating
thickness hmin = 8 �m. The constraint on the charge
mass M: 10 � M � 40 kg; and the current density
1.5 < i < 3 A dm�2.

The solution of the problem produced the follow-
ing result (Fig. 4): drum filling Ct = 21.01%, current
I = 23.82 A, standard deviation � = 0.5402 �m, aver-
age coating thickness



h = 8.5402 �m, charge surface

area S = 1.927 m2, charge mass M = 25.06 kg, current
density i = 2.004 A dm�2, and constraint on the
current I: 17.84 < I < 35.67 A.

At another constraint on the charge mass (10 � M �
20 kg), the following result was obtained (Fig. 5):
drum filling Ct = 16.68%, current I = 22.56 A, stan-
dard deviation � = 0.5484 �m, average coating thick-
ness



h = 8.5484 �m, charge surface area S = 1.531 m2,

charge mass M = 19.91 kg, current density i =
2.006 A dm�2, and constraint on the current I: 16.87 <
I < 33.75 A.

Solving the problem in designing a drum elec-
trolyzer, when not only process, but also design pa-
rameters are sought for, yielded the following result
(Fig. 6): drum diameter D = 9.5 cm, drum filling Ct =
49.91%, current I = 11.32 A, standard deviation � =
0.4618 �m, average coating thickness



h = 8.4618 �m,

charge surface area S = 0.8163 m2, charge mass M =
10.61 kg, current density i = 1.985 A dm�2, and con-
straint on the current I: 8.55 < I < 17.1 A.

CONCLUSION

The problem of optimization of a drum electrolyzer
in order to minimize the standard deviation of the
article coating thickness from the average value was
formulated and solved. The definition domain of the
optimization problem was analyzed. An algorithm for
a search for the optimal parameters of a drum elec-
trolyzer was developed.
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Abstract�The possibility of making shorter the time of fabrication of a nickel oxide electrode by impregna-
tion of a metal�ceramic support in a nickel nitrate solution with addition of sodium nitrite was studied.

The duration of multicycle procedures in fabrica-
tion of nickel oxide electrodes (NOE) on metal�
ceramic (MC) supports is mainly determined by the
time of impregnation of MC supports in a solution
that contains nickel salts, most frequently Ni(NO3)2
(pH < 7) [1]. Up to 97�98% of the total impregnation
time (up to 15 h) is necessary for obtaining the active
substance via oxidation of nickel from the support,
which occurs by the electrochemical mechanism [1, 2].
The fraction of the active substance obtained via oxi-
dation of nickel from an MC support in a Ni(NO3)2
solution is about 30% [3]. To make shorter the time in
which MC NOEs are fabricated and to diminish the
power consumption and labor intensity of the process,
it is necessary to accelerate the oxidation of nickel in
the course of impregnation.

The influence exerted by NaNO2 on impregnation
of MC supports was studied by Zhdanov et al. [4].
However, in contrast to our study, Zhdanov et al. [4]
used a chloride solution, which has a lower oxidation
capacity and does not undergo disproportional self-
regeneration.

The aim of this study was to examine the influence
exerted by addition of NaNO2 to Ni(NO3)2 solution
on the rate of etching of nickel contained in MC sup-
ports and on the electrical characteristics of MC NOEs
obtained.

EXPERIMENTAL

The electrodes studied were fabricated on 30�10 �
1.6-mm MC nickel supports with a bulk porosity of
70�75%. The MC supports were filled with nickel(II)
hydroxide by the following scheme: impregnation

with an Ni(NO3)2 solution (cNi(II) = 300�330 g l�1)
containing NaNO2 (5�10 g l�1), pH 1�5, temperature
60�80�C, � = 1 h; crystallization in air (30 min); treat-
ment in an alkali solution (cKOH = 300�330 g l�1,
T = 60�80�C, � = 1 h); washing to remove the alkali;
and drying (T = 110�C). Changes in the mass of the
MC supports were determined as the difference of
masses before impregnation and after a full cycle of
the procedures performed. The mass of nickel dis-
solved from the MC support was determined by com-
plexometric titration [5]. The characteristics of the
nickel etching process were found using the model
described in [5]. The chemical composition of the
active substance in NOE was determined by the proce-
dure described in [6].

The composition of the corrosion products formed
was identified by X-ray diffraction analysis on a
DRON-2 diffractometer at an acceleration voltage
of 32 kV, current of 0.8 mA, slit dimensions of
1 � 8 � 1 mm, and filter wavelength of 0.58 �. Quali-
tative analysis of the X-ray diffraction patterns was
made using the procedure described in [7].

The rate-determining stage of reduction of NO3
� and

NO2
� was identified using a potentiodynamic method

in which polarization curves were measured with a
linear potential sweep at a rate of 2�20 mV s�1.

The capacity characteristics of the electrodes
fabricated were determined by discharge in cells with
auxiliary electrodes made of cut-through nickel foil
with separators fabricated from perforated rigid
PVC. As an electrolyte served a KOH solution (1.19�
1.20 g cm�3). In the course of charging, 150% of the
theoretical capacity of the electrodes was imparted to
them at a current density of 4.4 mA cm�2 [8]. The



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

INTENSIFICATION OF IMPREGNATION OF METAL�CERAMIC SUPPORTS 1477

discharge was performed at the same current density
until the working potential changed abruptly.

Analysis of the corrosion diagram obtained for the
system under study (Fig. 1) shows that nickel is
etched in a Ni(NO3) solution with a NaNO2 additive
by the electrochemical mechanism with a cathodic
control. The rate of nickel dissolution in solutions
with addition of sodium nitrite increases by a factor
of approximately 5 as compared to that of nickel etch-
ing in a Ni(NO3)2 solution (Fig. 1).

The introduction of a NaNO2 additive into a
Ni(NO3)2 solution changed its oxidation power: the
equilibrium potential of the redox system in solution
was 1.1 V, and the shift of the potential, 0.13 V
(Fig. 2). At first sight, this dependence seems to be
anomalous: the product formed in cathodic reduction
of nitrates, NO2

� ions, has a higher oxidation power
than the starting reagent, NO3

�. Such an anomaly can
be accounted for only by formation of an electro-
chemically active substance with a higher oxidation
power.

According to [9], the following slow reaction of
autocatalysis, which precedes the discharge, occurs in
concentrated nitrate solutions:

HNO3 + HNO2
�
� N2O4 + H2O. (1)

Nitrites are always present in nitrate solutions
because of the partial decomposition of the Ni(NO3)2
solution at elevated temperatures (100�300�C) [6]:

2Ni(NO3)2 � 2NiO + 4NO2 + O2. (2)

Nitrogen oxide NO2 reacts with water [10]:

2NO2 + H2O � HNO3 + HNO2. (3)

The presence of NO2
� ions in a Ni(NO3)2 solution

must facilitate formation of the active component
N2O4 by shifting the equilibrium of reaction (1) to
the right. The content of nitrite in the Ni(NO3)2
solution will be maintained constant, in the case of its
low values, by disproportionation of HNO2 in hot acid
solutions [10]:

3HNO2
�
� HNO3 + 2NO + H2O. (4)

Nitrogen(II) oxide being formed by reaction (4) can
be oxidized in the presence of oxygen to NO2 [10],
which dimerizes to N2O4 [9, 11]. This dimer is a
strong oxidizing agent (E0 = 1.2 V [12]), which can
convert basic salts of nickel(II), contained within

E, V vs. NHE
j � 10�3, mA cm�2

Fig. 1. Corrosion diagram obtained on nickel in a Ni(NO3)2
solution without an additive and with a NaNO2 additive.
T = 80�C, cNi(II) = 320 g l�1, pH 3; the same for Fig. 2.
(E) Potential and (j) current density; the same for Fig. 2.
NaNO2 content (g l�1): (1) 0 and (2) 10; the same for Fig. 2.
Curves: (1, 2) cathodic, obtained on Pt; (1�, 2�) anodic,
obtained on Ni.

j � 10�2, mA cm�2

E, V vs. NHE

Fig. 2. Cathodic potentiodynamic polarization curves
obtained on Pt. Potential sweep rate 2 mV s�1.

pores of the MC supports, into NiOOH (E0 = 0.6�
1 V [8]).

The voltammetric curve obtained on Pt in a
Ni(NO3)2 solution at a potential sweep rate of
2 mV s�1 shows at potentials of 0.35�0.1 V a region
of the limiting current density, which is associated
with reduction of NO3

� ions to NO2
� (Fig. 2). Upon

addition of NaNO2 to a Ni(NO3)2 solution, the limit-
ing current density increases by a factor of approxi-
mately 5 (Fig. 2). This suggests the occurrence of
joint reduction of NO3

� and NO2
� ions (E0

NO3
�/NO2

� =
0.83 V, E0

NO2
�/NH4

+ = 0.86 V [12]) and increase in
the total concentration of the depolarizing agent in
solution.

At potential sweep rates of 5�10 mV s�1, the volt-
ammograms show a peak of the cathodic current.
A Ni(NO3)2 solution without additives and with a
NaNO2 additive is characterized by a linear depen-
dence of the current density on the square root of the
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Table 1. Effect of the solution composition on the intensity
of lines in the X-ray diffraction pattern
����������������������������������������

Solution � Film composition � I
����������������������������������������
Ni(NO3)2 �Ni(NO3)2 �Ni(OH)2 �100, 58, 50
Ni(NO3)2 + �Ni(NO3)2 �Ni(OH)2 � �-NiOOH�84, 32
NaNO2 � �
����������������������������������������

potential sweep rate, jp = f (V1/2). This dependence is
extrapolated into the origin of coordinates, which is
due to a slowed-down diffusion of the depolarizing
agent to the electrode surface [13]. As the potential
sweep rate is made faster, films of basic compounds
of nickel, which appear when the pH of the near-elec-
trode zone increases, have not enough time to be
formed. The process passes into the quasi-reversible
region: the dependence jp = f(V1/2) deviates from a
linear behavior, which suggests occurrence of a
slowed-down chemical reaction preceding the dis-
charge.

The diffusion coefficient was calculated by the
Randles�Shevchik equation [13]

n3/2 F3/2

jp = 0.446�������D1/2 V1/2 c0
ox, (5)

R1/2 T1/2

where jp is the peak current density (A cm�2); cox,
oxidant concentration (M); D, diffusion coefficient
(cm2 s�1); V, potential sweep rate (V s�1); n, number
of electrons exchanged in an elementary event; T, proc-
ess temperature (K); F, Faraday number (C mol�1);
and R, universal gas constant (J K�1 mol�1).

For a Ni(NO3)2 solution with addition of NaNO2,
the diffusion coefficient of the oxidizing agent was
9.4 �10�5 cm2 s�1, which exceeds by a factor of 6 its
value in the Ni(NO3)2 solution (1.5 �10�5 cm2 s�1).
This indicates that the diffusion hindrance to the proc-
ess is partly lifted in the case of joint reduction of
NO3

� and NO2
� ions. The rate of the cathodic process

in a Ni(NO3)2 solution with addition of NaNO2 starts
to be determined, to a greater extent than that in the
Ni(NO3)2 solution, by the rate of the chemical reac-
tion (1), in which nitrate ions react with nitrite ions.

The presence of a NaNO2 additive in the Ni(NO3)2
solution makes higher the rate of the cathodic stage
and the overall intensity of the process. In addition,
impregnation of MC supports in a Ni(NO3)2 solution
with a NaNO2 additive leads to formation of higher
nickel oxides of general formula NiO1.5�1.6 within the
pores of the electrode. The high electrochemical activ-

ity of the resulting compound is confirmed by the fact
that electrodes subjected to a single act of impregna-
tion in a Ni(NO3)2 solution with a NaNO2 additive
have a specific discharge capacity of 2.25 mA h cm�3

without any preliminary charging. The deep oxidation
of nickel in the impregnation of MC supports was
favored by the presence in solution of a strong oxidiz-
ing agent, formed in disproportionation of NO2

� ions.

An X-ray diffraction analysis demonstrated
(Table 1) that a smaller amount of the solid phase is
formed in the presence of NO2

� ions, compared to a
Ni(NO3)2 solution without additives, as indicated by
the lower intensity I of diffraction lines. In this case,
higher nickel oxides with a structure of �-NiOOH are
contained in the film formed on cathodic areas of
nickel in a Ni(NO3)2 solution with a NaNO2 additive.

The optimal conditions of impregnation of MC
support in a Ni(NO3)2 solution with a NaNO2 additive
were determined taking into account that the equi-
librium of reaction (4) must shift to the right as tem-
perature is elevated and pH of the solution decreases
[10]. It is inadvisable to raise the impregnation tem-
perature to above 80�C for process reasons. The rate
of nickel etching in a Ni(NO3)2 solution with a
NaNO2 additive does increase as the acidity of the
solution is made higher. In this case, the oxidation
state of nickel increases to NiO1.8 at pH 1. This can be
attributed to a shift of the equilibrium of reaction (4)
to the right, which leads to an increase in the content
of the oxidizing component N2O4 in solution.

The rate of nickel etching in a Ni(NO3)2 solution
with a NaNO2 additive grows during the first hour of
the process and then decreases somewhat, which is
due to the formation of difficultly soluble films of
basic nickel compounds on the surface.

The greatest weight gain of the MC support and
a fairly high nickel etching rate (0.1 g g�1 h�1) were
obtained at the following impregnation conditions:
cNi(II) = 300�330 g l�1, cNaNO2

= 5�10 g l�1, pH 3,
T = 60�80�C, � = 1 h.

The results obtained in impregnation of MC sup-
ports and the electrical characteristics of the MC
NOEs fabricated under the optimal impregnation con-
ditions are listed in Table 2.

The rate of Ni dissolution in a Ni(NO3)2 solution
with a NaNO2 additive is by a factor of approximately
4 higher than that in the Ni(NO3)2 solution (Table 2).
In the second cycle of impregnation, when higher
nickel oxides are present in pores of the MC supports,
the maximum rate of nickel oxidation is observed
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Table 2. Parameters of the process and MC NOE after impregnation in a Ni(NO3)2 solution*
������������������������������������������������������������������������������������

Parameter
� Concentration of NO2

� ions, g l�1

�������������������������������
� 0 � 10

������������������������������������������������������������������������������������
Relative weight loss of the MC support, �m, g g�1: � �

1st cycle � 0.04 � 0.1
2nd cycle � 0.03 � 0.12
� in 5 cycles � 0.11 � 0.43

Weight change of MC supports upon impregnation, �m, g cm�3 � 0.74 � 0.97
� in 5 cycles � �

Q, A h cm�3 � 0.23 � 0.31
Kutil, % � 100 � 100
������������������������������������������������������������������������������������
* Q, specific discharge capacity; Kutil, coefficient of utilization of the active substance.

because of the operation of a Ni�NiOx cell. The sub-
sequent decrease in the oxidation rate in a Ni(NO3)2
solution with a NaNO2 additive is due to partial ex-
haustion of the oxidizing agent, N2O4. The mass of
the active substance, necessary for obtaining a specific
discharge capacity of 0.3 A h cm�3 [2] of MC sup-
ports impregnated by the technique developed, is
accumulated in 5 cycles of impregnation for 1 h
(Table 2). At the same time, only 76% of the required
mass is obtained in metal�ceramic supports impreg-
nated under the same conditions in a Ni(NO3)2 solu-
tion without an additive. Up to 61% of the active sub-
stance is formed through etching of nickel contained
in an MC support in the case of impregnation in a
Ni(NO3)2 solution with a NaNO2 additive, and only
35%, in impregnation of MC supports in a Ni(NO3)2
solution (Table 2). The stronger oxidation of the nick-
el support in nitrate�nitrite solutions does not impair
the mechanical strength of the electrodes obtained,
because only 15% of the total amount of nickel is
oxidized (up to 20% is acceptable [8]).

The electrochemical activity of Ni(OH)2 obtained
from a Ni(NO3)2 solution with a NaNO2 additive was
tested in forming of MC NOE. The utilization coef-
ficient of the active substance in electrodes of this
kind is the same as that for electrodes impregnated
in a Ni(NO3)2 solution (Table 2).

When a NaNO2 additive was introduced into a
Ni(NO3)2 solution, the total time of impregnation of
MC supports decreased to 5 h, whereas in the case of
the �nitrate� technique, the necessary amount of the
active substance in an MC support is only accumu-
lated after 18 h of impregnation in a Ni(NO3)2 solu-
tion [3]. As demonstrated by experiments on dissolu-
tion of nickel from an MC support, the influence
exerted by the NaNO2 additive is preserved during

5 to 6 cycles. Further, the rate of Ni oxidation in
a Ni(NO3)2 solution with a NaNO2 additive becomes
the same as that in the Ni(NO3)2 solution.

CONCLUSIONS

(1) The time of impregnation of metal�ceramic
supports of nickel oxide electrodes becomes 30�38%
shorter, compared to an ordinary nitrate impregna-
tion, upon introduction of 5�10 g l�1 NaNO2 into
a Ni(NO3)2 solution. A process for nitrate�nitrite
impregnation is suggested.

(2) The effect of the nitrite additive is attributed to
disproportionation of nitrites to give an electrochemi-
cally active dimer of nitrogen(IV) oxide.
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Abstract�Recovery of zinc from solid wastes from production of fluoropolymers is studied. The processes of
zinc utilization for preparation of zinc�graphite and zinc�phosphate�poly(tetrafluoroethylene) anticorrosion
coatings are developed, including those using mother liquors from production of fluoropolymers.

Composite electrochemical coatings (CECs) are
widely used today thanks to valuable properties of
their metallic matrix and nonmetallic inclusions. In
this work we developed processes for preparation of
zinc�graphite and zinc�phosphate�poly(tetrafluoro-
ethylene) (PTFE) coatings, including those using
by-products from production of fluoropolymers.

EXPERIMENTAL

In zinc electroplating, large amounts of zinc salts
and zinc anodes are expended. In this connection, a
process has been developed for utilization of zinc cata-
lyst waste from production of trifluorochloroethylene,
which is used in manufacture of fluorocopolymers.
Significant contents of zinc and its compounds in the
sludge (12 wt % Zn, 10 ZnCO3, 64 ZnO, and 8�14
ZnCl2) allows electrochemical recovery of zinc on a
cathode. To prepare the electrolyte (230�300 g l�1

ZnSO4), zinc was leached with an estimated amount
of sulfuric acid with heating and stirring. After filtra-
tion, pH was adjusted to 3�4, and the precipitated
iron(III) hydroxide was filtered off.

Zinc was deposited onto aluminum cathodes (S =
0.36�0.45 dm2) using lead anodes at various current
densities and an electrolysis time of 1.5 h. The depen-
dence of the current efficiency (CE) on the current
density is parabolic (Fig. 1) with a maximum at Ic =
400�600 A m�2. Visual observations showed that
the grey grainy zinc deposit is formed with small
dendrites at the edges of the cathode.

In full utilization of by-products from production
of fluoropolymers (see scheme), the zinc-containing
sludge goes from the storage tank to washing with
deionized water and dissolution of salts. After settling,

the solution is separated by decantation. The precipi-
tate of Zn, ZnO, and ZnCO3 goes to sulfuric acid dis-
solution to convert it into ZnSO4. Simultaneously
Zn2+ is recovered from the decanted ZnCl2 solution
by adding NaOH to pH 8�9 at which Zn(OH)2 is
formed [1] (pH 10.5 corresponding to dissolution of
the precipitate [1] must not be reached). The resulting
precipitate of Zn(OH)2 is settled, separated from the
solution, washed, and directed to sulfuric acid leach-
ing. The solutions are mixed in a reactor. The result-
ing electrolyte goes to filtration, analysis, and condi-
tioning. A conditioned solution should contain 70�
120 g l�1 Zn(II) and 50�100 g l�1 sulfuric acid [2].
The electrolyte prepared for use is fed to a galvanic
tank, representing a flow-through electrolyzer, where
zinc is deposited onto aluminum cathodes using lead
anodes. Spent electrolyte is depleted of zinc(II) and
enriched with sulfuric acid according to the reaction

ZnSO4 + H2O �
� Zn + H2SO4 + 0.5O2.

The spent electrolyte is conditioned by adding zinc
hydroxide.

In the next stage, zinc is mechanically removed
from the cathodes and directed to fusing and manufac-
ture of plates, and then, to fabrication of anodes and
preparation of the electrolyte fed to a zinc-plating
bath. Zinc anodes are also arranged in an electrolytic
tank. Also electrochemically reduced zinc can be re-
turned to the trifluorochloroethylene production cycle.
Composite electrochemical coatings can be prepared
by adding a disperse phase to the zinc electrolyte.

We studied the possibility of preparing Zn�graphite
CEC. To prepare a suspension electrolyte we used
ammonium chloride zinc solution with a composition
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Flowsheet of utilization of zinc-containing wastes from production of monomer-3.

(g l�1): ZnCl2 40�120, NH4Cl 180�220, Likonda A
30�70, Likonda B 3�5; pH 5.4�6.5; T = 15�30�C;
ic = 0.5�3.0 A dm�1. The particle size in colloidal
graphite was 0.5�1.0 �m. Coatings were applied onto
heat-treated 08 kp steel.

The corrosion resistance of the coatings was studied
using the procedure described in [3]. The free corro-
sion potentials were determined for 08 kp steel and

CE, %

ic, A m�2

Fig. 1. Current efficiency CE as a function of the current
density ic in the electrolyte prepared from the zinc sludge.

Table 1. Free corrosion potential �cor
����������������������������������������
Graphite concen- �

08 kp steel
�
��cor, V

tration, g l�1 � �
����������������������������������������

0 �No coating � 0.175
0 �Zinc coating 10 �m thick� 0.695
5 �CEC coating 10 �m thick� 0.680

10 � � 0.680
15 � � 0.690

����������������������������������������

the same steel but zinc-plated or coated with a CEC
layer (graphite concentration 5�15 g l�1). The contact-
ing time of the samples with a drop of an electrolyte
(1% NaCl) was 15 min at 20�C. The results are given
in Table 1.

As seen, the corrosion potential of Zn is more
negative than that of steel, being close to the standard
potential of the zinc electrode (�0.76 V [3]). As
expected, inclusions of positively charged graphite
particles only slightly shift the potential to the posi-
tive direction. Therefore, CEC, like the zinc coating,
will be a protector for steel.

The observed insignificant positive shift of the
potential is a result of the self-lubricating effect in
the coating. Comparison of the emf values of the con-
tacting pairs Zn�Fe, CEC�Fe, and CEC�Zn obtained
under similar conditions at � = 5 min showed the in-
crease in the protective effect:

�E = emfCEC � emf0,

where emfCEC is the contact potential in the pairs
Fe�CEC or Zn�CEC; and emf0, the contact potential
in the pairs Fe�Zn or Zn�Zn.

The measured data are given in Table 2. Increasing
graphite concentration in CEC provides a proportional
increase in �E of the pair CEC (Zn�graphite)�iron.
This is also the case for the pair CEC (Zn�graphite)�
zinc.

The potential of the CEC�iron couple increases
more significantly as compared to CEC�zinc. There-
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Table 2. Contact potential of voltaic couples
������������������������������������������������������������������������������������

Graphite concentration,
�

Graphite content in CEC,
�

Voltaic couple
� emf�103 � �E�103

� � ����������������������������
g l�1

� vol % � � V
������������������������������������������������������������������������������������

0 � 0 � Zn�Fe � 609�13 � �

0 � 0 � Zn�Zn � 0 � �

5 � 21.7 � CEC�Fe � 626�17 � 17
� � CEC�Zn � 15�2 � 15

10 � 26.8 � CEC�Fe � 642�21 � 33
� � CEC�Zn � 25�4 � 25

15 � 35.6 � CEC�Fe � 660�12 � 51
� � CEC�Zn � 35�0 � 35

������������������������������������������������������������������������������������

fore, CEC is more efficient protector for steel than
zinc. If there is a need in more effective protection, it
is recommended to apply a two-layer coating Zn/Zn�
graphite.

The corrosion resistance of steel coated with zinc
or CEC was studied in a corrosion cell under water
vapor at 40�C for 900 h. The area of the samples was
15.2 cm2; the coating thickness, 5, 8, and 10 �m.
We determined the gravimetric corrosion index K =
�m /(�S) (g h�1 cm�2) and counted up the number
of corrosion spots per 1 cm2 of the coating.

Visual examination revealed that the marks of cor-
rosion occur on all the samples studied (as a white
thin film and multiple dark areas). However, the
number of corrosion spots was smaller in the CEC-
coated samples.

Data on the gravimetric corrosion index are pre-
sented in Table 3.

The gravimetric corrosion index of zinc-plated steel
decreases by half with increasing coating thickness
from 5 to 10 �m, but the corrosion rate is independent
of the CEC thickness.

Thus, zinc�graphite coating effectively protects
steel from corrosion in chloride solutions.

It appeared interesting to change the graphite dis-
perse phase for a more inert, polymeric phase. For this
purpose we used a PTFE suspension. It was found
that the deposits formed in ammonium chloride zinc-
plating solution with PTFE are inhomogeneous and
show no corrosion resistance. Therefore, we modified
the composition of the polymer-containing zinc
coating.

Zinc coatings were obtained on flat and screw
samples of 30KhGSA steel. To improve the adhesion,
the zinc-plated surface was subjected to additional

processing (phosphatization) in the solutions whose
compositions are given in Table 4.

The selection criterion of a solution was the specif-
ic weight of the phosphate coating. To attain the
optimal characteristics, it should be 2�10 g m�2.

Visual examination revealed that the phosphate
coatings formed on steel and zinc are quite homogene-
ous. Light-grey or dark-grey deposits consisting of
fine or medium-sized crystals are formed. For differ-
ently shaped samples, at the same process time, the
specific weight of the phosphate coatings was ap-
proximately the same, regardless of the solution com-
position.

Table 3. Gravimetric corrosion index K
����������������������������������������
Coating� Coating thickness �, �m �K�107, g h�1 cm�2

����������������������������������������
Zinc � 5 � 11.7

� 8 � 9.0
� 10 � 5.8

CEC � 5 � 6.1
� 8 � 5.9
� 10 � 5.8

����������������������������������������

Table 4. Solution compositions and phosphatization modes
����������������������������������������

Solu- �
Additive concentration

�
T, 	C

�

, min

tion no.� � �
����������������������������������������

1 �H3PO4, 9.5�13.5 � 85�95 � 3�12
�Zn(NO3)2 �6H2O, 42�58 � �
�Zn(H2PO4)2, 28�36 � � 4�6

2 �Zn(H2PO4)2, 8�12 � 75�85 �
�Zn(NO3)2 �6H2O, 10�12 � �
�Ba(NO3)2, 30�40 � �

����������������������������������������
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Table. 5. Results of corrosion tests in the salt spray cell
(phosphatization time 5 min)
����������������������������������������
Sam- �Phosphatiz-�

Sample
� Centrifuga- � Occurrence

ple �ing solution�
shape

� tion time, �of corrosion
no. � no. � � min � spots
����������������������������������������

1 � 1 �Flat � 1 � �

2 � � � 5 � �

3 � � � 10 � �

4 � 2 � � 1 � +
5 � � � 5 � �

6 � � � 10 � �

7 � 1 �Screw � 1 � +
8 � � � 5 � �

9 � � � 10 � �

13 � 2 � � 1 � �

14 � � � 5 � �

15 � � � 10 � �

����������������������������������������

Modification of the phosphate coating with PTFE
particles was performed by dipping in a stabilized
suspension. The film was held in it for 1 min, after
which the samples were air-dried. A phosphate layer
with PTFE particles in the pores [phosphate�PTFE
composite chemical coating (CCC)] was formed on
the surface. With 25% PTFE suspension, we obtained
a smooth, transparent CCC, but having insufficient
adhesion to the surface. The formation of a metal�
CCC friction couple resulted in exfoliation of the
coating under a stress below 2 kg cm�2. Presumably,
this is due to insufficient penetration of the hydro-
phobic PTFE particles to the phosphate coating,
which is caused by water occurring in the pores. In the
subsequent experiments we used 50% aqueous PTFE
suspension stabilized with OP-10 stabilizer. In this
case, we attained reasonable adhesion, but the coating
was inhomogeneous in the composition and thickness.
To remove the excess of PTFE, the freshly coated
samples were centrifuged for 1 min at 1000 rpm.

m/S, g m�2


, h

Fig. 2. Specific weight of the samples m /S as a function of
the time � of the corrosion tests in the salt spray cell with
natural spraying. Sample shape: (1, 2) flat and (3�5) screw.
Phosphatizing solution no.: (1, 3, 4) 1 and (2, 5) 2. Phos-
phatization time (min): (1�3, 5) 5 and (4) 10.

This operation provided dehydration of the coating,
which became more uniform. The specific weight of
CCC before centrifugation was 21 g m�2. After cen-
trifugation it became 2�3 times lower. To attain a
desired weight, it was sufficient to centrifuge differ-
ently shaped samples for no more than 5 min.

Corrosion tests of the three-layered coating were
carried out gravimetrically in a salt spray cell with
artificial spraying for 200 h and also electrochemically
in the galvanostatic mode.

After completion of gravimetric corrosion tests,
the samples were analyzed for corrosion products.
The results are summarized in Table 5.

Flat sample nos. 1 and 4 and screw sample no. 7
did not pass the corrosion tests after centrifugation for
1 min. Therefore, phosphatization of flat samples and
screw joints can be performed with any of the solu-
tions tested at a centrifugation time of no less than
5 min.

The samples were also tested in a cell with natural
spraying for 900 h. The weighing results obtained
after 200, 400, and 900 h are presented in Fig. 2. It is
seen that, after 200 h, the specific weight is slightly
decreased in the screw samples phosphatized in solu-
tion nos. 1 and 2 for 10 and 5 min, respectively. With
increasing testing time to 400 h, the weight of all
the samples studied increased, the effect being more
pronounced in the screw samples. We observed no
corrosion of the support throughout the 900-h test,
i.e., the coatings and deposition modes could be re-
commended for practical use.

Electrochemical corrosion tests were carried our by
measuring the free corrosion potential on the surface
of 08 kp steel (30 � 50 mm) and also on the coated
surfaces (Fig. 3). The corrosion potential of steel in
3% NaCl was found to be �0.3 V. Application of
a Zn coating shifts the potential by 0.56 V to the
negative region. Phosphatization of the surface shifts
the free corrosion potential of the coating by 0.07 V to
the positive direction. The subsequent modification
of the coating by impregnation with PTFE shifts the
potential to 0.62 V.

The results show that the multilayered metal�phos-
phate�polymer coating effectively protects steel
against corrosion.

Finally, we recommend the process for preparation
of multilayered coatings involving chemical degreas-
ing, acid activation, zinc-plating, phosphatization,
impregnation with PTFE, centrifugation, and drying.

In the dispersion method of PTFE production, large
amounts of wastes, including liquid wastes, are
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formed. Therefore, we made efforts to utilize them as
solvents and surface-active additives in preparation
of zinc solutions.

The mother liquor contains F 4D fluoroplastic
(>0.1%) or SKF rubber (3.5�5%). The examination
by gas�liquid chromatography�mass spectrometry
(GC�MS) revealed the presence of oligomers, molecu-
lar weight stabilizers, polymerization initiators,
and ammonium carboxylates used in the process as
emulsifiers.

We performed a series of experiments with the aim
to utilize the mother liquors for preparing composite
electrochemical coatings containing zinc, fluoroplastic
and fluoroelastomer particles, and oligomers. Previ-
ously [4, 5] we demonstrated that the stabilizers and
initiators of polymerization are nonionic species,
which are nonspecifically adsorbed in the cathode and
anode spaces and can be used as surfactants increasing
the overvoltage of the cathodic process.

To elucidate the contribution of the surfactants
to the properties of the zinc�polymer coating, we
examined perfluorinated quaternary ammonium salts
of amido amines of hexafluoropropylene oxide oligo-
mers (ChAS-T). Data on the electrophoretic mobility
of polymeric species are presented in Fig. 4 with
an example of PTFE.

Figure 4 shows that, at a PTFE concentration in the
electrolyte suspension of 10 g l�1, the electrophoretic
potential passes through a maximum at a ChAS-T
concentration of 2 g l�1. In the absence of ChAS-T,
the � potential is lower than the maximal value by
a factor of 3.5. As the electrophoretic mobility of the
PTFE particles increases in the presence of ChAS-T,
their concentration in the coating should increase. It
should be expected also that the current efficiency of
zinc increases in the presence of PTFE in the cathode
space, since PTFE serves as an additional carrier for
the [Zn(NH3)2]2+ ions. Data on the current efficiency
of zinc are given in Table 6.

Introduction of PTFE into the solution, indeed,
slightly increases the current efficiency of the coating,
regardless of the current density used. With increasing
PTFE concentration, the current efficiency decreases,
i.e., the dependence of the current efficiency on the
PTFE concentration is parabolic with a maximum at
5 g l�1 PTFE and 1 g l�1 ChAS-T.

To conclude, our results show that wastes from
production of fluoropolymers can be utilized for
preparing corrosion-resistant coatings.

�E, V


, min
Fig. 3. Free corrosion potential E as a function of time
�: (1) steel, (2) steel�Zn, (3) steel�Zn�phosphate, and
(4) steel�Zn�phosphate�PTFE.

�, mV

c, g l�1

Fig. 4. The � potential as a function of the ChAS-T concen-
tration c. PTFE concentration 10 g l�1. � (min); (1) 20 and
(2) 30.

Table 6. Current efficiency at various PTFE concentrations
����������������������������������������

Concentration, g l�1 � CE, %, at indicated I, A dm�2

����������������������������������������
PTFE � ChAS-T � 0.5 � 1.5 � 2.0

����������������������������������������
0 � 0 � 97.6 � 98.2 � 94.0
5 � 1 � 98.0 � 99.6 � 98.9

10 � 2 � 92.7 � 93.6 � 93.8
����������������������������������������

CONCLUSIONS

(1) A process is developed for preparing zinc coat-
ings from zinc-containing sludge from production of
trifluorochloroethylene.

(2) A zinc�graphite composite electrochemical
coating is prepared from ammonium chloride zinc-
plating solution.
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(3) A zinc�phosphate�poly(tetrafluoroethylene)
three-layered composite coating is prepared, which
demonstrated anticorrosion properties.

(4) The mother liquors from production of fluoro-
polymers were suggested as a disperse phase in prep-
aration of the coatings.
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Abstract�Stripping voltammetry was applied to study the influence exerted by the brand of glass on the
amount of adsorption of heavy metal ions from solution. The dependence of the amount of the adsorbed ions
on their concentration in solution and on the concentration of the supporting electrolyte was analyzed.

The material from which laboratory glassware and
vessels for storage of solutions are fabricated may be
a source of contamination and a reason for a change
in the concentration of solutions they contain [1].
The laboratory glassware is most frequently made of
glass. Various brands of glass differ in the composi-
tion, chemical resistance, and sorption power [2]. It is
known that the glass surface is charged negatively in
aqueous solutions because of the surface dissociation
of silanol groups [3]. Therefore, glass can adsorb
cations.

To determine microscopic amounts of a substance,
on the order of 10�7 M and less, stripping voltam-
metry (SVA) is widely used [4�6]. For this tech-
nique, changes in the concentration of elements to be
determined, which occur as a result of adsorption�
desorption processes, are important. This is so be-
cause, when working with concentrations of about
n �10�7 M, n �10�9 mol of a substance is contained
in a solution being analyzed (at a sample volume of
10�20 ml), whereas the adsorption of ions may be as
high as n �10�10 mol cm�2 [7]. However, no sys-
tematic studies of the adsorption of heavy metal ions,
conventionally determined by SVA, on the glass sur-
face and no comparative estimates of the adsorption
capacity of various brands of glass have been per-
formed.

The aim of this study was to examine the adsorp-
tion of lead, cadmium, and zinc ions on the glass
surface by SVA at ion concentrations in solution of
n �10�7 M.

EXPERIMENTAL

The study was carried out using a PU-1 polaro-
graph with two-electrode cells fabricated from various

brands of glass. A needle-like mercury-film electrode
on a silver substrate (S = 0.35 cm2) served as in-
dicator electrode, and a silver chloride electrode, as
reference. Reference and supporting-electrolyte solu-
tions were prepared using demineralized water and
chemically pure reagents. As supporting electrolyte
served 0.01 M KCl (pH 5.95). Reference solutions of
the elements being studied were prepared by the
known method [8]. The concentration of the elements
to be determined in the solutions under study was
cPb2+ = cCd2+ = 4 �10�7, cZn2+ = 9�10�7 M. Dis-
solved oxygen was removed by bubbling preliminarily
purified gaseous nitrogen through a solution. The
same flow of nitrogen served to agitate ground glass
(adsorbent).

Zinc, lead, and cadmium were accumulated on the
electrode at a potential Ee = �1.3 V in the course of
60 s, after which the dissolution current of the result-
ing amalgam was recorded at a linear potential sweep
at a rate of 60 mV s�1. The interval of potential scan-
ning was from �1.3 to 0.1 V. In the course of the
experiment, reproducible analytical signals of the
elements were recorded, and then a certain amount of
ground glass was added and the solution was agitated
for 5 min without recording any voltammograms.
Then the agitation was terminated and the substances
under study was again accumulated on the electrode.
After reproducible voltammograms were recorded,
a new portion of the adsorbent was introduced and the
solution was again agitated for 5 min. The elements to
be determined were accumulated and voltammograms
were recorded from an unagitated solution, because
recording with an agitated solution with an adsorbent
yielded unsatisfactory results as a consequence of the
irreproducibility of hydrodynamic conditions and
adhesion of adsorbent particles to the electrode sur-
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Table 1. Chemical composition of laboratory glass of various brands
������������������������������������������������������������������������������������

Glass
� Content, wt %
�������������������������������������������������������������������������
� SiO2 � B2O3 � Al2O3 � CaO � MgO � BaO � Na2O � K2O

������������������������������������������������������������������������������������
Pyrex � 80.64 � 12.0 � 2.0 � 0.36 � � � � � 4.0 � 1.0
MG � 7.0 � 35.0 � 23.0 � 6.3 � 14.2 � 4.3 � � � �

Glass no. 23 � 68.4 � 2.7 � 3.9 � 8.5 � 0.08 � � � 9.4 � 7.1
������������������������������������������������������������������������������������

face. The extent to which the signal of the element
being determined decreased was calculated by the
formula

�I I0 � Im
Irel = ��� = ������, (1)

I I0

where I0 is the peak current measured without ad-
sorbent addition, and Im is the peak current in the
presence of an adsorbent in an amount m (g).

The adsorption of ions was calculated by the
equation

(cin � cf)
� = ��������, (2)

1000m

where � is the adsorption (mol g�1); cin, initial con-
centration of metal ions in the starting solution (M):
cf, concentration of metal ions in solution in the
presence of an adsorbent (M); V, solution volume
(ml); and m, mass of the adsorbent (g).

The pretreatment of the glass included several
stages: (1) glass grinding in an agate mortar and siev-
ing with a mesh of 1.5 mm; (2) boiling of the result-
ing powders in triple-distilled water, with water re-
placed several times to remove adsorbed contami-
nants; and (3) drying of filtered-off glass powder in
an oven at 150�C.

Table 2. Current I of anodic peaks of heavy metal ions for
various brands of glass. Supporting electrolyte 0.01 M
KCl; cCd2+ = cPb2+ = 4 �10�7, cZn2+ = 9 �10�7 M;
Ee = �1.3 V; te = 60 s; Vs = 60 mV s�1

����������������������������������������

Glass
� I, �A
�������������������������������
� Zn2+ � Cd2+ � Pb2+

����������������������������������������
Pyrex � 14.0�1.0 � 13.0�1.1 � 17.0�1.5
MG � 14.6�1.2 � 19.8�2.3 � 19.0�2.0
ChG no. 23 � 9.2�0.5 � 9.6�0.6 � 10.6�1.0
����������������������������������������

Molybdenum glass (MG), chemical glass no. 23
(ChG), and Pyrex were used in the study. Table 1 lists
the chemical compositions of the glasses. Their chemi-
cal resistance decreases in the order Pyrex > MG >
ChG. In the same order vary the heat resistance, brit-
tleness, and hardness.

It should be noted that the magnitudes of the ana-
lytical signals of the elements to be determined and
their relative values depended on the brand of a glass
used to fabricate electrochemical cells (Table 2).
The weakest signals were recorded in a cell made of
ChG, and the strongest signals, in an MG cell. The
greatest difference was observed for the signal of
cadmium: The peak current decreased twice in going
from MG to ChG. The results obtained indicate that
the adsorption of heavy metal ions on the glass sur-
face is strong and selective.

To determine the optimal time of agitation of a
solution with the adsorbent, we measured the kinetic
curves. These curves demonstrate that the analytical
signal decreases as a result of adsorption of an ele-
ment to be determined during the first 5 min. Upon
further agitation, the signals of lead and cadmium re-
mained virtually unchanged, and that of zinc changed
only slightly. The efficiency of suppression of the
analytical signal (anodic current peak) of the metal
ions under study was analyzed as a function of the
mass of the glass added. The scatter of experimental
data in parallel measurements did not exceed 10%.

Figure 1 shows the dependences of the extent to
which the peak currents Irel of heavy metal ions
simultaneously present in solution decrease on the
mass of Pyrex glass added. The analytical signals of
the elements under study were suppressed on introduc-
ing this brand of glass into solution when its mass
increased to 0.20 g. The extent of depression of the
signal was the greatest for Pb2+ ions and decreased in
order Pb2+ > Zn2+ > Cd2+ (Fig. 1). A similar depen-
dence was obtained with ChG. With MG used as
adsorbent, the maximum depression of signals was
observed even on introducing it into solution in an
amount of 0.15 g. The extent to which the signal was
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suppressed decreased in the order Zn2+ > Pb2+ >
Cd2+. It was established that the adsorption of the ions
under study is the strongest on molybdenum glass and
the weakest on Pyrex. The strongest difference was
observed in the case of adsorption of Cd2+ ions. For
example, the signal of cadmium decreased by 23% on
introducing 0.24 g of powdered Pyrex and by 63% on
introducing an MG powder of the same mass. The dif-
ference in the adsorbability of zinc and lead ions is
considerably less pronounced. The peak current de-
creased, depending on the brand of glass, by 70�90%
for Zn2+ and by 74�85% for Pb2+. Thus, it was
established that cadmium ions are adsorbed on the
glass surface to the smallest extent, but the selectivity
of their adsorption is the highest. Data on how the
analytical signals of the elements under study decrease
in the presence of powdered glass of various brands
are presented in Fig. 2.

It should be noted that the adsorbability of the ions
under study on glass powder differs from that on a flat
surface. Table 2 shows that the adsorption of the ions
is the weakest on the MG surface (peak currents are
the highest), whereas the analytical signals of the ions
are the lowest in the presence of a powdered glass of
this brand, which indicates that their adsorption is the
strongest. Possibly, grinding of MG gives rise to a
greater number of active centers per unit surface, com-
pared with other brands of glass. At the same time,
grinding of different brands of glass may yield par-
ticles of unequal sizes because of the difference in
hardness between these glasses, which affects the sur-
face area of the adsorbent. This circumstance invites
further analysis.

It is known that heavy metal ions are specifically
adsorbed on solid surfaces [7]. However, competitive
adsorption of Zn2+, Pb2+, and Cd2+ ions and indif-
ferent cations of the supporting electrolyte, whose
concentration is several orders of magnitude higher
than that of heavy metal ions, must be observed in the
presence of a large excess of a supporting electrolyte.
Our experiments show that raising the concentration
of the supporting electrolyte leads to a significant
decrease in the adsorption of Zn2+, Pb2+, and Cd2+

ions. This is manifested in a decreased depression of
the analytical signal. Table 3 illustrates the influence
exerted by the concentration of the supporting elec-
trolyte (KCl) on the degree of suppression of the
peak current of heavy metal ions in the presence of
powdered glass of various brands (mg = 0.1 g).
Table 3 shows that raising the concentration of the
supporting electrolyte to 1 M minimizes the adsorp-
tion of the ions being determined. In this case, cadmi-
um ions are virtually not adsorbed at all, and the

m, g

Irel

Fig. 1. Extent to which the currents of the anodic peaks of
heavy metal ions are suppressred, Irel, vs. the mass m of
powdered Pyrex glass. Supporting electrolyte 0.01 M KCl;
cCd2+ = cPb2+ = 4 �10�7, cZn2+ = 9�10�7 M; Ee = �1.3 V;
te = 60 s; Vs = 60 mV s�1; the same for Fig. 2.

glass
Molybdenum Pyrex Glass

no. 23

Irel

Fig. 2. Maximum extents of depression of the analytical
signals Irel of heavy metal ions in the presence of powdered
glass of various brands (mg = 0.24 g).

signals of zinc and lead are suppressed by less than
30%. Irrespective of the glass brand and concentration
of the supporting electrolyte, the adsorbability of
heavy metal ions decreases in order Pb2+ > Zn2+ >
Cd2+. Zn2+ ions are best adsorbed on the ChG sur-
face, and Cd2+ ions, on the MG surface. The brand of
a glass on whose surface Pb2+ ions are adsorbed to
the greatest extent changes as the concentration of the
supporting electrolyte increases.

The adsorption of ions also depends on the concen-
tration of ions being adsorbed. On determining the
concentrations of heavy metal ions before and after
adsorption by the SVA method, their adsorption � on
the surface of various brands of glass was calculated
using Eq. (2). The results obtained with Zn2+, Pb2+,
and Cd2+ at their concentrations in the range 10�7

�

10�5 M are given in Table 4. An increase in the con-
centration of the ions in solution shifts the adsorption�
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Table 3. Depression of the current of anodic peaks of heavy metal ions in the presence of a powder of various brands of
glass at different concentrations of the supporting electrolyte. cCd2+ = cPb2+ = 4 �10�7, cZn2+ = 9 �10�7 M; Ee = �1.3 V;
te = 60 s; Vs = 60 mV s�1; mg = 0.1 g
������������������������������������������������������������������������������������

cKCl,

� �I /I0
�����������������������������������������������������������������������������

mol g�1 � Pyrex � MG � ChG no. 23
�����������������������������������������������������������������������������
� Zn2+ � Cd2+ � Pb2+ � Zn2+ � Cd2+ � Pb2+ � Zn2+ � Cd2+ � Pb2+

������������������������������������������������������������������������������������
0.001 � 0.35 � 0.14 � 0.45 � 0.38 � 0.32 � 0.63 � 0.53 � 0.33 � 0.70
0.01 � 0.29 � 0.12 � 0.42 � 0.35 � 0.27 � 0.52 � 0.35 � 0.16 � 0.49
0.1 � 0.20 � 0.09 � 0.35 � 0.27 � 0.13 � 0.42 � 0.26 � 0.09 � 0.27
1.0 � 0.14 � 0.05 � 0.26 � 0.17 � 0.09 � 0.30 � 0.21 � 0.04 � 0.15

������������������������������������������������������������������������������������

Table 4. Adsorption � of heavy metal ions at their different concentrations in solution. Supporting electrolyte 0.01 M
KCl, T = 20�C
������������������������������������������������������������������������������������

cM2+,

� � �108, mol g�1

�����������������������������������������������������������������������������

mol g�1 � Pyrex � MG � ChG no. 23
�����������������������������������������������������������������������������
� Zn2+ � Cd2+ � Pb2+ � Zn2+ � Cd2+ � Pb2+ � Zn2+ � Cd2+ � Pb2+

������������������������������������������������������������������������������������
10�7 � 1.5 � 0.48 � 0.70 � 1.7 � 0.69 � 0.79 � 1.9 � 0.46 � 0.78
10�6 � 3.0 � 1.2 � 1.1 � 3.0 � 1.3 � 1.3 � 2.9 � 1.1 � 1.3
10�5 � 14 � 10 � � � 17 � 10 � � � 14 � 10 � �

������������������������������������������������������������������������������������

desorption equilibrium toward the adsorption process.
If the concentration of the ions being adsorbed in-
creases by an order of magnitude, their adsorption
becomes 1.5�2 times stronger. At a concentration of
the ions in solution on the order of 10�5 M, the ana-
lytical signals of lead and cadmium are overlapped,
which hinders their identification. Therefore, the
adsorption of zinc and cadmium ions at their content
in solution of 1 �10�5 M was determined in the
absence of lead ions. In this case, the amounts of
adsorbed Zn2+ and Cd2+ ions became closer to each
other. The data obtained suggest that the adsorption of
heavy metal ions is competitive: adsorption of Pb2+

ions hinders adsorption of Cd2+ ions. In the absence
of lead ions, the adsorption of cadmium ions is con-
siderably stronger.

The study performed demonstrated the importance
of adsorption processes at the glass�solution interface
in determining low concentrations of ions, which may
make incorrect the analytical results. The adsorption
of heavy metal ions can be markedly diminished by
an appropriate choice of the material of a storage
vessel and electrochemical cell and also by use of
sufficiently concentrated supporting-electrolyte solu-
tions. To make smaller the determination error, it is
recommended to prepare reference solutions in a sup-
porting electrolyte rather than in pure water.

REFERENCES

1. Korenman, I.M., Analiticheskaya khimiya malykh kon-
tsentratsii (Analytical Chemistry of Low Concentra-
tions), Moscow: Khimiya, 1966.

2. Voskresenskii, P.I., Tekhnika laboratornykh rabot
(Manual of Laboratory Works), Leningrad: Khimiya,
1970.

3. Fridrikhsberg, D.A., Kurs kolloidnoi khimii (A Course
of Colloid Chemistry), Leningrad: Khimiya, 1974.

4. Bond, A.M., Polyarograficheskie metody v analitiche-
skoi khimii (Polarographic Methods in Analytical
Chemistry), Moscow: Khimiya, 1983.

5. Brainina, Kh.Z., Neiman, E.Ya., and Slepushkin, V.V.,
Inversionnye vol’tamperometricheskie metody (Strip-
ping Voltammetric Methods), Moscow: Khimiya, 1988.

6. Vydra, F., Štulik, K., and Julákova, E., Rozpouštecí
polarografie a voltametrie, Prague: Nakl. Technicke
Literatury, 1977.

7. Adsorption from Solution at the Solid/Liquid Interface,
Parfitt, G.D. and Rochester, C.H., Eds., London:
Academic, 1983.

8. Zakharova, E.A. and Pikula, N.P., Inversionnaya vol’t-
amperometriya (Stripping Voltammetry), Tomsk:
Tomsk. Gos. Univ., 1995, p. 35.



1070-4272/04/7709-1491�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 9, 2004, pp. 1491�1499. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 9,
2004, pp. 1501�1509.
Original Russian Text Copyright � 2004 by Dul’nev, Efremov, Obysov, Golosman, Yakerson.

CATALYSIS����������������������������������� �����������������������������������

Ni�Cu Catalysts on Ceramic Supports

A. V. Dul’nev, V. N. Efremov, M. A. Obysov, E. Z. Golosman, and V. I. Yakerson

Novomoskovsk Institute of Nitrogen Industry, Open Joint-Stock Company, Novomoskovsk, Tula oblast, Russia
Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Moscow, Russia

Received April 5, 2004

Abstract�The physicochemical and catalytic characteristics of catalysts fabricated on ceramic supports
of various types was studied. The influence exerted by addition of cobalt and manganese on the catalytic
activity of supported nickel�copper catalysts in high-temperature treatment of off-gases to remove nitrogen
oxides was studied.

It is known that catalysts based on noble metals,
such as platinum, palladium, ruthenium, rhodium, and
iridium, exhibit unique catalytic properties, and
primarily polyfunctionality, which is responsible for
their wide use in various catalytic processes, especial-
ly those intended for treatment of off-gases to remove
noxious impurities [1, 2]. However, despite all their
advantages, these catalysts are exceedingly expensive
and their operation leads to irrecoverable loss of noble
metals. In this context, a ceaseless search for catalytic
formulations that contain no noble metals is being
conducted. One of formulations of this kind is the
nickel�copper catalytic system, which is employed in
quite a number of catalytic processes, because it also
exhibits polyfunctionality [3�7]. There is evidence
that nickel�copper systems are close in their catalytic
properties to platinum [8].

Among the most widely used methods for fabrica-
tion of nickel�copper catalysts are fusion with sub-
sequent leaching, mixing, coprecipitation of compo-
nents, and deposition of the active component onto a
support by impregnation. Since the requirements to
a catalyst for treatment of off-gases demand that it
should have a high activity, mechanical strength, and
stability in operation at high temperatures and space
velocities, as well as an invariably low hydraulic
resistance, the last of the above-mentioned techniques
seems to be the most promising, because the support
can satisfy most of these requirements [9].

The aim of this study was to examine supported
nickel�copper catalysts with addition of cobalt and
manganese, which are fabricated using various sup-
ports and are intended for use in detoxication of off-
gases and, in particular, for treating these gases to
remove nitrogen oxides.

EXPERIMENTAL

Samples were prepared on ceramic supports used
in fabrication of catalysts of NIAP-181 [10] and
NIAP-03-012 [11] brands for conversion of natural
gas with steam, which show good working character-
istics, as well as on a cellular block support. An an-
nular pelletized ceramic support of the NIAP-18
catalysts is fabricated by high-temperature calcination.
The support of the NIAP-03-01 catalyst, which is
produced by slip casting followed by high-temperature
calcination, has an intricate geometric shape with
seven apertures [13]. The cellular support is composed
of a highly porous cellular material (HPCM) obtained
by replication of cellular polymeric matrices (foamed
polymers) by deposition of inorganic coatings on
these matrices and their subsequent thermal treatment,
during which the organic component burns out and the
cellular structure of the block support is formed [14].
A structure of this kind has a developed geometric
surface and low hydraulic resistance and provides an
increased mass-exchange coefficient and the most
efficient utilization of the deposited active component
[15]. The basic characteristics of the supports used are
listed in Table 1.

The catalysts were prepared by impregnation of
supports with aqueous solutions of Ni(II), Cu(II),
Co(II), and Mn(II) nitrates. As starting substances
served Ni(NO3)2 �6H2O, Cu(NO3)2 �3H2O, Co(NO3)2 �
6H2O, and Mn(NO3)2 �6H2O. The supports were
submerged in an impregnating solution and kept there
at 6�C for 1.5 h.

The impregnated samples were dried and then cal-
cined at 400�C for 4 h. Depending on the goal of an
������������
1 Former name GIAP-18.
2 Former name NIAP-22.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

1492 DUL’NEV et al.

Table 1. Comparison of properties of the supports
������������������������������������������������������������������������������������

Parameter � NIAP-18 � NIAP-03-01 � HPCM
������������������������������������������������������������������������������������
Grain shape � Ring �Cylinder with seven apertures � Block
Dimensions D � d � h, mm � 15.08�7.0�12.5 � 16.5� (7)3.0�14.0 � 50.0� (2�3)*�45.0
Bulk density, kg l�1 � 1.05 � 0.93 � 0.30**
Bed porosity, m3 m�3 � 0.50 � 0.54 � 0.85***
Water-absorption capacity, %� 29.1 � 24.9 � 27.8
Phase composition � �-Al2O3, CaO �6Al2O3, � �-Al2O3 � �-Al2O3, �-SiO2,

� CaO �2Al2O3 � � 3Al2O3 �2SiO2
������������������������������������������������������������������������������������

* Cell dimensions.
** Apparent block density.

*** Block porosity.

experiment, one to four impregnations with interme-
diate calcination of the samples were carried out.
Integrated thermal analysis was made in air on an
OD-102 derivatograph with linear heating at a rate of
5 deg min�1. X-ray phase analysis was made on a
DRON-2 diffractometer with copper-filtered mono-
chromated radiation. Temperature-programmed reduc-
tion (TPR) was done on a thermochromatographic in-
stallation with linear heating at a rate of 5 deg min�1.
The catalytic activity of the samples was studied in
high-temperature reduction of nitrogen oxides con-
tained in off-gases on a flow-through laboratory instal-
lation in the temperature range 500�800�C at a space
velocity of 15000 h�1. Composition of the working
gas (vol %): O2 3, NOx 0.10�0.15, CH4/O2 = 0.6,
N2 the rest.

T, �C

Fig. 1. DTG curves for decomposition of metal nitrates.
(T) Temperature; the same for Figs. 2 and 4�6.
(1) Ni(NO3)2 �6H2O, (2) Cu(NO3)2 �3H2O, (3) Co(NO3)2 �
6H2O, and (4) Mn(NO3)2 �6H2O.

The temperature at which the impregnated samples
were calcined (400�C) was chosen on the basis of data
obtained by thermal analysis of the corresponding
metals (Fig. 1). Thermolysis of these salts is accom-
panied by a number of endothermic effects of varied
intensity, which correspond to removal of hydration
water and stepwise decomposition of a salt. The
lowest decomposition temperature is observed for
Mn(NO3)2 (140�170�C). Water is removed in the first
stage, which is accompanied by partial decomposition
of the salt, and the remaining anhydrous Mn(NO3)2
decomposes in the second stage [16]. Cu(NO3)2 de-
composes via formation of basic copper nitrate, which
then decomposes to the oxide at 300�C [17�19]. The
endothermic effect corresponding to Co(NO3)2 de-
composition has a maximum at 260�C. It follows
from [17, 18, 20] that thermolysis of Co(NO3)2 occurs
via formation of basic salts. However, Kalinichenko
et al. [19] did not record any intermediate formation
of basic salts and suggested that Co(NO3)2 �6H2O
dehydrates stepwise and then decomposes to the
oxide. The highest decomposition temperature is char-
acteristic of Ni(NO3)2 (340�C). The endothermic
effects peaked at 550 and 890�C in the derivatogram
of Mn(NO3)2 and at 960�C in the derivatogram of
Co(NO3)2 can be assigned to conversion of man-
ganese and copper oxides to less oxidized species.

To reveal the essence of the processes that occur
when supported catalysts are formed, one-, two, and
three-component systems were considered. In order to
obtain catalysts with exactly the prescribed content of
active components, it was of interest to study the
competing capacity of metal nitrates in support im-
pregnation. For this purpose, impregnating solutions
of Ni(NO3)2, Cu(NO3)2, Co(NO3)2, and Mn(NO3)2
with a concentration of 75 g l�1 in terms of the metal
were prepared. Four impregnations of supports were
performed, with intermediate calcinations. The deriva-
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tograms of the impregnated supports are shown in
Fig. 2. The differential thermogravimetric (DTG)
curves of the samples are similar to the DTG curves
of the pure salts. It should be noted that the effects
corresponding to decomposition of the deposited salts
are somewhat broadened and their peaks are shifted to
lower temperatures, compared to the pure salts. The
presence of effects with characteristic temperatures of
310 and 450�C in the derivatograms of all the salts
deposited on the support of the NIAP-18 catalyst can
be attributed to stepwise dehydration of 3CaO �Al2O3
6H2O, which is formed via hydration of CaO �2Al2O3
in support impregnation.

According to the results of X-ray phase analysis
(Table 2), NiO and CuO are products of Ni(NO3)2 and
Cu(NO3)2 decomposition at 400�C. Cobalt nitrate
decomposes to Co3O4. The X-ray diffraction patterns
of manganese-containing systems show the �-MnO2
phase and a minor amount Mn2O3. The crystallite size
L (�) of the active components present in the oxide
form is within 260�310 � for all the systems studied.
In manganese-containing systems, the size of MnO2
crystallites could not be determined because of the
low intensity of the diffraction lines of �-MnO2 and
the superposition of �-Al2O3 and �-MnO2 lines.

The results of chemical analysis of the samples
after each impregnation are presented in Fig. 3. It can
be seen that the largest amount is contained in the
support of NIAP-18, which can be attributed to its
higher water absorption (Table 1). The difference in
the concentrations of nickel, copper, cobalt, and man-
ganese in this support at equal number of impregna-
tions is slight. However, a similar trend is observed
with all the supports tested: The content of cobalt is
the greatest, and that of copper, the smallest, at equal
number of impregnations. Under identical conditions,
the impregnating capacity of nitrates decreases in
the order Co(NO3)2 > Mn(NO3)2 > Ni(NO3)2 >
Cu(NO3)2.

The reduction of nickel systems (Fig. 4a) begins at
280�300�C and reaches its maximum rate at 280�
320�C. A slight effect in the TPR curves at 450�
470�C is presumably due to reduction of nickel oxide
more strongly bound to the support. This conclusion
is confirmed by the results of [21], where the interac-
tion of such an inert support as �-Al2O3 with the
nickel component of the catalyst is substantiated. The
deposited copper oxide is reduced (Fig. 4b) at lower
temperatures (230�270�C), whereas CuO that is more
strongly bound to the support is reduced at 330�
360�C. The TPR curves of cobalt systems (Fig. 4c)
also show two peaks at 360�380 and 480�490�C.

(a)

(b)

(c)

(d)

T, �C
Fig. 2. DTG curves for decomposition of (a) nickel,
(b) copper, (c) cobalt, and (d) manganese nitrates deposited
on (1) NIAP-18, (2) NIAP-03-01, and (3) HPCM supports.

The activation in manganese systems (Fig. 4d) occurs
in several stages, which is due to stepwise reduction
of manganese oxides. The activation process can be
represented [22] by the reactions

2MnO2 + H2 = Mn2O3 + H2O, (1)

3Mn2O3 + H2 = 2Mn3O4 + H2O, (2)

Mn3O4 + H2 = 3MnO + H2O. (3)
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Table 2. Results of X-ray diffraction analysis of samples calcined at 400�C
������������������������������������������������������������������������������������
Active component � Support � Phase composition � Crystallite size, L, �
������������������������������������������������������������������������������������

NiO �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, NiO � 270
�NIAP-03-01 ��-Al2O3, NiO � 310
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, NiO � 260
� � �CuO �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, CuO � 280
�NIAP-03-01 ��-Al2O3, CuO � 270
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, CuO � 260
� � �Co3O4 �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, Co3O4 � 300
�NIAP-03-01 ��-Al2O3, Co3O4 � 300
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, Co3O4 � 260
� � �MnO2 �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, �-MnO2, Mn2O3� �
�NIAP-03-01 ��-Al2O3, �-MnO2, Mn2O3 � �
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, �-MnO2, Mn2O3 �

������������������������������������������������������������������������������������

Table 3. Results of X-ray diffraction analysis of catalyst samples reduced at 600�C in a flow of H2
������������������������������������������������������������������������������������

Active
�

Support
�

Phase composition
� a0* � L

� � ������������������component � � � �
������������������������������������������������������������������������������������

Ni �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, Ni � 3.526 � 270
�NIAP-03-01 ��-Al2O3, Ni � 3.525 � 310
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, Ni � 3.525 � 220
� � �Cu �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, Cu � 3.618 � 600
�NIAP-03-01 ��-Al2O3, Cu � 3.617 � 600
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, Cu � 3.617 � 550
� � �Co �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, Co � 3.546 � 360
�NIAP-03-01 ��-Al2O3, Co � 3.547 � 390
�HPCM ��-Al2O3, �-SiO2,3Al2O3 �2SiO2, Co � 3.546 � 350
� � �Mn �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, MnO � 4.448 � 200
�NIAP-03-01 ��-Al2O3, MnO � 4.447 � 130
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, MnO � 4.448 � 140

������������������������������������������������������������������������������������
* Tabulated unit cell parameters a0, �: Ni 3.524, Cu 3.615, Co 3.544, and MnO 4.445.

Fig. 3. Influence of the number n of impregnations on the
content c of nickel, copper, cobalt, and manganese in the
supports studied. Support: (a) NIAP-18, (b) NIAP-03-01,
and (c) HPCM.

It should be noted that the temperatures of the
reduction peaks in the TPR curves for all the active
components increase in order HPCM < NIAP-03-01 <
NIAP-18. This is presumably due to different strengths
of binding of the active components to the supports.
For example, the presence of calcium aluminates in
the support of NIAP-18 favors stronger binding of the
active component. In the support based on HPCM, the
reduction temperature is strongly affected by the
developed geometric surface of this support, which
facilitates supply of reagents and removal of reduction
products.

According to the results of X-ray phase analysis,
all the oxides deposited on supports are reduced
to metals upon heating in a flow of H2 at 600�C
(Table 3). The only exception are manganese-contain-
ing systems whose reduction under the given condi-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

Ni�Cu CATALYSTS ON CERAMIC SUPPORTS 1495

(a)

(b)

(c)

(d)

T, �C

Fig. 4. TPR curves for (a) nickel, (b) copper, (c) cobalt, and
(d) manganese systems on the supports studied. Support:
(1) NIAP-18, (2) NIAP-03-01, and (3) HPCM; the same for
Figs. 5 and 6.

tions ends in the formation of MnO. The calculated
unit cell parameters a0 of the active components are in
good agreement with their tabulated values. In con-
trast to the oxide phases, the sizes of Cu and Ni crys-
tallites formed upon reduction differ by a factor of 2:
L = 550�600 � for copper systems and 220�310 �
for those with nickel. The cobalt systems occupy an
intermediate position. The dispersity of Co formed
under the given conditions is within 350�390 �.

(a)

(b)

(c)

T, �C

Fig. 5. DTG curves for decomposition of (a) Ni�Cu,
(b) Ni�Cu�Co, and (c) Ni�Cu�Mn systems on the supports
studied.

Thus, it may be concluded that Cu crystallites show
an enhanced tendency toward sintering at high tem-
peratures.

In preparing two-component nickel�copper and
three-component nickel�copper�manganese systems,
a NiO : CuO ratio of (2.3�3) : 1 was chosen. This
ratio ensures the highest activity of the catalyst in
high-temperature reduction of nitrogen oxides [23].
The content of cobalt and manganese oxides in sam-
ples of three-component catalysts was maintained
within the range 1.0�1.5%.

The pattern of decomposition of nickel, copper,
cobalt, and manganese nitrates in binary and ternary
systems (Fig. 5) is virtually the same as that of de-
composition of these nitrates in the single-component
systems. The characteristic endothermic peaks are
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(a)

(b)

(c)

T, �C

Fig. 6. TPR curves for (a) Ni�Cu, (b) Ni�Cu�Co, and
(c) Ni�Cu�Mn systems on the supports studied.

observed at 130�140, 180�190, 250�260, and 280�
310�C.

Figure 6 shows the results of TPR of two- and
three-component systems in H2. The difference bet-
ween the characteristic reduction temperatures of
samples prepared on different supports is to be noted.
For example, a peak in the TPR curve is observed at
210�C for a nickel�copper sample on HPCM, at
230�C on NIAP-03-01, and at 240�C on NIAP-18
(Fig. 6a). The reduction curves of one-component
nickel systems on the same supports show peaks in
the range 340�390�C (Fig. 4a), and the reduction of
one-component copper systems occurs at 230�260�C

(Fig. 4b). Such a difference in the type of reduction
of two- and one-component systems is due to the
promoting effect of Cu on activation of Ni [24]. The
final product of this process in two-component sys-
tems is a Ni�Cu solid solution. This conclusion is
confirmed by the results of X-ray diffraction studies of
reduced two- and three-component systems (Table 4).
Ni and Cu phases were recorded in one-component
nickel and copper samples. The diffraction lines of Cu
are absent in the X-ray diffraction patterns of two-
(Ni�Cu) and three-component (Ni�Cu�Mn) systems.
For one-component samples, the unit cell parameters
a0 of Ni and Cu are close to the tabulated values. For
two- and three-component samples, a0 differs rather
strongly from the tabulated crystal lattice parameters
for Ni and Cu. The distortion of a0 is due to incor-
poration of Cu atoms into the crystal lattice of Ni,
resulting in the formation of a nickel�copper solid
solution with a0(Ni�Cu) = 3.541�3.560 �, which oc-
cupies an intermediate position between a0(Ni) =
3.524 and a0(Cu) = 3.615 � [4]. A similar dependence
is observed for unreduced calcined samples. The
forming nickel�copper oxide solution has the unit cell
parameter a0(NiO�CuO) = 4.186�4.194 � (Table 4),
which also occupies an intermediate position between
a0(NiO) = 4.177 and a0(CuO) = 4.684 �. The presence
of a weak effect peaked at 440�450�C in the TPR
curve of samples fabricated by impregnation of the
NIAP-18 support can be accounted for by decomposi-
tion of products of hydration of CaO �2Al2O3, formed
in the course of impregnation of the support.

A similar run of the TPR curves is observed for
nickel�copper�manganese systems (Fig. 6c), but with
peaks shifted to lower temperatures. The more com-
plex nature of reduction of nickel�copper�cobalt
systems (Fig. 6b) is presumably determined by partial
displacement of copper by cobalt from the Ni�Cu
solid solution and by separate reduction of free copper
oxide to Cu and of the Ni�Cu�Co oxide solid solu-
tion. This assumption is confirmed by the results of
X-ray diffraction analysis of these systems (Table 4).

The catalytic activity of the samples under study
was evaluated by the conversion � of nitrogen oxides.
Our studies show that one-component nickel, cobalt,
and manganese systems exhibit no noticeable activity
up to 800�C, with the conversion not exceeding 20�
30%. The temperature at which a 50% conversion of
nitrogen oxides on copper samples is reached is very
high (730�750�C). This gives no way of recommend-
ing these catalysts for use in treatment of off-gases to
remove nitrogen oxides. The results obtained in
a study of the catalytic activity of nickel�copper,
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Table 4. Results of X-ray diffraction analysis of Ni�Cu, Ni�Cu�Co, and Ni�Cu�Mn catalyst samples calcined at 400�C
and reduced at 600�C in a flow of H2
������������������������������������������������������������������������������������

Active component
�

Support
�

Phase composition
� a0, � � L, �

� � �������������������������
� � � NiO � Ni � NiO � Ni

������������������������������������������������������������������������������������
Calcined samples

NiO�CuO �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, NiO � 4.194 � � � 200 � �
�NIAP-03-01 ��-Al2O3, NiO � 4.190 � � � 250 � �
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, NiO � 4.188 � � � 190 � �

NiO�CuO�Co3O4 �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, NiO � 4.194 � � � 180 � �
�NIAP-03-01 ��-Al2O3, NiO, CuO � 4.192 � � � 215 � �
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, NiO � 4.186 � � � 200 � �

NiO�CuO�MnO2 �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, NiO � 4.190 � � � 150 � �
�NIAP-03-01 ��-Al2O3, NiO � 4.186 � � � 220 � �
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, NiO � 4.184 � � � 200 � �

Reduced samples

Ni�Cu �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, Ni � � � 3.546 � � � 230
�NIAP-03-01 ��-Al2O3, Ni � � � 3.543 � � � 330
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, Ni � � � 3.541 � � � 230

Ni�Cu�Co �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, Ni, Cu � � � 3.548 � � � 190
�NIAP-03-01 ��-Al2O3, Ni, Cu � � � 3.544 � � � 180
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, Ni, Cu � � � 3.550 � � � 170

Ni�Cu�Mn �NIAP-18 ��-Al2O3, CaO �6Al2O3, CaO �2Al2O3, Ni � � � 3.556 � � � 150
�NIAP-03-01 ��-Al2O3, Ni � � � 3.550 � � � 160
�HPCM ��-Al2O3, �-SiO2, 3Al2O3 �2SiO2, Ni � � � 3.560 � � � 150

������������������������������������������������������������������������������������

nickel�copper�cobalt, and nickel�copper�manganese
systems are presented in Fig. 7. The catalytic activity
tends to grow with increasing process temperature.
The introduction of copper into the nickel system
results in that the temperature at which 50% conver-
sion is reached decreases to 620�630�C. The size of
crystallites of the Ni�Cu solid solution in these sam-
ples is 230�330 � (Table 4). At 680�750�C, the
activity of all the samples is virtually the same. The
residual content of nitrogen oxides in the purified gas
is 0.004�0.005 vol %. These parameters are level
with those obtained with an APK-2 palladium catalyst
[25, 26], which is widely used in the industry. The
strongest difference in the catalytic activity is ob-
served at 550�650�C. The maximum activity is
exhibited by nickel�copper�cobalt samples. It is
noteworthy that the crystallite size in these samples is
40�150 � smaller than that in nickel�copper samples.
The activities of the nickel�copper and nickel�cop-
per�cobalt systems are virtually the same. Thus, addi-
tion of Co makes it possible to enhance somewhat the
activity of the nickel�copper catalysts under study,
whereas Mn is not an effective promoting additive
under the given conditions. The temperature at which
50% conversion is reached with all the samples under
study is within the range 570�640�C, which some-

what exceeds the same parameter for the APK-2 cata-
lyst. It was found that the most effective are catalysts
on NIAP-18 support, which is due to the greater
amount of active components because of its higher
water-absorption capacity (Table 1), and on HPCM
because of the network-cellular structure of this

�, %

T, �C

Fig. 7. Conversion � of nitrogen oxides vs. temperature T
for various catalyst samples. Catalyst: (1) HPCM/NiCuCo,
(2) NIAP-18/NiCuCo, (3) NIAP-03-01/NiCuCo,
(4) HPCM/NiCuMn, (5) NIAP-18/NiCuMn, (6) NIAP-03-
01/NiCuMn, (7) HPCM/NiCu, (8) NIAP-18/NiCu, and
(9) NIAP-03-01/NiCu.
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support, which ensures an increased mass-exchange
coefficient and a developed geometric surface making
it possible to utilize more efficiently the deposited
active component.

Our experimental data were used to develop specif-
ications for NIAP-15-12 and NIAP-15-13 catalysts
[27] intended for performing the catalytic high-tem-
perature treatment of off-gases to remove nitrogen
oxides, deep oxidation of methane, and catalytic
treatment of process gases to remove oxygen. The
NIAP-15-12 catalyst is manufactured with NIAP-03-
01 support, and NIAP-15-13, with NIAP-18 support.

To charge two reactors for catalytic treatment of
gases to remove nitrogen oxides in UKL-7-76 installa-
tions at a shop for manufacture of aqueous nitric acid,
2 t of the NIAP-15-13 catalyst and 4 t of the NIAP-
15-12 catalyst were fabricated.3 The NIAP-15-12
catalyst was charged in an amount of 2 t on the grate
of the first shelf of the reactor for catalytic treatment.4

The bed of this catalyst was covered, through a sep-
arating Nichrome grid, with a mixture of the NIAP-
15-13 and fresh APK-2 catalysts in amounts of 1 and
0.65 t, respectively. The addition of the APK-2 cata-
lyst to the main catalytic mass made it possible to
lower the �ignition� temperature of the process.

The tests were carried out at loads on the oxidation
reactor of 4900 to 6000 m3 h�1 by ammonia and
45000 to 57000 m3 h�1 by air (recalculated to normal
conditions). The CH4/O2 ratio was maintained in the
range 0.4�0.6 in the course of the catalytic treatment.
The content of nitrogen oxides at the inlet of the
reactor for catalytic treatment was in the range 0.09�
0.11 vol %. The gas temperature at the reactor inlet
was 460�480�C. In the course of purification, the
temperature increased to become 460�480�C at the
outlet. The residual content of nitrogen oxides in
gases leaving the reactor was 0.002�0.003 vol %
(required �0.005 vol %), and that of CO, 0.01�
0.04 vol % (required �0.10 vol %).

CONCLUSIONS

(1) Distinctive features of catalysts on various
supports in the stages of impregnation, calcination,
and reduction were revealed.

(2) The impregnating capacity of nitrates in im-
������������
3 Tatazot Open Joint-Stock Company, manufacture of nitric

acid; Novomoskovsk Institute of Nitrogen Industry, Open
Joint-Stock Company, manufacture of the catalysts.

4 Performed by specialists from Tatazot Open Joint-Stock
Company.

pregnation of ceramic supports decreases in the order
Co(NO3)2 > Mn(NO3)2 > Ni(NO3)2 > Cu(NO3)2.

(3) Cobalt is a promoting additive enhancing the
activity of nickel�copper catalysts in treatment of off-
gases to remove nitrogen oxides. Addition of manga-
nese has virtually no effect on the catalytic activity.

(4) The industrial tests performed demonstrated
high performance of the catalysts in high-temperature
treatment of off-gases to remove nitrogen oxides in
manufacture of aqueous nitric acid.
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Thermal Stability and Activity in Hydrogen Oxidation
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Abstract�The effect of reduced palladium on the thermal stability of the hydrogen and magnesium forms of
FIBAN K-1 fibrous sulfonic cation exchanger was studied. The activity of palladium catalyst supported
by the H and Mg forms of the cation exchanger in hydrogen oxidation was determined, as influenced by
the temperature of treatment of the catalyst with the reaction mixture.

As shown previously [1�5], the thermal stability of
sulfonic cation exchangers in the metal forms is higher
than that of the H forms. In particular, a mass-spec-
trometric study (10�7 torr) of the physicochemical
properties of FIBAN K-1 sulfonic cation exchanger in
the alkali metal and alkaline-earth metal forms showed
that the Mg form had the highest thermal stability
[4, 5]. Hence, the Mg form can be used as a support
for metal catalysts of redox reactions.

However, the effects exerted by the metal phase on
the thermal stability of sulfonic cation exchanger and
by the metal cation on the catalytic activity of the
supported metal were not understood. In this work we
studied the thermal stability of the H and Mg forms of
FIBAN K-1 sulfonic cation exchanger containing
reduced palladium, the palladium dispersity in these
matrices as influenced by the exchangable cation, and
the palladium activity in hydrogen reduction as in-
fluenced by the temperature of the treatment of the
catalysts with the reaction mixture.

EXPERIMENTAL

The H form of FIBAN K-1 fibrous sulfonic cation
exchanger was prepared by bulk radiation grafting of
styrene (98%)�divinylbenzene (2%) copolymer to
polypropylene staple fiber, followed by sulfonation of
the poly(styrene�divinylbenzene) matrix with concen-
trated H2SO4 [6].

Pure Mg form was prepared by washing of a
column packed with the H form (exchange capacity
3 mg-equiv g�1) with excess 0.5 M MgCl2 solution
until pH of the solution at the outlet became neutral.
Then the column was washed with distilled water

until the absence of chloride ions in the wash waters
and then was dried in air.

To prepare catalysts with 2.5 wt % Pd content, the
H or Mg form of the cation exchanger was treated
under static conditions with a solution of tetrammine-
palladium(II) chloride [Pd(NH3)4)]Cl2 of a definite
concentration at room temperature and pH 8�8.5.
The Pd(II) concentration in the solutions before and
after ion exchange was measured spectrophotometric-
ally [7]. Then the samples were washed with distilled
water until the absence of chloride anions in the wash
waters, and the [Pd(NH3)4]2+ cations were reduced
with an aqueous solution of N2H4 �H2O at 40�C for
30 min. After that, the samples were washed again
with distilled water to neutral reaction and were dried
at room temperature.

To determine the degree of Pd(II) reduction, the
ion-exchangeable Pd(II) species were completely
washed out from the samples with excess 1 M NaCl
and then the palladium concentration in the solution
was measured. In the course of reduction, the ion-
exchange sites of the catalyst are converted to the
H form after removal of [Pd(NH3)4]2+ cations. To
convert these sites into the Mg2+ form, the reduced
samples were repeatedly treated with a MgCl2 solu-
tion, washed, and dried.

X-ray phase analysis of the palladium catalysts was
performed on a DRON-1 diffractometer using CuK�

radiation. Thermal gravimetric analysis of the supports
and catalysts was performed on an MOM deriva-
tograph (Hungary) in the temperature range 20�
450�C.

The mass spectra of the gaseous thermolysis prod-
ucts of the samples were recorded on an MKh 1320
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mass spectrometer interfaced with a computer. A am-
pule with a sample was placed in the inlet system of
the mass-spectrometer. The sample was heated with
a platinum wire used also as a temperature gage. The
mass spectra of thermolysis products were recorded at
an ionizing voltage of 50 V and an accelerating volt-
age of 2.5 kV.

The thermal stability of the initial sulfonic cation
exchangers and the palladium catalysts was studied as
follows. A weighed portion of a sample was placed
in the reactor and heated in an inert gas flow. The
temperature at which a KMnO4 solution in a Drechsel
vessel arranged at the outlet of the reactor was de-
colorized with thermolysis products of the sulfonic
cation exchanger was recorded.

The dependence of the catalytic activity on the
temperature of pretreatment of the catalysts with the
reaction mixture was studied in a glass flow reactor
with automatic electric heating. A weighed portion of
the catalyst (1 g) was placed in the reactor. The height
of the catalyst bed was about 40 mm. The sample was
heated at 130�C in a helium flow for 1 h. Then the
catalyst was treated with a reaction mixture (3 vol %
H2 in air) at a definite temperature from 100 to 250�C
for 1 h. The flow rate of the reaction mixture was
250 cm3 min�1. After that, the reactor was cooled to
100�C. Samples of the gas phase were taken at the
reactor outlet in 15�20 min and were analyzed on a
Gazokhrom 31 chromatograph. The hydrogen conver-
sion was calculated as the difference between the
hydrogen content at the inlet and outlet of the reactor.

The specific activity of Pd A (cm3 g�1
Pd s�1) at

100�C was calculated by the equation

A = VH2
�m�1

Pd � 100,

where VH2
is the hydrogen feed rate (cm3 g�1

cat s�1),
� is the hydrogen conversion (vol %), and mPd is the
palladium content in the catalyst (gPd g�1

cat).

The initial catalytic activity was determined by the
above procedure without treatment of the samples
with the reaction mixture. The composition of the
reaction mixture in all the experiments was the same.

The weight loss �m on heating of FIBAN K-1 in
the H form and 2.Pd/H-K1 catalyst and FIBAN K-1 in
the Mg form and 2.5Pd/Mg-K-1 catalyst is plotted in
Figs. 1a and 1b, respectively. It should be noted that
it is difficult to determine the onset temperature of
thermolysis of the sulfonic cation exchanger by TG.
Since the thermolysis starts before the H2O molecules
strongly bound by hydrogen bonds with the sulfo

(a)

(b)

T, �C

T, �C
�m,
mg

�m,
mg

Fig. 1. Weight loss of FIBAN K-1 fibrous sulfonic cation
exchangers not containing and containing palladium as
a function of temperature. Sample weight 200 mg. Sample:
(a) (1) H-K-1 and (2) 2.5Pd/H-K-1; (b) (1) Mg-K-1 and
(2) 2.5Pd/Mg-K-1; the same for Fig. 2.

groups are completely desorbed from the sample, it is
possible to determine only the temperature range of
thermolysis of the ion exchanger. Nevertheless, as
seen from Fig. 1a, the weight loss of 2.5Pd/H-K-1 in
the range 110�215�C is substantially decelerated as
compared to the initial H-K-1 resin.

Previous results of TG and chemical analysis show
[8�11] that the H form of the sulfonic cation ex-
changer is desulfonated in air at 150�220�C. Thus, we
suggest that the thermal stability of the sulfo groups
of the sulfonic cation exchanger in the H form in-
creases after introduction of Pd particles into the
sample.

It should be noted that reduced Pd has virtually no
effect on the thermal stability of the functional groups
of the Mg form of the ion exchanger: the �m vs. T de-
pendences for Mg-K-1 and 2.5Pd/Mg-K-1 are similar
up to 330�C. The differences in the thermal stability
are observed only at higher temperatures (Fig. 1b).

It is known that palladium catalyzes a number of
redox reactions including thermal oxidative degrada-
tion of organic compounds [12]. The fact that the
thermal stability of 2.5Pd/Mg-K-1 at temperatures
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(a)
(A)

(b)

I, arb. units

I, arb. units

T, �C

T, �C

(B)
I, arb. units (a)

(b)

T, �C

(C)
(a)

T, �C

I � 10�3, arb. units

I � 10�3, arb. units
(b)

T, �C

Fig. 2. Relative intensity of ion currents I of (A) H2O+, (B) SO2
+, and (C) hydrocarbon fragments with m /e = 70�150 in the gas

phase as a function of temperature T. For explanations, see text.

higher than 330�C is lower than that of Mg-K-1 can
be due to the catalytic effect of palladium.

The volatile thermolysis products of H-K-1 and
Mg-K-1 and palladium catalysts on their base were
studied by mass spectrometry. The results are shown
in Figs. 2A�2C. The temperature dependence of the
relative content of H2O+ ions (m /z = 18) in the gas
phase in thermolysis of H-K-1 (Fig. 2Aa, curve 1) has
three distinct sections: up to 110 (desorption of free
and weakly bonded water), 110�150 (dehydration and
decomposition of dissociated sulfo groups to form
water), and above 150�C (thermolysis of nondis-
sociated and associated sulfo groups to form water).
The similar dependence was observed for 2.5Pd/H-
K-1 (Fig. 2Aa, curve 2). However, in this case water
is liberated in greater amount and the onset tempera-
ture of decomposition of nondissociated and as-
sociated sulfo groups is higher by approximately
10�C. The onset temperature of thermolysis of dis-
sociated and nondissociated sulfo groups of Mg-K-1
is 200 and 250�C, respectively (Fig. 2Ab, curve 1).

At the same time, the functional groups of 2.5Pd/H-
K-1 start to decompose above 250�C (Fig. 2Ab,
curve 2).

The dependences of the intensity of SO2
+ ion cur-

rents (m /z = 64) on the sample temperature (Fig. 2B)
show that introduction of reduced Pd into H-K-1 in-
crease the onset temperature of thermolysis of the
sulfo groups from 100 to 155�C, whereas desulfona-
tion of Mg-K-1 and 2.5Pd/Mg-K-1 starts at the same
temperature (250�C).

Hydrocarbon fragments with m /z = 70�150 (cleav-
age of the C�C bond) are detected in the gas phase
over the H form of the cation exchanger (Fig. 2Ca,
curve 1) at temperatures substantially lower than those
in the case of the Mg form (Fig. 2Cb, curve 1). Intro-
duction of Pd particles enhances the thermal stability
of the FIBAN K-1 matrix. The temperature at which
hydrocarbon fragments are detected in the gas phase
increases by 20�25�C for both 2.5Pd/H-K-1 (Fig. 2Ca,
curve 2) and 2.5Pd/Mg-K-1 (Fig. 2Cb, curve 2). In
addition, the amount of hydrocarbons liberated into
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the gas phase on heating of the samples up to 275�C
is substantially lower than that on heating of the ini-
tial H-K-1 and Mg-K-1 cation exchangers.

Thus, Pd particles enhance the thermal stability of
FIBAN K-1 sulfonic cation exchanger in the H and
Mg forms at moderate temperatures (up to 200�
275�C).

Evaluation of the thermal stability of the ion ex-
changers by the temperature of decolorization of a
KMnO4 solution gave the similar results (see table).
Introduction of reduced palladium enhances to a
greater extent the thermal stability of the H form of
the ion exchanger (growth form 130 to 180�C).

The degree of palladium reduction in 2.5Pd/H-K-1
and 2.5Pd/Mg-K-1 is 98 and 93%, respectively.
The initial specific activity of Pd in the Mg form
(8.7 cm3 g�1

Pd s�1) is substantially higher that in the H
form (3.4 cm3 g�1

Pd s�1) (see table).

The X-ray pattern of 2.5Pd/H-K-1 contains sharp
reflections with d 2.234, 1.958, and 1.166 � assigned
to crystals of metallic Pd. In the pattern of 2.5Pd/
MgK-1, these reflections are broadened, suggesting
lower crystallinity of Pd. Hence, the fact that the
catalytic activity of 2.5Pd/Mg-K-1 in oxidation of H2
is higher than that of 2.5Pd/H-K-1 is probably due to
finer dispersity of Pd in 2.5Pd/Mg-K-1.

However, not only the dispersity of Pd but also its
electronic state governed by strong metal�support
interaction (SMSI) can affect the catalytic activity.
As shown previously [13�18], the electronic state
of metals supported by inorganic ion exchangers,
zeolites, depends on the acid�base properties of the
support. Metals on strongly acidic zeolites have low
electron density, and metals supported by basic
zeolites have excess electronic density. In this work
we also studied the influence of the acid�base proper-
ties of the sulfonic ion exchangers on the activity
of supported palladium catalysts.

These experiments were performed as follows. A
sample of reduced catalyst 2.5Pd/H-K-1 was treated
with 0.5 M MgCl2 solution until H+ ions were com-
pletely exchanged for Mg2+. Then the sample was
thoroughly washed with distilled water to the absence
of chloride ions in the wash waters, dried, and heated
in a helium flow as described above.

The palladium dispersity in this sample (2.5Pd/Mg-
K-1) and in the initial catalyst (2.5Pd/H-K-1) is the
same. The specific activity A of these catalysts is 5.7
and 3.4 cm3 g�1

Pd s�1, respectively (see table). This dif-
ference in the catalytic activity can only be due to the

Thermal stability and specific activity A in H2 oxidation
of palladium catalysts supported by the H and Mg forms
of FIBAN K-1 sulfonic cation exchanger
����������������������������������������

Sample
� Onset temperature �

A, cm3 g�1
Pd s�1

� of thermolysis, �C �
����������������������������������������
H-K-1 � 130 � �

Mg-K-1 � 225 � �

2.5Pd/H-K-1 � 180 � 3.4
2.5Pd/Mg-K-1 � 250 � 8.7
2.5Pd/Mg-K-1� � 250 � 5.7
����������������������������������������

different cationic form of the support affecting the
electronic state of Pd. Thus, the increased catalytic
activity of 2.5Pd/MgK-1 compared to 2.5Pd/H-K-1 is
caused not only by finer dispersity of metallic palladi-
um but also by different effective charge of palladium
particles (the absence of deficiency of the electron
density).

Thus, the effective charge of metal particles sup-
ported by both organic and inorganic ion exchangers
depends on the acid�base properties (cationic form) of
the support. In the case of an organic ion exchanger,
the electron density is transferred along the polymeric
chain over relatively long distances. This phenome-
non, caused by the presence in the polymeric chain of
atoms with different electronegativity, was discussed
in our previous work [19] when we found that the
degree of reduction of [Pd(NH3)4]2+ cations intro-
duced into sulfonic cation exchanger by the ion-
exchange procedure depended on the salt form of
the resin.

As seen from Fig. 3, the catalytic activity increases
after treatment of the palladium catalysts with the
reaction mixture at 100�180�C. Previous EXAFS
spectroscopic studies showed that the active metal

T, �C

A, cm3 g�1 s�1
Pd

Fig. 3. Activity A of (1) 2.5Pd/H-K-1 and (2) 2.5Pd/Mg-
K-1 as a function of temperature T of treatment of the
catalysts with the reaction mixture.
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oxide phase containing Pd�Pd and Pd�O bonds was
formed after treatment of a palladium-containing
zeolite with a mixture of 1% CO and air at 100�
200�C. The activity of the palladium-containing zeo-
lite was found to linearly increase with the ratio of O2
and CO chemisorbed on the metal surface [21]. The
fact that the catalytic activity of 2.5Pd/H-K-1 and
2.5Pd/Mg-K-1 in H2 oxidation increases after high-
temperature treatment of these catalysts with the reac-
tion mixture is probably due to formation on Pd par-
ticles of a thin oxide layer which readily chemisorbs
oxygen.

The activity of 2.5Pd/Mg-K-1 remains the same
and the activity of 2.5Pd/H-K-1 sharply decreases
after treatment at higher temperature (from 180 to
250�C). This decrease in the catalytic activity (see
table) is clearly due to thermal degradation of the
H form, which starts, as shown above, at temperatures
higher than 180�C.

CONCLUSIONS

(1) The presence of reduced palladium in the H
and Mg forms of FIBAN K-1 fibrous sulfonic cation
exchanger enhances their thermal stability. The onset
temperature of thermolysis of both the sulfo groups
and the hydrocarbon matrix of the H form increases as
well as the onset temperature of thermolysis of the
hydrocarbon matrix of the Mg form.

(2) The activity of 2.5Pd/Mg-K-1 in H2 oxidation
is higher than that of 2.5Pd/H-K-1. This is due to
different dispersities and electronic states of reduced
palladium in these matrices.

(3) The catalytic activity in H2 oxidation increases
after treatment of the samples with the reaction mix-
ture at temperatures from 100 to 180�C. After treat-
ment at higher temperature (180�250�C), the activity
of the catalyst based on the Mg form remains the
same and the activity of the catalysts based on the
H form of the ion exchanger sharply decreases owing
to thermolysis of the support.
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Abstract�The influence of temperature, duration of thermal treatment, and oxidation modes of the aluminum
base on processes in which intermetallic compounds LiLaAl are formed by the method of electrochemical
cathodic intercalation was studied. The optimal modes of formation of LiLaAlox compounds exhibiting high
sorption capacity for hydrogen were determined.

Hydrogen is a versatile and environmentally clean
kind of fuel. One of the most important tasks of
hydrogen power engineering is the development of
efficient systems for hydrogen storage, because none
of the existing systems for hydrogen storage under
high pressure, in absorbed state at low temperature,
in liquid state, and in the form of metal hydrides and
intermetallic compounds satisfies the requirements to
H2 accumulators. In the case of mobile storage sys-
tems, the mass content of H2 should be no less than
6.5 wt %, and the volume content, no less than
63 kg m�3 [1, 2]. According to the regulations by the
International Energy Agency, an H2 accumulator
should contain no less than 5 wt % H2 and release it
at a temperature not higher than 373 K [1�3].

One of the most promising and presently widely
studied ways to solve the above-mentioned problem is
accumulation of H2 by metals and alloys, based on
reversible sorption of hydrogen.

The interaction of H2 with metals or alloys com-
monly involves the following processes: physical ad-
sorption on the surface, activated absorption in the
bulk, diffusion, migration, and molecular absorption
(occlusion), to form hydrides [2�10]. The nature of
a metal or an alloy and presence of defects in their
structure strongly affect the mechanism by which H2
interacts with the base. Diffusion, or mass transfer,
commonly leads to formation of interstitial or sub-
stitution solid solutions. The key factor in the sorption
process is the defectiveness of the crystal lattice and
existence of hydrogen dissolved in it in the form of
protons [5�8]. The solubility of H2 and its sorption by
various matrices are affected by such factors as pres-
sure, mechanical treatment of the surface, grain size of
the metal, presence of impurity compounds on the
metal surface, pH value of the solution, and electro-

lyte composition [1, 4�13]. Thus, the surface and
volume properties of a material that sorbs H2 and the
number of defects (vacant places for hydrogen atoms)
can be changed by means of various physicochemical
or electrochemical methods.

The aim of this study was to examine the possibil-
ity of using the method of cathodic intercalation to
obtain reversible H2 sorbents based on lithium�alumi-
num�lanthanum (LiAlLa) alloys.

EXPERIMENTAL

Aluminum foil (A 99.95) was conditioned with
synthetic corundum of M-28 brand, twice washed
with double-distilled water, and dried. Then, elec-
trodes with a geometric working surface area of 1 cm2

were subjected to a 30-min preliminary thermal treat-
ment (Alth; Ttr = 200�500�C, step 50�C). After that,
lanthanum was introduced into the Alth matrix by
cathodic intercalation from a 0.03 M solution of
lanthanum sulfanilate in dimethylformamide (DMF) at
the cathodic polarization potential Ecp = �2.7 V for
1 h. Then, lithium was introduced into the resulting
LaAlth alloy from a 1 M solution of LiClO4 in a mix-
ture of propylene carbonate (PC) and dimethoxy-
ethane (DME) taken in a 1 : 1 volume ratio at Ecp =
�2.9 V for 1 h. LiLaAlth phases with the highest
energy storage capacity are obtained after thermal
treatment of the Al base at 400�C. In the next stage,
the duration of the thermal treatment was varied:
the starting Al samples were treated at 400�C for
15�120 min (step 15 min), and then Alth samples
were treated in nonaqueous solutions of La and Li
salts as described above. In another set of experi-
ments, the starting Al or Alth was preliminarily oxi-
dized, in order to �develop� the electrode surface, in a
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�, s

Fig. 1. Potentiostatic curves of cathodic intercalation of La
into aluminum matrices from a 0.03 M solution of lantha-
num sulfanilate in DMF. Ecp = �2.7 V (relative to a non-
aqueous silver chloride electrode), 20�C. (i) Current density
and (�) time; the same for Figs. 2�5. Matrix: (1) Al,
(2) Alth, (3) Alox, and (4) (Alth)ox.

mixture of acids (g l�1): sulfuric 150, oxalic 30, citric
30, and nicotinic 10, at anode current densities ia =
10�50 mA cm�2 (step 10 mA cm�2) and oxidation
time tox = 10�60 min (step 10 min). As counter elec-
trodes in oxidation served lead plates (S = 10 cm2).
Al plates (S = 10 cm2) were used in cathodic inter-
calation of La and Li. As reference electrode was used
nonaqueous silver chloride electrode fabricated from
an EVL-1 standard silver chloride electrode, placed in
a working electrolyte solution, 1 M LiClO4 in PC +
DME (1 : 1). LiCl crystals were introduced into the
electrolyte in order to eliminate the diffusion poten-
tial. The potential of the nonaqueous silver chloride
electrode at 20�C is �0.06 V vs. standard silver chlor-
ide electrode, 0.163 V vs. hydrogen electrode, and
3.05 V vs. lithium electrode in the working electrolyte
solution. In measurements in DMF-based solutions,
an intermediate vessel with the working solution was
used. The silver chloride electrode Ag+/Ag is revers-
ible and stable in the aprotic solvents used in the

Table 1. Diffusion-kinetic characteristics of intercalation
of La into Al matrices and Li into Al�La matrices
����������������������������������������

Electrode
�

Ki�104, A s1/2 cm�2 � c0D1/2
� 10�9,

� � mol cm�2 s�1/2

����������������������������������������
LaAl � 1.3 � 2.4
LaAlth � 2.7 � 4.9
LaAlox � 3.4 � 6.2
La(Alth)ox � 5.2 � 9.5
LiLaAl � 4.3 � 7.9
LiLaAlth � 7.6 � 13.9
LiLaAlox � 9.7 � 17.8
LiLa(Alth)ox � 1.1 � 2.0
����������������������������������������

study [14]. In studying the sorption of H2 by the
formed LiLaAl, LiLaAlox, and LiLa(Alth)ox, HCl and
HClO4 solutions with concentrations of 0.375, 0.750,
1.500, and 2.000 wt % were used. The sorption was
performed at potentials Ecp from �1.0 to �2.2 V (step
0.1 V) in the course of 1 h. All the measurements in
this study were carried out at 20�C on a P-5848 poten-
tiostat with a KSP-4 recorder. The diffusion-kinetic
parameters of the process were determined using the
potentiostatic method. The initial portions of current
decay in curves plotted in the coordinates i�1/�1/2

were analyzed in terms of the Cottrell equation [15]
for solid-state diffusion in thin films

Ki = �i /�(1/t1/2) = zFc*D1/2/�1/2,

where Ki is the diffusion-kinetic parameter of inter-
calation (A s1/2 cm�2); i, current density (A cm�2),
F = 96485 C mol�1, Faraday number; and D, diffu-
sion coefficient (cm2 s1/2).

An oxide film with a structure that is looser than
the natural structure can be formed on the surface of
Al (A 99.95) by selecting the temperature (200�
500�C) and time (15�120 min) of thermal treatment.
It was found that the optimal mode is mode I: Ttr =
400�C and �tr = 60 min. Similarly, the optimal mode
in the case of anodic oxidation in a mixture of acids
(g l�1): sulfuric 150, oxalic 30, citric 30, and nicotinic
10 is mode II: anode current density ia = 20 mA cm�2,
�ox = 20 min (Fig. 1). Under the chosen conditions
of thermal treatment and oxidation, the oxide film on
the surface of Al has such properties and structure
which, as shown previously [16, 17], favor introduc-
tion of La into the Al electrode from a lanthanum sul-
fanilate solution. Upon the introduction of lanthanum
at Ecp = �2.7 V and �cp = 60 min, the negative poten-
tial of the formed electrode (Alth)oxLa was about
�2.0 V. The calculated diffusion-kinetic parameters
of the processes of successive introduction of La and
Li into the starting Al and aluminum and lanthanum�
aluminum bases preliminarily formed in modes I and
II are listed in Table 1.

Upon introduction of lithium into La(Alth)ox elec-
trodes from a 1 M solution of LiCl in PC + DME
(1 : 1) in the potentiostatic mode (Fig. 2), a classical
curve of cathodic intercalation was obtained [18�20].
Incorporation of La and Li atoms into the structure of
thermally treated and oxidized Al (Figs. 1, 2) leads to
successive distortion of the initial crystal lattice of Al
and to formation of additional vacancies and structural
defects and zones with increased diffusion rate.
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This must facilitate sorption of H2 and its accom-
modation at the forming vacant sites. The study dem-
onstrated that the best parameters of the processes are
achieved for the LiLaAlox electrode (Figs. 1, 2;
Table 1).

The quantitative and qualitative pattern of the proc-
ess of H2 sorption by preliminarily formed LiLaAlox
electrodes depends on the nature of a hydrogen-con-
taining agent (HCl and HClO4), its concentration, and
cathodic polarization potential Ecp (Figs. 3, 4).

According to Smith’s classification [1, 3], all
metals can be divided into three groups by their rela-
tion to hydrogen: the first comprises metals, including
Li, that form with H2 saltlike hydrides; the second,
metals that form with H2 chemical compounds with
covalent bonding, covalent hydrides (Al); and the
third, endo- and exothermic absorbers of hydrogen
and, in particular, La [3]. Thus, the metal components
of the LiLaAlox alloy under study belong to different
groups and, therefore, the variety of alloys formed
with H2 may be exceedingly wide. In cathodic polari-
zation of the LiLaAlox electrode in HCl solutions of
various concentrations at a potential Ecp = �1.1 V,
the rate of discharge of H+ ions grows 3�4-fold
when the HCl concentration increases from 0.375 to
1.5 wt % (Fig. 3). Analysis of the influence exerted by
the cathode potential on the sorption of H2 by the
LiLaAlox alloy shows (Fig. 4) that a shift of the po-
tential in the negative direction accelerates saturation
of the electrode surface with discharged hydrogen
atoms and makes shorter the critical time in which the
first nuclei of a new phase are formed, when pre-
requisites for their growth and formation of a layer of
this phase are created. At Ecp = �1.1 V, this critical
time is not reached under the given experimental con-
ditions; at Ecp = �1.5 V, it is as long as 300 s, and
at Ecp = �2.0 V, as short as 10 s.

In the initial stage of the current decay, the depen-
dence i�1/�1/2 is represented by straight lines with
a sharp bend, which make intercepts i� on the ordi-
nate axis (Fig. 5). This may be due to parallel occur-
rence of two processes: introduction of H+ ions into
the oxide layer (iox) and intercalation of discharged
hydrogen ions into the metal at the inner M�oxide
interface (iM). The resistance of the protonated oxide
layer is so high that, at Ecp = �1.1 V, the electrode
current remains constant during approximately 18 s.
And only after that there appears a concentration
gradient of hydrogen ions, dcH+/dx, that is sufficient
for ensuring the diffusion of H+ ions to the inner inter-
face with the metal of the electrode, where the fol-

�, s

Fig. 2. Potentiostatic curves of cathodic intercalation of
Li from a 1 M solution of LiClO4 in PC + DME (1 : 1) into
electrodes. Ecp = �2.9 V (relative to a nonaqueous silver
chloride electrode), 20�C. Electrode: (1) LaAl, (2) LaAlth,
(3) LaAlox, and (4) La(Alth)ox.

�, s

Fig. 3. Potentiostatic curves obtained in treatment of a
LiLaAlox electrode in HCl solutions at Ecp = �1.1 V. cHCl
(wt %): (1) 0.375, (2) 0.5, (3) 1.5, and (4) 2.0.

�, s

Fig. 4. Potentiostatic curves obtained in treatment of
a LiLaAlox electrode in a 1.5% HCl solution. Potential
Ecp (V): (1) 1.1, (2) 1.5, (3) 2.0, and (4) 2.2.

iox

1/�1/2, s�1/2

Fig. 5. i�1/�1/2 dependence for a LiLaAlox electrode
(plotted using the data of Fig. 4).
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Table 2. Constants of hydrogen sorption by LiLaAlox electrode from a 1.5% HCl solution and c0D1/2 product at different
cathodic polarization potentials
������������������������������������������������������������������������������������

�Ecp, V
� Ki�103 (ox), � c0D1/2

�108 (ox), � Ki �103 (M), � c0 D1/2
�108 (M),

� � � �� A s1/2 cm�2 � mol cm�2 s�1/2 � A s1/2 cm�2 � mol cm�2 s�1/2

������������������������������������������������������������������������������������
2.2 � 1.2 � 2.2 � 0.25 � 0.5
2.0 � 1.4 � 2.6 � 0.44 � 0.8
1.5 � 1.3 � 2.4 � 0.38 � 0.7
1.1 � 1.0 � 1.8 � 0.42 � 0.8

������������������������������������������������������������������������������������

lowing exchange reactions are possible:

LiAl + xH+ + xe = AlHxLi1 � x + xLi

or
La + xH+ + xe = LaHx,

Li + xH+ + xe = LiHx.

It was established experimentally that hydrogen is
sorbed from HCl solutions at a higher rate. In the case
of HClO4, adsorption of ClO4

� anions on the alloy sur-
face hinders introduction of H+ ions into the structure
of the electrode, and an additional energy is required
for this process to begin. This is achieved, for exam-
ple, at a significant shift of the cathodic polarization
potential in the negative direction (to +0.05 V relative
to Li+/Li and �3.0 V relative to the nonaqueous silver
chloride electrode).

Raising the concentration of HCl from 0.375 to
1.5 wt % makes the rate of hydrogen intercalation 3�
4 times faster. In this case, the electrochemical param-
eters of the process depend on Ecp (Table 2).

CONCLUSIONS

(1) In the chosen modes of preliminary thermal
treatment and oxidation, an oxide film whose proper-
ties and structure favor cathodic intercalation of La
and Li into an aluminum electrode is formed on the
Al surface.

(2) Introduction of lithium and lanthanum is ac-
companied by successive distortion of the crystal
lattice by La and Li and formation of additional
vacancies and structural defects and of zones with an
increased diffusion rate. This facilitates the sub-
sequent sorption of hydrogen and its accommodation
in the structure of the LiLaAl alloys formed.

(3) Hydrogen sorption is affected by the solution
concentration and nature (anionic composition) of
a hydrogen-containing agent.
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Abstract�Phase, dispersion, and chemical compositions of the products of thermal treatment of slimes
obtained by treatment of model solutions and industrial wastewaters from electrochemical production using
ferroferrihydrosol were studied. The dependence of the phase composition of the slime treatment products
as influenced by the content and ratio of heavy metals in wastewaters was evaluated.

One of procedures for reagent treatment of electro-
chemical production wastewaters is based on the use
of ferroferrihydrosol (FFH) [colloidal suspension of
iron(II) and iron(III) oxyhydrates] exhibiting high
sorption, coagulation, and reduction powers [1]; this
agent is prepared by electrochemical treatment of
steel cuttings. This treatment procedure provides
simultaneous removal of a wide spectrum of heavy
metals without separation into certain (e.g., zinc-
containing, copper-containing) fractions. The resulting
slime, being low-toxic, stable to aggressive media,
and enriched with iron, can be a valuable secondary
raw material.

Utilization of slimes from electrochemical produc-
tion is of particular social and economical importance,
because solution of this problem can decrease ex-
penses for building of environmentally hazardous
treatment fields and save natural resources owing to
use of secondary raw materials. The procedures for
treatment and utilization of electrochemical produc-
tion slimes are analyzed in [2�7]. These data show
that the slimes can be used as additives in bulk color-
ing of ceramics and in brick production to improve its
strengths and frost resistance, as claydite-like light
porous filters, pigments, and pigment-fillers. Pub-
lished data suggest that the most advisable solution
is preparation of inorganic pigments whose properties
are not inferior to those of standard commercial sam-
ples. This is especially the case for pigments based
on the slimes from treatment of the wastewaters
with FFH, because the content of iron in them exceeds
50%.

The main stage of the slime treatment to prepare
pigments and pigment-fillers is their thermal treat-
ment, which allows formation of hexagonal or cubic
structure of iron oxide (�-Fe2O3, �-Fe2O3) providing
color properties of the products. It should be noted
that compounds of chromium, nickel, copper, zinc,
and some other metals can strongly affect the chemi-
cal and phase transformations proceeding in the
course of slime heating and thus the composition and
color properties of the resulting products. The data
on thermal transformations of iron, chromium, nickel,
zinc, and copper compounds in precipitates, e.g.,
in the slimes from treatment of the electrochemical
production wastewaters with FFH, are lacking, which
hinders determination of the optimal conditions
of their treatment to prepare pigments and pigment-
fillers. Hence, in this work we studied the mechanism
and products of thermal treatment of precipitates
(slimes) obtained by treatment of model solutions and
industrial wastewaters using an electrochemically
prepared reagent, FFH.

EXPERIMENTAL

In our work we used the precipitates (slimes) from
treatment of model solutions and industrial waste-
waters from the following plants: Chermet (Grodno,
Belarus) and Vilma and Vingis (Vilnius, Lithuania).
The thermal transformations in the course of slime
heating were studied by differential thermal analysis
(DTA) using an OD-102 derivatograph (MOM, Hun-
gary) at a heating rate of 10 deg min�1 (0.5�1.0 g



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

MECHANISM AND PRODUCTS OF THERMAL TREATMENT 1511

Table 1. Composition of model solutions and precipitation conditions
������������������������������������������������������������������������������������
Model� Content in solution (model �

FFH recal-
�

Weight ratio of the metal
�

Precipitant
solu- � wastewater), mg l�1 �

culated on
�

ions at precipitation
�

����������������������������� � �tion
� Zn(II) � Cr(VI) � Ni(II) � Cu(II) � Fe, mg l�1

� �no. � � � � � � �
������������������������������������������������������������������������������������

1 � 10 � 10 � 10 � 10 � 500 �Zn : Cr : Ni : Cu : Fe = 1 : 1 : 1 : 1 : 50 �NaOH
2 � 10 � 10 � 10 � 10 � 500 �Zn : Cr : Ni : Cu : Fe = 1 : 1 : 1 : 1 : 50 �Degreasing solution

� � � � � � �� � � � � � �(PO4
3�, CO3

2�, NaOH)
3 � 10 � 10 � 10 � 10 � 500 �Zn : Cr : Ni : Cu : Fe = 1 : 1 : 1 : 1 : 50 �Ca(OH)2
4 � 200 � 10 � 10 � 10 � 500 �Zn : Cr : Ni : Cu : Fe = 20 : 1 : 1 : 1 : 50 �NaOH
5 � 10 � 10 � 200 � 10 � 500 �Zn : Cr : Ni : Cu : Fe = 1 : 1 : 20 : 1 : 50 �NaOH
6 � 10 � 10 � 10 � 200 � 500 �Zn : Cr : Ni : Cu : Fe = 1 : 1 : 1 : 20 : 50 �NaOH
7 � 10 � 200 � 10 � 10 � 900 �Zn : Cr : Ni : Cu : Fe = 1 : 20 : 1 : 1 : 90 �NaOH
8 � 600 � 10 � 10 � 10 � 600 �Zn : Cr : Ni : Cu : Fe = 60 : 1 : 1 : 1 : 60 �NaOH
9 � 10 � 10 � 600 � 10 � 600 �Zn : Cr : Ni : Cu : Fe = 1 : 1 : 60 : 1 : 60 �NaOH

10 � 10 � 10 � 10 � 600 � 600 �Zn : Cr : Ni : Cu : Fe = 1 : 1 : 1 : 60 : 60 �NaOH
11 � 10 � 600 � 10 � 10 � 900 �Zn : Cr : Ni : Cu : Fe = 1 : 60 : 1 : 1 : 90 �NaOH

������������������������������������������������������������������������������������

sample weight). The phase compositions of the treat-
ment products were determined on a DRON-2 diffrac-
tometer with an iron anode. The chemical composi-
tions of the slimes and final products were determined
by chemical analysis and X-ray spectral microanaly-
sis. The dispersion composition was studied by trans-
mission and scanning microscopy on a Mini-Magiscan
certified automatic pattern analyzer using a Genias
26 program. For scanning microscopy, a layer of gold
was preliminarily sputtered over the sample surface.

The compositions of the model solutions prepared
from ZnSO4, NiSO4, CuCl2, CrO3, and tap water con-
taining calcium and magnesium ions (5�7 mg-equiv l�1)
are listed in Table 1. Then, an aqueous suspension
of FFH and alkaline reagents [NaOH, Ca(OH)2, or
degreasing solution] were added to pH 8.1�8.5.
In FFH, the crystalline phase is Fe3O4, and the
Fe(II) : Fe(III) ratio is (1�2) : 10.

The mechanism of FFH treatment of wastewaters
containing simultaneously double- and triple-charged
cations involves complex physicochemical transfor-
mations in the solid phase. The Cu(II), Zn(II), Cr(III),
and Ni(II) ions occurring in the wastewaters can be
sorbed with FFH and react with iron compounds. As
a result, complex spinel-like crystalline structures can
appear, as in the case of electrochemical wastewater
treatment [8]:

nM2+ + (3 � n)Fe2+ + 6OH� � MnFe3 � n(OH)6,

+0.5O2
MnFe3 � n(OH)6 ��� MnFe3 � nO4 + 3H2O.

Thus, the precipitates obtained by wastewater treat-

ment with FFH are mixtures of iron oxyhydrates with
sorbed compounds of heavy metals, magnetite Fe3O4
and ferrites MnFe3 � nO4. Moreover, formation of
amorphous heteropoly compounds with molecular
units containing Fe(M)(OH)�O� groups and of hy-
droxides of metals present in the purified water cannot
be ruled out [9]. The chemical compositions of the
dried precipitates obtained from the model solutions
and industrial wastewaters are listed in Table 2. As
seen, the content of metal and water in the precipitates
depends on the composition of the initial wastewater.

The XRD analysis of the precipitate samples also
showed certain differences in their phase composition.
For example, there are no well-crystallized phases in
the precipitates obtained by treatment of industrial
wastewaters with FFH, whereas the XRD patterns of
the samples precipitated from the model solutions
exhibit the reflections typical for magnetite at pre-
dominant content of chromium or nickel ions in solu-
tion or belonging to an unidentified phase at pre-
dominant content of copper ions in solutions. It
should be noted that the lattice parameters of the
magnetite phase are slightly distorted, probably due to
the formation of intercalation or substitution solid
solutions.

As seen from the data of the transmission and
scanning microscopy, the average particle size is
0.36�0.41 �m. As for industrial samples, the average
size of the particles prepared at the Chermet and
Vilma plants is slightly greater than those formed
upon precipitation from the model solutions and
wastewaters from the Vingis plant.
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Table 2. Composition of precipitates obtained from model solutions and industrial wastewaters
������������������������������������������������������������������������������������

Sample
� Content of the main components recalculated on metal oxides
�����������������������������������������������������������������������������

no. � Fe2O3 � FeO � Cr2O3 � ZnO � NiO � CuO � H2O
������������������������������������������������������������������������������������

4 � 57.3 � 1.2 � 1.3 � 20.0 � 1.1 � 1.1 � 18.3
5 � 56.1 � 1.7 � 1.4 � 1.0 � 20.0 � 1.2 � 18.3
8 � 43.8 � 1.7 � 0.8 � 35.7 � 0.7 � 0.7 � 17.5
9 � 42.3 � 0.6 � 0.7 � 0.6 � 35.4 � 0.7 � 20.9

10 � 44.6 � 0.1 � 0.6 � 0.7 � 0.7 � 36.2 � 16.8
11 � 66.7 � 4.0 � 12.1 � 0.3 � 0.3 � 0.3 � 18.7

Chermet � 52.9 � � � 6.1 � 3.7 � 1.9 � 4.3 � 19.3
Vilma � 39.2 � � � 4.4 � 1.9 � 13.6 � 5.0 � 25.8
Vingis � 48.5 � � � 3.3 � 14.3 � 0.9 � 0.8 � 22.1

������������������������������������������������������������������������������������
* Sample no. corresponds to the number of the model solution treated with FFH.

The DTA curves of the slimes in question are
shown in Fig. 1. The endothermic effects in the 100�
400�C range are due to the slime dehydration. As
seen, the water molecules are liberated stepwise on
heating. This process is characterized by two and
more endothermic peaks in the DTA curves; the first
of them in the 100-210�C range is due to the loss of
hydration water, whereas the second peak is due to
liberation of crystallization water and probably cleav-
age of the bridging OH groups. The heating curves of
sample nos. 2 and 3 obtained from the model solu-
tions exhibit only two endothermic effects: the first
peak with a minimum at 125�C and the second broad
peak in the 200�400�C range. These curves corre-
spond to the heating curves of iron(III) oxide hydrates

T, �C

Fig. 1. DTA curves of (1) FFH and precipitates obtained
from model solution (2) no. 4 and (3) no. 5 and from
industrial wastewaters of the (4) Vilma, (5) Vingis, and
(6) Chermet plants. (T) Temperature.

[10], in particular, of goethite FeOOH, but differ
from the DTA curve of FFH (Fig. 1), which suggests
chemical and phase transformations of FFH in the
wastewaters. The heating curve of the slime prepared
under the operation conditions at the Vilma plant is
similar to curves 2 and 3, but it is characterized by a
more diffuse broad endothermic effect, probably due
to the differences in the chemical composition, par-
ticle size, specific surface area, and thus the amounts
of adsorbed and hydration water. The DTA curves of
sample nos. 5 and 6 are characterized by ascending
baseline in the 320�510�C range, which corresponds
to the �-Fe2O3 � �-Fe2O3 phase transition. The
height and position of the endothermic peak at 510�C
are determined by the degree of crystallinity of Fe2O3,
amount of this phase, and its particle size [5]. It is
known that the DTA peaks can shift toward lower
temperatures with decreasing particle size.

The phase compositions of the products obtained
by the slime thermal treatment at 800�C for 0.5 h was
studied by XRD analysis. The XRD data (Figs. 2a,
2b) show that the products of the slime thermal treat-
ment contain at least two crystalline phases, and one
of them is hematite Fe2O3.

In accordance with the sets of the interplanar spac-
ings, the XRD patterns can be divided in several
groups. The first group includes the diffraction pat-
terns with interplanar spacings corresponding to
hematite. These patterns are typical for the products of
thermal treatment of the samples prepared from model
solutions with the concentrations of zinc, chromium,
nickel, and copper of 10 mg l�1, and with the concen-
trations of copper and zinc of 200 mg l�1. The second
group includes the patterns typical for Fe2O3 and
Fe3O4 phases. These two crystalline phases are
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formed at treatment of both model solutions contain-
ing chromium (200 and 600 mg l�1) and copper
(600 mg l�1) ions and industrial wastewaters from the
Vilma and Chermet plants. With increasing chromium
concentration in the wastewater, the content of crys-
talline phase with the magnetite structure decreases
(Fig. 2).

As the zinc concentration in wastewaters from the
Vingis plant is high (Table 1), the precipitates heated
at 800�C yield a mixture of �-Fe2O3 and ZnO, which
is confirmed by interplanar spacings d 2.476, 2.816,
and 2.602 � in the XRD patterns. Similar phases are
obtained from zinc-rich model solutions.

The products of annealing of the precipitates ob-
tained from the model solutions containing 200 mg l�1

nickel give the XRD patterns exhibiting the reflec-
tions typical for �-Fe2O3 and �-Fe2O3. With increas-
ing nickel content to 600 mg l�1, we obtained the
precipitates whose thermal treatment yields a phase
with a magnetite-type structure. Thus, our experi-
mental data show certain dependence between the
content of copper, zinc, and nickel ions in the waste-
waters and phase composition of the products of the
slime thermal treatment.

The phase transformations proceeding at thermal
treatment of the slimes can be described as follows.
The �-Fe2O3 phase is formed by dehydration of
iron(III) oxide hydrates present in the precipitates and
subsequent transformations of magnetite according to
the following reaction:

2FeO �Fe2O3 + 0.5O2 � 3�-Fe2O3 � 2�-Fe2O3.

The other crystalline phases and, in particular,
magnetite in the products of thermal treatment prob-
ably result from formation of intercalation and sub-
stitution solid solutions with participation of metal
ions present in the wastewaters. For example, magne-
tite, as ferrite, has the structure of inverse spinel
Fe3+[Fe2+Fe3+]O4

2� with the random distribution of
double- and triple-charged cations in the octahedral
sites of the lattice containing both cationic and anionic
vacancies. It is known that ferrites of several metals
also have the inverse spinel structure. These structures
can be formed both in treatment of the wastewaters
and in annealing of the precipitates. Similarly, ferrite-
type spinel can appear at filling of the vacancies in
the structure of �-Fe2O3 with crystallographic formula
Fe3+[ 1/3Fe3

5
+
/3]O4

2�, where is the cationic vacancy.
In accordance with XRD data, the phases with the
�-Fe2O3 structure are formed by thermal treatment of
precipitates obtained from the model solutions with

(a)

d, �

(b)

d, �

Fig. 2. XRD patterns of the products obtained by thermal
treatment of precipitates (a) formed in model solution
nos. 1�11 (respective curve numbers) and (b) formed by
treatment of wastewaters from the (1) Vingis, (2) Vilma,
and (3) Chermet plants. (d) Interplanar spacing.

the prevalence of nickel ions. At the same time,
chromium ions promote formation of spinel with the
magnetite structure. The effect of zinc and copper ions
on the composition of the resulting crystalline phases
is quite different from that of nickel and chromium.
At a content of these metal in model solutions of
200 mg l�1, after annealing we obtained only crystal-
line �-Fe2O3, and no spinels of magnetite of �-Fe2O3
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types were found. With increasing content of zinc in
the model wastewater, zinc oxide appeared in the
annealing products, whereas in the case of copper, the
spinel-type crystalline phase was formed.

Similar phase transformations as influenced by the
content of heavy metals in the wastewaters were
detected in slimes obtained by FFH treatment at the
Chermet, Vilma, and Vingis plants. The effect of
chromium and nickel on the phase transformations in
the course of thermal treatment becomes pronounced
only at their high content in the wastewaters. For
example, at 14.3% zinc content in the slime from
the Vingis plant, the annealing product contains
hematite and zinc oxide, whereas heating of the slimes
obtained from the Chermet and Vilma plants at 800�C
yields �-ferrite and ferrite with magnetite structure,
due to high concentrations of nickel and chromium
in the wastewaters.

The scanning microscopy data showed that the
average particle size in the samples after heating at
800�C is similar to the average particle size of the
samples dried at 105�C. For example, the average
particle sizes of the precipitate obtained from model
solution no. 11 (Table 1) and of the product of its
thermal treatment is 0.36�0.37 �m. At the same time,
the granulometric composition of the product changes
as compared to the initial material at the expense of
the finest fraction at thermal treatment.

CONCLUSION

The phase, dispersion, and chemical compositions
of slimes obtained by treatment of model solutions
and industrial wastewaters using FFH and of their
annealing products were studied. Based on these dada,

the dependence of the phase composition of the slime
treatment products as influenced by the content of
chromium, nickel, zinc, and copper was evaluated.
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Abstract�Adsorption of butanol under static conditions on two types of activated charcoals, prepared from
birch and a blend of oak and beech, was studied. The adsorption on birch charcoal was carried out under
dynamic conditions. The limiting stage of the process was determined. The dependence of the purification
efficiency on the fractional composition of activated charcoal and the feed rate of the contaminated solution
was studied. The regeneration of birch charcoal with steam and by calcination was performed.

The efficient nature management is largely asso-
ciated with recovery of individual components from
wastes formed in reprocessing of the initial raw ma-
terials, in particular, from wastewater. This allows
a decrease in consumption of natural resources and
in detrimental impact on water objects.

Lower alcohols are widely used in industry and get
into wastewater. Butanol, isobutanol, and tert-butanol
contaminate paint-and-varnish industrial wastewater;
ethanol and butanol, wastewater from production
of photographic films and ascorbic acid, and also
from other branches of organic synthesis and food
industry [1].

During the main processes, alcohols form mixtures
with water and should be separated before water re-
cycling or discharge. In traditional processes, such as
extraction or special distillation procedures (azeotrop-
ic, extractive, etc.), as a rule, alcohols are recovered
from aqueous solutions at their high content and water
purification is incomplete. Therefore, it is necessary
to use additional purification procedures, one of which
is adsorption [2, 3].

High cost of sorbents often hampers wide industrial
use of adsorption. Therefore, it would be appropriate
to use adsorbents produced from industrial wastes,
such as activated charcoals prepared from a blend
of oak and beech or from birch, produced by the
ANITIM Joint-Stock Company.1

Previous studies [4] showed the advantages of birch
activated charcoal. It has lower moisture content,
������������

1 On the base of the Altai Research Institute of Precision
Mechanical Engineering, Barnaul.

greater pore volume, and high sorption capacity with
respect to iodine. However, further experiments
showed that birch charcoal has lower mechanical
strength than charcoal produced from a blend of oak
and beech. First we studied recovery of butanol
from water on the above nonfractionated activated
charcoals.

As a result of studying adsorption under static
conditions, we obtained isotherms of adsorption of
butanol on activated charcoals (Fig. 1). As seen from
Fig. 1, the sorption curves in the range of low concen-
trations of butanol (less than 0.5 wt %) coincide, but
with increasing concentration of butanol in water
the sorption capacity of birch charcoal becomes sig-
nificantly greater than that of mixed charcoal. Thus, at
the equilibrium concentration of alcohol of 7.5 wt %,
the sorption capacity of birch charcoal is 0.84 g g�1,
which is greater than that of mixed charcoal by a
factor of 2 (0.42 g g�1).

A, g g�1

ceq, wt %

Fig. 1. Isotherms of adsorption of butanol on activated
charcoals. (A) Adsorption capacity and (ceq) equilibrium
concentration. Charcoal: (1) birch and (2) produced from
a blend of oak and beech.
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�, h

Fig. 2. Kinetics of adsorption under dynamic conditions.
(c, c0) Current and initial concentrations, respectively;
(�) time. Concentration of butanol in the initial solution
(mg l�1): (1) 4000, (2) 1500, (3) 800, and (4) 600.

E, %

�, h

Fig. 3. Purification efficiency E as a function of time �

at various feed velocities of contaminated solution at c0 =
800 mg l�1. Feed velocity, m h�1: (1) 4, (2) 2, and (3) 1.

E, %

�, h

Fig. 4. Purification efficiency E as a function of time �

with charcoal of various fractional composition at c0 =
800 mg l�1. (1) Nonfractionated charcoal; fractional com-
position, deff (mm): (2) <1.5, (3) 1.5�3, (4) 3�6, and
(5) >6.

We studied the dynamics and kinetics of adsorption
for only birch charcoal, since studying the main
characteristics of charcoals and sorption isotherms
revealed apparent advantages of birch charcoal. The
kinetic data (Fig. 2) show that the highest purification
efficiency, i.e., the lowest ratio of the butanol concen-
tration at the outlet from the adsorber c to its initial
concentration c0 is reached at low initial concentra-
tions of butanol. With increasing concentration of
butanol, the c /c0 ratio increases and the purification
efficiency decreases.

We studied the influence of the solution feed veloc-
ity on adsorption. We found that the purification effi-

ciency noticeably increases with decreasing feed
velocity of the contaminated solution, irrespective of
the initial concentration of alcohol. The dependence of
the purification efficiency on the feed velocity of the
contaminated solution (Fig. 3) shows that, after 2 h of
operation of activated charcoal at a feed velocity of
the contaminated solution of 1 m h�1, the purification
efficiency is approximately 70%; at a feed velocity of
2 m h�1, approximately 40%; and at a feed velocity of
4 m h�1, 4�5%.

As a rule, in adsorption purification the charcoal
with a definite fractional composition is used [5];
therefore, birch charcoal was subjected to sizing. The
study of the dependences of the purification efficiency
on time and fractional composition showed that the
highest purification efficiency is reached with the
fraction with deff < 1.5 mm (Fig. 4). However, this
fraction has very high hydrodynamic resistance, which
makes it unsuitable for adsorption purification. As for
the other fractions, the purification efficiency de-
creases in the order: deff = 1.5�3 mm, nonfractionated
charcoal, deff = 3�6 mm, and deff > 6 mm. The in-
crease in the purification efficiency with decreasing
grain size of adsorbent can be explained by the limit-
ing role of the inner diffusion [6].

The dependence of the hydraulic resistance of the
adsorption bed (lost head expressed in kPa) on the
fractional composition is shown in Fig. 5. It is seen
that the fraction with deff = 3�6 mm has the lowest
hydraulic resistance, and the fraction with deff <
1.5 mm, the highest hydraulic resistance. In this case,
with increasing velocity of solution filtration through
the sorbent bed variation of resistance is insignificant
for the coarsest fraction and is maximal for the finest
fraction.

Purification on activated charcoals necessarily in-
volves regeneration of the adsorbent with the aim to
recover the adsorbed component (in regenerative puri-
fication) and reuse the sorbent [6]. Initially the regen-
eration was carried out by steam. The influence of
regenerate volume on the alcohol concentration in the
regenerate at various alcohol concentrations in the
solution to be purified was established. The content of
alcohol in the regenerate increases by a factor of no
more than 3 in comparison with the initial solution,
and the alcohol concentration in the regenerate de-
creases with increasing volume of steam condensate.

Regeneration with steam requires high power con-
sumption for production of steam, and the alcohol
concentration in the regenerate does not exceed 2 g l�1,
which makes it unsuitable for further use. We also
attempted to regenerate activated charcoal by calcina-
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p, kPa

v, m h�1

Fig. 5. Hydraulic resistance of charcoal bed p (H = 35 cm)
as a function of solution velocity v for various fractional
compositions. Fractional composition deff (mm): (1) <1.5,
(2) 1.5�3, and (3) 3�6.

c, mg l�1

V, ml
Fig. 6. Alcohol concentration c in the regenerate as a func-
tion of regenerate volume V in thermal regeneration of
charcoal. c0 (mg l�1): (1) 800 and (2) 1500.

tion. The results of thermal regeneration of activated
charcoal at 100�300�C at various initial concentra-
tions of alcohol are presented in Fig. 6. For c0 =
1500 mg l�1, the alcohol concentration in the regen-
erate reached 53 g l�1, and for c0 = 800 mg l�1,
25 g l�1. The highest content of alcohol in the regen-
erate is reached at the beginning of charcoal calcina-
tion and at the process completion. This can be ex-
plained by the fact that, at the beginning of regenera-
tion, water and alcohol molecules weakly bonded by
sorption forces vaporize at approximately 100�C.
By process completion at 300�C, molecules tightly
bonded by adsorption interactions are released.

To compare the adsorption capacities of freshly
prepared and regenerated charcoals, we studied ad-
sorption of butanol on regenerated birch charcoal.
The adsorption powers of freshly prepared and regen-
erated birch charcoals are shown in Fig. 6. As seen,

the adsorption power of charcoal does not noticeably
decrease upon regeneration.

CONCLUSIONS

(1) At equilibrium concentration of alcohol of
7.5 wt % the sorption capacity of birch charcoal is
0.84 g g�1, which is greater by a factor of 2 than that
of the charcoal prepared from a blend of oak and
beech (0.42 g g�1).

(2) The dependence of the purification efficiency
on the solution feed velocity was elucidated: with in-
creasing solution feed velocity from 1 to 4 m h�1, the
purification efficiency decreases from 70 to 4�5%.

(3) The purification efficiency decreases with in-
creasing equivalent diameter of activated charcoal
grains from deff < 1.5 to deff > 6 mm. The limiting
stage of adsorption is inner diffusion.

(4) At 100�300�C, the alcohol concentration in
the regenerate reaches 53 g l�1 at c0 = 1500 mg l�1

and 25 g l�1 at c0 = 800 mg l�1. In this case, the ad-
sorption characteristics of charcoal in its subsequent
use do not appreciably vary.
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Abstract�Thermolysis of hexachlorocyclohexane in a flow-through packed system in an inert gas atmosphere
was studied.

The aim of the study is to analyze experimentally
the thermolysis of hexachlorocyclohexane in a labora-
tory flow-through packed reactor, elucidate the mech-
anism of the process, and determine its kinetic param-
eters using a macrokinetic model that allows modi-
fication of the process from a laboratory reactor to
an industrial installation.

EXPERIMENTAL

The thermal decomposition was studied under
dynamic conditions by passing hexachlorocyclohex-
ane through a heated U-shaped reactor made of Pyrex
glass. A glass packing with a grain size of 0.4�
0.63 mm served to increase the reaction surface area.
The study was performed on a Tsvet-530 chromato-
graph. A heated reactor in a thermally insulated jacket
was placed in the thermostat of the chromatograph,
with the reactor inlet connected directly to the evap-
orator. Four packed reactors with lengths of 0.107,
0.215, 0.322, and 0.427 m were used.

The temperature mode of the reactor was controlled
with a quartz furnace. The temperature was set and
maintained in the range from 250 to 500�C, with a
step of 50�C, using a Proterm-100 microprocessor
temperature controller. The temperature fluctuated
around the preset value in the course of thermostating
within �1�C.

A sample introduced was mixed and diluted with
an inert gas (N2) in the evaporator of the chromato-
graph. The carrier gas ensured that the reaction mix-
ture flowed within the heated zone of the reactor in
the plug mode. In the experimental regard, the study
performed is similar to a pulsed version of the chro-
matographic method.

The results of a chromatographic�mass-spectro-
metric analysis (MD800/GC8060 instrument, HP 5MS
column 60 m long and 0.32 mm in diameter) were
used to identify the composition of products formed
in thermolysis of hexachlorocyclohexane that was
performed preliminarily under static conditions.
Five components were recorded under the chosen
chromatographic conditions: 1,2,4-trichlorobenzene,
1,2,4,5-tetrachlorobenzene, 1,2,3,4,5-pentachlorocy-
clohexene, and two of the possible eight stereoisomers
of hexachlorocyclohexane, �-hexachlorocyclohexane
and �-hexachlorocyclohexane.

The starting substances and the thermolysis prod-
ucts were analyzed under the following chromato-
graphic conditions: 100 � 0.4-cm glass column packed
with Inerton AW-DMCS with grain size of 0.25�
0.315 mm (impregnated with 5% SE-30); column
temperature in the temperature-programmed mode
varied from 100 (2 min) to 210�C (5 min) at a rate of
10 deg min�1; temperature of the evaporator and
detector (FID) 200�C; flow rate of the carrier gas (ni-
trogen) in the reactor and in the column 20 ml min�1;
flow rates of hydrogen and air equal to 26 and
300 ml min�1, respectively; motion velocity of the
chart paper 600 mm h�1. The substance was intro-
duced in the form of a melt on the needle of a micro-
syringe directly into the evaporator.

To construct a calibration dependence for the sub-
strate, hexachlorocyclohexane solutions in acetone
were prepared. The calibration was made under condi-
tions similar to those in which products formed in
thermal decomposition of hexachlorocyclohexane
were analyzed, with the volume of a sample intro-
duced equal to 1 �l.

The experimental dependences of the composition
(mole fraction) of hexachlorocyclohexane and conver-
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(a) (b) (c)

(d)
(e)

(f)

Fig. 1. Mole fractions x of products formed in thermolysis of hexachlorocyclohexane along the reactor length l at (a) 250,
(b) 300, (c) 350, (d) 400, (e) 450, and (f) 500�C. Calculated values, symbols connected by lines; experimental data, the corre-
sponding open symbols. (1) 1,2,4,5-C6H2Cl4, (2) 1,1,2,3,4,5,6-C6H5Cl7, (3) 1,2,3,4,5-C6H7Cl5, (4) 1,2,4-C6H3Cl3, (5) C6H6Cl6,
(6) 1,2- and 1,4-C6H4Cl2, and (7) C6H5Cl5; (8) HCl.

sion products on the reactor length are shown in
Fig. 1.

For a steady-state mode of operation of a plug
reactor, the material balance for ith component along a
reactor length element dz can be represented as [1, 2]

d .ni/dz = Sa
�ri, (1)

where Sa is the surface area of the packing and reactor
walls per unit reactor length;

.
ni, component flow rate;

and
�
ri, component velocities for the overall reaction.

The kinetic scheme of the process is constituted by
J concurrent reactions:

I

0 = ��j i Ai, 1 � j � J, (2)
i = 1

where the stoichiometric coefficients of ith component
in jth reaction �ji < 0 for reactants and �ji > 0 for reac-
tion product, and I is number of components (sub-
stances) appearing in the equations of the chemical
reactions [Eqs. (2)].

Instead of the component flow rates
.
ni (mol s�1),

reaction flow variables
.
�j (mol s�1), reaction flow

rates, can be used. In this case, the component flow
rates

.
ni are expressed in terms of the reaction flow

rates as

J.ni = .n0i + ��ji
.
�j, 1 � i � I, (3)

j = 1

where
.
n0i are the component flow rates at the reactor

inlet (z = 0).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

1520 KUT’IN et al.

The component rates
�
ri can be expressed in term

of the reaction rates
�
Rj as

J
�ri = ��ji

�
Rj, 1 � i � I. (4)

j = 1

Substitution of (3), (4) into Eq. (1) gives another,
equivalent to (1), form of material balance equations
for J independent reactions:

d
.
� j/dz = Sa

�

Rj, 1 � j � J, (5)

The change in enthalpy of the components in the
reactions, which is due to the flux of heat across the
reactor walls along its length element dz [expres-
sion (6)] gives an additional, with respect to rela-
tion (5), differential equation (7) for the temperature
of the reaction mixture:

I

�d( .ni
�Hi ) = �SS (TS � T)dz, (6)

i = 1

dT �SS (TS � T) � Sa	
�ri
�Hii

��� = �������������������, (7)
dz 	

.ni Cpii

where
�
Hi is the molar enthalpy of ith component;

�, heat-transfer coefficient; SS, lateral heat-exchange
surface area per unit reactor length; TS, temperature of
the heat-carrying agent in the jacket; and Cpi, molar
specific heats of the components.

In this case, the sum over the components in the
numerator of (7) can be expressed in terms of the rates

I
�
Rj and enthalpies 
Hj = ��ji

�
Hi of the reactions:

i = 1

�
�

ri
�Hi = �

�
Rj�Hj. (8)

i j

An equation similar to (7) describes the variation
of the temperature of the heat-carrying agent in the
temperature-control jacket:

dT �SS (TS � T)
��� = �����������, (9)
dz .nS CpS

where the flow rate of the heat-carrying agent
.
nS > 0 if

its flow direction coincides with that of the flow in the
reactor (forward flow) and

.
nS < 0 otherwise (counter-

flow).

Additional expressions that relate and define the

quantities used have, as functions of z, the form

yi = .ni /
.n, .n = �

.ni, (10)

.
V = .niRT/

�

PP0, v =
.
V/S, (11)

ci = .ni
.
V, (12)

�

Pi = ciRT/P0,
�

P = �
�

Pi, (13)
i

where yi is the mole fraction;
.
ni, total gas flow rate in

the second of formulas (1);
.
V and v, space velocity and

linear flow velocity [formulas (11)]; S, cross-sectional
area of the reactor; ci, component concentrations in
the flow;

�
Pi and

�
P, partial and total pressures (atm)

(P0 = 101325 Pa).

Pressure can also be a sought-for function of the
coordinate, if the hydrodynamic resistance is taken
into account. However, the pressure is considered
in this study to be constant along the reactor.

The system of differential equations is supple-
mented with boundary conditions at the reactor inlet
(z = 0)

T(0) = T0, TS(0) = TS0 (for the forward flow),
(14).

�(0) = 0 (1 � j � J).

The coordinate at the outlet is equal to the reactor
length (z = L).

It is noteworthy that, when solving the system
numerically, its composition can be determined both
from Eqs. (1) and from Eqs. (5). The software im-
plementation of the method is preceded by a proce-
dure in which a change to dimensionless variables is
performed. The system of ordinary nonlinear differen-
tial equations was solved using the fourth-order
Runge�Kutta method with automatic choice of the
step interval.

In terms of the given model, a heterogeneous
chemical process is considered to be defined if its fol-
lowing characteristics are defined and prescribed:
kinetic scheme (2) of chemical reactions at the sur-
face; block of thermodynamic data represented by
quantities Xj, which determine the direction and extent
of jth reaction:

ln Xj = �r G/RT = �r g = ��ji [g
0
i(T, P) + ln xi]

i

= �ln Kj
(x) + ��ji ln xi, (15)

i
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g0
i (T, P) = g0

i (T) + �iln
�

P, (16)

where xi is the mole fraction of ith component, and
g0

i are the standard reduced chemical potentials of
the components.

The chain of equalities (17), derived from (15) with
account of expressions that relate the equilibrium
constants, demonstrates the invariance of the quanti-
ties Xj expressed on different concentration scales:

Xj = exp�r gj = � xi
�ij /K j

(x) = �
�

Pi
�ij /K j

0 = � ci
�ij /K j

(c), (17)
i i i

K j
(x) = K j

0 (
�

P )���j, K j
(c) = K j

0 (RT/P0)���j, (18)

where 
�j = ��ij is the change in the number of
i

moles in jth reaction, and K 0
j = exp [��g0

i (T)] is the
standard equilibrium constant.

The validity of Eqs. (17) and (18) is confirmed
using the relations between the partial pressures

�
Pi

(atm) of the components, mole fractions xi, and
volume concentrations ci (mol m�3) of ith compo-
nents:

�
Pi = xi

�
P = ciRT /P0.

The diffusion-kinetic model used in the study is
based on the known law of summation of the diffu-
sion and kinetic resistances [1]:

1 1 1
��� = ��� + ���, kj = A j exp (�Ej /RT). (19)
�*ij �ij kj

The effective coefficient �*ij of mass transfer of
ith component to the reaction surface is determined by
the smallest of the following two quantities: �ij, the
initial diffusion mass-transfer (mass-supply) coef-
ficient for ith component, and kj, the coefficient
describing the �efficiency of a chemical event of
transfer
 of a component from the category of reac-
tants to that of products of jth reaction. In the latter
case, the actual rate constant kj of the heterogeneous
reaction is represented in expression (19) by an
Arrhenius term with an activation energy Ej and a
pre-exponential factor Aj, which also determines the
dimension of the rate constant of the heterogeneous
reaction (m s�1).

The constant Aj can be conveniently redefined and
expressed in terms of the known, and more illustrative
parameter T*j, the temperature at which the reaction
passes from the kinetic to the diffusion control. In
doing so, a natural condition of its definition is the
equality kj = �ij of the diffusion and kinetic com-
ponents in expression (19). Substitution of the for-

mula kj = �ij (T*j ) exp [(Ej /R)(1/T*j � 1/T )], which fol-
lows from this equality, into the first of expres-
sions (19) yields, after obvious rearrangements, the
relation

1 1 �ij (T ) 	

��� = ����1 + ����� exp [�Ej R

�1(1/T � 1/T*j )]�. (20)
�*ij �ij �ij (T j*)
 �

Neglecting the considerably weaker temperature
dependence of the diffusion mass-transfer coefficient
(which is commonly proportional to T1/2), compared
to the exponential dependence of the co-factor con-
taining Ej, gives the following relations for the effec-
tive mass-transfer coefficient:

1
�*ij = �ij wj, wj = ����������������������. (21)

1 + exp [�Ej R
�1(1/T � 1/T*j )]

The resulting expression for the rate of jth hetero-
geneous reaction [2]

�

Rj = [(1 �Xj)wj][��ij(�ij ci)
�1��ij + Xj���ij(�ij ci)

�1���ij]
�1

i i i i

(22)

contains a factor 0 < wj < 1, which has the form of
a switch that �turns on
 the diffusion-controlled mode
of the reaction at temperatures T > T *j and �switches

it into the kinetically controlled mode at T < T *j. The
range of temperatures close to the transition tempera-
ture T *j corresponds to a mixed diffusion-kinetic con-
trol, and at T = T *j the shares of each of the limiting
modes are equal (wj = 0.5). The simultaneously high
activation energy Ej (which exceeds its estimate based
on bond dissociation energies) and T *j (above the tem-
perature range under study) give wj � 0, which in-
dicates that this equation is to be excluded from the
kinetic scheme. Thus, the trial, but insignificant with-
in the experimental error, equations were rejected in
the stage of experimental data processing.

The information data block for solving the macro-
kinetic problem included the following factors: stan-
dard thermodynamic functions [3], which were evalu-
ated for unstudied substances by the group contribu-
tion method [4]; transfer coefficients (viscosity, heat
conductivity) calculated using the procedures de-
scribed in [4]; and heat- and mass-transfer coefficients
in the form of criterial relations for a grainy bed
from [5�7].

Raw experimental data (areas of chromatographic
peaks), converted to mole fractions, were subjected to
a smoothing approximation processing. The kinetic
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Activation energies Ej and characteristic temperatures T*j [formulas (19)�(21)] of the reactions that constitute the kinetic
scheme [Eqs. (2)] of hexachlorocyclohexane thermolysis
������������������������������������������������������������������������������������
Reaction no. ( j ) � Reaction equation � T*j, K � Ej, J mol�1

������������������������������������������������������������������������������������
1 �C6H6Cl6 �� C6H5Cl5 + HCl � 10 257.5 � 35 802.6
2 �C6H5Cl5 �� C6H3Cl3 + 2HCl � 16 118.2 � 28 240
3 �2C6H6Cl6 �� C6H7Cl5 + C6H5Cl7 � 822.729 � 151 652
4 �C6H6Cl7 �� C6H2Cl4 + 3HCl � 2136.06 � 34 282.2
5 �C6H7Cl5 �� C6H4Cl2 + 3HCl � � � �

������������������������������������������������������������������������������������

parameters of the reactions were found by solving
the inverse problem (see table). The average relative
deviation of the calculated curves from the experi-
mental values was 5.7%.

In the mathematical processing, the concentrations
of by-product components: 1,2,4,5-tetrachlorobenzene,
1,2-dichlorobenzene, and 1,4-dichlorobenzene, were
taken into account in addition to the data for the
main substances (loss of hexachlorocyclohexane and
increase in the concentration of 1,2,4-trichloroben-
zene). However, the available data gave no way of
understanding in detail the mechanism of their forma-
tion. A numerical solution made it possible to specify
the parameters of the corresponding overall reaction
nos. 3�5, with the last of these occurring under purely
diffusion control.

The kinetic scheme of thermal decomposition of
hexachlorocyclohexane is oriented toward the ob-
servable products and comprises a set of overall reac-
tions that only indirectly take into account a number
of possible intermediate species, including radicals.
For example, reaction no. 2, in which 1,2,4-trichloro-
benzene is formed, actually includes two successive
stages. As already mentioned, this refers to an even
greater extent to the compound reaction nos. 4 and 5.

In the temperature range studied, products of
deeper stages of thermolysis of hexachlorocyclohex-
ane, which include breakdown of the benzene ring,
were not observed, and, therefore, they are not re-
flected in the kinetic scheme.

CONCLUSIONS

(1) Thermolysis of hexachlorocyclohexane in its
conversion into trichlorobenzene occurs by the com-
monly accepted mechanism of successive elimination
of HCl in two stages, with an intermediate, penta-
chlorocyclohexene, formed in the first of these (which
is rate-limiting).

(2) The formation of by-products, 1,2,4,5-tetra-

chlorobenzene, 1,2-dichlorobenzene, and 1,4-dichloro-
benzene, is due to the concurrent bimolecular reaction
of exchange of hydrogen and chlorine atoms in the
substrate; dilution of the system with an inert com-
ponent must make higher the yield of 1,2,4-trichloro-
benzene.

(3) The mechanism of the process, established in
the study, and the obtained kinetic parameters of the
occurring reactions, which account for the properties
of the packing and the heat-and-mass-exchange char-
acteristics of the process, enable a scaling transition
from a laboratory reactor to an industrial installation
for processing of outdated and prohibited pesticides
based on hexachlorocyclohexane.
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Abstract�The reaction of Sovol technical mixture of polychlorobiphenyls with sodium methoxide in bipolar
aprotic solvents was studied. The reactivity of polychlorobiphenyls was evaluated using gas chromatography
and gas chromatography�mass spectrometry.

With adoption in 2001 of the Stockholm Conven-
tion on Persistent Organic Pollutants, which prohib-
ited the use of technical polychlorobiphenyls (PCBs),
the number of papers concerning these pollutants
increased. Primary attention is given to detection of
PCBs in various natural objects and biological media,
determination of pollution levels, and elucidation of
pathways of PCB transformations and metabolism in
living bodies. Considerably less attention was given
to development of new procedures for rendering PCBs
harmless, which is largely due to wide use of efficient
methods involving complete breakdown of PCBs
(e.g., thermolysis). Other possible procedures for PCB
treatment are often considered to be of low promise,
either because of incomplete conversion or because of
possible formation of more toxic polychlorodibenzo-
furans and polychlorodibenzodioxins in side reactions.

The major drawback of alternative pathways of
rendering PCBs harmless is that it is impossible to
predict reliably the behavior of particular PCB con-
geners in the processes, since technical PCBs contain
up to 50�70 congeners differing in the number of
chlorine atoms and their mutual positions in aromatic
structures [1, 2].

Previous studies of reagent (chemical) processing
of PCBs showed that reactions of PCBs with various
sodium or potassium alcoholates formally result in
substitution of two aryl-bonded chlorine atoms by
alkoxy groups [3]. These conclusions were confirmed
by elemental analysis, IR spectroscopy, and some data
on the solubility of the resulting derivatives. The
reactivity of PCB congeners present in the mixture
was not discussed.

In this context, our goal was to determine the

chemical composition of mixtures obtained by reac-
tion of Sovol PCB mixture with sodium methoxide,
to evaluate the reactivity of PCB congeners in this
mixture, and to find conditions ensuring the most
complete conversion of the starting compounds.

Previously we determined the composition and
content of PCB congeners in Sovol and identified
more than 30 components; the total contents of tetra-,
penta-, and hexachlorobiphenyls were found to be
about 20, more than 50, and about 20%, respectively;
minor amounts of trichloro- and heptachlorobiphenyls
were also detected [2]. A typical chromatogram of
Sovol is shown in Fig. 1. The IUPAC designations of
all the possible PCB congeners are given in [1]; the
components of Sovol are listed in Table 1.

Published data on nucleophilic substitutions in
PCB aromatic systems I are virtually lacking. The
reaction of technical PCB mixture I with sodium
methoxide can formally be described by the scheme

�
�

Cl�n
��
�

Cl�m

= 3�6m+n

���� ����(MeO)

�
Cl��

Cl�
�(OMe)

= 1�3b+a
ba

n � a m � b

I II

MeONa

�
�

Cl�n
��
�

Cl�m

= 3�6m+n

���� ����(MeO)

�
Cl��

Cl�
�(OMe)

= 1�3b+a
ba

n � a m � b

I II

MeONa

Our first goal was to find the optimal conditions
for nucleophilic substitution of aryl-bonded chlorine
atoms by methoxy group: solvent, reactant ratio, tem-
perature, and time.

Mixtures II obtained from the reactions were
analyzed by capillary gas�liquid chromatography with
flame-ionization (GLC�FID) and mass-spectrometric
(GLC�MSD) detectors. The trends in variation of the
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�, min

E, mV

Fig. 1. Chromatogram of Sovol technical mixture of poly-
chlorinated biphenyls: (E) potential and (�) time; the same
for Figs. 2.

retention times and the relative intensities of peaks
were evaluated under optimal conditions of GLC�FID
analysis.

EXPERIMENTAL

The reaction progress was monitored with a Shima-
dzu GC-17A gas chromatograph [flame-ionization
detector; MDN 5S (30000 � 0.25 mm) quartz capil-
lary column coated with 0.25 �m of methylphenyl-
silicone stationary phase containing 5% grafted phenyl
groups; carrier gas nitrogen; flow division ratio 1 : 30;
column temperature: 100�C, 1 min; heating to 200�C,
10 deg min�1; heating to 300�C, 2 deg min�1; vapor-
izer temperature 250�C; detector temperature 280�C;

Table 1. Major congeners of Sovol technical mixture of
polychlorinated biphenyls
����������������������������������������
IUPAC � Positions � IUPAC � Positions

no. � of Cl atoms � no. � of Cl atoms
����������������������������������������

33 �2�, 3, 4 � 101 �2, 2�, 4, 5, 5�
28 �2, 4, 4� � 99 �2, 2�, 4, 4�, 5
52 �2, 2�, 5, 5� � 97 �2, 2�, 3�, 4, 5
49 �2, 2�, 4, 5� � 87 �2, 2�, 3, 4, 5�
47 �2, 2�, 4, 4� � 85 �2, 2�, 3, 4, 4�
44 �2, 2�, 3, 5� � 110 �2, 3, 3�, 4�, 6
41 �2, 2�, 3, 4 � 82 �2, 2�, 3, 3�, 4
64 �2, 3, 4�, 6 � 149 �2, 2�, 3, 4�, 5�, 6
74 �2, 4, 4�, 5 � 118 �2, 3�, 4, 4�, 5
70 �2, 3�, 4�, 5 � 153 �2, 2�, 4, 4�, 5, 5�
66 �2, 3�, 4, 4� � 132 �2, 2�, 3, 3�, 4, 6�
95 �2, 2�, 3, 5�, 6 � 105 �2, 3, 3�, 4, 4�
91 �2, 2�, 3, 4�, 6 � 138 �2, 2�, 3, 4, 4�, 5�
56 �2, 3, 3�, 4� � 128 �2, 2�, 3, 3�, 4, 4�
60 �2, 3, 4, 4� � 156 �2, 3, 3�, 4, 4�, 5

������������������	���������������������

solvent toluene; sample volume 0.2 �l].

The compounds were identified with a Fisons gas
chromatograph�mass spectrometer [MD 800 detector;
HP-5 (25000 � 0.25 mm) quartz capillary column
coated with 0.25 �m of stationary phase; carrier gas
helium; flow division ratio 1 : 20; column tempera-
ture: 100�C, 1 min; heating to 200�C, 10 deg min�1;
heating to 300�C, 2 deg min�1; vaporizer temperature
250�C; ionization by electron impact, 70 eV; scanning
rate 1 mass spectrum per second; scanning of total ion
current in the range 20�700 amu.

Quantitative calculations were performed by the
internal normalization method.

Reaction of PCB I with sodium methoxide.
A round-bottomed flask equipped with an air condens-
er and a CaCl2 tube was charged with 5.4 g (0.1 mol)
of freshly dried MeONa and 25 ml of dimethyl sulf-
oxide (DMSO) dried over molecular sieves. The flask
was heated on a Wood’s alloy bath for 5�10 min at
165�170�C with shaking. Then 8.2 g (0.025 mol) of
PCB I was added, and the mixture was heated on a
Wood’s alloy bath at 170�C for 25 min with shaking.
After cooling, the mixture was diluted with 100 ml of
water and transferred into a separating funnel. The
homogeneous mixture was extracted with toluene
(2 � 20 ml); the toluene extracts were combined,
washed with water (5 � 100 ml), filtered, and dried
over CaCl2; the solvent was evaporated, and the re-
sidue was kept in a vacuum. The resulting yellow oily
mass was analyzed.

The reaction of PCB I with sodium methoxide was
performed in bipolar aprotic solvents: DMSO, dimeth-
ylformamide (DMF), sulfolane, N-methyl-2-pyrroli-
done, diglyme, and 1,4-dioxane. Under similar condi-
tions [the same PCB concentration, PCB : MeONa
ratio 1 : 4, 25 min, boiling point of the solvent], the
best results were obtained in DMSO, DMF, sulfolane,
and N-methyl-2-pyrrolidone.1 In diglyme and 1,4-di-
oxane, no reaction of PCB I with MeONa was ob-
served. Thus, the requirements to solvents for this
process are high polarity and high electron density on
the oxygen atom (� > 15) [4]. Such properties ensure
strong interaction of Na+ ions with the solvent, en-
hancing the reactivity of MeO�.

The degree of conversion was evaluated from
a decrease in the areas of the peaks of the starting
PCBs I and increase in the areas of the peaks of meth-
oxy derivatives II. Figures 2a and 2b show chromato-
grams of mixtures obtained from the reactions.
������������
1 The reactions of PCB I with sodium methoxide in sulfolane

and N-methyl-2-pyrrolidone were performed at 175�180�C.
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(a)E, mV

�, min

E, mV

�, min

(b)

Fig. 2. Chromatogram of reaction products II. 170�C, DMSO, 25 min. I : MeONa: (a) 1 : 1 and (b) 1 : 4. Peak assignment:
(1) C12H7Cl2OCH3, (2) C12H6Cl3OCH3, (3) C12H6Cl2(OCH3)2, (4) C12H5Cl4OCH3, (5) C12H5Cl3(OCH3)2, (6) C12H5Cl2 �
(OCH3)3, (7) C12H4Cl5OCH3, (8) C12H4Cl4(OCH3)2, and (9) C12H4Cl3(OCH3)3; for other designations, see Table 1.

The reactions in DMSO, DMF, sulfolane, and
N-methyl-2-pyrrolidone gave qualitatively and quanti-
tatively similar results. The composition of mixtures
II was complex, with increased number of chromato-

graphic peaks. Under the optimal conditions, 8�15%
of the starting PCBs I (mainly tri- and tetrachloro-
biphenyls) remained unchanged.

The chemical composition of mixtures II and de-
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gree of conversion of PCBs I were determined by
GLC�MSD. To do this, we reconstructed the mass
chromatograms for particular ions characteristic of the
starting tri-, tetra-, penta-, and hexachlorobiphenyls
and thus estimated the relative content of unchanged
PCBs I. Then, as far as possible, we studied the mass
spectra of all the detected products.

Synthesis of individual monomethoxypolychloro-
biphenyls by cross coupling of the corresponding
monoaromatic systems and the fragmentation patterns
of these compounds under electron impact were re-
ported in [5, 6]. A specific feature of the mass spectra
of pure monomethoxypolychlorobiphenyls is the pres-
ence of strong molecular peaks. No such data are
available in mass-spectrometric databases on di- and
trimethoxypolychlorobiphenyls. We have revealed in
the mass spectra of II strong molecular peaks belong-
ing to monomethoxydi(tri-, tetra-)chlorobiphenyls,
dimethoxydi(tri-, tetra-)chlorobiphenyls, and trimeth-
oxydi(tri-)chlorobiphenyls.

Reconstruction of the mass chromatograms for the
molecular peaks of PCB methoxy derivatives II al-
lowed us to assign the peaks and reveal the cases of
joint elution of the derivatives. Since the columns
used in GLC�FID and GLC�MSD experiments were
similar, we obtained similar chromatograms, which
allowed peak assignment in the chromatograms ob-
tained by GLC�FID (Fig. 2).

As described previously for monomethoxypoly-
chlorobiphenyls [5, 6], the fragmentation pattern of
such compounds under electron impact depends on the
position of the methoxy groups. However, their posi-
tion in components of II cannot be determined from
the available data.

For example, p-monomethoxy derivatives of PCBs
show the peaks [M � 15]+ (M � CH3) and [M � 43]+

(M � CH3 � CO); o-isomers, the peaks [M � 35]+

(M � Cl) and strong peaks [M � 50]+ (M � CH3Cl);
and m-isomers, medium-intensity peaks [M � 43]+

and [M � 50]+. All the three types of fragmentation
were detected in our study.

The characteristic peaks of dimethoxy derivatives
of PCBs were [M � 65]+ (M � CH3 � CH3Cl), [M �
93]+ (M � CH3Cl � CH3 � CO), and [M � 156]+ (M �
CH3Cl � CH3 � CO � COCl). In some cases, we also
detected the peaks [M � 15]+ and [M � 43]+, and in
other cases, the peaks [M � 50]+ and [M � 65]+,
which may be associated with the location of the two
methoxy groups.

The mass spectra of PCB trimethoxy derivatives
contain peaks characteristic of monomethoxy ([M �

15]+, [M � 43]+, [M � 50]+) and dimethoxy ([M �
65]+, [M � 93]+) derivatives.

To evaluate the reactivities of PCB congeners, we
studied in more detail the reaction of I with sodium
methoxide in DMSO; we varied the reaction tempera-
ture and time and the molar ratio of the reactants.
The results are listed in Table 2.

Quantitative treatment of the chromatographic data
for mixtures II shows that the reactivity of PCB con-
geners grows with increasing number of chlorine
atoms.

Hexachlorobiphenyls (PCB 149, PCB 153, PCB
138, PCB 128) started to transform at a relatively low
temperature (60�C), mainly into monomethoxy deriva-
tives C12H4Cl5OCH3 (Figs. 2a, 2b, peak 7). Their
reactivity increased with temperature, methoxylation
proceeded further, and, starting from 150�C, mono-
methoxypentachlorobiphenyls were no longer de-
tected; the reaction yielded dimethoxy [C12H4Cl4 �
(OCH3)2, 8] and trimethoxy [C12H4Cl3(OCH3)3, 9]
derivatives, with dimethoxytetrachlorobiphenyls pre-
vailing. The starting hexachlorobiphenyls were not
detected in the reaction products. These results were
obtained in all the four solvents: DMSO, DMF, sulfo-
lane, and N-methyl-2-pyrrolidone.

Pentachlorobiphenyls started to react with sodium
methoxide at 60�C, and their reactivity also increased
with temperature. The major products were mono-
methoxy (C12H5Cl4OCH3, 4) and dimethoxy [C12H5 �
Cl3(OCH3)2, 5] derivatives. Minor amounts of tri-
methoxy derivatives [C12H5Cl2(OCH3)3, 6] were also
detected by GLC�MSD. PCB 85, PCB 99, PCB 105,
and PCB 118 containing chlorine atoms in both
p-positions appeared to be more reactive. These con-
geners entered into the reaction earlier than the other
pentachlorobiphenyls.

Tetrachlorobiphenyls were characterized by rela-
tively low degree of reaction with sodium methoxide,
with predominant formation of monomethoxytrichlo-
robiphenyls (C12H6Cl3OCH3, 2); minor amounts of
dimethoxydichlorobiphenyls 3 also formed. PCB 47,
PCB 60, PCB 66, and PCB 74 containing two chlo-
rine atoms in the p-positions showed high reactivity;
PCB 41, PCB 49, PCB 64, and PCB 70 containing
one chlorine atom in the p-position appeared to be
less reactive.

Tetrachlorobiphenyls PCB 52 and PCB 44 contain-
ing no chlorine in p-positions did not noticeably react
under the experimental conditions. Trichlorobiphenyls
PCB 28 and PCB 33 containing one chlorine in
p-position under the optimal conditions partially trans-
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Table 2. Conditions of the reaction of PCBs I with sodium methoxide in DMSO and transformation products
������������������������������������������������������������������������������������

Reaction conditions � PCB transformations products
������������������������������������������������������������������������������������

T
�

�,
�
PCB : NaOMe

� content of un-�
trichloro-

�
tetrachloro-

�
pentachloro-

�
hexachloro-

�C
�

min
�

ratio
� changed PCB�

(C12H7Cl3)
�

(C12H6Cl4)
�

(C12H5Cl5)
�

(C12H4Cl6)� � � congeners, % � � � �
������������������������������������������������������������������������������������

60 � 25 � 1 : 4 � 87 � Unchanged � Unchanged �C12H5Cl4OCH3 �C12H4Cl5OCH3
80 � 25 � 1 : 4 � 62 � � � � �C12H5Cl4OCH3 �C12H4Cl5OCH3

� � � � � �C12H5Cl3(OCH3)2 �C12H4Cl4(OCH3)2
100 � 25 � 1 : 4 � 28 � � �C12H6Cl3OCH3 �C12H5Cl4OCH3 �C12H4Cl5OCH3

� � � � �C12H6Cl2(OCH3)2 �C12H5Cl3(OCH3)2 �C12H4Cl4(OCH3)2
150 � 25 � 1 : 4 � 23 �C12H7Cl2OCH3�C12H6Cl3OCH3 �C12H5Cl4OCH3 �C12H4Cl4(OCH3)2

� � � � �C12H6Cl2(OCH3)2 �C12H5Cl3(OCH3)2 �C12H4Cl3(OCH3)3
170 � 10 � 1 : 4 � 40 � Unchanged �C12H6Cl3OCH3 �C12H5Cl4OCH3 �C12H4Cl5OCH3

� � � � �C12H6Cl2(OCH3)2 �C12H5Cl3(OCH3)2 �C12H4Cl4(OCH3)2
170 � 25 � 1 : 4 � 13 �C12H7Cl2OCH3�C12H6Cl3OCH3 �C12H5Cl4OCH3 �C12H4Cl4(OCH3)2

� � � � �C12H6Cl2(OCH3)2 �C12H5Cl3(OCH3)2 �C12H4Cl3(OCH3)3
� � � � � �C12H5Cl2(OCH3)3 �

170 � 25 � 1 : 6 � 11 �C12H7Cl2OCH3�C12H6Cl3OCH3 �C12H5Cl4OCH3 �C12H4Cl4(OCH3)2
� � � � �C12H6Cl2(OCH3)2 �C12H5Cl3(OCH3)2 �C12H4Cl3(OCH3)3
� � � � � �C12H5Cl2(OCH3)3 �

170 � 25 � 1 : 1 � 59 � Unchanged �C12H6Cl3OCH3 �C12H5Cl4OCH3 �C12H4Cl5OCH3
� � � � �C12H6Cl2(OCH3)2 �C12H5Cl3(OCH3)2 �C12H4Cl4(OCH3)2

170 � 120 � 1 : 4 � 10 �C12H7Cl2OCH3�C12H6Cl3OCH3 �C12H5Cl4OCH3 �C12H4Cl4(OCH3)2
� � � � �C12H6Cl2(OCH3)2 �C12H5Cl3(OCH3)2 �C12H4Cl3(OCH3)3
� � � � � �C12H5Cl2(OCH3)3 �

������������������������������������������������������������������������������������

formed into monomethoxydichlorobiphenyls C12H7 �
Cl2OCH3 (1).

Thus, we have revealed the features of chemical
transformations of PCB (Sovol) congeners under the
action of sodium methoxide, as influenced by the
number of chlorine atoms in the molecule, their rela-
tive location, and reaction conditions.

CONCLUSIONS

(1) Reaction of Sovol mixture of polychlorobi-
phenyls with sodium methoxide is the most efficient
in bipolar aprotic solvents (dimethyl sulfoxide, di-
methylformamide, sulfolane, N-methyl-2-pyrrolidone).

(2) Among Sovol congeners, the most reactive to-
ward sodium methoxide are hexa- and pentachlorobi-
phenyls; tetra- and trichlorobiphenyls are less reactive.

(3) Reaction of polychlorobiphenyls with sodium
methoxide (170�C, 25�120 min, PCB : MeONa 1 : 4)

in various solvents does not ensure complete conver-
sion of the main pollutants.
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Abstract�Catalytic reaction of copper(II) stearate with Neozon D in a polyethylene melt was studied.

Maizus et al. [1] showed that decomposition of
decyl hydroperoxide is catalyzed by a mixture of an
aromatic amine (N-phenyl-2-naphthylamine) and
copper(II) stearate. Based on this result, Maizus et al.
suggested [1] that mixtures of variable-valence metal
salts with inhibitors of free-radical reactions can be
used to develop new antioxidants (AO). This pos-
sibility was extensively studied, in particular, in [2, 3].
It was found that a Neozon D�copper(II) stearate mix-
ture is rapidly consumed in decane oxidation. Based
on the fact that the induction period of hydrocarbon
oxidation (IPO) lasted for a long time after complete
consumption of the AO, Vetchinkina et al. suggested
[2] formation of a new compound inhibiting the oxi-
dation. Two pathways giving rise to a new, more ef-
fective AO were proposed [2]. The first is reaction of
N-phenyl-2-naphthylamine with copper(II) stearate to
form a copper(I) complex with C10H7NC6H5 radical
and stearic acid. The second pathway involves reac-
tion of the liberated stearic acid with the free AO to
form a salt that cannot react with copper(II) stearate.
Vetchinkina et al. [2, 3] believe that specifically
copper(I) complexes effectively inhibit oxidation after
consumption of amine-containing AO. Clearly, the
antioxidative effect of the copper(I) complex will be
maximal if free oxidation catalysts {copper(II) stearate
[4, 5] and stearic acid [5]} will be absent in the system
after the complex formation. If AO reacts only with
copper(II) stearate and with liberated stearic acid,
the molar ratio of Neozon D and copper(II) stearate
should be 2 : 1. At other molar ratios of these compo-
nents, some amount of either AO or copper(II) stearate
and stearic acid will remain unchanged in the system.

To improve the antioxidative properties of Neo-
zon D, we studied in this work the influence of cop-
per(II) stearate on oxidation of a polyethylene (PE)
melt stabilized with Neozon D.

EXPERIMENTAL

We used nonstabilized high-density PE [GOST
(State Standard) 16338�85, base trademark 20308-
005). Films to be studied were prepared from PE
powder or form a composite of PE with a modifier.
Copper(II) stearate [TU (Technical Specifications)
6-09-12-152�75] and Neozon D (N-phenyl-2-naph-
thylamine, GOST 39�79) were used as the modifiers.
The composite was prepared as follows. Powders of
copper stearate and Neozon D were dissolved in ace-
tone (GOST 2603�79) and the resulting solution was
stirred with a magnetic stirrer for 3 min. Polyethylene
powder was impregnated with these solutions (or their
mixture) and dried at room temperature. The PE films
were oxidized by heating in an oven in air at 150�C.
This temperature is higher than the melting point
of the polymer.

The degree of PE oxidation was estimated form the
optical density of the carbonyl band at 1720 cm�1.
The optical density was determined by the baseline
method using the absorption band at 1460 cm�1 as an
internal reference. The IR spectra were recorded on
a Specord-75 IR spectrophotometer.

Neozon D-copper(II) stearate mixtures with molar
ratios of 0.5 : 1, 1 : 1, 2 : 1, 4 : 1, 6 : 1, 8 : 1, and
10 : 1 (hereinafter, these mixtures will be referred to
I�VII, respectively) were prepared. These mixtures
were introduced in PE in the amount providing
0.1 wt % concentration of Neozon D in the resulting
composite. The copper(II) concentration in samples
I�VII decreased in the following order (wt %, �103):
147, 29, 14, 7, 5, 4, and 3, respectively.

The kinetic curves of accumulation of carbonyl
groups in samples I, III, IV, and VII are shown in
Fig. 1a. We expected that introduction of a Neozon D�

copper(II) stearate mixture into the polymer would
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increase its IPO. However, we obtained the opposite
result (accumulation of carbonyl groups in the refer-
ence film containing only 0.1 wt % Neozon D is
described by curve 1). The induction period of hydro-
carbon oxidation is shortened when the copper(II)
concentration increases from 3 � 10�3 (sample VII) to
7 � 10�3 wt % (sample IV) and slowly increases with
increasing copper(II) concentration to 0.147 wt %
(sample I), i.e., the dependence of IPO on the cop-
per(II) stearate concentration passes through a mini-
mum (Fig. 1b, curve 7).

The abnormal behavior of PE containing Neozon D
and copper(II) stearate is due to the fact that no cop-
per(I) complexes exhibiting strong antioxidative
power are formed in the molten polymer. In this case,
the probability of formation of copper complexes is
low owing to slow diffusion of the modifiers. Under
these conditions, AO inhibits oxidation of the polymer
and copper(II) stearate catalyzes this reaction. As
a result, small additions of copper(II) stearate make
the IPO shorter. We suggest that the experimental
dependence of IPO on the copper concentration
(Fig. 1b, curve 7) is caused by specific features of
the effect of copper(II) stearate on PE oxidation [5, 6].

We also studied oxidation of nonstabilized PE con-
taining copper(II) stearate with concentrations from 0
to 0.020 wt % (this concentration range corresponds
to that in samples I�VII). In this case, the dependence
of IPO on the copper(II) concentration also passes
through a minimum (Fig. 1b, curve 6). This result
confirms the known fact that small amounts of cop-
per(II) stearate catalyze PE oxidation [5, 6]. When
the modifier concentration increases, the oxidation is
inhibited and the induction period increases (Fig. 1b,
curve 6).

Copper(II) stearate taken in an amount of approxi-
mately 7 � 10�3 wt % [in terms of copper(II)] has
the strongest catalytic effect on oxidation of both
nonstabilized PE and PE stabilized with Neozon D
(Fig. 1b, curves 6 and 7). Thus, introduction of cop-
per(II) stearate in a PE melt stabilized with Neozon D
does not significantly enhance the antioxidative power
of the AO. Probably these modifiers do not react with
each other and work independently.

At the same time, introduction of copper(II) com-
pounds can enhance the inhibiting properties of the
amine AO. Accumulation of carbonyl groups in PE
films oxidized on reactive (copper) and inert (KBr)
supports is shown in Fig. 2. Oxidation of non-
stabilized PE on the copper support is faster and is
characterized by shorter induction period than that on
KBr supports (Fig. 2, curves 1, 2). Introduction of

(a)

�, h

�IPO, h �IPO, min(b)

cCu � 103, wt %

Fig. 1. (a) Accumulation of carbonyl groups in PE samples
containing (1) 0.1 wt % Neozon D and mixtures (2) I,
(3) III, (4) IV, and (5) VII; (b) IPO of PE (6) nonstabilized
and (7) stabilized with 0.1 wt % Neozon D as a function
of copper(II) stearate content in the samples. (a) (D) optical
density and (�) oxidation time; the same for Figs. 2 and 3.
(b) (cCu) Copper(II) concentration and (�IPO) IPO duration.

�, h

Fig. 2. Accumulation of carbonyl groups in PE films with
a Cu powder content of (1�4) and (5, 6) 10 wt % and
Neozon D content of (1, 2, 5) and (3, 4, 6) 0.3 wt %, as
a function of time of their oxidation � (h) on (2, 4) copper
and (1, 3, 5, 6) KBr supports.

Neozon D increases the IPO. Curiously, the IPO of
PE on a copper support increases to a greater extent
that that on KBr plates (Fig. 2, curves 3, 4). Apparent-
ly, Neozon D in PE films on copper supports is con-
verted into a more effective AO.

To confirm these results, we studied oxidation of
PE filled with copper powder. The oxidation was per-
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�, h

Fig. 3. Accumulation of carbonyl groups in the course of
oxidation of PE films stabilized with 0.1 wt % of (1) initial
AO, (2) AO thermally modified at 150�C for 10 h, and
a mixture of copper(II) stearate and Neozon D taken in
a ratio of (3) 1 : 24 and (4) 1 : 246, as a function of oxida-
tion time �.

formed on KBr plates. As in the case of oxidation
on a copper support, IPO of the polymer stabilized
with Neozon D increases, which indicates the en-
hanced performance of the amine AO.

We can give two possible explanations of modifica-
tion of the AO after contact with a copper support.
The first is penetration of the AO to the polymer�
support interface and direct reaction with copper to
form a more effective compound. The second mech-
anism is more complex. It is known [4, 6, 7] that
copper carboxylates are formed in oxidation of PE on
copper. These compounds can diffuse into the poly-
mer matrix and react there with AO to form copper
complexes with strong antioxidative power. The sec-
ond mechanism, however, is improbable. First, no
copper(I) complexes with Neozon D were found in
a PE melt containing copper(II) stearate (analog of
copper compound formed in PE oxidation). Second,
the concentration of copper compounds that diffused
in the polymer matrix by the end of IPO is negligible.
Hence, the amount of copper(I, II) complexes with
Neozon D, formed in the polymeric matrix, should be
insufficient. We believe that the direct reaction of
AO with the copper support is the most probable
explanation.

To study direct reaction of AO with copper, we
performed the following experiment. A thin (�1 mm)
layer of Neozon D was applied to a copper support
and was heated at 150�C in air for 10 h. Then 0.1 wt %
of thermally modified AO was introduced into PE,
and the IPO of the composite was measured. This
treatment of AO substantially enhances its per-
formance. The induction period of hydrocarbon oxida-
tion of PE stabilized with thermally modified AO in-
creases by a factor of more than 2 (Fig. 3, curves 1, 2).

Similar experiments were performed with mixtures
of the AO with copper(II) stearate. We studied two
mixtures with Neozon D : copper(II) stearate molar
ratios of 24 : 1 (mixture A) and 242 : 1 (mixture B).
These ratios are substantially higher than the ratio
optimal for complex formation (2 : 1). After the heat
treatment, the mixtures were introduced into PE in
the amount required to obtain 0.1 wt % AO in the
polymer. The inhibiting power of AO substantially
increased after the heat treatment. The IPO of samples
containing mixtures A and B increased by factors of
5 and 6, respectively. The inhibiting power of the
AO increased with decreasing the copper(II) amount
in the mixture. If the properties of the initial AO
changed due to the complexation, the pattern would
be inverse. Since this is not the case, we believe that
the inhibiting properties of the amine AO are en-
hanced in the course of its contact with copper and its
compounds.

Probably, strong antioxidation stabilization of PE
with Neozon D in the presence of copper (Fig. 2,
curves 4, 6) or its salts (Fig. 3, curves 3, 4) is caused
by copper-catalyzed oxidation of Neozon D to form
stable nitroxyl radicals:

Cu
C10H7�NH�C6H5 �� C10H7�N

.
�C6H5

[O]
�� C10H7�NO.

�C6H5.

Nitroxyl radicals (>NO
.
) terminate chain oxidation

reactions of polymers, thus enhancing the performance
of AO [9].

Since copper(II) stearate and Neozon D are sepa-
rated by low-mobile PE macromolecules (Fig. 1),
the modifiers work independently: copper stearate
catalyzes polymer oxidation and Neozon D inhibits
this reaction.

CONCLUSIONS

Inhibiting power of the amine AO can be enhanced
by its catalytic reaction with copper or copper(II)
stearate in the course of oxidation of a PE melt.
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Abstract�The mechanism by which selected photostabilizing sterically hindered amines (Tinuvin-622,
Diacetam-5, Polyacetam-81) affect the photostability of the complex Eu(Phen)2(NO3)3 in low-density poly-
ethylene was studied by the luminescence, ESR, and 1H NMR spectroscopy.

Light-transforming polymeric materials find wide
application in agriculture (as plant growth stimulants),
medicine, and electronics [1, 2]. As polymer base for
such materials serve commercial polymers widely
used in agriculture, in particular, low-density poly-
ethylene (LDPE), and as luminescent additives effi-
ciently stimulating plant growth, Eu(III) complexes
[1, 2]. In processing, exploitation, and storage, poly-
mers are exposed to numerous factors (heat, light,
penetrating radiation, oxygen), which is responsible
for their accelerated aging. Combined introduction
into polymers of photostabilizers and agents inhibiting
thermal oxidative degradation significantly improves
such performance characteristics of films as weather
and light stability. This makes it urgent to elucidate
the mechanism by which the photostability of lumi-
nescent complexes is affected by sterically hindered
amines (SHAs) and other types of photostabilizers
(antioxidants, UV absorbers, etc. [3]).

Data on interaction of luminescent Eu(III) com-
plexes and photostabilizers in LDPE are scarce. We
[4, 5] and Raida et al. [6] found that, when introduced
into luminescent compositions, Diacetam-5 and Poly-
acetam-81 photostabilizers decrease the photolumi-
nescence intensity and accelerate photodegradation
of the europium complex. At the same time, photo-
stabilizer Tinuvin-622 enhances luminescence of the
europium complex and inhibits its UV-induced photo-
degradation [5, 6].

This work, continuing our previous studies [4, 5],
is aimed at elucidating the mechanism by which
selected photostabilizing SHAs affect the lumines-
cence intensity of the europium(III) complex and its
photostability in photolysis. As luminophore to be
introduced into LDPE we chose Eu(Phen)2(NO3)3,

where Phen is 1,10-phenanthroline. As SHA photo-
stabilizers we used those commercially used for
producing photoresistant LDPE articles: Diacetam-5
[3-(2,2,6,6-tetramethylpiperidin-4-yl)aminopropionic
acid 2,2,6,6-tetramethylpiperidin-4-ylamide], Polyace-
tam-81, Tinuvin-622 [oligomeric photostabilizer
derived from 1-(2-hydroxyethyl)-2,2,6,6-tetramethyl-
4-hydroxypiperidine and dimethyl succinate; Ciba
Geigy AG] [7]. Notably, Tinuvin-622 is the only SHA
used in food industry as stabilizer for polymeric pack-
aging materials. Unlike oligomeric Tinuvin-622, low-
molecular-weight Diacetam-5 contains NH groups
capable of complexing with metal atoms. The struc-
tural formulas of Diacetam-5 and Tinuvin-622 are
presented below.
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EXPERIMENTAL

Film samples were prepared by introducing
Eu(Phen)2(NO3)3 (0.3 wt %) and a stabilizer (0.1�
0.9 wt %) into LDPE. The components were thor-
oughly mixed, pressed on a hydraulic press at T =
150�C and p = 110 atm, and cooled to obtain films.
Accelerated aging of the films was achieved by irradi-
ating the samples with unfiltered light of a DRT-250
mercury lamp. The lamp�sample distance was 20 cm.
The luminescence spectra were recorded on an SDL-1
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spectrometer (excitation by a DRSh-250 lamp; UFS-6
filter; �exc = 365 nm). The luminescence excitation
spectra were recorded on a Shimadzu RF-5000 instru-
ment (�lum = 612 nm, 5D0�

7F2 transition of Eu3+).
The ESR spectra were recorded in the X frequency
range on an ESR-231 spectrometer (Germany). The
sample was UV-irradiated in the spectrometer resona-
tor with a DRSh-100 lamp. The 1H NMR spectra
were measured on a Bruker NMR AS-250 spectrom-
eter (Germany) in CDCl3 at 300 K with tetramethylsi-
lane as internal reference.

Studies of the photodegradation rate of the Eu(III)
complex in a polymer composition as influenced by
the photostabilizers should take into account the fact
that the complex can degrade both during irradiation
and during preparation of the polymer luminescent
composition (as a result of a chemical reaction bet-
ween the complex and the stabilizer).

Indeed, our experiments showed that a combination
of the europium complex and a photostabilizer in
the composition affords even during primary proces-
sing a fourfold decrease in the fluorescence intensity
of the composition relative to the composition without
stabilizer in the case of Diacetam-5 and a 20% de-
crease in the case of Polyacetam-81. At the same time,
during primary processing of the polymer composition
containing Tinuvin-622 the luminescence intensity of
the complex increases by a factor of 1.7.

Additional information about the processes of
interest comes from analysis of the luminescence exci-
tation spectra of the polymer compositions (Fig. 1).
The spectrum of the initial composition (without pho-
tostabilizers) contains a broad intense band corre-
sponding to the ���* electronic transitions in the
absorption spectrum of the phenanthroline molecule.

A fine-structured part of the spectrum (330�
350 nm) corresponds to intraconfiguration f�f transi-
tions of Eu(III). Introduction of Diacetam-5 into the
composition substantially modifies the luminescence
excitation spectrum: A new band appears in the short-
wave region of the spectrum (210�250 nm), and the
luminescence intensity of the composition decreases
fourfold. The excitation spectrum of the luminescent
composition with Tinuvin-622 is almost identical to
that of the initial composition; however, the relative
intensity of the band at 230�280 nm increases (with
the luminescence intensity increasing by a factor of
1.7). This suggests a sensitizing effect of Tinuvin-622
on the excitation energy transfer to the energy levels
of Eu(III).

�, nm

Fig. 1. Luminescence excitation spectra of (2) Eu(Phen)2 �
(NO3)3 in LDPE and (1, 3) Eu(Phen)2(NO3)3 + photo-
stabilizer composition in LDPE. (I) Intensity and (�) wave-
length. Stabilizer: (1) Tinuvin-622 and (3) Diacetam-5.

I, arb. units

�, h
Fig. 2. Luminescence intensity I (�lum = 615 nm) of
(1) Eu (Phen)2(NO3)3 in LDPE and (2�4) Eu(Phen)2 �
(NO3)3 + photostabilizer composition in LDPE as a function
of the UV irradiation time �. Stabilizer: (2) Tinuvin-622,
(3) Polyacetam-81, and (4) Diacetam-5.

We followed the photoinduced degradation of the
fluorescent characteristics of the Eu(Phen)2(NO3)3 +
LDPE composition from the fluorescence spectra. UV
irradiation weakens the luminescence in the band of
Eu(III) with � = 615 nm and enhances luminescence
in the blue-green region (400�500 nm), due to lumi-
nescence of the photodegradation products of the
compositions [8]. Figure 2 characterizes accelerated
photoinduced aging of the compositions in LDPE
under the laboratory conditions. It is seen that Diace-
tam-5 and Polyacetam-81 accelerate photodegradation
of the Eu(III) complex: With Diacetam-5 as stabilizer
the luminescence of the sample completely disappears
already within 6 h of irradiation; at the same time,
Tinuvin-622 markedly inhibits photodegradation.

As known, SHAs, whose photolysis yields nitroxyl
radicals, act mostly as acceptors of peroxy radicals in
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g = 2.0078

1 mT

Fig. 3. ESR spectra of (1) Diacetam-5 before (solid line)
and after (dashed line) UV irradiation for 10 min and
(2) Tinuvin-622 before UV irradiation. X-frequency range,
T = 300 K.

(a)

(b)

(c)

�, ppm
Fig. 4. 1H NMR spectra of (a) Tinuvin-622, (b) Eu(Phen)2 �
(NO3)3, and (c) Eu(Phen)2(NO3)3 + Tinuvin-622 composi-
tion in deuterochloroform (300 K). (�) Chemical shift;
the same for Fig. 5.

(a)

(b)

�, ppm

Fig. 5. 1H NMR spectra of (a) Diacetam-5 and
(b) Eu(Phen)2(NO3)3 + Diacetam-5 composition in deutero-
chloroform (300 K).

photooxidation of polymers [3]. Additional informa-
tion about the action mechanism of Diacetam-5 and
Tinuvin-622 is furnished by their ESR spectra. They
have a triplet structure identical to that of nitroxyl
radical (Fig. 3) [9]. Figure 3 shows that irradiation of
Diacetam-5 modifies the shape of the ESR spectrum,
specifically, the spectral component ratio. We found
that UV irradiation of the stabilizers enhances the
intensity of all the spectral components, most pro-
foundly in the case of the peak corresponding to the
g-tensor component gyy. The ESR data suggest ef-
ficient generation of nitroxyl radicals in photolysis
of the photostabilizers, with low-molecular-weight
Diacetam-5 accumulating the radicals more rapidly
than oligomeric Tinuvin-622.

Thus, the NH groups in low-molecular-weight
SHAs (Diacetam-5, Polyacetam-81), capable of com-
plexing with metal atoms and exhibiting a greater,
compared to oligomeric Tinuvin-622, power for gen-
erating nitroxyl radicals, seem to be responsible for
the accelerating effect on the photodegradation of the
europium complex in a polymeric composition.

We confirmed interaction between Diacetam-5 and
the complex and the lack of such interaction in the
case of the complex + Tinuvin-622 composition
by 1H NMR spectroscopy (Figs. 4, 5). We studied
model systems [photostabilizer, Eu(III) complex,
Eu(III) complex + photostabilizer] in deuterochloro-
form at 300 K.

Comparative analysis of the 1H NMR spectra
(Fig. 4) shows that the spectrum of the composition is
a superposition of the spectra of the complex and the
photostabilizer, which unambiguously suggests the
lack of interaction in the system. At the same time,
comparison of the 1H NMR spectra of solutions of
Diacetam-5, Eu(III) complex, and the complex +
Diacetam-5 composition reveals broadening of the
signals assigned to the protons from the Diacetam-5
molecule in the spectrum of the composition (Fig. 5).
This suggests interaction between the photostabilizer
and the complex.

CONCLUSIONS

(1) The mechanism by which sterically hindered
amines (Tinuvin-622, Diacetam-5, Polyacetam-81)
affect the photostability of the Eu(Phen)2(NO3)3 com-
plex in low-density polyethylene was studied by
luminescence, ESR, and 1H NMR spectroscopy. Ti-
nuvin-622 enhances the luminescence intensity and
photoresistance of the europium complex.

(2) A greater, compared to oligomeric Tinuvin-
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622, rate of generation of nitroxyl radicals by low-
molecular-weight sterically hindered amines under
UV irradiation and the presence of NH groups able of
complexing with metal ions are responsible for ac-
celerated photodegradation of the europium complex
in the polymer matrix.
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Abstract�The functional composition of lignin recovered from spruce wood and treated with alkali in aque-
ous and aqueous-ethanol medium and that of lignins recovered from alkaline cooking solutions in the presence
of ethanol were studied by IR spectroscopy. The influence of ethanol on the content of the main functional
groups in lignin was examinated.

IR spectroscopy is widely used for studying wood
lignin for a long time. Numerous studies are devoted
to identification of recovered lignin-containing sam-
ples, comparison of lignins recovered from wood by
various procedures, establishment of differences bet-
ween lignins recovered from various types of wood by
the same procedure, quantitative determination of
lignin in wood and cellulose, and structural studies of
lignins produced in various procedures of cellulose
cooking [1].

The IR spectra of industrial (soda and kraft) lignins
and lignosulfonates are adequately studied, contrary to
so-called organosolvent lignins. This is caused by the
following factors. First, cooking with organic solvents
was developed only recently in comparison with
traditional delignification procedures, and practically
none of these cooking procedures were brought to
industrial use. Second, numerous organic solvents
belonging to various types of organic compounds
(alcohols, acids, aldehydes, and phenols) are used as
agents of organosolvent cooking [2].

In this work we made an IR study of organosolvent
lignins recovered from spent solution of aqueous-
ethanol cooking of cellulose.

EXPERIMENTAL

For recording the IR spectra, lignin samples were
prepared as mulls in Vaseline oil [3]. The spectra were
recorded in potassium bromide and cesium iodide
pellets on a Specord M80 spectrophotometer (Carl
Zeiss, Jena) in the range 4000�400 cm�1 with the
spectral resolution of 2 cm�1; the monochromator was
purged with dry air.

The data obtained were processed using the Soft-
spectra 5.0 software (Etalon Joint-Stock Company,

Moscow). The baseline was corrected using transmis-
sion maxima at � 3700, 1800, 700, and 500 cm�1.
After that, the optical densities D in the main absorp-
tion maxima (except the range of vibrations of aliphat-
ic C�H bonds obscured by absorption of Vaseline oil
at 3000�2800, 1460, 1370, and 722 cm�1) were deter-
mined. Assuming that the aromatic structures do not
degrade under treatment, we selected the absorption
band at 1512 cm�1 corresponding to the skeleton
modes in the aromatic ring as an internal reference
and evaluated the relative optical densities (ROD, %)
of the other bands with respect to this band [4]:

D
�

ROD = ����� � 100,
D1512

where D1512 is the optical density at 1512 cm�1 and
D� is the optical density at wave number �.

Since delignification of wood is a complicated
process, first we recorded the IR spectra of the sam-
ples of spruce dioxane lignin recovered by the Pepper
procedure [2] and subjected to treatment in alkaline
(8 g l�1 NaOH), aqueous, and aqueous-ethanol media
at 55, 70, 80, and 90�C. After treatment, the lignin
was recovered by acidification of the solution with
hydrochloric acid to pH 3.

Both the absorption spectrum of the initial lignin
sample and the spectra of the samples subjected to
treatment contain a set of absorption bands character-
istic of dioxane lignins of coniferous wood. The
results of assignment of the bands, based on published
data [1, 5], are listed in Table 1.

The similarity of the spectra suggests principal
preservation of the chemical structure of dioxane lig-
nin and degree of its polydipersity, affecting spectrum
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Table 1. Absorption bands of dioxane lignin samples
������������������������������������������������������������������������������������

�, cm�1 � Assignment
������������������������������������������������������������������������������������

3420 �Stretching modes of O�H bonds
1712 �Stretching modes of C=O bonds in aldehydes, nonconjugated ketones, and COOH groups
1672 �Stretching modes of C=O bonds in para-substituted aryl ketones

1592, 1512 �Skeleton vibrations of aromatic ring
1268, 1220 �Skeleton vibrations of guaiacyl ring

1140 �In-plane bending modes of C�H bonds in guaiacyl ring
1080 �Stretching modes of C�O bonds
970 �Out-of-plane bending modes of =C�H bond (trans)
855 �Out-of-plane bending modes of C�H bond in aromatic ring

������������������������������������������������������������������������������������

Table 2. Relative optical densities in the absorption maxima of untreated dioxane lignin and the samples after treatment
������������������������������������������������������������������������������������

� ROD, %
����������������������������������������������������������������������������

�, cm�1 �
without

� treatment conditions
� �����������������������������������������������������������������
� treatment � water, 55�C � aqueous ethanol, 55�C � water, 70�C � water, 80�C � water, 90�C

������������������������������������������������������������������������������������
3420 � 56.0 � 60.0 � 57.0 � 55.0 � 54.0 � 62.0
1712 � 26.0 � 20.0 � 21.0 � 23.0 � 24.0 � 26.0
1672 � 25.0 � 20.0 � 19.0 � 21.0 � 22.0 � 24.0
1592 � 47.0 � 45.0 � 45.0 � 46.0 � 47.0 � 49.0
1512 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0
1268 � 107.0 � 105.0 � 113.0 � 108.0 � 108.0 � 111.0
1220 � 78.0 � 75.0 � 83.0 � 79.0 � 80.0 � 84.0
1140 � 70.0 � 64.0 � 72.0 � 64.0 � 65.0 � 69.0
1080 � 52.0 � 44.0 � 51.0 � 46.0 � 47.0 � 48.0

������������������������������������������������������������������������������������

diffuseness in the range 1600�800 cm�1. Noticeable
differences in the spectra of the samples studied are
observed only in the range of stretching modes of
carbonyl groups between 1750 and 1650 cm�1. Treat-
ment at a temperature above 55�C in aqueous medium
results in disappearance of the absorption maximum
at 1672 cm�1, i.e., the ratio of the amounts of �-car-
bonyl groups conjugated with an aromatic ring and
nonconjugated C=O bonds somewhat decreases.

A comparison of the relative intensities of the main
absorption bands of the samples studied (Table 2)
shows that, in all of the samples subjected to treat-
ment, especially at low temperatures, the content of
carbonyl groups somewhat decreases compared to the
initial lignin. Some increase in the content of carbonyl
structures at high treatment temperature is apparently
caused by development of oxidation processes under
the action of dissolved oxygen. Hydroxy groups in
lignin remain essentially unchanged at a temperature
below 80�C. At 90�C, the content of hydroxy groups
increases by approximately 7�8% owing to develop-

ing degradation of aryl alkyl ether structures accom-
panied by release of phenolic and alcoholic groups.
This conclusion is confirmed by variation of the
optical density at 1080 cm�1 corresponding to the
stretching modes of the C�O bonds, mainly of those
in the C�O�C ether structures.

The similar results were obtained in chemical
analysis of functional composition of the samples
by the standard procedures [6] (Table 3). These results
suggest that conversion of lignin in alkaline aqueous
and aqueous-ethanol medium proceeds by the mech-
anism of oxidative degradation. Then, we studied
lignins recovered from the solutions of alkaline
(NaOH concentration 60 g l�1) cooking of spruce
wood in aqueous (soda cooking) and 25% aqueous-
ethanol (organosolvent cooking) media at 170�C and
160�C, respectively (Table 4). Samples of the cooking
solution were withdrawn in 5, 6, and 7 h in soda
cooking (samples N/1�N/3, respectively) and every
hour in organosolvent cooking (E/1�E/6, respective-
ly). We analyzed the precipitates formed in the liquor
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Table 3. Functional composition of untreated dioxane lignin and samples after treatment
������������������������������������������������������������������������������������

Functional

� Content, %
������������������������������������������������������������������������

group
�

without
� treatment conditions

� ���������������������������������������������������������������
� treatment � water, 55�C � aqueous ethanol, 55�C � water, 70�C � water, 80�C � water, 90�C

������������������������������������������������������������������������������������
Methoxy � 16.00 � 14.90 � 15.33 � 14.82 � 14.65 � 14.83
Total acidic � 3.37 � 2.83 � 2.93 � 4.01 � 4.41 � 4.42
Strongly acidic � 0.75 � 0.56 � 0.87 � 0.91 � 1.07 � 1.00
(carboxy) � � � � � �
Carbonyl � 3.58 � 2.07 � 2.24 � 2.51 � 2.78 � 3.91
Phenolic hydroxy� 2.98 � 2.27 � 2.06 � 3.10 � 3.34 � 3.42
������������������������������������������������������������������������������������

Table 4. Relative optical density of the samples in the maxima of absorption bands for lignins recovered from soda
cooking liquor (N/1-N/3) and organosolvent liquor (E/1-E/6)
������������������������������������������������������������������������������������

�,
� ROD, %, for indicated sample
�������������������������������������������������������������������������������cm�1
� N/1 � N/2 � N/3 � E/1 � E/2 � E/3 � E/4 � E/5 � E/6

������������������������������������������������������������������������������������
3420 � 90.0 � 76.0 � 71.0 � 61.0 � 65.0 � 65.0 � 62.0 � 60.0 � 56.0
1712 � 45.0 � 35.0 � 35.0 � 65.0 � 30.0 � 29.0 � 30.0 � 29.0 � 27.0
1672 � 36.0 � 34.0 � 30.0 � 30.0 � 29.0 � 27.0 � 33.0 � 27.0 � 28.0
1592 � 58.0 � 54.0 � 51.0 � 46.0 � 48.0 � 45.0 � 49.0 � 44.0 � 45.0
1512 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0 � 100.0
1268 � 112.0 � 119.0 � 110.0 � 117.0 � 113.0 � 110.0 � 115.0 � 112.0 � 108.0
1220 � 92.0 � 97.0 � 90.0 � 87.0 � 89.0 � 89.0 � 94.0 � 91.0 � 86.0
1140 � 104.0 � 99.0 � 84.0 � 88.0 � 88.0 � 84.0 � 93.0 � 83.0 � 79.0
1080 � 0.0 � 102.0 � 78.0 � 92.0 � 100.0 � 86.0 � 113.0 � 90.0 � 80.0
972 � 24.0 � 46.0 � 32.0 � 0.0 � 38.0 � 32.0 � 46.0 � 33.0 � 30.0
856 � 0.0 � 30.0 � 22.0 � 24.0 � 25.0 � 25.0 � 28.0 � 25.0 � 22.0

������������������������������������������������������������������������������������

after its keeping for 1 day after cooking completion
and the samples recovered immediately after cooking
by acidification of the liquor with hydrochloric acid to
pH 3. The latter procedure allows recovery of lignin
from the cooking liquor practically quantitatively,
whereas only high-molecular-weight fraction of lignin
precipitates spontaneously. The absorption spectra of
these precipitates (Figs. 1a, 1b) contain a strong broad
band at approximately 1600 cm�1, which can be
assigned to asymmetric stretching vibrations of the
carbon�oxygen bond in carboxylate anion. This is
confirmed by significant absorption at 1400 cm�1,
partially overlapping with absorption bands of Vase-
line oil and corresponding to �s(�COO�). The absorp-
tion bands corresponding to the skeleton vibrations of
the aromatic ring, bending vibrations of aromatic
CH bonds, and vibrations of the ether bonds, charac-
teristic of lignin samples, allow us to assign these
samples to coniferous lignin samples in the salt form
due to recovery from alkaline solution.

Normalization of the resulting spectra by referenc-
ing the optical densities to absorption of aromatic
ring, which is a common procedure in IR spectroscopy
of lignin, appeared to be impossible because of over-
lapping of absorption bands corresponding to the
skeleton vibrations and those of carboxylate anion.
In addition, the lignins recovered by this procedure
are not representative samples. Therefore, we further
analyzed the samples recovered from liquors by acidi-
fication with hydrochloric acid. The spectra of these
samples are typical for coniferous lignins and have
a set of absorption bands consistent with published
data (Table 1).

Comparison of the series of samples N/1�N/3 with
E/1�E/6 (Table 4) reveals the influence of alcohol on
the functional composition of the resulting lignin.
Samples N/1�N/3 prepared by soda delignification are
characterized by increased content of hydroxy groups,
decreasing in the course of cooking. This is apparently
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(a)T, %

�, cm�1
T, %

�, cm�1

(b)

Fig. 1. IR spectra of (a) lignin obtained in keeping of solu-
tion of alkaline aqueous-ethanol cooking for 1 day and
(b) lignin recovered from the solution of alkaline aqueous-
ethanol cooking by acidification. (T) Transmission and
(�) wave number.

caused by ethoxylation of phenolic hydroxyls under
conditions of alcoholic cookings. In the range of ab-
sorption of carbonyl structures, the most pronounced
difference between the two series appears for the band
at 1700 cm�1: the content of C=O bonds noncon-
jugated with the aromatic ring in lignin produced by
soda cooking is less by 20�50%, i.e., this lignin is
significantly more oxidized in comparison with the
samples obtained in the presence of ethanol. In the
range of absorption of C�O single bonds, no signifi-
cant differences between these series of samples were
observed.

Comparison of the absorption intensity of the sam-

ples withdrawn at various instants of time shows some
decrease in the relative content of the main functional
groups of lignin. This is apparently caused by both
elimination of various groups from aromatic ring and
development of radical condensation of lignin. This
effect is the most typical for soda cooking (N/1�N/3).
In the case of alcohol cooking, lignin obtained at vari-
ous instants of time in the last stage of the process has
the smallest differences in the functional structure.

CONCLUSIONS

(1) The IR spectra of organosolvent lignins re-
covered by alkaline delignification in the presence of
ethanol have the set of absorption bands typical for
lignin of spruce wood.

(2) Comparison of the IR spectra of organosolvent
and alkaline (soda) lignins shows that, in delignifica-
tion in aqueous-ethanol medium, lignin passes into
solution in less oxidized state than in cooking of
wood in aqueous alkaline medium.
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Abstract�The effect of a mixture of di(2-ethylhexyl) phthalate and tributyl phosphate on the properties of
segmented polyether�urethane�ureas was examined. The data obtained for the elastomers with individual and
mixed plasticizers were compared. The efficiency of using the binary plasticizer for controlling the properties
of polyether�urethane�ureas was assessed.

One of the ways to control the rheological, thermal,
and mechanical properties of polyurethane compounds
is their plasticization with liquids of various chemical
structures: ethers, esters, chloroparaffins, and other
compounds [1�5]. The performance of certain liquids
as plasticizers was demonstrated for many block (so-
called segmented, SPU) polyurethanes [2�5].

The properties of microheterogeneous plasticized
polyurethanes depend on the effect of the plasticizer
on the miscibility of liquid and solid polymer blocks.
As the solubility of rigid blocks in the flexible phase
of the polymer changes, the amount of the rigid com-
ponent in this phase and the content of the micro-
dispersed filler (domains of rigid blocks) in the mate-
rial increase or decrease; the SPU properties change
correspondingly.

In plasticization of the same polyurethane with
different liquids, samples of the material with a lower
glass transition point of the flexible phase Ts

g may
have higher elastic modulus and higher strength. On
the contrary, less strong and softer SPU samples may
have higher glass transition point of the flexible poly-
meric matrix [2]. All these data were obtained with
microheterogeneous polyurethane compounds plasti-
cized with individual liquids.

The possibility of controlling the SPU properties
by plasticization with mixtures of low-molecular-
weight liquids has not been examined. The use of
mixed plasticizers instead of individual liquids may
offer new opportunities. Of practical interest are
mixtures of commercially available plasticizers.

Our goal was to assess the possibility of controlling
the properties of segmented polyether�urethane�ureas
(SPUUs) by using binary plasticizers consisting of

tributyl phosphate (TBP) and di(2-ethylhexyl) phtha-
late (DEHP). These compounds affect the structure
and properties of SPUUs differently. Depending on
the structure of flexible polyether blocks, DEHP either
does not noticeably affect the microphase segregation
in the material or acts as a �precipitant� of rigid
blocks, whereas TBP improves the miscibility of flex-
ible polyether and rigid urethane�urea blocks [2].

EXPERIMENTAL

We used plasticized polyether�urethane�ureas
based on oligoethers: SPUU-1 with polypropylene
oxide flexible segments and SPUU-2 with polytetra-
methylene oxide flexible blocks. The SPUUs were
prepared from oligo(propylene oxide)diol and oligo-
(tetramethylene oxide)diol prepolymers (Laprol-1052
and SKU-PFL-100, respectively) prepared by reac-
tions of the corresponding oligomeric diols with
toluene-2,4-diisocyanate (diisocyanate : diol molar
ratio 2 : 1). The molecular weight of the oligomeric
diols and prepolymers was �1000 and �1400, respec-
tively (estimated from the content of functional
groups).

The prepolymers were cured with methylenebis-
(o-chloroaniline) (Diamet Kh) preliminarily dissolved
in DEHP, TBP, or their mixtures. The molar ratio of
the prepolymers to Diamet Kh was 1.03. Samples
were prepared as described in [5].

The plasticizer content in all the samples was
14 wt %. Such amount of the plasticizers ensures high
relative strain (>600%) and high strength of the mate-
rial (tensile strength of SPUU-1 and SPUU-2 no less
than 25 and 30 MPa, respectively). The physicome-
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Properties of SPUU-1 derived from oligo(propylene oxide)diol (1) and SPUU-2 derived from oligo(tetramethylene
oxide)diol (2)
������������������������������������������������������������������������������������

x2

� �n MPa � E100, MPa � �, % � T g
s, �C � �, Pa s�1

�����������������������������������������������������������������������������
� 1 � 2 � 1 � 2 � 1 � 2 � 1 � 2 � 1 � 2

������������������������������������������������������������������������������������
0 � 17.1 � 22.8 � 1.7 � 6.2 � 850 � 680 � �24 � �61 � 8 � 4
0.30 � 22.7 � 31.7 � 2.8 � 7.4 � 840 � 710 � �32 � �67 � 13 � 7
0.43 � 23.5 � 32.9 � 3.3 � 7.9 � 820 � 700 � �35 � �68 � 18 � 10
0.57 � 25 � 35.8 � 3.6 � 8.3 � 800 � 640 � �38 � �70 � 22 � 11
0.70 � 25.4 � 34.0 � 4.1 � 8.9 � 790 � 650 � �41 � �71 � 28 � 12
1.0 � 26.3 � 33.2 � 6.9 � 10.6 � 770 � 640 � �45 � �71 � 43 � 21

������������������������������������������������������������������������������������

chanical characteristics of SPUUs {nominal tensile
strength �n (maximal stress calculated per initial
cross section of the sample), relative elongation at
break �n (at �n), elastic modulus E100 (at �n = 100%),
and breaking stress per actual sample cross section,
fb = �n[(�n + 100)/100]} were determined at an exten-
sion rate of 0.28 s�1 at 23�C.

The glass transition point of the flexible phase of
SPUUs was determined with a DSM-2 differential
scanning calorimeter at slow (�0.02 deg s�1) heating.

The rheological properties of the reaction mixture
were studied at the compounding and casting tempera-
ture of 55�1�C on a Rheotest-2 cone�plate viscom-
eter at a shear rate of 180 s�1.

The IR spectra were recorded on a Bruker IFS 66/S
Fourier spectrometer. Elastomer films were prepared
without using volatile solvents [5].

The mechanical characteristics, glass transition
points T s

g of SPUUs, and shear viscosities � of the
reaction mixtures 30 min after compounding at vari-
ous contents x2 of DEHP in the binary plasticizer are
listed in the table.

Figure 1 shows the dependence of the breaking
tensile stress of SPUU-1 and SPUU-2 on x2. These
data show that components of the mixed plasticizer
affect the mechanical properties of the materials and
the glass transition point of the flexible phase non-
additively. The effect of DEHP and TBP on the vis-
cosity � of the reaction mixtures after compounding
is also nonadditive.

In plasticization solely with TBP, the strength
characteristics and elastic modulus of SPUUs are the
lowest, and T s

g, the highest, which is due to the nega-
tive effect of TBP on the microphase segregation of
flexible polyether and rigid urethane�urea blocks.
This is clearly seen, e.g., from the IR spectra of SPUU

samples in the range of stretching vibrations of carbo-
nyl groups in urethane and urea fragments (	 = 1620�
1750 cm�1) (Figs. 2a, 2b). According to [5�7], the
microphase segregation of flexible and rigid blocks in
the material can be judged from the intensity of the
band at 	 = 1640 cm�1 (carbonyl vibrations in self-
associates of urea groups localized in domains of
urethane�urea blocks).

An appreciable decrease in the intensity of this
band in the IR spectra of SPUU-1 and SPUU-2 plasti-
cized with TBP (Fig. 2a, curve 5; Fig. 2b, curve 4)
suggests transition of a part of rigid blocks from the
rigid to flexible phase of the elastomer; as a result, the
amount of the microdispersed rigid phase acting as
reinforcing filler decreases. Increased content of the
rigid component in the flexible phase of the polymer
in the presence of TBP results in a weaker effect of
this plasticizer on the glass transition point T s

g of
SPUU, compared to plasticization with DEHP, despite
the fact that the glass transition point Tg of TBP
(�131�C) is lower than that of DEHP (�90�C). The T s

g
of nonplasticized SPUU-1 is �16�C. Similar pattern is
observed with SPUU-2 (see table).

fb, MPa

Fig. 1. Breaking tensile stress fb of (1) SPUU-1 and
(2) SPUU-2 as a function of DEHP content x2 in the mixed
plasticizer. Dashed lines correspond to the additive effect
of the plasticizer components.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 9 2004

1542 TERESHATOV et al.

(a)A

�, cm�1
A

(b)

�, cm�1

Fig. 2. IR spectra of (a) SPUU-1 and (b) SPUU-2 as influ-
enced by the binary plasticizer composition. (A) Absorption
and (�) wave number. (a) (1) no plasticizer; DEHP content
(wt %) in the binary plasticizer: (2) 100, (3) 70, (4) 30, and
(5) 0. (b) DEHP content (wt %) in the binary plasticizer:
(1) 100, (2) 70, (3) 30, and (4) 0.

The influence of individual plasticizers (including
DEHP and TBP) on the structure and properties of
SPUUs was described in detail in [2].

On replacement of 30 wt % of TBP (x2 = 0.3) by
DEHP, the amount of self-associates of urea groups in
SPUU-1 becomes close to the content of these stable
species in the nonplasticized material, which can be
readily seen from changes in the intensity of the car-
bonyl absorption band at 	 = 1640 cm�1 (Fig. 2a,
curve 3). The strength characteristics of the material,
�n and fb, sharply increase in going from the individ-
ual to mixed plasticizer, and the glass transition point
T s

g decreases because of a decrease in the amount of
rigid blocks dissolved in the flexible phase of the
polymer.

As the DEHP content in the mixture with TBP is
increased further, the glass transition point of the

flexible phase of SPUU decreases to a lesser extent.
This is especially true for SPUU-2 containing poly-
(tetramethylene oxide) flexible segments. As already
noted, di(2-ethylhexyl) phthalate has virtually no
effect on the microphase segregation in the material.
Increased DEHP content in the binary plasticizer has
a weaker effect on T s

g of SPUU-2, compared to T s
g of

SPUU-1, which could be expected from the IR data
(band at 	 = 1640 cm�1, Figs. 2a, 2b).

It is known that the strength of segmented poly-
urethanes depends not only on the amount of the rein-
forcing filler but also on other factors, including inter-
molecular interaction in the flexible phase and orien-
tation of polymeric chains in extension of the material
[8]. An increase in the degree of microphase segrega-
tion with increasing DEHP content in the plasticizer
is accompanied by a decrease in the content of ure-
thane and urea groups capable of hydrogen bonding in
the SPUU elastic matrix; this factor negatively affects
the strength of the material. Apparently, the superpo-
sition of factors oppositely acting on the mechanical
properties of SPUUs is responsible for the essentially
nonlinear dependence of the material strength on the
DEHP content in the binary plasticizer. Even at x2 =
0.6, the tensile strength and breaking stress of SPUU-1
plasticized with the mixed plasticizer only slightly
differ from �n and fb of the elastomer plasticized with
individual DEHP (see table, Fig. 1). The dependence
of the SPUU-2 strength on the DEHP content in its
mixture with TBP passes through a maximum at x2 =
0.6. The elastic modulus E100 of this material is ap-
preciably lower than that of the SPUU plasticized
with individual DEHP. For example, at x2 = 0.57,
E100 of SPUU-2 decreases from 10.6 to 8.3 MPa.
For SPUU-1, the decrease in E100 is still more pro-
nounced: from 7.0 to 3.6 MPa.

Thus, the mechanical properties of SPUUs plasti-
cized with the mixed plasticizer and one of its com-
ponents differ essentially.

Another positive effect achieved on partial replace-
ment of DEHP by TBP in SPUU is a sharp decrease
in the viscosity of the reaction mixture, with the high
strength of the cured material being preserved. For
example, at the TBP weight fraction in the mixture of
0.43 (x2 = 0.57), the viscosity of the SPUU-1 reaction
mixture decreases from 21 to 12 Pa s. The viscosity of
the uncured SPUU-2 reaction mixture 30 min after
compounding at 50�C is 22 Pa s, whereas with a
single plasticizer, DEHP, the viscosity under the same
conditions is as high as 43 Pa s.

Preservation for a long time of the low viscosity of
polyurethane compounds is necessary for obtaining
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reinforced and unreinforced polyurethane items of
complex shape without blisters.

For polyurethane items subjected to strong strains
in service, it is important to ensure high strength with
considerably decreased tension modulus E100. At the
same strain, the material with lower E100 will experi-
ence weaker mechanical load, which will enhance its
performance.

It should be noted that, according to our experi-
ments, a similar decrease in E100 of SPUU-1 can be
attained by introducing 20 wt % DEHP instead of
14 wt % mixed plasticizer. In so doing, however, the
material strength decreases from 25 to 17 MPa.

CONCLUSIONS

(1) In plasticization of segmented polyether�ure-
thane�ureas with a mixture of tributyl phosphate with
di(2-ethylhexyl) phthalate of various compositions, we
revealed a pronounced nonadditive influence of the
plasticizer components on the strength and elasticity
of these materials, on the glass transition point of the
flexible phase, and on the rheological properties of the
reaction mixtures.

(2) According to IR data, the plasticizer composi-
tion significantly affects the microphase segregation
in polyether�urethane�ureas. This is manifested par-
ticularly strongly in the material with poly(propylene
oxide) flexible blocks.

(3) The strength and strain characteristics of seg-

mented polyurethane�ureas plasticized with a 60 : 40
mixture of di(2-ethylhexyl) phthalate and tributyl
phosphate are not inferior to those of the material
plasticized solely with di(2-ethylhexyl) phthalate. At
the same time, the compositions with the binary plas-
ticizer have two times lower viscosity, with considera-
bly smaller tension modulus E100 of the cured materi-
al. This is important for preparing high-quality items
and ensuring their efficiency at significant strains.
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Abstract�A urea�formaldehyde oligomer comparing well with commercially avaliable KF-MT and KF-M
resins in the adhesive power was prepared from solid paraform and urea without a solvent.

Synthetic urea�formaldehyde oligomers (UFOs)
are widely used in wood-working industry as binders
and as a base for adhesives. However, UFOs tend to
self-cure during prolonged storage and transportation.
Furthermore, the modern industrial synthesis of UFOs
in multistep [1�4] and involves water as a solvent,
with its subsequent distillation.

In this study we examined the possibility of pre-
paring highly stable UFO without a solvent. The start-
ing compounds were paraform (F) and urea (U). The
products were tested as binders in production of chip
boards.

EXPERIMENTAL

A flask equipped with a power-driven stirrer and
a thermometer was charged with urea [pure grade,
GOST (State Standard) 6691�77] and paraform [TU
(Technical Specifications) 6-09-3208�78] in a definite
molar ratio (the U : F ratio was varied from 1 : 1 to
1 : 6), after which solid sodium hydroxide (up to 2%
relative to the total weight of U and F) preliminarily
ground with a small amount of urea was added. The
mixture was heated with stirring at 333 K for 2.5�3 h.

Within 5�10 min after switching on the stirrer, the
mixture started to liquefy, and within 15�20 min it
fully transformed into a viscous sticky liquid. Upon
further heating for 2.5 h, the products with U : F >
1 : 3 hardened, and those with U : F 1 : 3.25, 1 : 3.5,
1 : 4, and 1 : 6 remained liquid. At room temperature,
the oligomers with U : F 1 : 3.25 and 1 : 3.5 hardened
in several days, and that with U : F 1 : 4 remained a
stable viscous sticky liquid for at least 12 months.

The mixture starts to liquefy earlier with increasing
temperature, stirring intensity, degree of initial grind-
ing of urea grains, and amount of sodium hydroxide
added. In the absence of NaOH, the mixture does not

become liquid at 333 K over a period of 2.5 h. The
individual components (urea, paraform) separately
mixed with NaOH do not form liquid systems under
similar conditions.

The liquefaction is not associated with accumula-
tion of water during the reaction. According to GLC
data (LKhM-8MD chromatograph, catharometer, sta-
tionary phase 5% TSEP on Polysorb, internal refer-
ence n-PrOH), the water content in the resin (initial
ratio U : F = 1 : 4) 3 h after the start of the reaction
did not exceed 4%. The change in the aggregation
state of the system is undoubtedly caused by the base-
catalyzed reaction of urea with paraform: during the
first 20 min, the formaldehyde concentration sharply
decreases (see figure) with accumulation of methylol
groups, and subsequent changes occur more smoothly
(the concentration of free formaldehyde in the resin
was determined according to GOST 14231�88, and
the concentration of methylol groups, by iodometric
titration [5]). The main reaction of formation of meth-
ylol groups from formaldehyde is accompanied by
side Cannizzaro reaction. According to GLC data, the
methanol content in the oligomer sample with the
initial ratio U : F = 1 : 4 did not exceed 3%.

The solid products obtained at the initial molar
ratio U : F > 1 : 3 are virtually insoluble in water. The
oligomers obtained at a high initial content of formal-
dehyde are readily soluble in water, but at U : F =
1 : 6 dissolution in water is accompanied by the re-
lease of unchanged paraform.

As the oligomer with U : F = 1 : 4 showed high
stability, high solubility in water, and apparent adhe-
sive power, we chose this product for subsequent tests
as binder in chip board production.

This product has a high content of methylol groups
(up to 30%). The high degree of nitrogen functionali-
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zation is confirmed by IR spectroscopy (Specord 75-
IR, film on KBr, �, cm�1; the bands were assigned
according to data of [6]): 3350 vs, br [�(NH)]; 1000
vs, br [�(OH) in �CH2OH]; 1655 vs (amide I); 1538
vs (amide II); 1260 s (amide III); 1455 w, 1380 s
[�(CH) in �CH2OH]; 2910 m [�as(CH) in �CH2OH];
2960 m [�sym(CH) in CH2 of ethers, �CH2OH]; 1170
w, 1060 [�(C�O) in �C�O�C�]; 970, 935, 845 m, 805
w, 775 m [�(C�O) in �C�O�C�, symmetric ring].

In the range 3500�3100 cm�1, there is only one
very strong band at 3350 cm�1. This means that the
amount of NH groups in the resin considerably ex-
ceeds the amount of NH2 groups. The resins with a
lower initial formaldehyde content exhibit two bands
in this range, 3430 and 3330 cm�1, characterizing
the presence of �NH2 and NH groups, respectively.
A strong band at 1000 cm�1 is consistent with the
high content of methylol groups.

There as an apparent unbalance between the initial
amount of formaldehyde and total amount of formal-
dehyde and methylol groups determined in the resin
3 h after the start of the reaction; the unbalance grows
with decreasing U : F ratio:

U : F Fin, wt % F + �CH2OH, wt % (3 h)

1 : 1 33.0 30.1
1 : 1.23 38.0 34.5
1 : 2 50.0 46.5
1 : 3 60.0 52.7
1:3.5 63.6 40.9

1 : 4 66.7 40.4

Comparison of these results with the IR data shows
that the unbalance is caused by formation of ether
fragments in the resin (condensation of methylol
groups) or of cyclic fragments like uronic rings [intra-
molecular reaction of methylol groups, reaction (1)]:

����
O
�2CH� �2CH�

�O�
H

��
H����H H

����
N N�H O2

CH OH2

�N2CH��CO�
CH OH
�N��

2

2CH�
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����
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����
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�N2CH��CO�
CH OH
�N��

2

2CH�

. (1)

�

The bands at 845, 805, and 775 cm�1 can be apparent-
ly assigned to cyclic structures [6, 7], and the band at
1060 cm�1, to linear ethers.

To check the binding power of the oligomer with
U : F = 1 : 4, we prepared by standard procedures
experimental chip board specimens. These specimens

�, min

A, wt %

Kinetic curves of (1, 2) consumption of free formaldehyde
and (3, 4) accumulation of methylol groups in condensation
of urea with paraform. U : F (1, 3) 1 : 1.23 and (2, 4) 1 : 3;
333 K. (A) Content and (�) time.

were prepared for tests according to GOST 10632�89
(COMECON Standard 5879�87). Pressing was per-
formed at 433 K. The oligomer was added in an
amount of 10 wt % relative to dry wood chips. The
curing agent was NH4Cl (1 wt % relative to the oligo-
mer). As the oligomer with U : F = 1 : 4 is very vis-
cous, it was taken as 40% aqueous solution.

To bring the U : F ratio to the level commonly
used in commercial resins and to bind free formalde-
hyde whose content in the oligomer is 9�10%, we
added urea to the oligomer just before use, so that the
U : F ratio became 1 : 1.23.

For comparison, we also prepared chip board speci-
mens with commercial resins KF-MT and KF-M,
taken in the same amounts as the oligomer (as calcu-
lated for the dry matter). As seen from the table, the
experimental chip board specimens prepared with our
oligomer are not inferior in the bending strength to the
specimens prepared with commercial resins KF-MT
and KF-M and show lower water absorption and
swelling in thickness.

Results of tests of experimental chip board specimens
����������������������������������������

Parameter � Oligomer* � KF-MT � KF-M
����������������������������������������
Density �, kg m�3 � 704�9 � � � 820
Ultimate bending � 19.9�0.4 � 22.0 � 21.0
strength �b, MPa � � �
Swelling in thickness� 4.2�0.6 � 10.0 � 10.0
in 2 h h, % � � �
Water absorption in � 32�3 � 36.0 � 36.0
2 h m, % � � �
����������������������������������������
* Mean value for four chip board specimens.
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The public-health tests of the experimental chip
board specimens performed by the Sanitary-Epidemio-
logical Station of Donetsk oblast showed the absence
of formaldehyde emission.

CONCLUSIONS

(1) Urea�formaldehyde oligomers can be prepared
without a solvent at the initial urea : formaldehyde
ratio varied from 1 : 1 to 1 : 6.

(2) The oligomer with the initial molar ratio
U : F = 1 : 4 can be used as a binder in production of
chip boards.
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Abstract�A kinetic model of thermochemical transformation of solid organic fuels was constructed. The
mathematical model describes the kinetics of drying, release and combustion of volatiles, and combustion
and gasification of the nonvolatile (coke) residue at linear heating. The kinetic curves of burn-out of Irsha�
Borodino brown coal at various heating rates and model parameters were calculated.

The experience of using solid organic fuels at
thermal power plants shows that there are still no
pretreatment and combustion procedures ensuring
high efficiency, reliability, and environmental safety
of boiler operation [1].

To formulate recommendations concerning condi-
tions and modes of combustion of solid organic fuels,
it is necessary to elucidate an interrelation, based on
kinetic parameters, between various steps and proc-
esses of thermochemical transformation of coals [2].

Description of heat and mass exchange and of aero-
dynamics in combustion chambers of boilers involves
elucidation of the mechanism and construction of an
adequate kinetic model of burn-out of a solid organic
fuel [3�7]. The following questions should be ans-
wered [8]: What steps control the overall process ki-
netics? What steps are excessive in the kinetic scheme
under consideration, and can this scheme be simpli-
fied? What kinetic mechanism (among several alter-
natives) is the most probable?

When a solid fuel is burnt as a dust, the degree of
its thermochemical conversion is determined by a set
of parameters of consecutive-parallel processes, in
particular [9�13], by the rate of moisture evaporation,
rate of release and combustion of volatiles, and rate of
combustion of the nonvolatile residue. The scheme of
burn-out of a coal substance is complicated in certain
steps by such processes as low-temperature chemi-
sorption of oxygen, gasification of the nonvolatile
residue with carbon dioxide, steam, and hydrogen,
transformations of chemical components of the miner-
al matter of the fuel, etc. [14].

As these processes strongly influence each other

and their endo- and exothermic effects are significant,
they should be taken into account in constructing the
pattern of thermochemical transformation. The rates
and parameters of the above processes are largely
determined by the quality of the initial fuel. In this
connection, to correctly describe and calculate the coal
burn-out, it is necessary to elucidate the mechanism
and construct a kinetic model of themochemical trans-
formation of a solid organic fuel under conditions of a
combustion chamber. This would allow proper choice
of the process modes and conditions for pretreatment
and combustion of solid organic fuels.

Analysis of the mechanism of complex physico-
chemical processes that occur in combustion of coals
involves evaluation of the significance of particular
process steps [15] and construction of a hierarchy of
this steps following preset criteria [16]. To construct
a mathematical model of thermochemical transforma-
tion of a solid organic fuel, we used the following
process scheme. The process is subdivided into sever-
al relatively independent parallel-consecutive multi-
step stages (Fig. 1): drying and heating of a particle
until release or ignition of volatiles; release of vola-
tiles and their combustion near the particle; combus-
tion of the nonvolatile (coke) residue consisting of
organic and mineral matter [10].

The physicochemical model of thermal transforma-
tion of a solid organic fuel in a wide temperature
range suggests that drying of a moist material is char-
acterized by moisture evaporation from the bulk of a
coal particle, with the evaporation front moving inside
the particle as a phase transition front, under the influ-
ence of an increase in the temperature of the dry sur-
face. Since the moisture present in fuel forms bonds
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cb
h

Moisture evaporation
(drying)

Release of volatiles
(thermal decomposition)

Combustion of volatiles

Time of complete burn-out of solid fuel

Burn-out and gasification of coke base

Fig. 1. Physicochemical model of thermochemical transformation of a solid fuel.

of different strength with the coal matter, it is approp-
riate to consider two independent fronts of evapora-
tion of hygroscopic and chemically bound moisture
[17], with the latter lagging behind the former.

As the temperature of the surface layer increases,
the organic matter starts to thermally degrade, with
the release of volatiles. The modern pyrolysis models
consider the organic matter of coal as an ensemble of
condensed aromatic, hydroaromatic, and heterocyclic
structures (clusters) containing various functional
groups as substituents [18]. As a fuel is heated, the
bonds linking functional groups to ring clusters are
cleaved, with the release of gaseous components
(mainly CO2, H2, H2O, CO, CH4, HCN, aliphatic
hydrocarbons). Simultaneously with the release of
low-boiling gaseous components, the bridged structure
of coal is cleaved, with the release of coarse molecular
fragments (resins C8H18 �2H2O).

The released combustible gaseous compounds, on
reaching certain concentration, start to react in the gas
phase with atmospheric oxygen to give the final prod-
ucts: CO2 and H2O [19]. At deficiency of oxygen, the
resins can degrade further to form secondary products,
in particular, acetylene, benzene, hydrogen, and car-
bon black, which, in turn, can also react with oxygen
to give products of complete (CO2, H2O) and incom-
plete (e.g., CO) combustion, with their subsequent
afterburning [20].

The release of volatiles and their subsequent com-
bustion are accompanied by heating of the coal parti-

cle, initiating combustion of its nonvolatile (coke)
base. This reaction occurs on the surface of the coal
particle and involves adsorption of oxygen from the
gas phase on the carbon surface. Oxygen atoms react
with the carbon surface to give complex carbon�
oxygen species CxOy [11]. These species subsequently
decay to give products of complete (CO2) and incom-
plete (CO) combustion.

Water vapor and carbon dioxide formed by drying,
evaporation of ballast volatiles, burning of combusti-
ble volatiles and of the coke base, and afterburning of
incomplete combustion products can react with the
solid phase to form CO and H2. These reactions occur
by the radical-chain mechanism and directly involve
hydroxy groups as intermediates, with formation of
HCOH molecules and then of donor�acceptor bonds
with atomic carbon [21]. Collisions of atoms and
molecules with vacant sites results in formation of
intermediate complexes. These complexes stimulate
electron transfer, providing chemisorption of gaseous
components on the surface of the coke base.

The hydrogen formed by secondary reactions can
react with carbon to form CH4 and with oxygen to
form H2O [22]. Methane is oxidized in the gas phase
to CO2 and H2O. The products of complete (H2O) and
incomplete (CO) combustion can react with each other
to form CO2 and H2 [10].

The reactions that occur in the gas volume sur-
rounding a particle and the heterogeneous reactions
can be described by the following stoichiometric
equations [7, 15, 17, 21, 23].
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(1) Moisture evaporation: Wh
0 � Wh, where W0

h is
the initial moisture content of a fuel, and Wh is the
amount of evaporated moisture in the gas volume.

(2) Release of volatiles: V0i � Vi,j, where V0i is
the initial concentration of volatiles in the solid phase
of ith component, and Vi,j is the concentration of vola-
tiles in the gas phase of ith component in jth step.

(3) Secondary degradation of resins: aiVi,j,n �

giVi,j,n + 1, where Vi,j,n are ith components of jth step
of nth reaction of secondary degradation; Vi,j,n + 1,
ith components formed by (n + 1)st reaction of sec-
ondary degradation in jth step; and ai and gi, stoichio-
metric coefficients of degradation of ith component.

(4) Combustion of volatiles: aiVi + biO2 � giP,
where Vyi is the concentration of volatiles in the gas
phase of ith component; O2, oxygen concentration; P,
concentration of combustion products of volatiles; and
ai, bi, and gi, stoichiometric coefficients in oxidation
of ith component.

(5) Heterogeneous combustion of coke residue:
arc + brO2 � grP, where c is the carbon concentration
in the fuel (solid phase); P, concentration of products
of complete and incomplete combustion of carbon;
and ar, br, and gr, stoichiometric coefficients of com-
bustion of the coke base.

(6) Homogeneous afterburning of incomplete com-
bustion products: amPm + bmO2 � gmP, where Pm is
the concentration of incomplete combustion products;
am, bm, and gm, stoichiometric coefficients for mth
component of incomplete combustion products.

(7) Gasification of the coke residue: asc + bsP �
gsP, where as, bs, and gs are the stoichiometric coef-
ficients of reactions involved in gasification of the
coke base.

(8) Gasification of the products: ayPm + byPu =
gyP, where Pu is the concentration of complete com-
bustion products; ay, by, and gy, stoichiometric coeffi-
cients of reactions involving products of complete and
incomplete combustion.

The suggested physicochemical formulation of the
problem can be described by the following calculation
scheme which allows construction of a mathematical
model allowing control of material balances both for
separate steps of coal combustion and for the overall
process. In construction of a mathematical model, we
assumed that multistep processes of thermochemical
transformation of a solid fuel are additive, the func-
tional groups in thermolysis of the fuel transform
independently, the ratio of functional groups in the

resin is the same as in the initial coal, and the vola-
tiles released in pyrolysis of coal dust and the non-
volatile coke residue are ideally mixed with the oxi-
dant (air) prior to the chemical reaction.

The mathematical model of kinetic processes of
thermochemical transformation of a solid organic fuel,
taking into account the above assumptions, is given in
the differential form below (see scheme).

The kinetic equation of drying describes the kinet-
ics of evaporation of hygroscopic moisture from the
coal surface:

dH2O0
h /d� = �k0H2O0

h exp [�EH2O0
h /RT(�)]H2O0

h,

where H2O0
h is the initial concentration of hygroscopic

moisture in the fuel, kg kg�1; k0, preexponential fac-
tor, s�1; E, activation energy, J mol�1; R, universal gas
constant, J mol�1 K�1; T, process temperature, K; and
�, time, s.

The kinetic equation for the release of volatiles
describes the content of residual volatiles in the fuel
as a result of a multistep process of bond cleavage
with the release of ballast (H2O, CO2) and combusti-
ble (H2, CH4, CO, resins C8H18 �2H2O) volatile
vaporous and gaseous components during thermal de-
composition of the coal organic matter [9]:

I J

dV0/d� = �� � k0V0i, j
exp [�EV0i, j

/RT(�)]V0i, j,
i = 1 j = 1

where V0 is the initial concentration of volatiles in the
fuel (solid phase), kg kg�1; i = 1, ..., I, numbers of
vaporous and gaseous components taken into account;
and j = 1, ..., J, numbers of separate steps responsible
for the release of ith component.

The kinetic equation of combustion of volatiles in
the gas phase characterizes homogeneous combustion
of the released volatiles and products of their second-
ary degradation in the absence of oxidant (O2). The
first and third terms in this equation describe the
dynamics of accumulation of the released volatiles
and their subsequent degradation. The second term
describes formation of secondary volatile gaseous
components by degradation of resins. The fourth term
described homogeneous combustion of volatiles
formed both by fuel degradation and by secondary
degradation of particular vaporous and gaseous com-
ponents (resins) [20]:

I J0��
dV0/d� = �� ��� k0V0i, j0

exp [�EV0i, j0
/RT(�)]V0i, j0

�V0i, j0i = 1 j0 = 1��
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Scheme of calculating the kinetic parameters of thermochemical transformation of a solid fuel.

I
d Jd

+ � � k0Vid, jd
exp [�EVid, jd

/RT(�)]Vid, jd
�id, jdid = 1jd = 1

J �
� � k0Vi, j

exp [�EVi, j
/RT(�)]Vi, j�i, j�

j = 1 �

�
� k0Vi

exp [�EVi
/RT(�)]ai V i

ai O2
bi�,
�

where V is the concentration of volatiles in the gas
phase, kg kg�1; j0 = 1, ..., J0, numbers of separate
steps responsible for the release of ith component
from the fuel; id = 1, ..., Id, numbers of volatile com-
ponents whose degradation yielded ith substance; jd =
1, ..., Jd, numbers of separate steps responsible for the

release of ith component from an intermediate sub-
stance in the course of its degradation; a and b, stoi-
chiometric coefficients; and �x, coefficient taking into
account the mole fraction of component x in the gas
phase.

The equation for the kinetics of burn-out and gasi-
fication of the coke base describes the consumption
of carbon in oxidation of a fuel to CO and CO2 and
in reduction of products of compete and incomplete
combustion (CO2, H2O, H2, etc.). The first term de-
scribes the dynamics of burn-out of the coke base, and
the second term, gasification of the combustion prod-
ucts [21]:

R�
dc/d� = ��� k0c, r

exp [�Ec, r /RT(�)]ar c ar O2
br

r = 1�
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S �
+ � k0c,s

exp [�Ec, s /RT(�)]as c as Pbs�,
s = 1 �

where c is the carbon concentration in the fuel (solid
phase), kg kg�1; O2, oxygen concentration, kg kg�1;
P, concentration of fuel thermolysis products: evap-
orated moisture, released unburned volatiles, and
products of complete and incomplete combustion of
the nonvolatile residue (coke), kg kg�1; r = 1, ..., R,
numbers of groups of reactions taken into account
when describing the burn-out of the coke base; and
s = 1, ..., S, numbers of groups of reactions taken into
account when describing the gasification.

In the equation describing the dynamics of varia-
tion of the oxygen concentration in homogeneous and
heterogeneous combustion of volatiles and the coke
base, the first, second, and third terms reflect con-
sumption of O2 in combustion of volatiles and the
coke base and in homogeneous oxidation of incom-
plete combustion products, respectively:

I�
dO2/d� = ��� k0Vi

exp [�EVi
/RT(�)]bi Vi

ai O2
bi

i = 1�

R

+ � k0c, r
exp [�Ec, r /RT(�)]br c ar O2

br
r = 1

M �
+ � k0Pm

exp [�EPm
/RT(�)]bm P m

bm O2
bm�,

m = 1 �

where m = 1, ..., M are the numbers of incomplete
combustion products of the coke base Pm.

The concentration of products of thermochemical
transformation of a coal dust particle is taken into
account by the equation describing the dynamics of
moisture evaporation, release of ballast volatiles and
of volatiles that remained unchanged in oxidation,
complete and incomplete combustion of volatiles and
the coke base, and gasification of the nonvolatile
products [15]. The first term is related to moisture
evaporation; the second term, to release or secondary
degradation of ballast and unburned volatiles; the
third term, to homogeneous combustion of volatiles;
the fourth term, to heterogeneous burn-out of the coke
base; the fifth and seventh terms, to gasification; the
sixth term, to combustion of incomplete combustion
products; and the eighth, ninth, and tenth terms, to
consumption of components as a result of combustion
and gasification of incomplete combustion products:

dP /d� = �k0H2O0
h exp [�EH2O0

h /RT(�)]H2O0
h

I �
+ �� k0V0i, j0

exp [�EV0i, j0
/RT(�)]V0i, j0

�V0i, j0i = 1�

Id Jd

+ � � k0Vid, jd
exp [�EVid, jd

/RT(�)]Vid, jd
�Vid, jdid = 1jd = 1

J �
� � k0Vi, j

exp [�EVi, j
/RT(�)]Vi, j�Vi, j

�
j = 1 �

I

+ � k0Vi
exp [�EVi

/RT(�)]gi V i
ai O2

bi�Vii = 1

R

+ � k0c, r
exp [�Ec, r /RT(�)]gr c ar O2

br �c, r
r = 1

S

+ � k0c,s
exp [�Ec, s /RT(�)]gs c as Pbs�c, s

s = 1

M

+ � k0Pm
exp [�EPm

/RT(�)]gm P m
bm O2

bm�Pmm = 1

Y

+ � k0P, y
exp [�EP, y /RT(�)]gy Pm

ay Pu
by �P, y

y = 1

S

+ � k0c,s
exp [�Ec, s /RT(�)]bs c as Pbs

s = 1

M

� � k0Pm
exp [�EPm

/RT(�)]am P m
bm O2

bm
m = 1

Y

� � k0P, y
exp [�EP, y /RT(�)]ay Pm

ay Pu
by

y = 1

Y

� � k0P, y
exp [�EP, y /RT(�)]by Pm

ay Pu
by,

y = 1

where y = 1, ..., Y are the number of groups of reac-
tions involving products of complete Pu and incom-
plete Pm combustion of fuels; a, b, and g are stoichio-
metric coefficients.

The above system of differential kinetic equations
was calculated with the following initial conditions:
H2O0

h = H2Oh
0in, V0 = V0in, c = cin, O2 = O2in, H2O =

0, V = 0, P = 0.

Along with the kinetic equations, this system en-
sures the law of mass preservation: H2O0 + V0 + c +
O2 + P = H2O0in + V0in + cin + O2in, because the
following relationship is valid: dH2O0

h/d� + dV0/d� +
dc/d� + dO2/d� � dP/d� = 0, where P = Pu + Pm.

This mathematical model describing the kinetics
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Table 1. Mechanism and kinetic characteristics of various steps of thermochemical transformation of Irsha�Borodino
brown coal
������������������������������������������������������������������������������������
Step�

Process
� Reac- �

Reaction
� E, � k0, � Refer-

no. � � tion no.� � kJ mol�1 � s�1 (mol s�1)� ences
������������������������������������������������������������������������������������

1 �Moisture evaporation (drying)� 1 �H2O0
h k1	
 H2O � 14.4 � 4.01 � [9]

� � � � � �2 �Release of volatiles � 2 �H2O0
cb k2	
 H2O � 28.3 � 3.5�102 � [9]

� � � � � ��(thermolysis) � 3 �CO20

k2	
 CO2 � 71.7 � 1.1�103 � [9]
� � � � � �
� � 4 �H20

(I) k41	
 H2 � 92.4 � 45.0 � [9]
� � � � � �
� � �H20

(II) k42	
 H2 � 142.3 � 4.9�106 � [9]
� � � � � �
� � 5 �CH40

(I) k51	
 CH4 � 106.9 � 1.4�105 � [9]
� � � � � �
� � �CH40

(II) k52	
 CH4 � 92.3 � 5.2�105 � [9]
� � � � � �
� � 6 �CO0

(I) k61	
 CO � 90.2 � 87.9 � [9]
� � � � � �
� � �CO0

(II) k62	
 CO � 140.9 � 4.5�106 � [9]
� � � � � �
� � �CO0

(III) k63	
 CO � 71.5 � 4.5�102 � [9]
� � � � � �
� � �CO0

(IV) k64	
 CO � 43.2 � 0.3 � [9]
� � � � � �
� � 7 �C8H180

k7	
 C8H18 � 75.9 � 2.5�102 � [9]
� � � � � �
� � 8 �C8H18

k9	
 8C + 9H2 � 52.8 � 2.8�105 � [9]
� � � � � �

3 �Combustion of volatiles � 9 �2H2 + O2
k9	
 2H2O � 41.1 � 250.0 � [10]

� � � � � �
� � 10 �CH4 + 2O2

k10	
 CO2 + 2H2O � 50.3 � 230.0 � [10]
� � � � � �
� � 11 �2CO + O2

k11	
 2CO2 � 42.7 � 222.0 � [10]
� � � � � �
� � 12 �2C8H18 + 25O2

k12	
16CO2 + 18H2O� 55.3 � 306.0 � [11]
� � � � � �

4 �Burn-out and gasification of � 13 �C + O2
k13	
 CO2 � 113.0 � 1.1�104 � [9]

� � � � � �
�coke base � 14 �2C + O2

k14	
 2CO � 118.0 � 1.2�104 � [9]
� � � � � �
� � 15 �C + CO2

k15	
 2CO � 214.0 � 79.0�104 � [9]
� � � � � �
� � 16 �C + H2O

k16	
 CO + H2 � 181.4 � 1.6�104 � [9]
� � � � � �
� � 17 �C + 2H2

k17	
 CH4 � 113.1 � 0.1�104 � [11]
� � � � � �
� � 18 �CO + H2O

k18	
 CO2 + H2 � 138.3 � 4.2�107 � [10]
���	����������������������	������	�������������������������	��������	���������	�����

of thermochemical transformation of a solid fuel was
used as the basis for an analytical experiment related
to the burn-out of Irsha�Borodino brown coal (Kansk�
Achinsk deposit) at various heating rates. The coal
composition (per working mass) is as follows, %:
moisture Wr 33, ash Ar 9.98, sulfur Sr 0.29, carbon
Cr 41.2, hydrogen Hr 2.89, nitrogen Nr 0.57, and oxy-
gen Or 12.1, at Qi

r = 15318 kJ kg�1, Vdaf = 48.2%.
The mathematical model was based on the results of
complex thermal analysis of the coal reactivity in
various steps and on the evaluated kinetic parameters:
numbers of separate steps i and j, activation energies

E, probability factors k0, fraction of the reacted sub-
stance, temperature ranges of reactions, etc. [24].

The types of the considered chemical reactions
included in the calculation scheme and the kinetic
parameters of various processes and steps of thermal
transformation of Irsha�Borodino coal are given in
Table 1.

To describe the nonisothermicity of themochemical
transformation of coal, we supplemented the mathe-
matical model with the linear heating law: T = T0 +
b�. It should be noted that, because of the large size
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Fig. 2. Kinetics of thermochemical transformation of Irsha� Borodino coal at various heating rates (b = dT/d�, deg s�1): (a) 0.167,
(b) 102, and (c) 104. (1) Fuel weight loss, (2) oxygen concentration, (3) combustion products, (4) burn-out of the coke base,
(5) release of volatiles, (6) moisture evaporation, (7) combustion of volatiles, (8) combustion of secondary degradation and
gasification products, (9) combustion of CO, (10) combustion of H2, (11) combustion of resin, and (12) combustion of CH4;
(�i) conversion and (�) time.
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Table 2. Relative duration of steps of thermochemical transformation of Irsha�Borodino coals at various heating rates
������������������������������������������������������������������������������������

Step

�

Process

� Heating rate, b, deg s�1

� 
����������������������������������������������������

no.
� � 0.167 (10 deg min�1)
� 
����������������������������������������������������
� � onset, ��io

* � end, ��ie
** � duration, ��ie

� ��io
� superposition, ��ie

� ��i + 1o������������������������������������������������������������������������������������
1 �Moisture evaporation (drying) � 0 � 0.32 � 0.32 � 0.06
2 �Release of volatiles � 0.26 � 0.81 � 0.55 � 0.48
3 �Combustion of volatiles � 0.33 � 0.95 � 0.62 � 0.27
4 �Burn-out and gasification of coke bae� 0.68 � 1.0 � 0.32 � �

����	��������������������������	��������	���������	��������������	������������������������������������������������������������������������������������������������������

Step

� Heating rate, b, deg s�1


�������������������������������������������������������������������������������

no.
� 100 � 10 000

�������������������������������������������������������������������������������
�

onset, ��io
�

end, ��ie
� duration, � superposition, �

onset, ��io
�

end, ��ie
� duration, � superposition,

� � � ��ie
� ��io

� ��ie
� ��i + 1o

� � � ��ie
� ��io

� ��ie
� ��i + 1o������������������������������������������������������������������������������������

1 � 0 � 0.42 � 0.42 � 0.17 � 0 � 0.55 � 0.55 � 0.31
2 � 0.25 � 0.80 � 0.55 � 0.51 � 0.24 � 0.78 � 0.54 � 0.51
3 � 0.29 � 0.90 � 0.61 � 0.38 � 0.27 � 0.88 � 0.61 � 0.42
4 � 0.52 � 1.0 � 0.48 � � � 0.46 � 1.0 � 0.54 � �

����	�������	�������	�����������	�����������	�������	�������	�����������	�����������
* ��io

= �io/�t, where �t is the total burn-out time.
** ��ie

= �ie/�t.

and pronounced rigidity of the system of differential
equations, the kinetic mechanism can be realized, as
a rule, only within the framework of a unidimensional
scheme [17]. The calculations were performed with a
Pentium 4 computer in the Builder C++ 5.0 environ-
ment. The system of kinetic equations was solved nu-
merically by the Runge�Kutta�Fehlberg method with
automatic choice of the step and accuracy of 10�4.

The results of calculating the dynamics of proc-
esses involved in combustion of Irsha�Borodino coal
particles (both in separate steps and in total) are
shown in Fig. 2 as degrees of thermochemical trans-
formation (�i = mi/m0, where mi is the current weight
of ith reacting component and m0 is the initial weight
of the fuel�air mixture) vs. time at various heating
rates.

The computational experiment was performed at
varied rates of linear heating of a coal particle, b =
dT/d� = 0.167, 102, and 104 deg s�1.

The results confirm the strong influence of the
heating rate on the processes [23, 26]. Figure 2 shows
that, as the vapor�gas medium is heated faster, the
times characteristic of separate processes become
shorter and are shifted relative to each other.

For example, the relative times in which the drying

overlaps with the release of volatiles and the combus-
tion overlaps with the gasification of the coke base
are, respectively, 6 and 27% at b = 0.167 deg s�1, 17
and 38% at b = 102 deg s�1, and 31 and 42% at b =
104 deg s�1 (Table 2). As the heating rate is increased,
the time of the onset of all types of reactions becomes
shorter, and the relative times of the processes some-
what change. In particular, the time of moisture evap-
oration relative to the total burn-out time was 32% at
b = 0.167 deg s�1, 42% at b = 102 deg s�1, and 55% at
b = 104 deg s�1; the relative time of the release of
volatiles was 55, 55, and 54%; that of the combustion
of volatiles, 62, 61, and 61%; and that of combustion
and gasification of the nonvolatile (coke) residue,
32, 48, and 54%, respectively. Whereas at a heating
rate of 0.167 deg min�1 superposition of the processes
is insignificant, at 104 deg s�1 virtually all the proc-
esses occur in parallel, and the relative time of their
superposition reaches 61%.

The heating rate affects the duration of separate
steps of thermochemical transformation of the solid
fuel and the rates and temperatures corresponding to
the maxima of process steps. In particular, the total
release of volatiles from Irsha�Borodino coal at a
heating rate b = 0.167 deg s�1 is Wrv

max = 5.66 mg (g
combustible matter)�1 deg�1 and Trv

max = 340�C, at
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b = 102 deg s�1 Wrv
max = 4.82 mg (g combustible mat-

ter)�1 deg�1 and Trv
max = 720�C, and at b = 104 deg s�1

Wrv
max = 3.56 mg (g combustible matter)�1 deg�1 and

Trv
max = 830�C. The burn-up of the coke base of Irsha�

Borodino coal at a heating rate b = 0.167 deg s�1 is
Wbc

max = 2.95 mg (g combustible matter)�1 deg�1 and
Tbc

max = 460�C, at b = 102 deg s�1 Wbc
max = 2.1 mg (g

combustible matter)�1 deg�1 and Tbc
max = 950�C, and

at b = 104 deg s�1 Wbc
max = 0.96 mg (g combustible

matter)�1 deg�1 and Tbc
max = 1750�C. These data show

that, at the coal heating rate increased to 102 deg s�1,
the burn-up of the nonvolatile residue (up to 50%) can
be completed during the fuel heating, and the time of
complete thermochemical transformation includes the
nonisothermal and isothermal constituents.

CONCLUSION

The results of numerical experiments show that
the suggested kinetic scheme and the corresponding
mathematical model, on the one hand, allow analysis
of the influence exerted by separate steps on the dy-
namics of the overall process and, on the other hand,
are useful for calculating the degree of thermochemi-
cal transformation of solid organic fuels under actual
industrial conditions.
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Abstract�The subsolidus phase diagrams of the systems Ln�Mn�O (Ln = Y, Tm) in air in the range 850�

1400�C were constructed, based on the X-ray phase analysis of the homogeneous phases and heterogeneous
mixtures of compositions R = NMn/(NMn + NLn) 1/5, 1/2 (LnMnO3), 3/5, 2/3 (LnMn2O5), and 4/5. The boun-
daries of the phase areas were outlined.

The fact that oxides of systems Mn�M�O (M = Sc,
Y, Ho, ..., Lu) exhibit ferromagnetic properties [1]
makes it urgent to study the phase diagrams of these
systems, as these data are necessary for directional
synthesis of the compounds. In this study, the data of
the X-ray phase analysis of the homogeneous phases
and heterogeneous mixtures of compositions R =
NMn/(NMn + NLn) 1/5, 1/2 (LnMnO3), 3/5, 2/3
(LnMn2O5), and 4/5, obtained by the ceramic syn-
thesis from the oxides in air at 850�1400�C, were
used to construct the subsolidus phase diagrams of
the systems Ln�Mn�O (Ln = Y, Tm) in air.

EXPERIMENTAL

The samples were synthesized by the ceramic tech-
nology, which was used in [2] for the Yb�Mn�O and
Lu�Mn�O systems to construct the analogous phase
diagrams, from the oxides Y2O3 (99.99% pure),
TuO-2 grade Tm2O3 [TU (Technical Specification)
48-4-182�72], and ultrapure grade Mn2O3. It should
be noted that, as in [2], two methods were used for
cooling of the annealed samples to room temperature:
quenching in air in a ceramic crucible and cooling
with a furnace for 4 h. The X-ray phase analysis
(DRON-2.0 diffractometer, CuK� radiation) of the
substances synthesized showed that the cooling proce-
dure does not affect the phase composition of the
system and only weakly affects the unit cell param-
eters of the solid phases.

The results of the performed analysis in the form
of the phase diagrams of the systems Ln�Mn�O (Ln =
Y, Tm) are presented in Fig. 1. To construct them,
we used data on equilibria in the binary systems Ln�O

[3] and Mn�O. For example, the temperatures of
the �-Mn2O3��-Mn3O4 (883.6�C) and �-Mn3O4�
�-Mn3O4 (1172�C) phase equilibria in air were taken
from [4] and [5], respectively.

Area 1 in the diagrams shown in Fig. 1 describes
coexistence in air of two phases, Ln2O3 (space group
Ia3) and LnMnO3 (hexagonal crystal structure, space
group P63cm [4]). LnMnO3 and �-Mn3O4 (spinel
structure, space group Fd3m) are in equilibrium in air
in area 2, and LnMnO3 and �-Mn3O4 (hausmannite,
space group I4/amd), in area 3. Area 4 is
the region of coexistence of LnMn2O5 (DyMn2O5-like

T, �C

b
c

= = a

Fig. 1. Phase diagrams of the systems Mn�Ln�O (Ln = Y,
Tm) in air. (T) Temperature; R = NMn/(NMn + NLn);
(N) mole fraction of the element. Number of phases de-
tected by X-ray analysis: (a) 1, (b) 2, and (c) 3; for the
remaining explanations, see text.
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orthorhombic crystal structure, space group Pbam [4])
and �-Mn3O4, and area 5, the region of coexistence of
LnMn2O5 and �-Mn2O3. In area 6, oxides LnMnO3
and LnMn2O5 are in equilibrium.

The monovariant equilibria

LnMn2O5 = LnMnO3 + 1/3Mn3O4 + 1/3O2 (Ln = Y, Tm)

(1)

were revealed by X-ray phase analysis at 1155�5
(Ln = Y) and 1085�5�C (Ln = Tm). At temperatures
higher and lower by 20�C than the equilibrium tem-
perature, the samples for X-ray phase analysis were
prepared at 5�C intervals to approach the equilibrium
from the different sides [6]. The temperature at which
all the three solid phases, LnMnO3, LnMn2O5, and
Mn3O4, were detected by X-ray phase analysis was
accepted as the equilibrium temperature.

It should be noted that the unit cell parameters of
manganese oxides in areas 2�5 are equal within the
experimental error to those of the individual oxides
annealed at the same temperatures. This is also true
for yttrium and thulium oxides in area 1. This result
suggests no mutual solubility of yttrium and man-
ganese oxides and of thulium and manganese oxides.
On the contrary, the parameters and volumes of the
unit cells of the chemical compounds YMnO3 and
YMn2O5 differ from the corresponding values of these
compounds in the adjacent regions of the bivariant
equilibria. This is illustrated by Fig. 2, where the
volumes of the unit cells of the individual YMnO3
and YMn2O5 are given along with the volumes of
these substances in areas 1, 4, and 6 of the phase
diagram (Fig. 1). The above difference is observed
for all the parameters in all the areas of the phase
diagrams of the Y�Mn�O system (Fig. 1). The
YMnO3 and YMn2O5 unit cell parameters as func-
tions of the chemical composition of the systems R
show that the regions of homogeneity of these sys-
tems with respect to metallic components are sig-
nificant. Therefore, special studies of these regions
including, e.g., positions of their boundaries as func-
tions of chemical composition of the system and syn-
thesis temperature should be performed. The depen-
dence of the volume of the TmMnO3 unit cell on the
synthesis temperature is shown in Fig. 3. This depen-
dence suggests with high probability the oxygen non-
stoichiometry in this substance and its relation to the
temperature, in agreement with the data of numerous
studies [3, 7] devoted to the oxygen nonstoichiometry
of rare-earth element manganites and to the effect
exerted on it by the temperature and oxygen pressure.

V, nm3 V, nm3

Fig. 2. Volumes V of the unit cells of (1) YMnO3 and
(2) YMn2O5 quenched from 1140�C vs. the chemical com-
position of the Y�Mn�O system. R = NMn/(NMn + NY);
(N) mole fraction of the element.

V, nm3

T, �C
Fig. 3. Volume V of the TmMnO3 unit cell vs. the quench-
ing (annealing) temperature T.

The fact that the parameters and volumes of the
unit cells of YMnO3, YMn2O5, and TmMn2O5 are
independent of the synthesis temperature does not rule
out the oxygen nonstoichiometry of these compounds.

In the Tm�Mn�O system, the dependences of the
TmMnO3 and TmMn2O5 unit cell parameters on the
chemical composition of the system (R parameter),
similar to those presented in Fig. 2, were not ob-
served. This shows that the regions of homogeneity of
the above substances with respect to the metallic
components are narrow.

CONCLUSIONS

(1) The thermodynamically stable chemical com-
pounds in the systems Y�Mn�O and Tm�Mn�O at
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subsolidus temperatures in air are LnMnO3 and
LnMn2O5 (Ln = Y, Tm).

(2) The double oxides LnMn2O5 dissociate in air
at 1155�5 (Ln = Y) and 1085�5�C (Ln = Tm).

(3) In the system Y�Mn�O, the parameters and
volumes of the unit cells of YMnO3 and YMn2O5
depend on the chemical composition of the system,
suggesting the nonstoiciometry of these substances
with respect to metallic components.

(4) The parameters and volumes of the TmMnO3
unit cells depend on synthesis temperature, suggesting
the oxygen nonstoichiometry of this compound.
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Abstract�Extraction of lanthanide(III) nitrates (Ln�Gd) with n-octanol was studied at 298.15 K. The extrac-
tion isotherms were obtained and mathematically treated.

n-Octanol is widely used as an additive in in-
dustrial extraction of rare-earth metals to improve
phase separation and increase the solubility of extract-
able complexes in the organic phase [1]. Published
data on extraction of cerium-group lanthanide(III)
nitrates with alcohols are virtually lacking. Extraction
of lanthanum(III), praseodymium(III), and neodymi-
um(III) from aqueous nitric acid solutions and those
containing alkali and 3d-metal nitrates with butyl,
amyl, and isoamyl alcohols was studied in a limited
Ln(III) concentration range. For all the systems
studied, the lanthanide(III) distribution coefficient was
found to increase in going from lanthanum(III) to
neodymium(III).

In this work we studied extraction of cerium-group
lanthanide(III) (La�Nd, Sm�Gd) nitrates from aque-
ous solutions with n-octanol at 298.15 K.

The initial aqueous solutions of Ln(III) nitrates
were prepared by dissolution of the corresponding
Ln(III) oxide (ultrapure grade) in nitric acid (ultrapure
grade). The Ln(III) concentration in the initial aqueous
solution of Ln(III) nitrates and equilibrium aqueous
and organic phases was determined complexometrical-
ly [3]. n-Octanol was of chemically pure grade (� =
0.8220 g dm�3 at 298.15 K).

We studied the extraction of lanthanide(III) nitrates
(La�Gd) from their aqueous solutions with neat
n-octanol (6.31 mol dm�3). We found (see table) that
Ln(III) were not extracted at their initial concentration
in the aqueous phase below 0.6 mol dm�3. Compari-
son of the extraction isotherms of Ln(III) of different
types (see figure) shows that, at equal Ln(III) concen-
tration in the aqueous phase, their content in the equi-
librium organic phase increases in going from La(III)
to Gd(III).

The extraction of Ln(III) from aqueous solution

with n-octanol can be described by the reaction
equation

Ln3+(aq) + 3NO3
�(aq) + iROH(o) �

�
[Ln(NO3)3(ROH)i](o).

(1)

The concentration extraction constant is expressed
by the equation

{[Ln(NO3)3(ROH)i](o)}
K i

ex = ������������������������, (2)
{Ln3+(aq)}{NO3

�(aq)}3{ROH(o)}i

where braces denote the equilibrium concentrations
of species.

The correlation between the thermodynamic and
concentration extraction constants is described by
the equation

Y[Ln(NO3)3(ROH)i](o)
K ex

0, i = K i
ex���������������, (3)

Y
�
4 Y i

[ROH(o)]

c(o), mol dm�3

c(aq), mol dm�3

Extraction isotherms of lanthanide(III) nitrates from aque-
ous solutions with neat (6.31 mol dm�3) n-octanol at
298.15 K. [c(o), c(aq)] Lanthanide(III) concentrations in the
organic and aqueous phases, respectively. Ln(III): (1) La,
(2) Ce, (3) Pr, (4) Nd, (5) Sm, (6) Eu, and (7) Gd.
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Thermodynamic extraction constants of lanthanide(III)
nitrates with neat n-octanol at 298.15 K, calculated from
our experimental extraction isotherns by Eq. (1) at i = 6
����������������������������������������

Ln
� c(aq) � c(o) � [ROH] �

y
�

�
log K ex

0, 6��������������������� �
� M � �

����������������������������������������
La � 0.96 � 0.03 � 6.13 � 0.192 � �4.74

� 1.35 � 0.088 � 5.782 � 0.195 � �4.74
� 1.76 � 0.188 � 5.182 � 0.210 � �4.72
� 1.87 � 0.216 � 5.014 � 0.216 � �4.72
� 2.35 � 0.345 � 4.24 � 0.248 � �4.72
� �� Mean� �4.73�0.03
� �Pr � 0.696 � 0.015 � 6.220 � 0.210 � �4.68
� 1.09 � 0.063 � 5.932 � 0.208 � �4.69
� 1.374 � 0.126 � 5.554 � 0.217 � �4.70
� 1.966 � 0.305 � 4.48 � 0.257 � �4.67
� 2.24 � 0.391 � 3.964 � 0.284 � �4.64
� �� Mean� �4.68�0.03
� �Nd � 0.75 � 0.025 � 6.16 � 0.209 � �4.55
� 1.18 � 0.093 � 5.75 � 0.212 � �4.61
� 1.45 � 0.157 � 5.37 � 0.223 � �4.65
� 1.81 � 0.275 � 4.66 � 0.247 � �4.60
� 2.16 � 0.383 � 4.01 � 0.280 � �4.59
� �� Mean� �4.60�0.03
� �Eu � 0.65 � 0.020 � 6.19 � 0.222 � �4.52
� 1.02 � 0.088 � 5.78 � 0.223 � �4.48
� 1.25 � 0.155 � 5.38 � 0.233 � �4.49
� 1.78 � 0.325 � 4.36 � 0.275 � �4.51
� 2.28 � 0.475 � 3.46 � 0.340 � �4.54
� �� Mean� �4.51�0.03
� �Ce � � � �4.70�0.03

Sm � � � �4.53�0.03
Gd � � � �4.48�0.03

����������������������������������������

where Y(o) are the molar activity coefficients of
extractable complexes in the organic phase and Y� is
the mean ionic activity coefficient of Ln(III) nitrate
in the aqueous phase.

Taking into account that Y[Ln(NO3)3(ROH)i](o)�

{Y i
[ROH(o)]}

�1 = const = 1, Eq. (3) can be transformed
into the form

K ex
0, i = K i

ex/Y
�
4. (4)

The mean ionic activity coefficients of lan-
thanide(III) nitrates were calculated from the data
reported in [4].

In calculation of the thermodynamic extraction
constants of lanthanide(III) nitrates with neat octanol,

the stoichiometric term i was varied from 0 to 6. The
results of these calculations for i = 6 [formation of
Ln(NO3)3(ROH)6 extractable complex only] are listed
in the table. It seen that logKex

0, 6 is virtually indepen-
dent of lanthanide(III) concentration in the organic
phase, which shows that our physicochemical model
is suitable for description of extraction of Ln(III)
nitrates with n-octanol. As seen from the table, the
mean extraction constant is close for La(III), Ce(III),
and Pr(III) and slightly increases in going from Pr(III)
to Gd(III) within the examined lanthanide(III) concen-
tration range.

Thus, the difference between the extraction iso-
therms of individual Ln(III) nitrates is mainly caused
by variation in their activity coefficients in the aque-
ous phase (see table). To increase the selectivity of
extraction of Ln(III) nitrates with n-octanol, their
extraction should be performed from concentrated
aqueous solution.

CONCLUSIONS

(1) The Ln(III) nitrates are not noticeably extracted
with n-octanol at lanthanide(III) concentration in the
aqueous phase below 0.6 mol dm�3. At Ln(III) con-
centration in the aqueous phase above 0.6 mol dm�3,
the extraction increases in going from La(III) to
Gd(III).

(2) The thermodynamic extraction constants calcu-
lated assuming the formation of the extractable com-
plex Ln(III)(NO3)3(ROH)6 as the only species are
close for Ln(III), Ce(III), and Pr(III) and slightly in-
crease in going to Gd(III). The difference in the ex-
traction isotherms of Ln(III) nitrates with n-octanol is
mainly caused by variations of Ln(III) nitrate activity
coefficients in the aqueous phase. The selectivity of
extraction of Ln(III) nitrates with n-octanol increases
with increasing their concentration in the aqueous
phase.
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Abstract�New procedures for preparing di(polyfluoroalkyl) ethers by reactions of polyfluoropropyl chloro-
sulfonites with polyfluorinated alcohols were tested.

Polyfluorinated dialkyl ethers are promising ozone-
friendly and moderately toxic solvents [1]. In particu-
lar, tetrafluoroethyl difluoromethyl ether and its clos-
est homolog, di(tetrafluoropropyl) ether can be used
instead of perfluorohydrocarbons for dry etching in
microelectronics [2], and, with subsequent electro-
chemical afterfluorination in anhydrous HF, these
compounds can be recommended for cleaning of elec-
tronic circuits and as polymerization media [3�5].
Polyfluorinated ethers of higher molecular weight are
used as compression, motor, and vacuum oils [6].

Alkyl polyfluoroalkyl ethers are prepared by addi-
tion of polyfluorinated alcohols to alkenes and fluoro-
alkenes [1, 7] and by alkylation of alcoholates derived
from polyfluorinated alcohols with alkyl halides [8, 9].

We suggest a procedure for preparing polyfluori-
nated ethers from available raw materials, polyfluori-
nated alcohols and thionyl chloride, via intermediate
polyfluoroalkyl chlorosulfonites [10]. This procedure
is environmentally safe and economically attractive,
as its cost is determined by the cost of polyfluorinated
alcohols (some of them are production wastes) and
thionyl choride and by small production expenditures.

With the aim to extend the homologous series of
symmetrical and unsymmetrical di(polyfluoroalkyl)
ethers, we suggested catalytic and noncatalytic proce-
dures based on reactions of polyfluoroalkyl chlorosul-
fonites with polyfluorinated alcohols. The catalytic
reaction (1) is performed in the presence of dimethyl-
formamide (DMF) as catalyst, and the noncatalytic
reaction (2), in the presence of triethylamine:

DMF
RFCH2OS(O)Cl + R�FCH2OH �� RFCH2OCH2R�F + SO2

+ HCl, (1)

NEt3RFCH2OS(O)Cl + R�FCH2OH ��� RFCH2OCH2R�F + SO2

+ NEt3 �HCl, (2)

where RF = R�F = H(CF2CF2)2 (I), HCF2CF2 (II),
H(CF2CF2)3 (III), RF = HCF2CF2, R�F = H(CF2CF2)2
(IV), RF = HCF2CF2, R�F = H(CF2CF2)3 (V), RF =
HCF2CF2, R�F = H(CF2CF2)4 (VI), RF = H(CF2CF2)2,
R�F = H(CF2CF2)3 (VII).

In procedure (1), a solution of polyfluoroalkyl
chlorosulfonite was added to appropriate alcohol con-
taining DMF (molar ratio from 1 : 0.005 to 1 : 0.01)
at �10�C; the mixture was allowed to stand for 24 h
at room temperature. After distilling off the solvent
(chloroform, diethyl ether), the product was distilled;
yield 59�98%.

In procedure (2), a solution of polyfluoroalkyl
chlorosulfonite was added at �10�C to a complex
of alcohol with triethylamine, prepared in advance;
the resulting mixture (solvent pentane or hexane)
was allowed to stand for 24 h at room temperature.
The triethylammonium chloride precipitate was
filtered off, and the fluorinated ether was distilled;
yield 52�85%.

Symmetrical ethers I�III were prepared by reac-
tions of polyfluoroalkyl chlorosulfonites with the re-
lated alcohols. The highest yield (98%) was attained
with the most reactive tetrafluoropropyl chlorosulfo-
nite in the presence of DMF. With increasing length
of the fluorocarbon chain, the yield of di(polyfluoro-
alkyl) ethers decreases. Tetrafluoropropyl octafluoro-
pentyl ether was obtained in 85% yield, and the yields
of the ethers with longer fluorocarbon chains were
still lower.

Although both procedures allow preparation of the
ethers in similar yields, the catalytic process is pre-
ferable because of lower production cost and higher
purity of the target product; the triethylammonium salt
formed in reaction (2) appreciably contaminates the
resulting ether.
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EXPERIMENTAL

The structures of ethers I�VII were proved by IR
and 1H NMR spectroscopy. The IR spectra were re-
corded on a Specord-M82 spectrometer (thin films).
The 1H NMR spectra were taken on a Varian Mercu-
ry-300 spectrometer (working frequency 300 MHz,
internal reference tetramethylsilane, solvent CCl4).

Di(1,1,5-trihydroperfluoropentyl) ether I.
(a) A 4.4-g portion of 1,1,5-trihydroperfluoro-1-pen-
tanol was mixed with 0.015 ml of DMF in 15 ml of
chloroform and cooled to �10�C; a solution of 5.9 g
of 1,1,5-trihydroperfluoropentyl chlorosulfonite in
10 ml of chloroform was added with stirring, with the
temperature maintained at �10�C. Then the mixture
was allowed to warm up to 20�C and was kept at this
temperature for 2 h, with bubbling of dry air to re-
move the released hydrogen chloride. After that, the
mixture was allowed to stand for 24 h at room tem-
perature. The solvent was distilled off, and the prod-
uct was distilled in a vacuum. Yield of I 4.5 g (59%),
bp 103�C (2 mm Hg), nD

20 1.3385, d4
20 1.7344. IR

spectrum, �, cm�1: 1137 s (�C�O�C), 1176 s (�CF2),
2860 w, 2946 m (�CH2), 3016 w (�CHF2).

(b) A 5.0-g portion of 1,1,5-trihydroperfluoro-1-
pentanol was mixed with 2.1 of triethylamine in 15 ml
of hexane and cooled to �10�C; a solution of 6.7 g of
1,1,5-trihydroperfluoropentyl chlorosulfonite in 10 ml
of hexane was gradually added with stirring, with the
temperature maintained at �10�C. Then the mixture
was allowed to warm up to 20�C and to stand at this
temperature for 24 h. The precipitated salt was fil-
tered off, the solvent was distilled off, and the product
was vacuum-distilled. Yield of I 5.2 g (52%).

Compounds II�VII were prepared similarly to I by
procedure (a) or (b).

Di(1,1,3-trihydroperfluoropropyl) ether II. Pro-
cedure (a). Yield 98%, bp 65�C (1 mm Hg), nD

20

1.3575, d4
20 1.6251. IR spectrum, �, cm�1: 1111 s.br

(�C�O�C), 1223 s (�CF2), 2850 m, 2920 m, 2960 m
(�CH2), 3008 w (�CHF2). 1H NMR spectrum, �, ppm
(J, Hz): 5.803 t.d (H1, H6; J 52.8, 3.3), 4.274 q (H3,
H4, J 13.2).

Di(1,1,7-trihydroperfluoroheptyl) ether III. Pro-
cedure (a). Yield 57%, bp 130�C (1 mm Hg), nD

20

1.3370, d4
20 1.8014. IR spectrum, �, cm�1: 1124 s

(�C�O�C), 1249 s (�CF2), 2860 w, 2980 m (�CH2),
3024 w (�CHF2).

1,1,5-Trihydroperfluoro-1-(1,1,3-trihydroperflu-
oropropyloxy)pentane IV. Procedure (b). Yield 85%,

bp 83�C (2 mm Hg), nD
20 1.3500, d4

20 1.6790. IR spec-
trum, �, cm�1: 1116 s (�C�O�C), 1242 s (�CF2),
2860 w, 2934 w, 2980 m (�CH2), 3017 w (�CHF2).
1H NMR spectrum, �, ppm (J, Hz): 5.966 t.t (H8,
J 51.6, 5.4), 5.810 t.t (H1, J 52.1, 3.8), 4.432 t (H3,
J 13.2), 4.255 t (H4, J 12.6).

1,1,7-Trihydroperfluoro-1-(1,1,3-trihydroperflu-
oropropyloxy)heptane V. Procedure (b). Yield 51%,
bp 95�C (1 mm Hg), nD

20 1.3450, d4
20 1.7310. IR spec-

trum, �, cm�1: 1116 s (�C�O�C), 1223 s (�CF2),
2868 w, 2937 w, 2968 m (�CH2), 3014 w (�CHF2).

1,1,9-Trihydroperfluoro-1-(1,1,3-trihydroperflu-
oropropyloxy)nonane VI. Procedure (a). Yield 34%,
mp 49�C, bp 130�C (1 mm Hg). IR spectrum, �,
cm�1: 1120 s (�C�O�C), 1216 s (�CF2), 2856 m,
2894 w, 2932 m (�CH2), 2954 w (�CHF2). 1H NMR
spectrum, �, ppm (J, Hz): 5.975 t.t (H1, H12, J 52,
5.1), 4.359 t (J 16.6) and 4.331 t (J 12.3) (H3, H4).

1,1,7-Trihydroperfluoro-1-(1,1,5-trihydroperflu-
oropentyloxy)heptane VII. Procedure (a). Yield
62%, bp 110�C (1 mm Hg), nD

20 1.3380, d4
20 1.7647.

IR spectrum, �, cm�1: 1120 s (�C�O�C), 1220 s
(�CF2), 2864 w, 2932 m, 2961 m (�CH2), 3009 w
(�CHF2).

CONCLUSION

A catalytic reaction of polyfluorinated alcohols
with polyfluoroalkyl chlorosulfonites in the presence
of DMF allows preparation of the corresponding
di(polyfluoroalkyl) ethers in 59�98% yield.
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AND CHEMICAL TECHNOLOGY

Professor Oleg Alekseevich Esin
(to Centennial Anniversary of His Birthday)

O.A. Esin, an honored scientist and technologist of
the Russian Soviet Federative Socialist Republic and
a professor of the Ural Polytechnic Institute, made
a major contribution to studies of the physicochemical
foundations of metallurgical processes, development
of applied electrochemistry, and organization of
the higher metallurgical education in the Urals and
created a prominent scientific school.

Oleg Alekseevich Esin was born on September 7,
1904, in Yekaterinburg. In 1913, he entered a non-
classical secondary school, but was forced to quit
when studying in the sixth form by financial difficul-
ties.

The youth of the scientist-to-be coincided with the
early time of development of the higher education
in the Middle Urals. The Mining Institute was opened
in Yekaterinburg in October 1917, and a decision was
taken in three years, in October 1920, to organize the
Ural State University. It was intended that University
is to include mining, polytechnic, and some other
institutes, and also a worker’s faculty. Esin was sent
to this faculty to complete his secondary education
and then became a student of the chemical-metal-
lurgical department of the Polytechnic Institute at the
Ural University. Among Esin’s teachers were such
prominent metallurgists of that time as V.E. Grum-
Grzhimailo (1864�1928) and I.A. Sokolov (1867�
1947), both of whom were well experienced in work-
ing at Ural’s plants; A.E. Makovetskii, a many-sided
chemist-technologist; and S.G. Mokrushin (1896�

1986), who became a known specialist in physical
chemistry of surface phenomena in the future. Esin
recollected Grum-Grzhimailo’s and Makovetskii’s
lectures in the warmest words [1, 2]. Esin performed
his first scientific investigations together with Mok-
rushin. When still being a student, Esin worked as
laboratory assistant at the electrochemical laboratory
and also found time for scientific research.

In 1925, the Polytechnic Institute, as well as the
other institutes that comprised the University, became
an independent educational institution. In May 1925,
Esin defended his graduation thesis devoted to elec-
trochemistry of aqueous solutions and, as one of the

most talented students, was left at the Polytechnic
Institute for post-graduate education �to be prepared
for professorship.� The first Esin’s investigations
(carried out together with Mokrushin and I.G. Shcher-
bakov and published in 1926�1928) were concerned
with processes for electrolytic production of ammoni-
um persulfate, electrolysis of chromate solutions, and
precipitation of metallic chromium from aqueous solu-
tions. At the end of 1928, Esin successfully finished
his post-graduate education and was sent to a one-year
business trip to Germany to make acquaintance with
higher-school institutions and industrial plants of this
country. In particular, Esin minutely familiarized
himself with the Higher Technical College in Dresden.

All Esin’s further scientific and pedagogical activi-
ties were associated with the Ural Polytechnic Insti-
tute and research institutions of Yekaterinburg. Esin
became a professor of the Ural Polytechnic Institute in
1934 and headed the Chair of the Theory of Metal-
lurgical Processes at the same institute from 1943 till
1969. In 1971, he became a scientific consultant of
the Institute of Metallurgy, Ural Scientific Center,
Academy of Sciences of the USSR.

The first period of Esin’s scientific investigations,
which continued for 18 years, from 1926 till 1944,
was devoted to electrochemistry of aqueous solutions,
with both generally theoretical and practical problems
tackled. Already in 1932�1933, Esin developed on the
basis of a great number of experimental studies a
quantitative theory of joint discharge of ions, includ-
ing hydrogen ions, from solutions of simple and
complex salts. Later, a spacious summary paper
devoted to joint discharge of hydrogen ions and metal
ions was published [3].

Of particular interest is Esin’s study, together with
B.F. Markov, of electrocapillary curves of a mercury
electrode in various aqueous solutions (1939). The
authors were first to discover the anomalously strong
shift of the zero-charge potential, depending on the
activity of an electrolyte. By suggestion of a known
American electrochemist D. Grahame (1955) this
phenomenon was named the �Esin�Markov effect.�
This Esin and Markov’s study stimulated further
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investigations into the structure of the discrete double
layer both by representatives of the school of Acade-
mician A.N. Frumkin in the Soviet Union [4] and by
a number of foreign scientists.

In 1934, two Esin’s monographs were published:
Electroliticheskoe rafinirovanie medi (Electrolytic
Refining of Copper) (written together with A.I. Gaev)
and Affinazh blagorodnykh metallov (Refining of
Noble Metals) (together with O.E. Zvyagintsev). Both
these books were intended for a widest audience of
engineers and technical workers. In 1937, Esin pub-
lished already his third monograph Elektroliz tsinka
(Electrolysis of Zinc) (together with Gaev).

In the severe war years. Esin was among those who
initiated organization of assistance of scientists to
industrial plants of the Ural region. In the context of
the needs of Pyshma copper-electrolyte plant, the pos-
sibility of intensification of copper electrolysis was
examined, the behavior of arsenic, antimony, and
noble metals under these conditions was studied, and
a method for manufacture of a copper powder was
developed. In 1945�1947, the results of these in-
vestigations were published.

The second period of scientific investigations by
Esin and the scientific school created by him, from

1945 till 1979, was mainly devoted to studies of the
physicochemical foundations of the interaction of
metals with slags in the molten state and to develop-
ment of new processes involving metal�slag systems.
Particularly important for the development of wide-
scale investigations in this area was Esin’s relatively
brief, but very informative brochure Elektrolitiche-
skaya priroda zhidkikh shlakov (Electrolytic Nature of
Liquid Slags) (1946). This brochure formulated a
fundamentally new approach to the nature of liquid
slags. The author, in particular, noted: �The electro-
chemical theory of the equilibrium between a metal
and a slag, outlined by Tammann, deserves a close at-
tention and requires further development.� The above-
mentioned study by the outstanding physical chemist
and metallographer G. Tammann (1861�1938, moved
from Russia to Germany in 1903, an honorary member
of the Academy of Sciences of the USSR since 1927)
was published in 1931. Wide-scale studies of metals,
slags, and metal�slag equilibria in the molten state by
Esin and his numerous disciples (P.V. Gel’d, S.I. Po-
pel’, I.T. Sryvalin, B.M. Lepinskikh, S.K. Chukmarev,
N.A. Vatolin, Yu.P. Nikitin, L.N. Barmin, V.N. Voro-
nenkov, A.I. Sotnikov, et al.) developed in various
areas. Together with silicate melts, oxide and sulfide
systems were the object of considerable interest.
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Metal and slag phases and their equilibria were exam-
ined using a wide variety of electrochemical tech-
niques: measurement of the electromotive forces in
various circuits with solid and molten electrolytes
under equilibrium conditions; electrolysis of melts;
polarization measurements; analysis of the kinetics of
electrode processes; determination of the transport
numbers of ions in melts; measurement of the electro-
capillary curves and estimation of the capacitance of
the double layer in metal�slag systems; determination
of the exchange current in these systems; and study of
the electrical conductivity of slags, electrotransport of
impurities in liquid metals, and diffusion in molten
metals and slags.

There is no escape from mentioning the high meth-
odological level of experimental studies of compound
high-temperature systems, carried out by Esin and
co-workers. They were the first to use the chrono-
potentiometric method in studying cathodic and anod-
ic processes at the metal�slag interface (1959�1962).
This made it possible to estimate the diffusion coef-
ficients of ions in the slag phase and of components of
the metallic phase. Important conclusions concerning
the oxidation state of ions involved in electrode reac-
tions were made. A rotating disc electrode was used
for the first time to study cathodic and anodic proc-
esses in molten slags at 1300�1500�C (1963�1965).
Beginning in 1967, electrochemical relaxation meth-
ods (impedance measurements, coulostatic and poten-
tiostatic studies) came into wide use. Esin and co-
workers were the first to demonstrate experimentally
the electrochemical nature of the interaction between
liquid cast iron, steel, ferroalloys, and mattes with
molten slags. The occurrence of all these most im-
portant phenomena at the interface between these
phases was revealed.

Simultaneously, physicochemical studies were per-
formed: the thermodynamic properties of metallic and
slag melts were studied; their volume and surface
properties and wetting phenomena were analyzed;
the viscosity of slags of varied nature, their structure
and conduction type were determined; and magnetic
properties of metallic phases were examined. Consid-
erable attention was given to studying the mech-
anism and kinetics of reduction and oxidation proc-
eses in high-temperature systems, determining the
solubility of gases and oxides of some metals in
molten slags.

Esin and co-workers carried out quite a number of
investigations devoted to solution of applied prob-
lems. To these belong development of methods for
removing phosphorus and sulfur from liquid steels,

electrochemical refining and alloying of ferrous
metals, and recovery of valuable nonferrous methods
from waste slags.

Based on a vast experimental material, Esing made
quite a number of fundamental theoretical generaliza-
tions concerning the nature of metallic and slag melts
and the interaction between these. For example, he put
forward, experimentally substantiated, and confirmed
by calculations the concept of microheterogeneity of
molten slags, which results from the energetic non-
equivalence of different ions. Esin more than once
modified the polymeric model suggested by him for
silicate solutions, improved the model of regular
solutions as applied to description of the concentration
dependence of thermodynamic functions in metallur-
gical melts with varied nature of interaction between
components. Esin and Sotnikov substantiated the
alternating-sign structure of the liquid plate of the
double layer in molten electrolytes.

The development of research in the field of high-
temperature physical chemistry in our country was
strongly affected by the fundamental monograph by
Esin and Gel’d. Its second edition [5, 6] was pub-
lished, similarly to the first edition, in two parts,
which cover a wide variety of problems related to
pyrometallurgy. Of particular interest are Esin’s large
summarizing papers: Ionic Nature of Liquid Slags [7],
On the Structure of Molten Silicates [8], Molten Slags
and Their Interaction with Metals [9], Electrode Proc-
esses in Molten Slags [10], and Application of the
Theory of Polymers to Molten Slags [11].

Esin’s scientific legacy is vast. In 1974, a special
collection of works Elektrokhimiya i rasplavy (Elec-
trochemistry and Melts) was published in connection
with Esin’s 70th birthday. This collection contained
papers by prominent domestic scientists, which
described recent achievements in the field of electro-
chemistry of aqueous solutions and high-temperature
systems and investigations of the physicochemical
properties and structure of liquid metallic and slag
systems. In addition to the introductory article by
Academician N.V. Ageev, devoted to Esin’s scientific
activities, a list of Esin’s works, which was limited
to before the middle of 1973, but still contained
491 items, was presented [12]. Despite that Esin’s
scientific school was started to be created only during
the postwar years, it has no rivals in the field of high-
temperature physical chemistry. Esin’s closest as-
sociates and disciples included such known scientists
as Gel’d (1911�1993), corresponding member of the
Russian Academy of Sciences; Vatolin, an academi-
cian of the Russian Academy of Sciences; E.A. Pastu-
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khov, corresponding member of the Russian Academy
of Sciences; G.P. Vyatkin, corresponding member of
the Russian Academy of Sciences; professor Popel’,
and many others.

Esin’s many-years’ pedagogical and scientific
activities were honored by high Governmental
awards.

Oleg Alekseevich Esin died on February 13, 1979,
at the age of 74.

In 1982, Esing and a group of his associates were
awarded a State Prize of the USSR in science and
technology for a series of investigations Studies of the
Structure, Properties, and Interaction of Metallurgical
Alloys, published in 1957�1980.
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REVIEWS

Karyakin, N.V., Osnovy khimicheskoi termodinamiki: Uchebnoe
posobie dlya vuzov (Fundamentals of Chemical Thermodynamics:

Textbook for Higher Institutions)
Nizhni Novgorod: Nizhegorodsk. Gos. Univ.; Moscow: Akademiya, 2003, 464 pp.

The book to which readers’ attention is called is
a somewhat extended presentation of various sections
of chemical thermodynamics and theory of phase
equilibria and solutions, which are conventionally
included in courses of physical chemistry for chemi-
cal-technological and metallurgical specialties at
higher school institutions.

The book comprises a foreword, introduction, ten
chapters combined into three sections, conclusion, and
appendix. The brief foreword (pp. 12�15) gives a gen-
eral notion of the content of sections and chapters of
the book. The introduction (pp. 16�19) formulates
the object of study and goals of the thermodynamics
as a whole and chemical thermodynamics, in particu-
lar. Chapters 1�4 are combined into the section named
Thermodynamics, Basic Concepts, Phase Equilibria.
Chapter 1 (pp. 20�41) discusses the basic concepts of
chemical thermodynamics. Chapter 2 (pp. 42�115)
presents the first law of thermodynamics and the
related issues: application of the first law of thermo-
dynamics to ideal gases, to chemical reactions, to
methods for calculation of the enthalpies of chemical
reactions, to the effect of pressure and temperature on
the enthalpy, and to the specific heat and methods for
its calculation.

Chapter 3 (pp. 116�184) contains evidence con-
cerning the second law of thermodynamics. The
author discusses in ample detail various formulations
of the second law and pays considerable attention to
the statistical interpretation of entropy and to calcula-
tion of changes in entropy in various processes.
Chapter 4 (pp. 185�235) considers phase equilibria,
the Gibbs phase rule, polymorphism, and second-
order phase transitions.

The second section of the book, Thermodynamics
of Solutions, Chemical Equilibrium, comprises five
chapters, from 5 to 9. The whole Chapter 5 (pp. 236�
296) is devoted to thermodynamic properties of solu-
tions. The author introduces the notion of partial
molar quantities, discusses the thermodynamic charac-
teristics of ideal and infinitely dilute solutions, con-

siders the properties of solutions and liquid�vapor
equilibria for binary systems, and pays considerable
attention to the notion of component activity in solu-
tion and to methods for determining the activity.
Chapter 6 (pp. 297�321) includes evidence concerning
the thermodynamic analysis of chemical reactions and
the chemical equilibrium. The chapter considers
homogeneous equilibria that involve only gaseous
substances and heterogeneous equilibria that include
a condensed phase containing a single component.
The mass action law and various forms of expression
of the equilibrium constant are discussed.

Chapter 7 (pp. 322�353) presents the third law of
thermodynamics and considers methods for calcula-
tion of equilibria. Also devoted to various kinds of
calculations of equilibria are Chapters 8 (pp. 354�
365) and 9 (pp. 366�396).

The third section of the book, Foundations of Sta-
tistical Thermodynamics, comprises only single, com-
paratively short Chapter 10 (pp. 397�426), in which
the basic terms associated with quantum-statistical
calculations of chemical equilibria are explained. The
book ends in a brief conclusion (pp. 427�432) and
an appendix (pp. 433�455). The appendix presents
thermodynamic data for elements and simple inorgan-
ic compounds (308 substances), as well as for organic
compounds of various classes (114 substances). The
appendix also gives solutions of the equation for the
mass action law for various types of reactions.

The author included in the textbook 97 examples,
frequently very simple, with detailed solutions. It
seems not quite justified that the book combines a
theoretical material and a collection of examples and
problems. At the worst, the examples and problems
could be placed in the appendix, without disturbing
the compactness and wholeness of the main material.
The number of digressions with various comments
and explanations is too great (more than 50). The
author covers a wide variety of issues, but, unfor-
tunately, there are separate annoying inaccuracies.
Here, only several examples will be given. The
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derivation of the phase rule (p. 187) should have been
preceded by a proof of the equality of chemical poten-
tials in coexisting equilibrium phases. However, no
material of this kind is presented in Chapter 3. The
chemical potential always refers to some component
of a system, and such expressions as �chemical poten-
tial of a solution� and �chemical potential of a mech-
anical mixture� (pp. 226, 227) are incorrect. The
thermodynamic interpretation of the Nernst distribu-
tion law (p. 254) seems to be unsatisfactory because it
does not cover the choice of the standard state for
a component distributed among the phases. It is hardly
appropriate to divide components into a �solvent� and
a �solute� in discussing the thermodynamic descrip-
tion of phases with a variable composition (p. 275).
The expressions for the chemical potential of a com-
ponent in ideal and real solutions, presented on the
same page, need additional explanations. The term
�Gibbs energy� is commonly accepted in the world
literature, and, in the reviewer’s opinion, there is no
need to replace it with the term �Gibbs function.�

Despite the existence of a sufficient number of
textbooks on chemical thermodynamics, written on
varied level by both domestic and foreign authors, the
appearance of a new one is, undoubtedly, of interest.
In the level and type of presentation, the material in
Karyakin’s book is close, except in some places, to
that devoted to chemical thermodynamics and related
issues in rather high-level textbooks on physical

chemistry, e.g., in that for chemical specialties of
chemical higher-school institutions, written by
A.G. Stromberg and D.P. Semchenko [Fizicheskaya
khimiya (Physical Chemistry), Moscow: Vysshaya
Shkola, 1999]. Naturally, this fact does not minimize
the merits of the book discussed here and its value.

Karyakin paid considerable attention in his text-
book to scientific-biographic evidence concerning the
scientists who made a major contribution to the
development of thermodynamics. Unfortunately, they
do not include van’t Hoff (1852�1911), who received
the first Nobel Prize in chemistry �in recognition of
the extraordinary services he has rendered by the dis-
covery of the laws of chemical dynamics and osmotic
pressure in solutions.� As far as the reviewer knows,
biographic evidence has not been included in chemical
textbooks since the time of the classical textbook on
general chemistry, written by the know historian of
chemistry, B.N. Menshutkin [Kurs obshchei khimii
(A Course of General Chemistry), Leningrad: Gos-
khimizdat, 1933].

The reference material, presented by Karyakin in
the appendix, would be of better use if the correspond-
ing temperature intervals were specified for the tem-
perature dependences of the specific heat and refer-
ences to sources of these data were given.

A. G. Morachevskii
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The 2nd International Conference on Times of Polymers

The 2nd International Conference on Times of
Polymers (TOP) was held in Italy from June 20 to 23,
2004. The conference was organized by Italian groups
on polymer science and sponsored by leading Italian
and trans-European companies manufacturing and
employing polymeric materials. The Conference
Co-chairmen were Alberto D’Amore [Engineering
Schools of II University of Naples (SUN), Department
of Aerospace and Mechanical Engineering] and
Domenico Acierno (Department of Materials and
Production Engineering, University of Naples Federi-
co II).

The International Scientific Committee included
also Francesco Paolo La Mantia (Italy), Giuseppe
Marrucci (Italy), Baltasar Mena (Mexico), Jovan
Mijovic (the United States), Luidgi Nicolais (Italy),
George Papanicolaou (Greece), and Guennadi E. Zai-
kov (Russia).

The conference program focused on the recent
advances in the following topics: Viscoelasticity, In-
dustrial Rheology, Durability of Polymers and Com-
posites, Processing, Blends, Biomaterials, Nanocom-
posites, Cultural Heritage, and Fracture and Yielding.
All the thirteen plenary lectures were made by in-
vited lecturers. Additionally, there were 35 oral and
27 poster contributions.

About 150 scientists from 16 countries (Bulgaria,
Canada, France, Germany, Greece, Israel, Italy, Japan,
Mexico, Russia, Slovenia, South Korea, Sweden,
Turkey, the United Kingdom, and the United States)
participated in the Conference. They represented about
50 leading research centers in the field of chemistry
and physics of polymers and polymer production and
application.

D’Amore and Acierno in their opening remarks
outlined topicality of the Conference for fundamental
and applied polymer research.

The first plenary lecture [G.B. McKenna (the
United States)] was dedicated to the effects of the
molecular architecture on the rheology of polymer
melts. In the lecture, a comparison was made of linear,
long-chain branched, and ring molecules. The results
were recommended for use in industrial rheology.

In the next lecture, G. Marrucci (Italy) also ana-
lyzed the rheological problems and proposed solutions
for a series of tasks of the industrial rheology.

B. Mena (Mexico) in his lecture reported on the
flow of non-Newtonian fluids around bubbles.

A lecture prepared by a group of scientists
[J.M. Kenny, A. Terenzi, and S.E. Barbosa (Italy)]
was devoted to rheology of polymers, polymer blends,
and polymeric nanocomposites.

Considerable interest was aroused in the audience
by the lecture prepared by G.C. Papanicolaou,
Th.V. Kosmidou, N.K. Anifantis, and D.E. Mouzakis
(Greece) in which they considered the effect of dam-
age in macromolecules on the mechanical behavior of
polymers.

M. Narkis (Israel) in his lecture reported on poly-
meric sensors for chemicals based on electrically con-
ductive polymers and their applications in various
branches of industry and in private life.

The next plenary lecture [D.E. Kranbuehl (the
United States)] concerned the problems of preparation
and characterization of hybrid nanoparticle metal
polyimide films.

The lecture given by J. Mijovic was devoted to
the study of the adhesion properties of a number of
polymers, including network polymers. Particularly,
the lecturer reported on water�network dynamics in
adhesive joints, studied by experimental and computa-
tional methods.

Considerable interest has been expressed by the
participants in the results reported by S. Simon in her
lecture entitled Volume Recovery and the Tau-Effec-
tive Paradox: New Measurements on Polymeric Glass-
Formers.

The lecture given by F.P. La Mantia (Italy) was
devoted to degradation and stabilization of polymer
blends and composite materials.

The durability of polymeric materials (fundamental
and practical aspects) was the subject of the lecture
given by J.L. Gardette (France).

H. Watanabe (Japan) in his lecture analyzed the
dielectric and viscoelastic data of thermoelastoplastics
in dynamic conditions.

The last plenary lecture was given by G.E. Zaikov
(Russia) who reviewed the works concerning degrada-
tion of PVC and searching for the ways to its stabili-
zation.
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Oral and poster presentations covered the problems
of synthesis, characterization, and applications of a
wide variety of polymers, polymer blends, and com-
posites with a special emphasis made on nanocom-
posites. Several presentations included data on the
processes for preparation of polymeric and composite
materials.

The Conference revealed that the times of polymers
have come long ago, and there are no grounds to
expect that these times are soon over.

The next Conference �Times of Polymers�-III is
planned to be held in 2006 at the same place.

Proceedings of the Conference will be published
in 2005 as a special issue of the journals dedicated to
the conference. The Program of the Conference and
Abstracts of all the contributions are available from
the library of the Institute of Chemical Physics, Rus-
sian Academy of Sciences (Moscow, Russia).

G. E. Zaikov, M. I. Artsis, and A. V. Zaikova
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Abstract�The problems associated with gold mining are considered from the standpoint of application of
heap leaching, a method for gold recovery. Data on the kinetics and mechanism of gold dissolution in cy-
anide and alternative solvents [thiocarbamide solutions containing Fe(III) ions and hypochlorite-chloride
bromine-bromide, iodine-iodide, and copper-thiosulfate solutions], which make it possible not only to improve
the working efficiency in gold mining, but also to lessen the contamination of the environment with highly
toxic compounds.

The method of heap leaching (HL) is a geotech-
nological method for processing of low-grade gold-
containing ores and rejects of concentration plants.
Alkaline solutions of cyanides are used in enormous
amounts as solvents for gold [1, 2], which gives
rise to quite a number of ecological problems. From
the standpoint of environment protection [3], it is
unsafe to use the HL technique in countries with fer-
tile soils and high population density. Therefore,
an exceedingly important problem of the HL tech-
nique is that alternative solvents for gold are to be
developed [3].

In the HL of gold, special attention is given to
taking into account the natural factors, absence of rifts,
density of the surface layer of soil, presence of clay
strata, and absence of compounds of such elements as

arsenic, selenium, cadmium, thallium, lead, etc. in
the ores. An exceedingly important specific feature
of the HL technique is the possibility of processing
of both moderate amounts of gold-containing ores and
concentrates (tens and hundreds of thousands of tons)
and enormous quantities of gold-containing raw ma-
terials of technological origin (tens and hundreds of
millions of tons) [1, 2]. At present, the HL of gold is
the most cost-effective method for leaching of low-
grade gold-containing ores. However, despite the high
economical efficiency of the HL of gold, proper at-
tention is not, paradoxically, paid to the environment
protection in gold-mining regions [3].

The rise in gold output in many countries all over
the world is clearly seen from the data in Fig. 1.
A steep rise in the output of gold has been noted in

Fig. 1. Output of gold, QAu in some countries. (N ) Years; the same for Fig. 2.
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Fig. 2. Output QAu, consumption �Au, supply �Au, and
demand �Au for gold in the world.

Fig. 3. Schematic of facilities for formation of blocks of
gold-containing materials on (a) horizontal leaching pads
and (b) landscape with a complex profile. (a) (1) Base of
the leaching pad, (2) drainage trench with watertight liner,
(3) discharge pipes for the leaching and product-contain-
ing solutions, (4) berm (0.6�0.8 m), (5) asphalt cover
(0.1�0.2 m), (6) buffer layer (sand, 0.25�0.30 m), (7)
all-welded polyethylene or PVC film (� = 5�40 mm),
and (8) system for sprinkling with the leaching solution.
(b) (1) Natural base, (2) ravine or mountain rift, (3) supply
of the leaching solution, (4) discharge pipe, (5) leaching
solution, and (6) gold-containing starting product.

the United States, Australia, Canada, China, Russia,
Japan, Italy (Fig. 1a), and also in the Philippines,
Brazil, Papua New Guinea, Peru, Chile, Ghana, Ve-
nezuela and others (Fig. 1b) [4]. As can be seen,
the 1980s, the years in which the HL of gold was
mastered, are characterized by an explosive increase
in the output of gold all over the world. The only
exception is the South African Republic, which, al-
though using the HL method for recovery of gold
from gold-fields and raw materials of technological
origin, obtains most part of its gold from ledge ores
at large depths (1�3 km).

In the world as a whole, the output of gold has
been growing linearly beginning in 1980 (Fig. 2).

Calculation shows that the 2010 world’s output of
gold will be 3320 � 20 tons per year. The increase
in the output of gold leads to higher demand for, and
consumption of, gold [5]. However, as can be seen in
Fig. 2, the supply of gold fails to satisfy the demand,
which is quite understandable because mining of gold
is very capital-intensive.

Analysis of the technologies for gold mining shows
that the main contribution to the increase in the gold
output is made by the heap leaching. The technolog-
ical process of the HL of gold from gold-containing
ores started to be developed in the second half of
the 1960s by the US Mining Bureau. The development
and fast implementation of the new technology for HL
of gold from low-grade ores in the US industry were
promoted by the special program devised by the US
Mining Bureau and the preferential terms provided by
the government, including reasonable taxation.

Already in the early 1980s, there were 110 HL in-
stallations with annual throughput of 100 thousand
to 3.5 million tons of rock for recovery of gold and
silver [1, 2, 6�9]. The steady increase in the annual
output of gold in the US and many other countries
(Fig. 1) is due to the involvement of low-grade ores
in the production process and to recovery of gold
and silver from these ores by heap cyanide leaching.
The mastering of the method of heap leaching enabled
some countries to raise the output of gold dramati-
cally. As can be seen in Fig. 1a, the output of gold
increased during the period of time from 1975 till
1992 by factors of 3, 10, and 15 in Canada, United
States, and Australia, respectively [9]. Presently,
the technology of heap leaching of gold and other
noble metals is used at more than 150 plants, with
some of these having an annual throughput capacity
of 20�30 million tons of rock. Depending on the min-
eral composition of gold-containing ores and concen-
trates, the HL process makes it possible to recover
42 to 90% of gold and rapidly process hundreds of
thousands and even millions of tons of raw materials,
and, therefore, is being intensively developed [1, 2].

The method of heap leaching consists in the fol-
lowing. A certain amount (hundreds of thousands of
tons and more) of an ore permeable to a reagent/sol-
vent (commonly alkaline solutions of cyanides) and
crushed to a size less than 20 mm is placed on a leach-
ing pad with a concrete (or made of clay, clay with
waste rock, etc.) base of a thickness of 0.5�1.0 m
with a prescribed slope (frequently double-side).
The device for heap leaching is shown schematically
in Fig. 3. Such a device can be constructed on a hor-
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Fig. 4. Schematic of the production process at a plant of the Zarafshan-Newmont joint venture, supplemented with a �pregnant
pond� [11].

izontal area (Fig. 3a) or on a landscape with a com-
plex profile, with clay or rock walls and a liner im-
permeable to aqueous solutions (Fig. 3b). To provide
a drain for the cyanide solutions, the leaching pad has
a slope of 2��7� toward the collectors of product-con-
taining solutions. The pad of the HL installation may
lie on a concrete or rammed-clay bed, on which a wa-
ter-proofing layer is placed for protection from under-
ground water. This layer has the form of two or three
layers of all-welded polyethylene films with raised
edges and a buffer sand-gravel layer of thickness
0.25�0.30 m. The total thickness of the base layer
depends on its constituent components. In the case of
a water-impermeable �pillow� of clay and screens
made of concrete and one or two layers of asphalt,
the total thickness of the base may exceed 1.2�1.5 m.
Schematics of the pads for construction of heaps (or
piles) with account of the landscape profile for bulk
leaching of gold- and silver-containing materials were
presented in [1]. The watertight base is the most im-
portant component of the installation for heap leach-
ing, because it is intended to preclude loss of leaching
and product-containing solutions. An important part
of the leaching pad is the system for collection and

removal of product-containing solutions. The ore is
laid in bulk as a heap or pile 5�12 m (occasionally
30 m) high and 100�1500 m long. In gold leaching
by the HL method, the surface of heaps (piles) is ir-
rigated with cyanide solutions by means of perforated
pipes, sprinkling nozzles, perforated outlet pipes in
the bulk of the heaps, etc.

The general tendency in the development of the
gold-mining industry in the world is the desire to
involve in the industrial production in increasing
amounts the low-grade and difficultly processable,
the so-called stubborn and difficultly concentrated
ores. Gold-containing ores, which include silicified
and lime sedimentary rocks, hydrothermal rocks,
quartzites, quartz-pyrites, sand dolomites, and shales
of quartz and eruptive rocks (3�15 g of Au per ton
of ore) can be readily dressed and are processed by
gravitation or flotation methods [4, 10]. Ores of
the same type, but with a low content of gold (0.2�
1.8 g/ton), as well as rejects from concentration mills
(including those stored in dumps), are a promising
raw material for the HL technique. Figure 4 shows
schematically how gold is recovered by the HL meth-
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Technological scheme for ore processing by the HL with alkaline cyanide solutions [1].

od at a plant of the Zarafshan-Newmont joint venture
[11]. The main expenditure in recovery of gold by
leaching from resource ores (1.4 g of Au per ton) of
the Muruntau deposit (Uzbekistan) is associated with
ore pretreatment. The ore is subjected to four-stage
crushing to obtain 94% of ore particles 3.25 mm in
size. Further, the crushed ore is granulated by addition
of cement, lime, and water. In the course of granula-
tion, coarser and dust-like particles are bound into
grains, which improves the permeability of the ore
bed to the leaching solution. Lime is consumed in
the course of granulation for raising the pH value of
the cyanide leaching solution. The planned processing
capacity of a heap for HL is 80 m (eight layers 10 m
in height each). It can be seen from Fig. 4 that the
HL process itself involves only a small number of
technological procedures.

The simplicity of implementation of the HL proc-
ess and low capital outlay and operation expenditure,
which constitute, respectively, 25 and 35�40% of
the expenditure for processing of gold-containing ore
by the conventional techniques, make it possible to

recover Au, Ag, and nonferrous and less-common me-
tals from low-grade ores that are not economically
viable for other technologies (0.2�0.6 g of Au per
ton). The HL method is commonly used to process
ores with 0.5�3.0 g/ton of gold and rejects from con-
centration mills (�0.35 g/ton).

The amount of gold recovered in HL depends on
the amount of the gold-containing material being
processed. The concentration of Au(I) recovered from
product-containing solutions depends on a number of
factors: permeability of a material being leached to
the solvent, porosity of the material, composition of
the solvent, structure of ore materials being leached
(gold-containing minerals and porous ore bodies scarred
by crevasses, etc.), form in which gold is contained in
the material (free, bound, dispersed, etc.), and length
of the filtration path. Commonly, the permeability of
the ore material and rejects is 0.5�10 cm h�1. The ad-
missible minimum permeability is 0.5�1.5 cm h�1. To
improve the permeability of heaps and to raise the rate
of leaching and the recovery of gold, the ore is pel-
letized by treating the crushed ore material (or rejects)
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Table 1. Standard potentials of gold in simple and complex-forming aqueous media [14, 15]
������������������������������������������������������������������������������������

Half-reaction � E 0
Ox/Red, V � Half-reaction � E 0

Ox/Red, V
������������������������������������������������������������������������������������
Au(CN)2

� + e = Au + 2CN� � �0.611 � AuBr4
� + 2e = AuBr2

� + 2Br� � 0.802
Au(S2O3)2

3� + e = Au +2S2O3
2� � 0.153 � AuBr4

� + 2e = AuBr + 3Br� � 0.820
[Au(TC)2]+ + e = Au + 2TC* � 0.380 � AuBr4

� + 3e = Au + 4Br� � 0.854
AuI + e = Au + I� � 0.530 � AuCl4

� + 2e = AuCl2
� + 2Cl� � 0.926

AuI4
� + 2e = Au I2

� + 2I� � 0.550 � AuBr2
� + e = Au + 2Br� � 0.959

AuI4
� + 3e = Au + 4I� � 0.560 � AuCl4

� + 3e = Au + 4Cl� � 1.002
AuI2

� + e = Au + 2I� � 0.578 � AuCl + e = Au + Cl� � 1.150
[AuBr(OH)]� + e = Au + Br� + OH� � 0.959 � AuCl2

� + e = Au + 2Cl� � 1.130
Au(SCN)4

� + 3e = Au + 4SCN� � 0.636 � Au3+ + 2e = Au+ � 1.401
Au(SCN)4

� + 2e = Au(SCN)2
� +2SCN� � 0.645 � Au3+ + 3e = Au � 1.498

Au(SCN)2
� + e = Au +2SCN� � 0.661 � Au+ + e = Au � 1.692

�������������������������������������������	����������������������������������������
* TC, thiocarbamide [(NH2)2C=S].

with a binder, portland cement (2.5�3.0 kg/ton), set
with an alkaline cyanide solution [1, 7�9]. The pel-
letization is carried out in special granulators or on
a transporter delivering the mixture to the vertex of
a cone. The granulation occurs when the ore material
with a binder moves down the sloping wall of the
cone. The porosity of the thus obtained grains may be
as high as 15�30%.

Alkaline solutions of NaCN commonly serve as so-
lutions for extraction of gold from ores by leaching.
However, an intensive search is underway for alterna-
tive solutions that can be used for this purpose. These
solutions must satisfy the requirements of �green�
chemistry and allow creation of gold-recovering shops
that would not affect adversely the environment.

Cyanides. The technological scheme for heap
leaching of gold with the use of cyanides [1] com-
prises the whole cycle of the HL process: pretreatment
of ore, including crushing, introduction of a granulat-
ing additive (mainly portland cement), and agglomera-
tion; leaching with alkaline cyanide solutions of
NaCN (1.2�1.5 g l�1 at pH 10�11.5; NaOH expen-
diture 2.2�2.5 kg per ton of ore); and subsequent pro-
cessing of the solutions obtained [12]. The optimal pH
of the solution, equal to 11�11.5, is controlled by in-
troduction of CaO, NaOH, {or Ca(OH)2 [1]}. The ex-
penditure of reagents is as follows (kg/ton): NaCN
0.3�1.5, NaOH 0.15�3.0, CaO 2 [1, 2, 4�8, 12, 13].
The expenditure of reagents and materials for ag-
glomeration is as follows (kg/ton): cement 10�15,
NaCN 0.5�3.0, CaO 1�3; H2O 12�14% [1]. The re-
sulting pellets 15�30 mm in size are directed to
HL. The total area of heaps in HL is as large as 200
thousand square meters. The extraction of gold and
silver is performed using the standard scheme on a HL

pad with the use of solvents in the system for sprin-
kling, collection, and removal of the solution ob-
tained. Further follow the recovery of the metals from
the solutions by sorption on ion-exchange resins or
activated carbons, desorption of the metals (accom-
panied by regeneration of adsorbents) to give an elu-
ate, and electrolysis of the eluate to give a cathode
deposit containing gold and silver. Gold can also be
recovered from the eluates by cementation on elec-
tronegative metals. The technological process of gold
leaching includes the following stages: preparation
of leaching solutions, construction of dumps for pro-
cessed rock, and its delivery to utilization.

The dissolution rate of gold and time of its extrac-
tion from an ore depend on the structure of the ore,
which determines its permeability and porosity, and
on the composition of the leaching solvent.

The time of leaching also depends on the mass of
the ore and the form in which gold is present in it
(bound or free gold, coarsely crystalline or dispersed)
and may be in the range from several weeks to a year.
In the case of a preliminary pelletization of the ore,
the rate of heap leaching commonly increases [1, 2].
The sprinkling density is maintained at the level of
10�15 l m�2 h�1 in the case of a uniform sprin-
kling of the heap with the leaching solvent, and at
6�8 l m�2 h�1 in the case of a low permeability.

The standard potential of the half-reaction in the
system constituted by gold and dicyanoaurate(I) anion:

Au(CN)2
� + e � Au + 2CN� (1)

is, as can be seen from Table 1, the most electroneg-
ative, compared with other media, and equal to
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Table 2. Standard potentials of a number of redox systems [14, 15]
������������������������������������������������������������������������������������

Half-reaction � E 0
Ox/Red, V � Half-reaction � E 0

Ox/Red, V
������������������������������������������������������������������������������������
FAD* + 2H+ + 2e = 2TC � 0.420 � BrCl + 2e = Br� + Cl� � 1.20� � �
I2 + 2e = 2I� � 0.535 � 2ICl2

� + 2e = I2 + 4Cl� � 1.056� � �
I3
� + 2e = 3I� � 0.536 � 2ICl + 2e = I2 + 2Cl� � 1.19� � �

I2(aq) + 2e = 2I� � 0.621 � 2ICl3 + 6e = I2 + 6Cl� � 1.28� � �
3I2 + 2e = 2I3

� � 0.789 � ICl3 + 2e = ICl + 2Cl� � 1.31� � �
HIO + H+ + 2e = I� + H2O � 0.987 � 2HClO + 2H+ + 2e = Cl2 + 2H2O � 1.630� � �
2HIO + 2H+ + 2e = I2 + 2H2O � 1.45 � HClO + H+ + 2e = Cl� + H2O � 1.482� � �
IO3

� + 6H+ + 6e = I� + 3H2O � 1.085 � NaClO + H2O + 2e = NaCl + 2OH�� 0.890� � �
3IO3

� +18H+ + 16e = I3
� + 9H2O � 1.1539 � Cl2(aq) + 2e = 2Cl� � 1.396� � �

2IBr2
� + 2e = I2 + 4Br� � 0.87 � Cl3

� + 2e = 3Cl� � 1.415� � �
2IBr + 2e = I2 + 2Br� � 1.02 � HClO + 2H+ + 2e = Cl(g) + 2H2O � 1.63� � �
HBrO + H+ + 2e = Br� + H2O � 1.330 � O2 + 2H+ + 2e = H2O2 � 0.682� � �
2HBrO + 2H+ + 4e = Br2 + 2H2O � 1.596 � Fe3+ + e = Fe2+ � 0.771� � �
BrO� + 2H+ + 2e = Br� + H2O � 1.589 � O2 + 4H+ + 4e = 2H2O � 1.229� � �
3Br2 + 2e = 2Br3

� � 1.145 � MnO2 + 4H+ + 2e = Mn2+ + 2H2O � 1.23� � �
Br2(aq) + 2e = 2Br� � 1.087 � S2O8

2� + 2e = 2SO4
2� � 2.01� � �

Br�3 + 2e = 3Br� � 1.051 � S2O8
2� + 2H+ + 2e = 2HSO4

� � 2.123� � �
Br�5 + 4e = 5Br� � 1.145 � �
�����������������������������������������	������������������������������������������
* FAD, formamidine disulfide (NH2)2(NH)2C2S2.

E0
Au = �0.611 V [14, 15]. Therefore, the dissolution

of gold can proceed, in the case of heap leaching with
cyanide solutions, in the presence of a wide variety of
oxidizing agents (electron acceptors): oxygen, hydro-
gen peroxide, or potassium peroxydisulfate, in ac-
cordance with the following equations [16]:

2Au + 4NaCN +O2 + 2H2O � 2Na[Au(CN)2]

+ 2NaOH + H2O2, (2)

2Au + 4NaCN + H2O2 � 2Na[Au(CN)2] + 2NaOH, (3)

2Au + 4NaCN + K2S2O8 � Na[Au(CN)2] + 2Na2SO4. (4)

Table 2 lists the standard potentials [14, 15] of
a number of redox systems promising for dissolution
(recovery) of gold, silver, and platinum metals from
ores, concentrates, and other materials in which they
are contained, with the requirements of �green� chem-
istry satisfied [3]. The same table presents the stan-
dard potentials (V, relative to standard hydrogen elec-
trode) of half-reactions with oxygen-based oxidizing
agents. However, despite the high potentials of the
oxidizing agents and large difference between the po-
tentials of gold, E0

Au, and oxidizing agents, E0
Ox/Red,

in cyanide solutions, the dissolution rate of gold in

cyanide solutions is low. For example, the rate con-
stant of gold dissolution is kAu = 27 �mol m�2 s�1 [17]
or kAu = 2.7 � 10�9 mol cm�2 s�1 even in the pres-
ence of hydrogen peroxide. The rate constant of gold
dissolution by a first-order reaction to give [Au(CN)2]

�

is k[Au(CN)2]
� = 2.33 � 10�7 s�1 at 298 K. At tem-

peratures of 323, 333, and 353 K, the values of
k[Au(CN)2]

� are, respectively, 1.10 � 10�6, 1.51 � 10�6,
and 4.7 � 10�6 s�1 [18]. Therefore, as can be seen
from Fig. 5b, curve 1, the concentration of gold(I) in
the solution reaches, in leaching with cyanides, only
0.8�1.5 mg l�1 even after a long time.

To raise the rate of gold dissolution, it has been
suggested [17] to introduce Tl(I) ions into the cyanide
solutions. However, this leads to a higher load on
the environment (MPC 0.1 �g l�1 [19, 20]). At a con-
centration of Tl(I) ions equal to 0.5 mmol, the rate of
dissolution of a rotating disc electrode made of gold
(� = 400 rpm) in a solution containing (M): NaCN
0.01, H2O2 0.01 at pH 10, PO2

= 0.21 atm, and 25�C,
increases from 275 to 785 �mol m�2 s�1. In the case
of Au dissolution in the presence of H2O2, the optimal
rate is observed at pH 10.5�12.0 and H2O2 concentra-
tion of 0.005�0.03 M. In the temperature range 20�
35�C, the rate of gold dissolution is limited by kinetic
factors (activation energy EA = 140.8 kJ mol�1), and
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at temperatures higher than 40�C, it is controlled by
diffusion (EA = 4.8 kJ mol�1).

Let us now consider the reasons for the low rate of
gold dissolution and the mechanism of gold dissolu-
tion in cyanide solutions. In anodic dissolution of
gold in a cyanide solution containing 0.1 M of KCN
and 0.1 M of KOH, three clearly pronounced peaks
are observed in the ia�Ea curve at potentials of �0.4,
0.3, and 0.6 V (relative to a standard hydrogen elec-
trode), with broad passivation regions resulting from
the passivating influence of hydroxide ions being ad-
sorbed [21, 22]. The limiting stage of the anodic
process is the stage of detachment of the first electron

AuCN�
ads � AuCNads + e (5)

from an AuCN�

ads species formed in adsorption of
a cyanide ion on gold. The activation energy of the
rate-determining stage is 93 � 8 kJ mol�1. In view of
the fact that the point of zero charge (PZC) of gold is
positive: EPZC

Au = 0.19 � 0.01 V (relative to a standard
hydrogen electrode) [23], its surface is negatively
charged in a cyanide electrolyte at potentials more
negative than the PZC (E0

Au(CN)2
� /Au0 = �0.61 V).

The adsorption of cyanide ions on the surface of gold
is hindered by the electrostatic repulsion of negative
charges. Mainly positively charged potassium ions K+

are adsorbed on the negatively charged surface of
gold, and adsorption of CN� occurs in the form of
a secondary layer by the scheme

Au����+K(1 � �+)��CN��

to give a multilayer adsorption system. The adsorbed
species AuCN�

ads is formed in this system by the ex-
change reaction, and then gold is ionized by the redox
reaction Au 	 Au(I) + e with the subsequent bind-
ing of gold into a poorly soluble compound AuCN
(SP 6.3 � 10�32 [24]). The formation of a neutral
poorly soluble compound AuCN is the reason why the
surface of gold is passivated. As a result, the ohmic
resistance at the interface Au�AuCN�electrolyte in-
creases. The neutral species AuCN blocks active
centers on the surface of gold. As a consequence,
the second cyanide ion adds to the AuCN species by
the donor�acceptor mechanism at a very slow rate to
give a soluble anion, dicyanoaurate(I) [Au(CN)2]

�,
which, having a negative charge, is repelled from the
negatively charged surface of gold. Therefore, the rate
of gold dissolution in cyanide solutions is very low.

As an example of low rates in cyanide extraction of
gold by the HL method can serve processing of a low-
grade ore at the Muruntau deposit of the Zarafshan-

Fig. 5. (a) Rate of gold dissolution, vAu, in a TC solution
containing (1, 2) iron(II) sulfate and (3) hypochlorite and
(b) concentrations of gold ions, cAu(I), in various solutions
vs. the time of contact �1, �2. For solution compositions,
see text. (a) Temperature (K): (1, 2) 298 and (3) 333.
(b) Solution: (1) alkaline cyanide; (2, 3) iodine-iodide at
pH (2) 11.7 and (3) 10; (4) copper-thiosulfate, (5�7) thio-
carbamide with (5) 0.01, (6) 0.1, and (7) 0.2 M of TC;
and (8) hypochlorite.

Newmont joint venture [11, 19]. Multilayer piles of
height 85 m are constructed for gold leaching [11, 19].
The leaching is carried out during a long period of
time (up to 226 days). In this case, the variation of
the concentration of gold(I) in the solution depends
on the density of sprinkling with a leaching sol-
vent and on the time of ore leaching. For example, in
leaching of ore for 0�20 days (density of sprinkling
with a leaching cyanide solution 
 = 15 l h�1 m�2),
the concentration of gold slowly increases to 1.3�
1.4 mg l�1 to reach the maximum of 6�6.3 mg of Au
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per liter after � = 24�50 days (
 = 12 l h�1 m�2). Then,
after � = 51�70 days at 
 = 10 l h�1 m�2, the concen-
tration of gold in solution decreases to 1.9 mg l�1, and
further, after � = 71�100 days at 
 = 8 l h�1 m�2, falls
to 1.2 mg l�1. If the density of sprinkling with the
leaching solution is not lowered, then, at � = 240 days,
the concentration of gold in the solution decreases to
a level at which the processing of solutions becomes
economically inexpedient. Therefore, the spraying
density is chosen to be 8 l h�1 m�2 or less, so that
the concentration of gold in the solution should be
�maintained at a level of no less than 1.2 mg l�1� [19].
This ensures effective recovery of gold from the so-
lution obtained on a Merrill Crow installation [19].
To catch suspensions, the solution is passed through
filtering units. The dissolved oxygen is removed by
vacuum deaeration in two towers [11]. Then, zinc
dust and lead nitrate are introduced into the solution
to diminish the share of the parasitic reaction by rais-
ing the overvoltage of hydrogen evolution on lead.
The cementate formed is separated on five pressure
filters, and the spent solution is recycled into the HL
process. The resulting precipitate is calcined in two
furnaces at 650�C to oxidize zinc and metals copre-
cipitated in cementation of gold. The calcined pre-
cipitate is mixed with a flux based on borax, saltpe-
ter, and silica and fused in an arc smelting furnace.
The gold alloy produced by the smelting contains
three main impurities (%): Ag 10, Cu 5, and Pb 2�3,
and the total content of other impurities is 2%. The
content of gold in the crude metal is 80�81%. After
purification by refining, the content of gold in the
commercial product is 99.99%. The manufacture of
gold by the Zarafshan-Newmont joint venture was
13.683 and 11.724 ton year�1 in, respectively, 1997
and 1998 [11], and 13.483�16.886 ton year�1 in 1999�
2001 [19].

Interesting results were obtained by the authors of
[25] in HL of gold-rich grainy long-stored products
formed in finishing treatment at a plant for processing
of heavy concentrates, which contained mainly quartz
and fragments of bearing strata: pyrite, arsenopyrite,
and chalcopyrite. Gold was mainly present in the free
form (grain size 2 mm) and was associated with quartz
and sulfides. According to the results of assaying,
the content of gold was 60�80 g of Au per ton. The
gold-containing material was crushed (95% to grain
size �4 mm and 5% to �0.074 mm). The prepared
gold-containing materials were cyanated at a phase
ratio l : s = 1 : 2, leaching duration of 72 h, and spray-
ing density of 70�80 l h�1 m�2. The recovery of gold
into product-containing solutions somewhat exceeded
80%. After the recovery of gold and separation of

the liquid phase, 8�16 g of Au per ton remained in
the cakes. Only under the above conditions of cyanida-
tion, the content of gold in the cyanide leaching so-
lutions was as high as 10�100 mg l�1 [25]. It has been
established that cementation on zinc shavings is ef-
ficient for recovery of gold from such rich productive
solutions. The cemented precipitate of gold is ex-
tracted and fused into an alloy ingot of gold after acid
treatment to remove zinc and some impurities. The so-
lutions from which gold was extracted and washed
cyanidation cakes were detoxicated with a solution
of calcium hypochlorite prior to being delivered to
special storage facilities [25].

It can be seen from the data presented that the rates
of the cyanidation reaction are low both in [11, 19]
and in [25].

However, the rate of the cyanidation reaction can
be, in our opinion, raised manyfold if the charge of
the gold surface is changed. It is known that positive-
ly charged ions: Pb2+, Zn2+, Cd2+, Cu2+, Cu+, Ag+,
Tl+, can be adsorbed on a negatively charged gold sur-
face. For these ions, the point of zero potentials EPZC
of the metallic phase are considerably more negative
then the PZC of gold (V): EPZC

Pb = �0.60, EPZC
Zn = �0.60,

EPZC
Cd = �0.75 [20], EPZC

Cu = �0.43 [26], EPZC
Ag = �0.70,

EPZC
Tl = �0.71. In dissolution of gold in the presence

of redox components in solution, the adsorbed ions
Pb2+, Zn2+, Cd2+, Cu+, Ag+, Tl+ are reduced at
more positive potentials (undervoltage effect) [27] to
a metal, to form positively charged nanosize islands
on the surface of gold. These islands may give rise
to a positive, the so-called compromise potential of
the gold surface. As a result, the reaction surface of
gold acquires a more positive potential, which stimu-
lates the adsorption of cyanide ions [18]. As a conse-
quence, the rate of gold dissolution may increase by
several orders of magnitude, by analogy with the anod-
ic dissolution of gold in electrolytes with addition
of Tl(I), Pb(II), and other ions [21].

The solutions formed in extraction of gold by leach-
ing are directed into the so-called �pregnant pond�
(see scheme). From this pond, solutions containing
Au(I) in the form of the anion [Au(CN)2]

� with the
accompanying silver(I) anion [Ag(CN)2]

� are com-
monly fed into columns packed with an ion-exchange
resin (anionite) or activated carbon. Elution of gold
from the anionite or activated carbon by various meth-
ods gives concentrated eluates, wherefrom gold is
extracted by treatment with powdered zinc [11, 19] or
zinc shavings [25], or by electrolysis. The authors of
[28] believe that aluminum is to be preferred for re-
covery of gold from cyanide solutions by cementation.
In contrast to zinc, aluminum forms no complex com-
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pounds with cyanide ions. Therefore, regeneration
of cyanide is observed in cementation of gold from
eluates. Aluminum ions can be removed from solu-
tions by simple liming. Aluminum can be used in the
form of a dust, shavings, sheets, or alloys with silicon,
grains of silumin Al�Si [28]. Gold and silver can
also be recovered from solutions by electrolysis with
graphitized fiber cathodes, with current efficiencies
of 80�90 and 50�60%, respectively [29]. The pay-
back period in industrial implementation of the HL
processes described is in the range from several
months to a year [30].

The technology of heap leaching of gold has been
tested and mastered in Russia, Kazakhstan, and Uz-
bekistan on the industrial scale since the early 1990s
[10, 13, 34].

As examples of use of cyanide solutions in gold
mining in CIS countries can serve the following de-
posits: Muruntau [11] and Besapantau [31] (Uzbekis-
tan); Vasil’kovskoe [32], Pustynnoe, Enbekshi, Or-
tasoi, Kar’ernoe, Zhanan [33] (Kazakhstan); Maiskoe,
Kuznetskoe, Lopukhovskoe, Murtykty, Vorontsovskoe
[34] (Russia). The factor that hinders use of the HL
of gold for processing of gold-containing ores from
the Muruntau and Besapantau deposits is the high
sorption capacity (up to 91%) of carbonaceous shales
contained in these ores [31].

Particular difficulties are encountered in recovery
of gold by the HL and gravitational methods in the
case of clayey gold-containing materials [35�37].
Clays form, in the course of gravitational concentra-
tion in wet media, colloid solutions and sludges
whose particles sorb finely dispersed gold and carry it
away to rejects, which results in its low recovery. At
the same time, granulation of clayey gold-containing
ores markedly raises their permeability to the leaching
solutions and improves recovery of gold into leaching
solutions.

Thiocarbamides. Rather promising, from the stand-
point of �green� chemistry, reagents for gold leaching
are thiocarbamides, thiosemicarbamides, thiocyanates,
and derivatives of chlorine, bromine, iodine, etc., in
which the rates of gold dissolution are higher than
those in cyanide solutions [18, 38, 39]. One of prop-
erties of these reagents used for extraction of gold and
silver by leaching is their capacity for spontaneous
redox reactions involving atmospheric oxygen, water
(hydrolysis), biota (plants and products of their de-
composition, microorganisms), which convert spent
(or spilled) solvents into acids (H2SO4 reacting with
silicates, alumina, etc.) to give neutral salts, microfer-
tilizers, or even food products for microorganisms.

The standard potential of the half-reaction of gold
in a solution containing thiocarbamide [SC(NH2)2, TC]
is E0

Au TC2
+ = 0.380�0.420 V (Table 1) [14]. Figure 5a

shows kinetic curves of gold dissolution in a thio-
carbamide solution containing iron sulfate of the fol-
lowing composition (M): SC(NH2)2 0.4, Fe2(SO4)3
0.36; H2SO4 0.1 (to pH 1.0) at 298 and 333 K.
The procedure for measuring kinetic curves was de-
scribed in [18, 38, 39]. It can be seen that the rate of
dissolution of metallic gold depends on the time of its
contact with a thiocarbamide solution and on tem-
perature. Gold dissolves in thiocarbamide solutions by
the following first-order reaction

c = cmax(1 � e k 3�), (6)

where cmax is the limiting concentration of gold in
solution, equal to 1.47 � 10�4 M (28.96 mg l�1);
and k is the rate constant (s�1) of gold dissolution,
equal to 6.18 � 10�4 s�1 at 298 K [18].

The quantity kAu TC2
+ exceeds by a factor of 2500

k[AuCN]2
� = 2.33 � 10�7 s�1 at a given temperature. Re-

actions of the following set occur in solution in the
course of gold dissolution:

SC(NH2)2 + FeSO4
�
� FeSO4 � SC(NH2)2

+, (7)

2SC(NH2)2 + 2FeSO4 � SC(NH2)+2 �
� S2C2(NH)2(NH2)2

+ 2FeSC(NH2)2
2+ + 2HSO4

�, (8)

2Au + S2C2(NH)2(NH2)2 + 2SC(NH2)2 + 2H+

� 2Au[SC(NH2)2]2
+, (9)

Au + 2SC(NH2)2 + FeSO4 � SC(NH2)2
+

� Au[SC(NH2)2]2
+ + FeSO4 � SC(NH2)2. (10)

The potential of the reaction

2SC(NH2)2 �
� S2C2(NH)2(NH2)2 + 2H+ + 2e (11)

of formation of formamidine disulfide (FAD) is
E0

FAD = 0.420 V (Table 2) and depends on the solu-
tion pH and concentration of thiocarbamide in ac-
cordance with the reaction

Eeq = 0.420 � 0.059 pH

+ 0.0295 log {[S2C2(NH)2(NH2)2]/[SC(NH2)2]2}. (12)

The rate of gold dissolution in thiocarbamide solu-
tions depends on many factors: rate of FAD formation
by reaction (8), whose equilibrium constant is K 0

eq =
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6.7 � 1010; optimal Fe(III) : TC ratio, 1 : 2; pH 0.8�
1.2; and temperature, 5�25�C [18]. The activation
energy of the reaction of gold dissolution in TC so-
lutions in the presence of complex ions formed by iron
and thiocarbamide, FeSO4 � SC(NH2)2

+, in the tem-
perature range 5�25�C is EA 13.4 kJ mol�1, i.e.,
the rate of gold dissolution in TC solutions is con-
trolled by diffusion, and in the temperature range
25�60�C, EA = 42.8 kJ mol�1, i.e., the rate of dis-
solution is controlled kinetically. The equilibrium
constant of reaction (9) is K 0

eq = 3.4 � 1013. Reac-
tions (7) and (8) are reversible, and reactions (9) and
(10) of gold dissolution are irreversible. Interestingly,
the standard potential of gold in a carbamide solution
is 0.380 V (Table 1). The standard redox potential of
formamidine disulfide [(NH2)2(NH)2C2S2] is only
0.420 V (Table 2). The difference of the standard po-
tentials, equal to 0.040 V, is sufficient for the reaction
of gold dissolution to occur.

It was found in leaching of ores from the Muzhiev-
skoe deposit in laboratory conditions with TC solu-
tions that the concentration of gold(I) in the product-
containing solution depends on the TC concentration
in solution, being equal to 17, 22.8, and 27.5 mg l�1

at [TC] = 0.05, 0.1, and 0.2 M, respectively (Fig. 5b,
curves 5�7 ). For ores that are richer in gold, the con-
centration of gold(I) in the leaching solution may be
considerably higher. The equilibrium concentration of
gold(I) in thiocarbamide solutions may be as high as
several tens of grams per liter of solution. As can be
seen in Fig. 5a, the kinetic curves of gold dissolution
(curves 1, 2) become parallel to the abscissa axis
after the maximum dissolution rate is reached. This
may be due to inhibition of the gold surface both by
products formed in decomposition of TC (HS�, S0)
via reactions of hydrolysis and oxidation

S=C(NH2)2 + 2H2O � O=C(NH2)2 + HS� + H3O+, (13)

S=C(NH2)2 + 1
�

2
O2 � O=C(NH2)2 + S0, (14)

HS� + 1
�

2
O2 � S0 + OH�, (15)

and by poorly soluble products {AuHS, AuS�,
[Au(HS)2]

�, [Au(H2S)2]
+, [Au2(HS)2S]2�, [Au(H2S)2]

+,
[Au(H2S)3]

+}. The composition of the hydrosulfide
complexes of gold and their solubility in aqueous so-
lutions depend on the solution pH and temperature.
It was established that the following complex species
are formed in hydrosulfide solutions: [Au(HS)2]

�,
[Au2(HS)2S]2�, AuHS2

3�, AuHS, and AuS�. Processing
of experimental data demonstrated that the instability
constants Kins of the complex ions [Au(HS)2]

� and

[Au2(HS)2S]2� at different temperatures are as fol-
lows: 1.0 �10�36 and 4.0 �10�70 at 298 K, 1.2 �10�33

and 2.0 � 10�66 at 323 K, 7.9 � 10�24 and 1 � 10�53 at
448 K, and 3.2 � 10�20 and 1.2 � 10�48 at 523 K.

In the course of dissolution, positively charged
species FeSO4 � SC(NH2)2

+, TC molecules, and pos-
itively charged hydrosulfide complexes [Au(H2S)2]

+,
[Au(H2S)3]

+ and, as a result of multilayer adsorp-
tion, also negatively charged complexes [Au(HS)2]

�,
[Au2(HS)2S]2�, and AuHS2

3� are adsorbed on the
surface of gold. The source of sulfide ions in the thio-
carbamide solution is its hydrolysis by reaction (13).

As a result of exchange reactions, poorly soluble
sulfides (Au2S) and hydrosulfides (AuHS) of gold
are formed in the surface reaction layer of gold. The
formation of poorly soluble sulfides in extraction of
gold with thiocarbamide solutions is a major disad-
vantage of this reagent. A study of the surface films
on gold by Auger spectroscopy confirmed these con-
clusions [38].

Figures 6a and 6b show micrographs of the adsorp-
tion film on the surface of gold, and Figs. 6c and 6d,
electronic Auger spectra of these films. The surface
adsorption films were obtained by dissolving a gold
disc in a thiocarbamide solution of a composition (M)
SC(NH2)2 0.138 and Fe(III) 0.046 at pH 2.0 and disc
rotation rate � = 180 rpm in the course of 200 min.
It can be seen that the surface film is constituted by
dark particles (
 � 0.1 �m), coarse conglomerates of
particles (
 � 50 � 10 �m) and light areas. The Auger
spectra of the dark particles are shown in Figs. 6c
and 6d. The composition of the particles was deter-
mined layer-by-layer by Auger spectroscopy, by etch-
ing the film with argon ions for � = 10 (Fig. 6c) and
60 s (Fig. 6d). A layer of thickness 7.0 � 0.2 � was
removed from the sample surface in 10 s, and 40.0 �
0.5 �, in 60 s. The total thickness of the adsorption
film was 
 = 260 � 10 �. An analysis of the adsorp-
tion film by means of Auger spectroscopy demon-
strated that it contains gold, sulfur, carbon, and oxy-
gen. The Au :S ratio in the film, equal to 54.5 : 44.7 =
1.21 (10 s) and 65.0 : 35.3 = 1.84 (60 s), indicates that
hydrosulfides AuHS and sulfides Au2S are formed
in the adsorption film. The concentration of gold(I)
in the thiocarbamide solutions reached a value of
6.156 g l�1 in 170 min at a TC : Fe(III) ratio of
0.337 : 0.305 = 1.04.

Hypochlorites. As oxidizing agent for gold can be
used sodium [1, 40] or calcium hypochlorites [41].
When brought in contact with water or alkali solu-
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Fig. 6. (a, b) Micrographs of the adsorption film on the surface of gold and (c, d) electronic Auger spectra of (c) dark and
(d) light parts of the film. Magnification: (a) 200 and (b) 3000.

tion, chlorine disporoportionates in accordance with
the equations

Cl2 + H2O = HClO + HCl, (16)

Cl2 + NaOH = HClO + NaCl, (17)

Cl2 + 2NaOH = NaClO + NaCl + H2O. (18)

The equilibrium constant of reaction (16) is
Keq = 4.2 � 10�4, and the equilibrium concentration of
HClO in water at 298 K is 0.030 M (1.06 g l�1).
The solubility of chlorine Cl2 (aq) at 298 K is
0.0921 M (3.26 g l�1). The equilibrium constant of
the reaction of chlorine dissolution in aqueous solu-
tions, Cl2 (g)/Cl2 (aq) = 0.062. The solubility of Cl2 in
solutions of hydrochloric acid and of the salts NaCl
and NaClO markedly increases because of the forma-
tion of the anion Cl3

�.

The equilibrium potential (V) of the redox reaction
involving the hypochlorite ion in an alkaline medium:

(19)ClO� + H2O + 2e �
� Cl� + 2OH�

conforms to the equation [42]:

E19 = 0.890 + (2.303RT /2F ) log [ClO�]

� (2.303RT /2F ) log [Cl�] � (2.303RT /2F )pH. (20)

In an acid solution, the redox potential of the re-
action

HClO + H2O + 2e �
� Cl� + H+ + 2OH� (21)

is more positive and conforms to the equation

E21 = 1.494 + (2.303RT /2F ) log [HClO]

� (2.303RT /2F ) log [Cl�] � (2.303RT /2F )pH. (22)

The value of the potential of reaction (21) points
to a high oxidizing capacity of hypochlorites.

The potential of the half-reaction of metallic gold
in chloride solutions [43]

AuCl2
� + e = Au + 2Cl�, (23)

E23 = 1.130 + (2.303RT /F ) log [AuCl2
�]

(24)� 2(2.303RT /F ) log [Cl�]
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Fig. 7. Rate of gold dissolution, vAu, vs. pH at 298 K in
various solutions. Solution (1) hypochlorite, with 5.0%
NaClO and 4.7% NaCl, pH 1.06; (2) alkaline cyanide,
10 g l�1 of NaCN and NaOH added to pH 12.2�14.8.

is more negative than the potential of hypochlorite
in acid media. The difference of the equilibrium po-
tentials of the redox reaction of gold dissolution

2Au + HClO + 3H+ + 3Cl� = 2AuCl2
� + H2O +2H+ (25)

conforms to the equation

�E25 = 0.364 + (2.303RT /2F ) log [HClO]

� (2.303RT /F ) log [AuCl2
�] + 3(2.303RT /F )log [Cl�]

+ 1.5(2.303RT /F )pH. (26)

Equation (26) was used to calculate the equilib-
rium constant of reaction (25) at concentrations (M):
[HClO] = 0.1, [HCl] = 0.3, [AuCl2

�] = 0.1. In this
case, �E25 = 0.346 V and Keq = 7.15 � 105. The re-
sulting value of Keq indicates that a sufficiently com-
plete dissolution of gold in acid hypochlorite solutions
is thermodynamically possible.

In [40], a method for extraction of noble metals by
leaching with in hypochlorite-chloride solutions was
suggested. A solution containing >3% NaCl and <0.3%
NaClO at pH 5�8 was recommended. However, hypo-
chlorites exhibit in this pH range the minimum redox
potential. Therefore, the influence exerted by the pH
value (x moles of HCl) on the rate of gold dissolu-
tion in a wide range of acidities was studied. Fig-
ure 7 (curve 1) shows the rate of gold dissolution in
a hypochlorite-chloride (6% NaClO + 4.7% NaCl) so-

lution in the course of 5 min. It can be seen that
the rate of gold dissolution at low pH is as high as
6.0 � 10�3 g cm�2 min�1. At higher pH, the rate of
gold dissolution decreases and passes through a min-
imum at pH �1. Then, as the pH increases, the dis-
solution rate gradually becomes higher and passes
through a maximum (1.54 � 10�3 g cm�2 min�1) at
pH �0.2. As the pH value increases further, the rate
of gold dissolution gradually decreases to the min-
imum value of (1.1�1.2) � 10�4 g cm�2 min�1 at
pH 9�12. At pH 12.5�14.5, the rate of gold dissolu-
tion again increases at reaches a maximum of 5.6 �
10�4 g cm�2 min�1 at pH 13.5.

The rate of gold dissolution in hypochlorite solu-
tions substantially exceeds that in alkaline cyanide
solutions (Fig. 7, curve 2) [41]. The latter depends
on the concentration of oxygen in the system under
study. It has been established that the dissolution rate
of gold, vAu, at an oxygen concentration of 11.0, 21.0,
and 99.0% in the oxygen�nitrogen mixture and a
solution pH > 10.5 is 1.67 � 10�5, 3.2 � 10�5, and
1.3�10�4 g cm�2 min�1, respectively.

The dissolution rate of gold linearly depends on
the concentration of NaClO. The curves describing
the dependence in the vAu�[NaClO] coordinates at
different pH values intersect at a single point on the
ordinate axis, forming a fan. They are described by
a linear equation that gives, depending on the solution
pH, certain values of the slope ratio:

vAu = �0.12 + �[NaClO], (27)

where � are the slope ratios for hypochlorite solutions
with pH 1.06, 4.15, and 6.65, equal to 0.267, 0.1067,
and 0.025 g cm�2 min�1 mol�1, respectively.

These data indicate that, as the solution pH in-
creases from 1.06 to 6.65, the slope ratio decreases
by more than an order of magnitude. At NaClO and
NaCl content in solution equal to 6.0 and 4.7%, re-
spectively, and the solution pH decreasing from 6.65
to 1.06, the dissolution rate of gold increases by a fac-
tor of 26.7. The dissolution rates of gold, vAu, in solu-
tions of TC and hypochlorite are compared in Fig. 5a.
It can be seen that, in a hypochlorite solution con-
taining 5.0% NaClO, 3.8% NaCl, and 0.1 M of HCl
(at pH 1.08�1.12 and temperature of 298 K) (Fig. 5a,
curve 3) at � = 20 and 40 min, vAu is 2.2 and 6.3
times, respectively, lower than that in a thiocarbamide
solution (Fig. 5a, curve 2, solution composition is
given above). The decrease in the dissolution rate of
gold in hypochlorite solutions is due, as demonstrated
below, to inhibition of the reaction surface of gold
by reaction products.
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In hypochlorite solutions, the surface has a posi-
tive potential at EPZC. Therefore, hypochlorite ions
are adsorbed on the surface of gold (hypochlorite ion
adsorbed on an active center captures no less than
two atoms of gold) and enter into a redox interaction
with surface atoms of gold in accordance with the
equations

Au0 + HClO = AuClO�

ads + H+, (28)

AuClO�

ads � AuCl*O�

ads , (29)

AuCl*O�

ads + Au0 +H2O � AuCl(OH)� + AuOH (30)

to give an intermediate, AuCl*O�

ads, with a zero charge
of the chlorine atom (Cl* = Cl0) as a result of succes-
sive transfers of an electron in ionization of the first
atom of gold to the positively charged atom of chlo-
rine [by Eq. (29)], and then in ionization of the second
atom of gold and addition of the electron to a neutral
atom of chlorine (Cl*) by Eq. (30). At high concen-
trations of ligands (e.g., chloride ions from NaCl,
HCl) in solutions, negatively charged complex ions
AuCl2

�, Au(OH)2
�, AuCl(OH)� are formed in accor-

dance with the equations

AuCl*O�

ads + Au0 + HCl � AuCl + AuCl(OH)�, (31)

AuCl*O�

ads + Au0 + 2HCl � AuCl2
� + AuCl + H2O, (32)

AuCl*O�

ads + Au0 + NaCl + H2O

� AuCl2
� + AuOH + NaOH, (33)

AuCl*O�

ads + Au0 + Cl� + H2O � AuCl2
� + Au(OH)2

�. (34)

These ions are adsorbed on the positively charged
surface of gold and form adsorption layers. This
makes lower the dissolution rate because of the inhibi-
tion of the surface. Gold monochloride AuCl is poor-
ly soluble in aqueous solutions. Its solubility prod-
uct SPAuCl for water is 1.8 � 10�12 [44, 45]. Hence,
the calculated concentration of gold(I) in a saturated
aqueous solution is 1.34 � 10�6 m. [0.26 mg of Au(I)
per liter]. In an excess amount of chlorides, AuCl
forms a complex AuCl2

�, which has a higher solubility
than gold monochloride. In the hypochlorite-chloride
solutions we studied, the concentration of NaCl was
close to 1 M. Apparently, complexation of gold mono-
chloride with the chloride ions of the hypochlorite-
chloride solution resulted in that the concentration of
gold(I) in the leaching solution was, as can be seen
in Fig. 5b (curve 8), 35.3 mg Au per liter.

The rate constants kAuCl2
� of gold dissolution in a hy-

pochlorite-chloride solution (5.3% NaClO + 0.1 M

HCl + 4.06% NaCl) at 277, 289, and 304 K, calculated
from the experimental data obtained, are 0.0790,
0.2695, and 0.4030 s�1, respectively. The rate con-
stant of gold dissolution in alkaline cyanide solu-
tions to give complex ions [Au(CN)2]

�, is lower
than kAu AuCl2

� at 304 K by a factor of 1.73 � 106

(kAu [AuCN]2
� = 2.33 � 10�7 s�1 at 298 K). The activa-

tion energy EA, calculated from the temperature de-
pendence (277�304 K) of the rate constants obtained,
log kAu�1/T, is 53.43 kJ mol�1. This value of EA
indicates that the rate of gold dissolution in a hypo-
chlorite-chloride solution is kinetically controlled. It is
possible to overcome the kinetic limitations by raising
the temperature and the concentration of chlorides in
the hypochlorite solution and by eliminating the dif-
fusion hindrance to delivery of the reagents to gold.
In addition, the deceleration of gold dissolution by
the hypochlorite solution because of the formation of
adsorption layers composed of reaction products can
be prevented if the process is carried out at low pH
of the chloride-containing solutions.

Bromine-bromides. Gold(I, III) forms with bro-
mide ions binary (AuBr, AuBr3) and complex com-
pounds (M[AuBr2], M[AuBr4]). In aqueous solutions,
gold(I) bromide disproportionates by the reaction

3AuBr2
� = 2Au + AuBr4

� + 2Br�. (35)

The equilibrium constant of the disproportionation
(DPP) reaction is given by

KDPP = [AuBr4
�] � [Br�]2/[AuBr2

�]3 (36)

at an ionic strength � = 1.0 is (6.5�8.1) � 104 (298 K)
[45, 46] and 1.4 � 104 (323 K) [46]. The equilibri-
um constant of the reverse reaction, reaction of co-
proportionation, KCPP = 1/KDPP = 1.54 � 10�3 (298 K)
[47].

The disproportionation of AuBr2
� is accompanied

by changes in the Gibbs free energy, �G0 =
�28.87 kJ mol�1, enthalpy, �H = �61.1 kJ mol�1

[46], and entropy, �S0 = �90.79 J mol�1 K�1. The sol-
ubility products for AuBr and AuBr3 for water are
5.0 � 10�17 and 4.0 � 10�36, respectively. According
to [48], the solubility product of gold(I) monobro-
mide, SPAuBr = 7.9 � 10�16, and the stability constant
of AuBr2

�, �2 = 1.3 � 1015. In bromide solutions, gold
ions form planar-square complexes [AuBr4]

� with
a stability constant K1�4 = 3.16 � 1031. The standard
potentials of half-reactions

AuBr4
� + 2e = AuBr2

� + 2Br�, E 0 = 0.820 V, (37)

(38)AuBr4
� + 3e = Au + 4Br�, E 0 = 0.854 V
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are more negative than those for the chloride systems.
This set of properties indicates that the process of
gold extraction with bromine is more favorable than
that with chlorine. The solubility of bromine in water
is 35 g l�1 (log [Br2(hydr)] = �0.643). In solutions with
a low concentration of bromides, bromine is present
in the form of hydrated particles. In solutions of bro-
mides, iodides, and chlorides, the solubility of bromine
increases because of the formation of tribromide
ions Br3

� [49]

Br2 + Br� = Br3
� (39)

and interhalide compounds BrCl, BrCl2, IBr2
� [50,

51]. The Br3
� ions predominate only in solutions with

a concentration of bromide ions exceeding 0.89 M.
The equilibrium constant of reaction (39) is Keq =
16.3. At higher concentrations of bromides, pentabro-
mide ions Br5

� are formed

2Br2 + Br� = Br5
� (40)

with an equilibrium constant Keq = 27.5 [42, 49].

The potential of the half-reaction

Br2 + 2e = 2Br� (41)

is described by the equation

E41 = 1.0066 + (2.303RT /2F ) log [Br2]

� (2.303RT /F ) log [Br�]. (42)

It should be noted that the Br3
� and Br5

� ions can be
formed in electrolysis in bromide electrochemical
systems

3Br� = Br3
� + 2e, (43)

5Br� = Br5
� + 4e. (44)

The potential of reaction (43) under equilibrium
conditions can be represented as

E43 = 1.0162 + (2.303RT /2F )log [Br3
�]

� 3(2.303RT /2F ) log [Br�], (45)

and the standard potential of reaction (44) is 1.068 V
(relative to a standard hydrogen electrode) [15]. The
potential of the half-reaction involving the interhalide
compound BrCl (Table 2) is 1.20 V. In water, molec-
ules of bromine undergo a disproportionation reaction

(46)Br2 + H2O = HBrO + Br� + H+

with an equilibrium constant described by the equation

log {[HBrO][Br�]/[Br2]} = pH � 8.17, (47)

and the potential of the redox reaction

HBrO + H+ + 2e = Br� + H2O (48)

conforms to the equation

E48 = 1.331 + (2.303RT /2F ) log {[HBrO�]/[Br�]}

� (2.303RT /F )[pH]. (49)

Bromides and tribromides are readily oxidized in
electrolysis to bromate ions [42, 43]

Br� + 3H2O = BrO3
� + 6H+ + 6e, (50)

E50 = 1.4116 + (2.303RT /6F ) log {[BrO3
�]/[Br�]}

� 6(2.303RT /6F )[pH], (51)

Br3
� + 9H2O = 3BrO3

� + 18H+ + 16e, (52)

E52 =1.4523 + 3(2.303RT /16F ) log [BrO3
�]

� (2.303RT /16F ) log [Br3
�] � 18(2.303RT /16F )[pH]. (53)

Comparison of the standard potentials of the elec-
trode half-reactions of gold in bromide solutions

AuBr2
� + e �

� Au + 2Br�, E 0 = 0.959 V, (54)

E54 = 0.959 + (2.303RT /F ) log [AuBr2
�]

� 2(2.303RT /F ) log [Br�], (55)

AuBr4
� + 3e �

� Au + 4Br�, (56)

E56 = 0.854 + (2.303RT /3F ) log [AuBr2
�]

� 4(2.303RT /3F ) log [Br�] (57)

with the standard potentials of redox reactions of
bromine and its derivatives, (43), 50, and (52), shows
that the difference of the standard potential (V) at
n = 1 is �E(43)�(54) = 0.0572, �E(50)�(54) = 0.4526,
�E(52)�(54) = 0.4933. The difference of the potentials
of half-reactions of the interhalide compound BrCl
(E 0

BrCl/Br�, Cl� = 1.20 V, Table 2) and of half-reaction
(54) is �E = 0.241 V. The difference of the standard
potentials of the half-reactions at n = 3 is �E(43)�(56) =
0.1622, �E(50)�(56) = 0.5576, �E(52)�(56) = 0.5983.
The equilibrium constants of the reactions considered
are as follows: at n = 1: Kp(43)�(54) = 9.28, Kp(50)�(54) =
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4.55 � 107, Kp(52)�(54) = 2.22 � 108, Kp(BrCl)�(54) =
1.22 � 104, and at n = 3: Kp(43)�(56) = 1.7 � 108,
Kp(50)�(56) = 2.02 � 1028, Kp(52)�(56) = 2.35 � 1030.
Consequently, the pathways of the reactions of bro-
mate ions with elementary gold are preferable in bro-
mide solutions. The data obtained suggest that the
HL of gold with bromide solutions that are continu-
ously renewed by means of cyclic electrochemical ox-
idation of bromide ions in the circulating leaching
solutions (in flow-through electrolyzers of special
design) to molecular bromine Br2, with the accompa-
nying reactions of formation of tribromide (Br3

�) and
hypobromite ions (BrO�), can ensure a complete re-
covery of gold even from a sulfide-containing ore.
Commonly, the ore sulfur is removed in processing
of sulfide-containing ores prior to recovery of gold by
leaching by means of calcination [52, 53], oxidation
under elevated pressure of oxygen [54, 55], or by
bio-oxidation [56, 57]. The author of [58] suggested
a two-stage technology for extraction of gold by bro-
mine leaching. In the first stage, molecular bromine
is synthesized in an acid medium with the use of py-
rolusite by the reaction

2MBr + MnO2 + 2H2SO4 = Br2 + MnSO4

+ M2SO4 + 2H2O, (58)

where M = Na, K.

The standard potential of the redox system MnO2 :
MnSO4 is 1.23 V, and that of the system Br2/Br�,
1.0066 V. The potentials of sulfides are, as a rule,
negative, e.g. (V, relative to a standard hydrogen elec-
trode): EPtS2/S

2� = �0.64, EAg2S/S2� = �0.66, EHgS/S2� =
�0.70, ECuS/S2� = �0.76, EPbS/S2� = �0.93, EFeS2/S

2� =
�0.95, ECoS/S2� = �1.07, etc. Therefore, sulfides are
readily oxidized by molecular bromine, e.g., by the
reactions

3Br2 + 2FeS2 = 2FeBr3 + 4S0, (59)

Br2 + MS = MBr2 + 2S0, (60)

where M = Hg, Cu, Cd, Pb, Sn, Co, Ni, etc.

The bromide ions formed by reactions (59) and
(60) are again oxidized by pyrolusite by reaction (58)
to free bromine. The oxidation of the sulfides frees
gold and makes the ore porous and permeable to re-
agents. Therefore, molecular bromine oxidizes gold
to gold bromides by Eqs. (37), (38), (54), and (61):

(61)2Au + 3Br2 + 2Br� � 2AuBr4
�.

Experiments have shown that the recovery of gold
by the standard cyanide procedure is 56.8%, whereas
that in the presence of potassium bromide and pyro-
lusite is 83.4% at a lower expenditure of reagents
[58�61]. A higher efficiency of extraction of gold by
leaching from ores has been achieved in a two-stage
process that includes calcination of sulfide- and car-
bon-containing gold-rich ores and leaching of the re-
sulting cake with bromine-containing (Br3

�, Br2, HBrO,
NaBr) solutions [59]. In this case, the tribromide ion
was synthesized by the following reactions:

NaBr + Br2 = NaBr3, (62)

CaBr2 + 2Br2 = Ca(Br3)2. (63)

Reactions (62) and (63) are reversible. For fast
bromine-bromide leaching, it is suggested to prepare
two types of concentrates. The first type, concentrate
of tribromide ions is prepared from NaBr (or CaBr2)
and Br2, Commonly, concentrate I contains (wt %):
NaBr3 63�64, Br2 20.5, and free NaBr 3.0�10.5. In
concentrate I, molecular bromine partly undergoes
disproportionation (46) to give hypobromous acid
HBrO.

The content of hypobromite ions BrO� in the con-
centrate was approximately 2�6%. A higher oxidizing
capacity with respect to gold is exhibited by the bro-
mate ion, which is formed in alkaline solutions in
accordance with the equation

3Br2 + 6OH� = BrO3
� + 5Br� + 3H2O (64)

[compare with Eq. (53) in acid solutions]. Therefore,
concentrate of type II, a hypobromite solution based
on NaBr, Br2, and NaOH (10�20%), is specially pre-
pared. The concentrate contains 5�8% sodium hypo-
bromite. Table 3 lists the contents of NaBr3, Br2,
NaBrO,and NaBr in the tribromide (type I) and hypo-
bromite (type II) concentrates.

In preparing a leaching solution, one part of a hypo-
bromite solution was taken per four parts of a tribro-
mide solution, and vice versa. Irrespective of the rel-
ative amounts in which type-I and -II concentrates
are taken, the pH value of the �resulting� solution
should be in the range 6.5�7.5. Table 3 also lists
the equivalent concentrations of molecular bromine
(ECMB), determined in molar units as a sum of the
actual molar concentrations of bromine and tribromide
ions, tripled molar concentration of the bromate ions,
and concentrations of hypobromite ions and hypo-
bromous acid (HBrO).
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Table 3. Composition and properties of leaching solutions obtained at different relative amounts of the tribromide and
hypobromite concentrates
������������������������������������������������������������������������������������

Relative amounts of � Content, wt % � � �
��������������������������������� � �the concentrates, wt fraction � � Density, �

pH
�

Content, wt %
����������������������� � � � � � �

I � II �
NaBr3 �

Br2 �
NaBrO3 �

NaBr
�

g cm�3

� �
������������������������������������������������������������������������������������

1.0 � 0 � 63.64 � 4.28 � � � 2.76 � 2.029 � 1.0 � Not determined
0.8 � 0.2 � 50.91 � 3.42 � 1.58 � 7.55 � 1.826 � 5.6 � 39.4
0.5 � 0.5 � 31.82 � 2.14 � 3.94 � 14.80 � 1.612 � 6.7 � 34.0
0.2 � 0.8 � 12.73 � 0.86 � 6.01 � 22.02 � 1.444 � 7.2 � 28.6
0 � 1.0 � � � � � 7.87 � 26.83 � 1.345 � 8.0 � Not determined

������������������������������������������������������������������������������������

In [59], a set of experiments on leaching of ores that
are rich in gold (265�212 g ton�1) and silver (190�
205 g ton�1) or poor in the same elements (5.5 and
61.9 g of Au and Ag, respectively, per ton) was de-
scribed. Prior to leaching, the ores were calcined in
a rotating (5 rpm) tubular furnace at a temperature of
650	C for 120 min in order to remove the sulfide sul-
fur (15.5 wt %) and carbon (12.5 wt %). The content
of the sulfide sulfur in the calcined concentrate was
0.7%. The concentrates were used to prepare a leach-
ing solution that contained type-I and -II concentrates
in various relative amounts listed in Table 3. The con-
centrates taken in any relative amounts were diluted
to a concentrate concentration of 2.0 to 6.0 g l�1 at
pH 5�6. The time of leaching was 6 h. The recovery
of gold was in the range from 94 to 96.3%, and that
of silver exceeded 50%.

It should be noted that a specific feature of tribro-
mide and bromate concentrates is that they have a low-
er pressure of bromine vapor, compared with molec-
ular bromine. The concentrate containing about 34%
ECMB has a total vapor pressure of only 23 mm Hg
at 0	C and 112.5 mm Hg at 35	C. The vapor pressure
of liquid bromine is 75 and 214 mm Hg at 0 and 35	C,
respectively. Therefore, the concentrates can be used
to prepare leaching solutions. The authors of [60] sug-
gested, in order to lower the vapor pressure of bro-
mine in extraction of gold from ores, a leaching solu-
tion that contains oxidizing agents: FeCl3, H2O2, and
NaClO. Investigations demonstrated that the dissolu-
tion rate of gold in a solutions containing bromides,
FeCl3, H2O2, and NaClO exceeds severalfold that in
cyanide solutions.

Iodine-iodides. Gold(I, III) also forms with iodide
ions binary (AuI, AuI3) and complex compounds
(M[AuI2], M[AuI4]). The solubility product of gold(I)
iodide AuI and gold(III) triiodide AuI3 in water is
1.6 � 10�23 and 1 � 10�46, respectively.

According to [48], the solubility product of gold(I)
iodide, SPAuI = 4.0 � 10�23, and the stability con-
stant of AuI2

�, �2 = 3.2 � 1021. Gold(I) iodide is vir-
tually insoluble in aqueous solutions (1.23 � 10�14 g
of AuI per liter), and, therefore, it does not dispropor-
tionate when in solid state [15]. Upon introduction
of potassium iodide (iodide ion) into a solution, the
solubility of AuI increases because of the formation
of a complex ion, AuI2

�:

AuI + I� = AuI2
�. (65)

The solubility of molecular iodine (I2) in water is
0.3 g l�1. The equilibrium constant of the reaction
of disproportionation of molecular iodine in water

I2 + H2O = I� + H+ + HIO (66)

has a small value KDPP = 5.32 � 10�13 [60]. The solu-
bility of iodine in aqueous solutions of KI and NaI
increases manyfold because of the formation of the
triiodide ion (I3

�) or higher-molecular-weight poly-
iodides. The equilibrium constant of the reaction of
formation of the triiodide ion

I2 + I� �
� I3

�, (67)

equal to Keq = 697.9, indicates that the equilibrium
of the reaction is strongly shifted to the right. Iodide
ions are more readily oxidized, compared with bro-
mide ions:

3I� = I3
� + 2e, (68)

E69 = 0.5364 + (2.303RT /2F ) log [ I3
�]

� 3(2.303RT /2F ) log [ I�], (69)

and the triiodide ion, to molecular iodine and iodate
ions:
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2I3
� = 3I2 + 2e, (70)

E71 = 0.7892 + 3(2.303RT /2F ) log [ I2]

� (2.303RT /F ) log [ I3
�], (71)

I3
� + 9H2O �

� IO3
� + 18H+ + 16e, (72)

E73 = 1.1539 + 3(2.303RT /16F ) log [ IO3
�]

� (2.303RT /16F ) log [ I3
�] � 18(2.303RT /16F )pH. (73)

No oxidation of molecular iodine to iodic acid
HIO3 and iodate ion IO3

� occurs in electrolysis in
aqueous solutions, because the standard potentials of
these reactions (E 0 = 2.9226 and 2.9454 V) are con-
siderably more positive than that of the oxygen elec-
trode (E 0 = 1.229 V). Therefore, evolution of oxygen
from water at the anode is the preferable reaction.

As can be seen in Table 1, the standard potentials
of the half-reactions of gold in iodide solutions are
as follows (V): E 0

AuI/Au = 0.530, E 0
AuI2

� /Au = 0.578,
E 0

AuI4
� /Au = 0.550, E 0

AuI4
� /Au = 0.560 [14, 15]. The stan-

dard potentials of the oxidizing agents based on iodine
are listed in Table 2 (V): E 0

I2 /I� = 0.535, E 0
I3
� /I� =

0.536, E 0
I2(aq)/I� = 0.621, E 0

I2 /I3
� = 0.789 [14, 15]. It can

be seen that the most positive potential is observed
for the system I2/I3

�. In this case, the difference of
the standard potentials of the half-reactions of gold(I)

AuI2
� + e = Au + 2I�, E 0 = 0.578 V, (74)

E75 = 0.578 + (2.303RT /F ) log [AuI2
�]

� 2(2.303RT /F ) log [ I�] (75)

and that of formation of triiodide ions by reaction (68),
E 0

I2/I3
� = 0.789 V, is �E 0 = 0.211 V. Therefore,

the following reaction is the best acceptable for dis-
solution of gold with triiodide ions as an oxidizing
agent:

2Au + I3
� + I� = 2AuI2

�. (76)

The equilibrium constant of reaction (78) is Keq =
3.7 � 103. This indicates that gold can be extracted
from ores with iodine-iodide solutions.

The standard potentials of the electrode reactions
of gold in iodide electrolytes [14, 15]

AuI4
� + 2e = AuI2

� + 2I�, (77)

(78)AuI4
� + 3e = Au + 4I�

are more negative than the potentials of gold in chlo-
ride and bromide solutions (Table 1). The dependence
of the potentials on the concentrations of iodide and
gold(III) ions in solution are described by the follow-
ing equations [42, 43]:

E80 = 0.560 + (2.303RT /3F ) log [AuI4
�]

� 4(2.303RT /3F ) log [ I�]. (79)

Analysis and comparison of the standard redox
potentials of iodide systems and the potentials of
gold show that the difference of the standard poten-
tials in the case when triiodide ions are in equilibrium
with iodide ions is close to zero. In the case when
iodate ions are in equilibrium with triiodide ions
in the system, the difference of the standard potentials
of the reactions will be 0.5759 and 0.5939 V, respec-
tively. The equilibrium constants of the overall reac-
tions

5Au + 2IO3
� + 12H+ + 11I� = 5AuI2

� + I3
� + 6H2O, (80)

10Au + 6IO3
� + 36H+ + 37I� = 10AuI4

� + I3
� + 18H2O (81)

of dissolution of gold to give gold ions AuI2
� and

AuI4
� in oxidation by iodate ions will be 5.4 � 109

and 1.3 � 1030, respectively. Consequently, reactions
of interaction of iodate ions with elementary gold
are also preferable in iodide solutions. In this case,
the electrochemical oxidation of triiodide ions to
iodate ions in solutions will also favor a more com-
plete recovery of gold from ores and gold-contain-
ing raw materials [61�63]. Thermodynamic analysis
shows that a necessary condition in dissolution of
gold with the use of elementary iodine is the presence
of iodide ions, and especially iodide and chloride
ions together, in solutions. Systems based on iodine
and chlorine, which form interhalide compounds, have
more positive potentials than the systems Au/Brn and
Au/In. Iodine-chlorine interhalide compounds are par-
ticularly promising for development of reagent solu-
tions with a high reactivity toward gold and platinum
metals.

The authors of this review used for extraction of
gold from ores of the Muzhikhoevskoe deposit an
iodine-iodide solution containing (g l�1) 200 KI,
14 I2, 5 KOH, and also some other depressants of
dissolution of heavy metals and metals of the iron
group. The results obtained are shown in Fig. 5b
(curves 2, 3). It can be seen that the concentration
of gold(I) increases as the solution pH decreases.

Copper-thiosulfate solutions. The standard poten-
tial of the half-reaction of gold in a thiosulfate solu-
tion:
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Au(S2O3)2
3� + e = Au +2S2O3

2� (82)

is 0.153 V [14]. In Eq. (82), the thiosulfate ion acts
as a ligand. The standard potentials of the half-reac-
tions of thiosulfate depend on the final product, which
may be HS�, H2S, S0, or S5

2� [14, 15]:

S2O3
2� + 6H+ + 8e = 2S2� + 3H2O, E 0 = �0.006 V; (83)

S2O3
2� + 8H+ + 8e = 2HS� + 3H2O, E 0 = 0.200 V; (84)

5S2O3
2� + 30H+ + 24e = 2S5

2� + 15H2O, E 0 = 0.331 V; (85)

S2O3
2� + 6H+ + 4e = 2S + 3H2O, E 0 = 0.465 V; (86)

K2S2O3 + 6H+ + 4e = 2K+ + 2S + 3H2O,

E 0 = 0.452 V; (87)

Na2S2O3 + 6H+ + 4e = 2Na+ + 2S + 3H2O,

E 0 = 0.455 V. (88)

It can be seen from the data presented that certain
thiosulfate-containing solutions behave as oxidizing
agents with respect to gold. The most positive poten-
tial is observed for the redox system represented by
Eq. (86). As oxidizing agent can be used copper(II)
sulfate (CuSO4 
 5H2O) and rhodanide. The potential
of the half-reaction of copper

Cu2+ + SCN� + e = CuSCN (89)

is 0.96 V [14]. A study of the kinetics of leaching of
gold and silver at pH 10 with ammonium-thiosulfate
solutions containing CuSO4 as an oxidizing agent
demonstrated that the rate of silver dissolution is con-
trolled by diffusion, and that of gold, kinetically [64].

As already noted, the efficiency of the HL of gold
from stubborn sulfide-carbon and carbon gold-con-
taining ores by cyanide leaching is, as a rule, very
low. Commonly, the sulfide sulfur and carbon are re-
moved in processing of these ores, prior to recovery
of gold by leaching, by calcination [52, 53], treatment
with nitric acid, or bio-oxidation [56, 57, 65]. Use
of ammonium-thiosulfate solutions as leaching sol-
vents markedly facilitates the HL processing of stub-
born sulfide-carbon and carbon gold-containing ores
[65, 66].

As a thiosulfate leaching solution is commonly
used a mixture containing preferably 15 to 30 g l�1 of
(NH4)2S2O3 and 8�16 g l�1 CuSO4 or Na2S2O3 +
CuSO4 (pH 9.2�10.0). It is believed that ammonium
ions and ammonium thiosulfate stabilize copper(II),

which acts as an oxidizing agent in accordance with
the equation

2Au +(NH4)2S2O3 + 2CuSO4

= Au2SO4 + Cu2S2O3 + (NH4)2SO4, (90)

and also catalyze the reaction of dissolution of gold
in the presence of oxygen

2Au + (NH4)2S2O3 + H2O + 1/2 O2

= Au2S2O3 + 2NH4OH. (91)

In the HL method, the thiosulfate leaching solution
is used in a closed cycle [65�67]. A side reaction in
extraction of gold is oxidation of thiosulfate by Cu(II)
or dissolved oxygen to give ammonium tetrathionate
(NH4)2S4O6 and trithionate (NH4)2S3O6. To improve
the cost efficiency of the process of gold leaching,
the reactions in which tetra- and trithionate are formed
are commonly suppressed to the maximum possible
extent [68]. After the thiosulfate leaching solution is
saturated with gold, the solution, or its part, is contin-
uously reduced, preferably by cementation, in a special
device. Spent leaching solutions are regenerated by
addition of sulfur or soluble sulfides [65, 67].

The authors of this review used for extraction of
gold from ores of the Muzhikhoevskoe deposit a cop-
per-containing solution of the following composi-
tion (g l�1): Na2S3O3 
 5H2O 74, CuSO4 
 5H2O 12,
(NH4)2SO4 100, NH4OH 100 or 50 ml of a 25% am-
monia solution per liter of the resulting solution. The
results obtained are shown in Fig. 6b (curve 4). It
can be seen that copper-thiosulfate solutions are ef-
fective oxidizing agents for gold. In [69], to make
lower the expenditure for extraction of gold by thio-
sulfate leaching, sodium thiosulfate was synthesized
from the gold-containing sulfide ore itself by adding
elementary sulfur to the raw material, sulfide ore.
Such a method lowers the cost of leaching with thio-
sulfate solutions and makes this process competitive
with that based on cyanides, which are, undoubtedly,
more toxic by themselves [61�64, 67, 70, 71]. In
[61�64, 67�69, 72�75], it was suggested to use bro-
mine-bromide, iodine-iodide, and copper thiosulfate
solutions for extraction of gold and silver directly
from gold- and silver-containing sulfide ores.

On the whole, thiocarbamide, hypochlorite, and bro-
mine-bromide solutions, as well as iodine-iodide solu-
tions, are rather promising for extraction of gold from
ores by leaching. Under natural conditions, these sol-
vents spontaneously undergo conversion into harmless
compounds: urea, ammonium sulfate, and halide salts.
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Use of thiocarbamide, hypochlorite and halogen-halide
solutions, which, in our opinion fully comply with
the main requirement to the industry of the XXI cen-
tury, �make no harm to the ecology,� can not only
raise the labor productivity in gold mining, but also
eliminate the problem of environment contamination.
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Abstract-Silicate luminophor Zn2SiO4 : Mn was synthesized using silica gel as an active form of silicon
dioxide. Factors affecting the degree of crystallinity of the silicate obtained were studied. Willemite was
doped with manganese(II) in the course of synthesis. The luminescence parameters of the resulting samples
were estimated.

The synthesis of luminophors for various applica-
tions and the improvement of their working param-
eters constitute one of the most topical problems of
the technology of functional materials.

Doped willemite Zn2SiO4 : Mn is one of the first
photo-, cathodo-, and X-ray-luminophors. It has been
extensively studied with the aim to elucidate the fun-
damental physical aspects of luminescence and to
study the effect of conditions of luminophor forma-
tion on the intensity and spectral parameters of lu-
minescence.

Although Zn2SiO4 exists in three modifications,
a-Zn2SiO4 (rhombohedral structure ofR3 space
group) is usually formed under ordinary conditions.
Luminophors based on zinc silicate are described in
[135]. Willemite doped with manganese(II), which
replaces Zn(II) in amounts of 0.535 wt %, emits light
in the green spectral range. Industrial photolumi-
nophors FL-530, FGI-520-1, FGI-528-1, and cath-
odoluminophors K-35, K-36, K-60, and KV-520-2
have been developed on its basis. To obtain a lu-
minophor with orange-red luminescence, zinc silicate
doped with Mn(II) should be formed in the presence
of small amounts of beryllium and cadmium silicates,
which are isomorphous to willemite [4]. Recently,
willemite doped with rare-earth elements has been
under investigation [6, 7].

Usually, doped willemite is synthesized by the
solid-phase technique, by sintering a mixture of the
appropriate oxides with silica at a temperature of
about 1350oC for tens of hours [8]. It has been shown
[4] that the degree of dispersion of the starting
mixture strongly affects the reaction kinetics. This
technique produces high-quality luminophors, being,

however, rather power-consuming and sensitive to
the difficultly controllable stock preparation process.

The crystal perfection of a luminophor governs its
luminescence characteristics [1]. In a nonequilibrium
(deformed) matrix, many of luminescence centers are
involved in nonradiative transitions, which diminishes
the quantum efficiency and, accordingly, the intensity
of luminescence. The concentration of an activator
affects the efficiency both directly (via the number of
centers) and indirectly (via the number of structural
defects) [4, 5].

Apparently, it is necessary to develop such syn-
thesis methods that would ensure a complete and con-
trolled mixing of components (including dopants) in
the preliminary stage and, consequently, an ordering
of the forming structure under relatively mild condi-
tions.

The sol3gel technology finds increasing use for
synthesis of luminophors. To synthesize doped wil-
lemite, oxides are transformed into nitrates. SiO2 is
obtained using a solution of tetraethoxysilane (TES)
(C2H5O)4Si, which hydrolyzes under heating to give
SiO2. Nitric acid and colloid solutions are mixed in
certain proportions, and the mixture is subsequently
dehydrated until a jelly-like mass is formed. This
mass is dried in a thermostat at 1203140oC and then
calcined at 1300oC for 10 h. In the finishing thermal
treatment, the formation of the silicate is complete
[9, 10].

The coprecipitation method, a modification of
the sol3gel technique, is the most advanced. However,
as shown by practical experience, this method is ex-
tremely sensitive to minute details of the TES hydro-
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lysis (order of component introduction, concentration,
temperature, and mixing mode) and, thus, requires fur-
ther improvement.

In this context, the already obtained active form of
silicic acid, specifically, silica-gel, seems to be un-
appreciated. The chemistry of silica gel was described
in detail in the monographs [11314]. Silica gel in
aqueous solutions shows all properties of monosilicic
acid, and, consequently, can be regarded as polysilicic
acid. At pH > 8, SiO2 particles pass into solution to
form silicate ions.

As is known, different types of silica gel have a
wide variety of pore sizes (103500 A) and a devel-
oped internal surface area. Cations of appropriate sizes
readily penetrate into silica gel particles. Heavy-metal
ions react with active silica in ammonia solutions to
form high-molecular-weight compounds of the type of
basic salts. In acid solutions at pH < 6, reactions of
metal ions with silica gel yield new functional groups
capable of cationic exchange. Adsorption of cations
may also occur on dehydrated parts of the silica sur-
face.

The aim of this study was to develop a new method
for synthesis of a silicate luminophor and to optimize
it with respect to the degree of crystallinity, and also
to assess the possibility of doping of the luminophor
in the course of synthesis.

The central idea of the approach suggested is to
modify the precipitation method (its sol3gel variant)
so as to exclude the most difficultly controllable stage
of formation of a homogeneous gel of silicic acid.

Partially dehydrated xerogel of silicic acid, with
high specific surface area and sorption capacity, was
used as an active reagent. Despite that silica gel has
a great number of modifications and is widely used as
a sorbent, we failed to find any information on its ap-
plication as a starting reagent for synthesis of silicates
in the available literature. This may be due to the fact
that silica gel is traditionally regarded as a phase of
uncertain composition in the SiO23H2O system. How-
ever the amount of SiO2 in the silica gel composition
can be easily determined by gravimetry, and blending
with SiO2 is not difficult. It is convenient to introduce
a cation (e.g., zinc or manganese) by saturating silica
gel with an appropriate salt, preferably of an organic
acid, because the salt should be water-soluble and
thermally unstable. The saturation of the xerogel
provides a thorough and uniform mixing of the com-
ponents on the molecular level.

To raise the pH of the solution and to dissolve
(partially) the gel, it is expedient to use ammoni-

um hydroxide. At pH > 8, the gel passes into
the solution as low-molecular-weight polysilicic acid,
kH2O .mSiO2 (wherek and m < 100), and the cation
precipitated as a hydroxide. This makes it possible
to perform the[reverse] process, i.e., to saturate the
freshly formed metal hydroxide with micellar particles
mSiO2 .kH2O from the solution. The possibility of
a simultaneous introduction of an activator within
such a scheme is apparent.

EXPERIMENTAL

We used silica gel of three brands [GOST (State
Standard) 3956354]: ASK, KSK, and ShSM, differing
in porosity and sorption capacity. The reagents were
stored for a long time under laboratory conditions at
narrowly varying temperature and humidity.

The content of the main substance SiO2 (wt %)
was determined by calcination at 1200oC in a muffle
furnace to constant weight: ASK 94.25, KSK 93.2,
ShSM 71.8.

It was found in control experiments that the hu-
midity of these sorbents varies within+0.03 wt %
under usual storage conditions, which is comparable
with the characteristics of other powders (zinc and
manganese oxides) used in the experiments. Silica gel
granules were reduced to a powder with particle size
of less than 10mm, using an LDI-65 grinder.

Other reagents (oxides; salts;, acetic, citric, and
tartaric acids) were no less than analytically pure.

Weighed samples were prepared on a ZMP analyt-
ical balance. The pH values were measured using a
standard indicator paper set. Pellets of semi-products
were produced in a steel press mold under a pressure
of about 21000 atm. The calcination was carried out
in air in an SUOL-0,25.2,5/14K-42 tube furnace at
a temperature not exceeding 1250oC. An X-ray phase
analysis (XPA) was performed on a TuR M-62 dif-
fractometer with an HZG-4 goniometer with CrK

a

ra-
diation. A qualitative luminescent analysis was carried
out on an LYuMAM R1 luminescent microscope
(365 nm) and with the use of an LGI-21 (337 nm)
nitrogen laser.

Cation-containing solutions were prepared by dis-
solving weighed samples of ZnO or other metal com-
pounds in an excess amount of acetic, nitric, tartaric,
or citric acid. In some experiments, appropriate ni-
trates were directly used. A weighed sample of silica
gel was introduced into a solution, and silica gel was
saturated (impregnated) with a cation-containing so-
lution at room or elevated temperature for a specified
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time (in some experiments up to several days). So-
lutions with impregnated gel were dehydrated by
evaporation of the suspension in a wide quartz cru-
cible until an air-dry amorphous powder was formed.
The powder was calcined with stirring for additional
0.5 h until partial decomposition of thermally unstable
salt, which was judged from gas evolution.

Pellets with a mass of about 2 g were produced by
compaction without a binder. The pellets were cal-
cined in air in a sinter-corundum container at a spe-
cified temperature for 3.5328 h.

A phase analysis was carried out on the basis of
X-ray diffraction patterns of the samples obtained,
using the PDF-2 database [15] and the PowderCell for
Windows software [16].

To assess the crystal perfection of the samples, we
used such a parameter as the[degree of crystallinity.]
This parameter is not a physical quantity, but shows
the extent to which the ideal crystal structure of a sub-
stance is attained (or the fraction of the crystalline
component in a substance), estimated on the basis of
a diffraction pattern. The degree of crystallinity may
be approximately determined as [17]:

A = S ÄÄÄÄ .
Ii

Iref, i

i = 1

n

A = S ÄÄÄÄ .
Ii

Iref, i

i = 1

n

HereA is the degree of crystallinity;Iref,i, intensity
(angular flux density) of a useful reflected signal at
ith point; and Ii , intensity (angular flux density) of
the total reflected signal atith point.

All the reflections (X-ray peaks) corresponding to
the phase under study were used.

Luminescent properties were examined by the con-
ventional technique [18]. A luminescence spectrum
was recorded, and the quantum efficiency was cal-
culated. The quantum efficiency of a sample was de-
termined by comparison with the quantum efficiency
of a reference luminophor under the same excitation
conditions.

To evaluate the effect of the solution pH on
the phase composition and degree of crystallinity of
a product synthesized, a series of experiments were
carried out. Zinc(II) was added in the form of a fresh-
ly prepared acetate solution. Silica gel of ASK brand,
taken in an amount necessary for the stoichiometric
orthosilicate to be formed, was impregnated for 92 h
at room temperature without stirring. A dried com-
pacted mixture was calcined at 1240oC for 24 h. Only
one crystalline phase of willemite was found by
means of XPA in all the samples. Its lattice param-

Fig. 1. Degree of crystallinity of willemite,A, vs. (a) pH
of (CH3COO)2Zn solution and (b) saturation timet.

eters somewhat varied between different experiments
within the limits slightly exceeding the error of the
experiment.

The dependence of the degree of crystallinity of
willemite on the solution pH is shown in Fig. 1a.

The degree of crystallinity of the product depends
on the pH of the impregnating solution of zinc salt
nonmonotonically. If the solution is nearly neutral,
the resulting product has the minimum degree of
crystallinity. This fact is attributable to the saturation
(blocking) of the silica gel surface mostly with water
molecules. In acid solutions, the results are better be-
cause the silica gel surface is saturated with cations to
form chemical bonds even at room temperature [13].
The impregnation in alkaline solutions also results in
an appreciable tendency toward an increase in the de-
gree of crystallinity of the resulting silicate. In alka-
line solutions, the process can yield high-molecular-
weight compounds [11] (Si2O5H2)n3p[Si2O5(MOH)2]p
which are close to basic salts, and this also leads to
the desired result.

Further, it was of interest to estimate the influence
exerted by the duration of saturation on the degree of
crystallinity of the resulting Zn2SiO4. To avoid the
hydrolysis of zinc acetate, the saturation was carried
out in an acid medium at pH 2. Other experimental
conditions were the same as in the preceding series.
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Fig. 2. Effect of (a) type of silica gel and (b) nature of
the acid residue on the degree of crystallinity,A. Silica
gel: (1) KSK, (2) ASK, (3) ShSM. Zinc salt: (1) nitrate,
(2) acetate, (3) tartrate, (4) citrate.

Fig. 3. Luminescence spectrum of Zn2SiO4 : Mn (see text).
(F
l
) Relative intensity of luminescence and (l) wavelength.

Regardless of the calcination time, only willemite
with unchanged lattice parameters (a = 13.74 and
c = 9.43 A) corresponding to the data of [15] was
found in the annealed product.

The dependence of the degree of crystallinity of
willemite on the duration of saturation of dispersed
silica gel is shown in Fig. 1b.

It is apparent that after about 3 days at room tem-
perature the system comes to a steady state, and
further increase in the time of treatment hardly affects
the result. Similar results were obtained in impregna-
tion with a hot (60370oC) solution.

The effect of the type of silica gel on the degree of
crystallinity of the resulting Zn2SiO4 was also studied.
The saturation was carried out in an acid solution in
the course of 96 h, compacted samples were calcined

at 1200oC for 24 h. In all the samples, only a single
crystalline phase of willemite was found by XPA. Its
lattice parameters varied between the experiments
within the limits slightly exceeding the error of the
experiment. The results obtained are shown in Fig. 2a
in the form of a histogram.

Comparison of the values of A shows that the best
results are obtained with KSK and ASK silica gels.
Probably, this is associated with the diffusion mech-
anism of impregnation, which is mainly affected by
the sizes and relative volumes of pores. The pore sizes
of the KSK and ASK silica gels are comparable (about
3003500 A), whereas those of the ShSM slica gel
are 1003350 A [14]. Apparently, for a complete and
uniform diffusion saturation to be obtained, the size of
a solvated cation should be significantly less than that
of pores in the silica gel.

The influence exerted by the acid residues of zinc
salts on the phase composition of products and the
crystallinity of the resulting Zn2SiO4 were studied.
The impregnation was carried out in acid medium for
48 h, the pellets were calcined at 1200oC for 27 h.
When Zn(NO3)2 and (CH3COO)2Zn were used, a sin-
gle-phase willemite was obtained, whereas the use of
zinc tartrate and citrate led to incomplete reactions. In
addition to the poorly crystallized willemite, a second
phase of ZnO was detected in such samples by XPA.

The effect of the nature of acid residues is shown
in Fig. 2b. It follows from the comparison of the
values of A that the best results are obtained with
Zn(NO3)2 and (CH3COO)2Zn. The extent of the reac-
tion and the product quality are strongly impaired if
larger anions of tartaric or citric acids are used. This
is probably due to the above-mentioned steric hin-
drances arising upon the impregnation. Despite that
the best results are obtained with Zn(NO3)2, zinc
acetate should be preferably used because no toxic
oxides are released in its pyrolysis.

Ground ASK silica gel was used to synthesize wil-
lemite doped with manganese. Acetate solutions were
obtained by separate dissolution of weighed samples
of ZnO and Mn2O3 in an excess amount of acetic
acid. A Mn : Zn atomic ratio of 1 : 99 was obtained
in the combined solution (pH; 2). The impregnation
and calcination conditions were selected with account
of the data presented above. The lattice parameters of
the willemite synthesized are as follows:a = 13.94,
c = 9.36 A.

A bright green luminescence which is typical of
willemite doped with manganese(II) was observed
upon excitation of the crushed product by the 365-nm
line (Fig. 3). The relative intensity of luminescence
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reaches a maximum at 525 nm. Obviously, manga-
nese(III) is partially reduced in the course of synthesis
to be incorporated in the solid solution, statistically
occupying lattice sites of zinc(II).

The luminophor synthesized is, as yet, considerably
exceeded by industrial specimens in quantum ef-
ficiency. The method of synthesis can be additionally
optimized, in particular, as regards the purity of
the silica gel and also the concentration and initial
form of the activator.

CONCLUSIONS

(1) Willemite can be synthesized by a modified
sol3gel method with the use of a xerogel of silicic
acid as an active form of silica gel and an aqueous
solution of a zinc salt (acetate or nitrate).

(2) The solution pH in the initial stage of the syn-
thesis strongly affects the crystallinity of the resulting
samples. A primary reaction of amorphous SiO2 with
the salt added seems to occur in acid and alkaline so-
lutions, which leads to a more perfect (equilibrium)
structure of the silicate produced by a subsequent cal-
cination.

(3) The degree of crystallinity of the willemite syn-
thesized depends on the size of pores in the starting
silica gel and on the nature of acid residues. The pri-
mary reaction is facilitated in a macroporous gel
and with salts forming compact solvates (nitrate and
acetate).

(4) Introduction of manganese(II) in small amounts
into the starting solution provides a green lumines-
cence which is typical of a willemite luminophor.
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Abstract-Processes occurring in mechanical activation of pure and mixed La(III), Nd(III), Er(III), Yb(III),
and Y(III) oxides in air were studied. The influence exerted by the mechanical activation and by the ac-
companying absorption of atmospheric carbon dioxide on the selectivity of dissolution of components of
mixed oxides in acid treatment were studied.

It has been found previously [133] that such stable
compounds as silicate minerals of calcium and mag-
nesium undergo deep structural and chemical trans-
formations under a prolonged mechanical treatment.
The ability of silicates to absorb significant amounts
of CO2 from the ambient atmosphere in mechanical
activation (MA) appeared to be one of the factors re-
sponsible for these transformations. Fine grinding in
air or in atmosphere of CO2 leads to a strong satura-
tion of a silicate mineral with carbon dioxide, which
[dissolves] in the amorphized mineral, being incorpo-
rated into a disordered silicate matrix in the form of
carbonate ions. The content of CO2 in the amorphized
samples may be as high as 20322 wt %. Such con-
siderable changes in the chemical composition and
structure of a substance must affect its physicochem-
ical properties. The influence exerted by MA and
the accompanying CO2 absorption on the increase in
the reactivity of some minerals toward acids have
been studied earlier.

This study is a part of the investigation of the
mechanical activation of silicates and composite ox-
ides of varied composition and structure. The aim of
the study was to examine processes that occur in
mechanical activation of individual and mixed oxides
of rare earth elements in air and to analyze the effect
of MA on their reactivity.

It is known that, when stored in air, REE oxides
absorb in noticeable amounts carbon dioxide and
water from the atmosphere to form basic carbonates
[436]. It is natural to assume that MA of REE oxides
would accelerate their reactions with atmospheric

moisture and carbon dioxide. As the atomic weight
increases in the series of REE, their ionic radii and
basic properties decrease owing to lanthanide contrac-
tion, and, therefore, we can expect that oxides of light
REEs, e.g., lanthanum, willreact in the course of MA
in air with H2O and CO2 to a greater extent than ox-
ides of heavy REEs, e.g., erbium. Therefore, when
activated mixed oxides are treated with an acid,
the newly formed basic carbonates of REEs must pass
into solution before the starting oxides, owing to
the removal of CO2 from the reaction sphere.

In this study, we examined the influence exerted
by preliminary MA of mixed REE oxides in air on the
selectivity of their separation in dissolution in an acid
and also on the crystallization of binary perovskite-
like oxides Ln(1)Ln(2)O3 in thermal treatment of
the mixed oxides.

EXPERIMENTAL

Mixed oxides of REEs and yttrium were obtained
by coprecipitation of hydroxides from solutions of
chemically pure nitrates with ammonia and subse-
quent washing of the precipitates with water and their
calcination at 1000oC for 2 h. According to the data
furnished by chemical and thermal analyses and also
by IR spectroscopy, a complete removal of residual
nitrate ions, water, and CO2 from the samples is
achieved in this case [4, 5]. Individual oxides of La,
Nd, Y, Er and Yb were obtained similarly from solu-
tions of corresponding nitrates. The content of the
main substance in the oxides was no less than 99.9%.
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According to the results of an X-ray phase analysis
(XPA), the starting Ln2O3 and Nd2O3 were of the
hexagonal A-form, and Y2O3, Er2O3, and Yb2O3, of
the cubic C-form.

Freshly calcined oxides were mechanically activated
in a Fritsch mechanical agate mortar (model 5) in air
at 293+2 K. The natural content of carbon dioxide in
air [P(CO2) = 30 Pa] was virtually constant, which is
confirmed by the reproducibility of the degrees of car-
bonization of samples in parallel experiments. The rel-
ative humidity of air during the experiments was 603

70%. The weight of a sample charged into the mortar
was 5 g. After the MA, the samples were kept in a
vacuum desiccator over silica gel. The content of CO2
in the activated samples was determined by a gas-
volumetric technique on an AN-7529 express analyzer.
IR spectra were measured in pellets with KBr on
a modified UR-20 spectrometer supplied with a device
for obtaining spectra in the digital form. X-ray dif-
fraction patterns were measured with a DRON-2.0
diffractometer with unfiltered CuK

a

radiation. A dif-
ferential thermal analysis was carried out on NTR-70
and PRT-1000 instruments with a Pt3Pt/Rh ther-
mocouple in air. The rate of sample heating was
20 deg min31, calcined Al2O3 served as a reference.
Thermogravimetric (TG) curves were obtained on
a VT-1000 torsion balance. The specific surface areas
of the samples were measured by the method of ni-
trogen thermal desorption (single-point method), using
a Micromeritics FlowSorb II 2300 analyzer. Solutions
obtained upon acid leaching of the activated sam-
ples were analyzed for the content of REE oxides
by the atomic-emission method on a Perkin3Elmer
Plasma 400 spectrometer. The content of REEs in
the mixed oxides and precipitates was determined by
the X-ray fluorescent method on a VRA-2 instrument
with an external reference after calcination of the sam-
ples at 1000oC for 2 h.

The IR spectra of La, Nd, Y, Er, and Yb oxides
after 12-h MA are shown inFig. 1. They indicate that
a noticeable hydration and carbonization of the sam-
ples occurs because of the absorption of atmospheric
H2O and CO2. In the case of the oxide of lanthanum,
which has the largest ionic radius, a narrow band at
3600 cm31, associated with stretching vibrations of
an isolated hydroxy group, and a band at 643 cm31,
corresponding to pendular bending vibrations of OH
groups, indicate that lanthanum hydroxide is formed
[7]. This is confirmed by XPA data (not shown), ac-
cording to which La2O3 is completely converted into
La(OH)3 already after 3 h of abrasion. Further increase
in the time of activation results only in a broadening
of La(OH)3 lines in the X-ray diffraction patterns and

Fig. 1. IR spectra of samples of REEs andyttrium oxides
after MA for 12 h. ( T ) Transmission and (n) wave number.
(a) La2O3, (b) Nd2O3, (c) Y2O3, (d) Er2O3, (e) Yb2O3.

in a decrease in their intensity, which indicates that
the sample is amorphized and(or) the particles decrease
in size. Reflections of Nd(OH)3 also appear in the
X-ray diffraction patterns of mechanically activated
Nd2O3 (not shown) on the background of an appre-
ciable decrease in the intensities of the lines associated
with the oxide; however, their intensity is relatively
low. After a 12-h abrasion treatment of oxides of yt-
trium-group elements (Y2O3, Er2O3, and Yb2O3),
a diffuse halo appeared in their X-ray diffraction pat-
terns, which points to the presence of a certain amount
of an amorphous phase, and the intensities of reflec-
tions of the corresponding oxide somewhat decreased.

Broad bands associated with stretching vibrations
of OH groups in the range 330033600 cm31 are pres-
ent in the IR spectra of all mechanically activated ox-
ides (Fig. 1). The absence of bands of bending H3O3H
vibrations at 163031670 cm31 indicates that water is
present in samples only in the form of OH groups.
The broadening of the band of stretching OH vibra-
tions is presumably due to a noticeable contribution
of hydrogen bonds formed by protons of the hydroxy
groups [8, 9]. Formation of bridging OH groups be-
tween two metal atoms is also not improbable [10].
The absorption bands at 564, 562, and 576 cm31 in
the IR spectra of Y2O3, Er2O3, and Yb2O3 (Fig. 1,
curvesc, d, and e, respectively) correspond to Ln3O
stretching vibrations in the crystal lattices of the ox-
ides [11, 12], in agreement with the XPA data.

The high-intensity double band at 138031550 cm31,
which appears in the IR spectra of all the oxides under
study as a result of their mechanical activation, corre-
sponds to then3 stretching vibrations of CO3 groups.
The splitting of this band, typical of basic carbonates
of REEs, is due to lifting of the degeneration by the
lowering symmetry of the carbonate group [13321].
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Fig. 2. DTA and TG curves of samples after MA.
(T) Temperature. (a) La2O3, (b) Nd2O3, (c) Er2O3,
(d) mixed oxide La2O3 and Er2O3. MA duration (h):
(a) and (b) 3, (c) and (d) 12. For the TG curve of Er2O3
sample the scale of the ordinate axis is multiplied by
a factor of 3.

The splittingDn3(CO3) equal to 903125 cm31 points
to the monodentate coordination of carbonate groups,
which is characterized by the appearance of ab-
sorption bands at 138031550, 1075, and 850 cm31

[9, 13, 14, 22].

The processes that occur in La2O3, CeO2, Sm2O3,
Dy2O3, and Yb2O3 during their storage in air for
233 years have been studied by X-ray photoelectron
spectroscopy (XPS) [5]. It was found that X-ray-amor-
phous basic carbonates are formed not only on the
surface, but also in the bulk of all the samples under
study. The peaks of the corresponding hydroxides ap-
peared in the X-ray diffraction patterns of La and Sm
oxides upon their exposure to air. For Dy2O3 and
Yb2O3, only broadening of the reflections of the start-
ing oxides was observed. As would be expected,
the MA in our experiments considerably accelerates
the reactions of oxides with atmospheric H2O and
CO2, with the nature of the occurring processes being
similar to that described in [5]. The oxide La2O3, and
to a lesser extent Nd2O3, probably first react with
moisture to form hydroxides, which are then con-
verted into X-ray-amorphous basic hydroxides in re-
actions with CO2. The exposure of Ln(OH)3 to air is

known to yield basic carbonates Ln2(CO3)x(OH)2(33 x) .

nH2O [6]. As already mentioned, the IR spectra of
the samples subjected to MA contain no bands as-
sociated with bending vibrations of H3O3H. This
suggests that basic carbonates formed in abrasion in
air have the formula Ln2(CO3)x(OH)2(33 x).

It is probable that X-ray-amorphous basic car-
bonates are also present in mechanically activated
oxides of Y, Er, and Yb, which have smaller ionic
radii, although the process of their formation is some-
what different. It should be noted that the peaks of
the double band associated with stretching vibrations
n3 of the CO3 group (Fig. 1) are shifted to shorter
wavelengths as the ionic radius of Ln3+ decreases:

Ionic radii of REEs by Goldschmidt [4]

Ion La3+ Nd3+ Y3+ Er3+ Yb3+

r, A 1.22 1.15 1.06 1.04 1.00

In this case, the splittingDn3(CO3) for mechanical-
ly activated Y2O3, Er2O3, and Yb2O3 exceeds by
20330 cm31 that for samples of La and Nd oxides
obtained under the same conditions. In view of the
decrease in the basic properties in the order La > Nd >
Y > Er > Yb, this result is somewhat unexpected be-
cause the shift of then3 band and the increase in its
splitting indicate a stronger binding of the CO3 group
[13, 22]. As formation of hydroxides was observed in
MA of La2O3 and Nd2O3, we may assume that the
OH group is a primary ligand in the resulting basic
lanthanum and neodymium carbonates, and the CO3
group is bound to it by hydrogen bonds [15, 18]. In
the basic carbonates of Y, Er, and Yb, both the car-
bonate and hydroxyl groups are probably bound to
the metal.

The DTA and TG curves of a lanthanum oxide
sample subjected to a 3-h MA are shown in Fig. 2a.
The shape of the DTA curve and the position of the
peaks of effects are close to those in a similar curve
for amorphous basic lanthanum carbonate obtained by
precipitation of a hydroxide from a nitrate solution
brought in contact with atmospheric CO2 [5]. The en-
dothermic effects at 400oC are probably associated
with removal of water. Further increase in temperature
results in the appearance of an endothermic peak at
584oC, which corresponds to the simultaneous re-
moval of H2O and CO2 [5]. Carbon dioxide is com-
pletely removed at temperatures above 850oC. Three
steps in the TG curve of the lanthanum oxide sample
after 3 h of MA correspond to three main endother-
mic effects in the DTA curve (Fig. 2a). The loss of
weight by this sample after calcination at 1000oC was
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16.6+ 0.4 wt %. The TG curve inFig. 2a is similar
to the curve of the same kind, obtained for lanthanum
oxide after its exposure to air for 2 years, with the
weight loss in calcination at 800oC equal to 13.43
14.0 wt % [5].

The DTA curve of neodymium oxide after MA for
3 h (Fig. 2b) is similar to the DTA curve for activated
lanthanum oxide (Fig. 2a). The positions of the peaks
of the effects for the neodymium oxide sample are
shifted to lower temperatures, in agreement with
published data [15, 16], which indicate that the
decomposition temperatures of basic REE carbonates
become lower as the ionic radius decreases. The
results of a thermal analysis for an Er2O3 sample
subjected to 12 h of MA, presented in Fig. 2c(for
the TG curve the scale of ordinate axis for this sample
is multiplied by a factor of 3), point to a noticeably
smaller degree of H2O and CO2 absorption and to
another nature of thermal decomposition, compared
with activated lanthanum and neodymium oxides. As
the atomic weight of a metal increases, the shape of
the TG curves changes from a steplike for mechanical-
ly activated samples of lanthanum and neodymium
oxides to almost monotonic for samples of erbium
oxide (Fig. 2c). The same tendency was observed for
REE oxides exposed to air [5] and for basic REE car-
bonates precipitated from solutions [21]. It is neces-
sary to note that the thermolysis of basic REE car-
bonates is of a multistage complex nature. A number
of intermediate phases are formed in the process, with
the technique used to obtain the starting samples be-
ing of importance [5, 15, 16, 21].

The extents of carbonization,P (wt % CO2), of
individual oxides of REEs and yttrium subjected to
MA are listed in Table 1. The data obtained indicate
that, on the whole, the extent of carbon dioxide ab-
sorption in MA is in agreement with the basicity of
the metals, which is determined by radii of their ions.
Oxides of elements with larger ionic radii (lanthanum
and neodymium) are carbonized to the greatest extent,
whereas erbium and ytterbium oxides are carbonized
to a lesser degree. Yttrium is an exception. Its ionic
radius is intermediate between those of light and
heavy REEs. At the same time, the CO2 content in
the sample of yttrium oxide after MA is comparable
with that for lanthanum oxide (Table 1). It is neces-
sary to note that specific surfaces areas of the starting
La, Nd, Y, Er, and Yb oxides are 1.6, 1.7, 7.8, 2.3,
and 1.0 m2 g31, respectively. The relatively large
initial specific surfacearea of yttrium oxide can be
one of reasons for the increased content of the car-
bonate after MA. Another possible reason is the no-
ticeably smaller molecular weight of yttrium oxide,

Table 1. Extent of carbonization of individual REE oxides
after MA*

ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Oxide
³ P3, ³

P3M
³ P12, ³

P12M
³ wt % CO2 ³ ³ wt % CO2 ³

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
La2O3 ³ 3.3+0.1 ³ 1075+33 ³ 9.1+0.3 ³2965+98
Nd2O3 ³ 3.2+0.1 ³ 1077+34 ³ 7.6+0.2 ³2557+67
Y2O3 ³ 3.6+0.1 ³ 813+23 ³ 9.0+0.3 ³2032+68
Er2O3 ³ 1.6+0.1 ³ 612+38 ³ 3.2+0.1 ³1224+38
Yb2O3 ³ 1.8+0.1 ³ 709+39 ³ 4.7+0.2 ³1852+79
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* P3 and P12, the extents of carbonization after MA for 3 and

12 h, respectively;M, the molecular weight of the correspond-
ing REE oxide.

compared with REE oxides. As the weight of the ox-
ide charge in all the activation experiments was the
same (5 g), the numbers of moles of the substances
absorbing CO2 were inversely proportional to their
molecular weights. It is likely that, in the case of
equal inputs of the mechanical energy per unit mass of
a sample, a greater number of oxide moles will react
with a greater amount of carbon dioxide, all other
factors being the same. The extents of carbonization
of REE oxides, which are normalized to their molec-
ular weights (Table 1), show a clearly pronounced,
although not absolutely strict, tendency toward a de-
crease in the absorption of CO2 with decreasing ionic
radius of a metal.

The aim of further experiments was to determine
whether or not the REE oxides included in a mixed
compound obtained by coprecipitation from a solution
of their salts with ammonia, with the subsequent cal-
cination, differ in their tendency to react with atmo-
spheric CO2 in a mechanical activation similarly to
activated individual oxides, and whether or not it is
possible to make one of the components (oxide) of
such a mixed compound to be converted into a basic
carbonate first. Then it would be possible to expect
a selective dissolution of this same component when
a mixed oxide reacts with an acid. To verify this as-
sumption, we synthesized mixed oxides of the fol-
lowing metals: (1) lanthanum, neodymium, and yt-
trium; (2) lanthanum and erbium; and (3) neodymium
and ytterbium. The first mixed oxide included ele-
ments rather close to each other in the susceptibility to
carbonization. By contrast, the lanthanum3erbium and
neodymium3ytterbium compositions involved the el-
ements as distant as possible from each other in
the series of REEs. The choice of elements for the
compositions was determined, among other things, by
the availability of compounds. The mixed oxides
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Table 2. Relative amounts of lanthanum, neodymium, and yttrium oxides in solutions and solid phases after dissolution
of a mixed oxide in 0.5 M HNO3

* (molar ratio La2O3 : Nd2O3 : Y2O3 in the starting sample 1 : 1.03 : 1.10)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ La2O3 : Nd2O3 : Y2O3, mol, after dissolution in acid ³
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´t, h ³ ³ a(La2O3 + Nd2O3 + Y2O3), wt %
³ in solid phase ³ in solution ³

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
3 ³ 1 : 1.50 : 1.70 ³ 191 : 16 : 1 ³ 5.2
3 ³ 1 : 1.73 : 1.88 ³ 19 : 6 : 1 ³ 17.1
3 ³ 1 : 1.05 : 1.12 ³ 1.16 : 0.88 : 1 ³ 12.9
3 ³ 1 : 1.04 : 1.11 ³ 1.08 : 0.95 : 1 ³ 34.5
6 ³ 1 : 1.04 : 1.11 ³ 1.06 : 1.00 : 1 ³ 13.2

ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
*
t, the processing (MA) duration;a, the degree of dissolution.

Table 3. Relative amounts of lanthanum and erbium oxides in solutions and solid phases after dissolution of a mixed
oxide in 0.1 M HNO3 (molar ratio La2O3 : Er2O3 in the starting mixed oxide 1 : 1.04)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ La2O3: Er2O3, mol, after dissolution in acid ³
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´Sample ³ ³ a(La2O3 + Er2O3), wt %
³ in solid phase ³ in solution ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Mixed oxide without MA ³ 1 : 4.28 ³ 4.10 : 1 ³ 44.1
Mixed oxide, MA for 12 h ³ 1 : 1.15 ³ 1.29 : 1 ³ 33.2
LaErO3 without MA ³ 1 : 1.14 ³ 1.12 : 1 ³ 36.1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 4. Relative concentrations of neodymium and ytterbium oxides in solutions and solid phases after dissolution
of a mixed oxide in 0.1 M HNO3 (molar ratio Nd2O3 : Yb2O3 in the starting sample 1 : 1.05)
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Nd2O3: Yb2O3, mol, after dissolution in acid ³
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´t, h ³ ³ a(Nd2O3+Yb2O3), wt %
³ in solid phase ³ in solution ³

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
3 ³ 1 : 2.52 ³ 1.55 : 1 ³ 49.7
12 ³ 1 : 1.11 ³ 1.07 : 1 ³ 33.3

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Table 5. Extent of carbonization of mixed oxides of REEs and yttrium after MA
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample ³ t, h ³ CO2, wt % º Sample ³ t, h ³ CO2, wt %
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
La2O3 + Nd2O3 + Y2O3 ³ 3 ³ 4.4+ 0.1 º La2O3 + Er2O3 ³ 12 ³ 7.3+ 0.2

³ 6 ³ 5.1+ 0.1 º Nd2O3 + Yb2O3 ³ 12 ³ 6.9+ 0.2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

we synthesized contained approximately equimolar
amounts of oxides of each metal, their compositions
are listed in Tables 234.

To study the effect of MA on the selectivity of
leaching of separate components, we dissolved the
starting unactivated mixed oxides under identical
conditions in dilute nitric acid with continuous stirring
for 2 h, until complete neutralization of the acid.
The dissolution of the mixed oxides subjected to pre-

liminary mechanical activation and, therefore, car-
bonized to a considerable extent (Table 5) was carried
out similarly. We used for dissolution 0.1 and 0.5 M
nitric acid. After that, the solid phase remaining upon
partial dissolution of the mixed oxides was separated
from the solution by filtering, washed, dried at 100oC,
and calcined to oxides at 1000oC for 2 h. To obtain
data on the distribution of REEs and yttrium among
the liquid and solid phases as a result of reactions of
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the starting and activated samples of the mixed oxides
with dilute solutions of nitric acid, we analyzed
the solid phase and the filtrates for the content of
REEs. The total content of REE oxides in the solid
phase and in the filtrate always differed from their
content in the starting mixed oxide by no more than
132%, i.e., the loss was at a minimum. The data on
the distribution of REEs and yttrium among the liquid
and solid phases after dissolution of mixed oxides in
the acid are listed in Tables 234. The degree of dis-
solution of the mixed oxides is represented as the ratio
of the amount of oxides that passed into solution and
the amount of oxides in a sample before dissolution.
For the ternary mixed oxide La3Nd3Y (Table 2), not
subjected to preliminary MA, rather selective leach-
ing-out of lanthanum is observed when 5.2% of the
sample passes into solution. Its concentration in solu-
tion exceeds that of neodymium by more than a factor
of 10 and that of yttrium by almost a factor of 200,
whereas in the starting sample the oxides were present
in approximately equimolar amounts. At higher ex-
penditure of the acid, the selectivity of leaching-out of
lanthanum upon dissolution of 17.1% of a sample of
the ternary oxide essentially decreases: the concentra-
tion of lanthanum in solution exceeds that of neo-
dymium by only a factor of 3, and that of yttrium
by a factor of 19. It also follows from Table 2 that
the MA leads to a dramatic decrease in the selectivity
of leaching. Comparison of samples of the ternary
oxide, activated for 3 and 6 h in the mechanical mor-
tar, shows that, at the same extent of sample dissolu-
tion (about 13%), the relative concentrations in solu-
tion, La2O3 : Nd2O3 : Y2O3 are equalized to 1.16 :
0.88 : 1 and 1.06 : 1.00 : 1, respectively. A similar
behavior in passing of REEs into solution is observed
in dissolution of La3Er and Nd3Yb binary mixed ox-
ides (Tables 3 and 4).

Thus, the experimental data show that the dissolu-
tion in an acid of starting mixed oxides not subjected
to MA occurs in accordance with the basicity of ele-
ments, which is determined by their ionic radii. In
the case of a mixed oxide of lanthanum, neodymium,
and yttrium (Table 2), the extent to which a metal
passes into a solution increases in the order Y <
Nd < La, and hence the enrichment of the solid phase
occurs in the reverse sequence. When the fraction of
the dissolved sum of oxides increases, which occurs
at a higher expenditure of the acid, the selectivity of
separation falls. A similar trend is observed in reac-
tions involving unactivated binary oxides of lantha-
num and erbium, and also of neodymium and ytterbi-
um: lanthanum and neodymium preferentially pass
into solution, and heavy REEs are concentrated in
the solid phase (Tables 3 and 4).

Fig. 3. X-ray diffraction patterns of the mixed oxide
La2O3 + Er2O3. (I ) intensity and (2q) Bragg angle.
(a) Starting oxide calcined at 1000oC; (b) samplea after
MA for 12 h; (c) sampleb after heating at 700oC; (d) sam-
ple b after heating at 1000oC. (1) La2O3, (2) Er2O3,
(3) LaErO3, (4) La2O2CO3, (5) Er2O2CO3.

Preliminary MA of the mixed oxides noticeably
changes the distribution of elements among the liquid
and solid phases in reaction with an acid, because
REEs and yttrium pass into solution to approximately
the same extent, i.e., virtually no selectivity is ob-
served in dissolution. Thus, the experiments show that
the MA of the mixed oxides adversely affects the se-
lectivity of their separation.

The data obtained can be explained as follows. Pre-
sumably, several processes occur in MA of the mixed
oxides. It is possible that, alongside with carboniza-
tion and hydration, a solid-phase reaction occurs to
give precursors of binary perovskite-like oxides of
REEs Ln(1)Ln(2)O3, which dissolve in the acid con-
gruently. To verify this assumption, we synthesized
a mixed oxide of lanthanum and erbium and activated
it in a mechanical mortar for 12 h, and then subjected
it to a heat treatment. The results of XPA and thermal
analysis show that the thermal relaxation of mech-
anically activated mixed oxide of La and Er results in
the synthesis of the perovskite-like oxide LaErO3.
The X-ray diffraction patterns of the starting mixed
oxide of La and Er and of the same sample after
MA for 12 h with the subsequent heating at 700 and
1000oC are shown in Fig. 3. Thedegree of crystal-
linity of the starting mixed oxide sample is low
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(Fig. 3, curve a), and the MA results in a certain
broadening of the reflections and in a decrease in their
intensity (Fig. 3, curveb). The fact that there are no
reflections of La(OH)3, which is formed in abrasion
of pure La2O3, in the X-ray diffraction patterns of
a mechanically activated sample (Fig. 3, curveb) in-
directly shows that a reaction between La and Er
oxides occurs in MA. This conclusion is also con-
firmed by the strong difference between the thermo-
grams of mechanically activated mixed (Figs. 2a and
2d) and individual (Figs. 2a and 2c) oxides of La and
Er. The endothermic peaks at 3003640oC in the DTA
curve of the mixed oxide of lanthanum and erbium
after 12-h MA probably correspond to removal of
water and, in part, of CO2 (Fig. 2d). The exother-
mic effect at 642oC apparently corresponds to for-
mation of dioxomonocarbonate Ln2O2CO3. According
to published data [20], the appearance of such an exo-
thermic peak precedes the formation of La2O2CO3
in thermal decomposition of the mono-oxocarbonate
La2O(CO3)2 . 1.4H2O. This assumption is supported
by the fact that reflections that can be assigned to
La2O2CO3 and Er2O2CO3 [23, 24] appear in the X-ray
diffraction pattern of the mechanically activated
mixed oxide of La and Er heated to 700oC (Fig. 3,
curve c). At the same time, no changes are observed
in the X-ray diffraction pattern of the same sample
heated to 500oC (not shown). The endothermic effect
at 880oC in Fig. 2d probably corresponds to removal
of carbon dioxide. The exothermic peak at 983oC cor-
responds to crystallization of the binary oxide LaErO3
[25], which is confirmed by the XPA (Fig. 3, curved).
The TG curve of the mixed oxide after MA (Fig. 2d)
is monotonic, as in the case of mechanically activated
erbium oxide (Fig. 2c).

Table 3 lists the data on dissolution in dilute nitric
acid of the binary mixed oxide of lanthanum and erbi-
um and of LaErO3 synthesized as described above.
The congruence of the LaErO3 dissolution in dilute
HNO3 confirms the assumption concerning the pos-
sible reason for the negative effect of the MA of
the mixed oxides on the selectivity of REE separation.

It should be noted that a method for synthesis of
Ln(1)Ln(2)O3 compounds has been described in the
literature [26]. This method consists in a prolonged
(10340 h) heating of coprecipitated hydroxides at
140031800oC [26]. The Ln(1)Ln(2)O3 compounds ac-
tivated with metal ions hold much promise as scintil-
lators and materials for laser technology [27]. The me-
chanical activation of mixtures of solids finds in-
creasing use in synthesis of complex oxides [28, 29].
The above-mentioned decrease in the temperature of
LaErO3 synthesis as a result of a preliminary MA of

the stock may be of interest for improving the existing
methods for preparation of perovskite-like binary REE
oxides.

CONCLUSIONS

(1) The mechanical activation of individual oxides
of lanthanum, neodymium, erbium, ytterbium, and
yttrium strongly accelerates the absorption of CO2 and
moisture from air by these compounds. As the atomic
weights of REEs increase, their ionic radii and also
basic properties of the metals decrease owing to the
lanthanide contraction. In the same direction decreases
the extent of carbonization of the oxides in mechanical
activation.

(2) The mechanical activation of individual lantha-
num and neodymium oxides results in that they are
converted into hydroxides via reaction with moisture
contained in air, yielding hydroxides, which form
amorphous basic carbonates, presumably of the com-
position Ln2(CO3)x(OH)2 (33 x), by reacting with atmo-
spheric carbon dioxide. Individual oxides of the yt-
trium-group elements (Y2O3, Er2O3, and Yb2O3) are
more stable against mechanical actions.

(3) The effect of the mechanical activation and of
the accompanying absorption of atmospheric carbon
dioxide on the selectivity of dissolution of com-
ponents of mixed oxides was studied. The mechanical
activation results in a decrease in the selectivity of
separation of elements in treatment of the mixed ox-
ides with nitric acid solutions. Presumably, this is due
to formation of precursors of binary perovskite-like
oxides in mechanical activation. It was established for
the example of lanthanum and erbium oxides that
a preliminary mechanical activation of a mixture of
starting oxides noticeably lowers the temperature of
LaErO3 formation in heat treatment.
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Abstract-The material balance of water, phosphoric acid, and tri-n-butyl phosphate in the real process
of purification of wet-process phosphoric acid by TBP extraction was studied. A process mechanism was
suggested.

One of the methods for purification of wet-process
phosphoric acid (WPPA) is extraction with tri-n-bu-
tyl phosphate (TBP). At the Voskresensk Institute of
Fertilizers and Phosphoric Acid, Joint-Stock Compa-
ny, a pilot plant for production of purified phosphoric
acid PPA from WPPA by tributyl phosphate (TBP)
extraction in pulse columns have been operating for
more than eight years. Its daily output capacity was
brought to 50355 tons of P2O5 [2]. In this study, we
examined the mechanism of water transfer with the ex-
tractant from the back-extraction column to the extrac-
tion stage. To our knowledge, there is no information
on this mechanism in the literature. The process flow-
sheet is presented below. The material balance was
determined from the process parameters measured dur-
ing seven workdays. This balance appeared to be
typical of extraction systems.

Comparison of the sums of the input (GWPPA +
GH2O

) and output (Graf + Gpur. acid) aqueous flow
rates in the system reveals that the difference between
them is 173.9 kg h31, the major part of the debalance
(163 kg h31) being accounted for by water. It fol-
lows from an analysis of the operation of the unit that
this amount of water is evaporated from the column
in the course of back extraction, since this stage is
performed at 52355oC, which causes high water vapor
pressure in the top part of the column.

Furthermore, measurements of the WPPA input
flow and raffinate flow output from the bottom of the
extraction column show that the amount of water in-
put to the column with WPPA (1455.1 kg h31) is con-
siderably smaller (by 321.7 kg h31) than that removed

from the column with the raffinate. As a result, a more
dilute raffinate (26.89% recalculated for P2O5) is
formed instead of the estimated 30.3%.

At the same time, in determining the rate of the wa-
ter flow fed into to the column for back extraction,
it was found that the amount of water entering
the top part of the column (GH2O

= 2980 kg h31) ex-
ceeds by 484.7 kg h31 that necessary for formation
of 5447.3 kg h31 of purified phosphoric acid. It was
demonstrated that 163 kg h31 is evaporated from
the column. It is evident then that the remaining
321.7 kg h31 should enter the first extraction column.

Therefore, it follows from the analysis of the ma-
terial balance that about 5% of water entering the col-
umn is evaporated from it, and the rest (about 11%)
passes to the extraction stage and then is removed
from the system with the raffinate flow.

To verify this assumption, we analyzed the extract
passing to back extraction, and also the extractant pass-
ing to the extraction column, for the content of wa-
ter, using the Fischer titration method [GOST (State
Standard) 14 870377]. Additionally, we analyzed the
extract and extractant for H3PO4 by potentiometric
titration [3]. The results are listed in the table.

The results obtained allowed estimation of the amount
of water circulating in the system with the extract and
extractant flows: 968 kg h31 passes to the column with
the extractant and 739 kg h31, i.e., an amount smaller
by 229 kg h31, is removed with the extract. According
to our estimates (see table), the composition of the ex-
tract can be represented as (C4H9O)3PO . 0.89H2O .



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

INTERACTION OF TRI-n-BUTYL PHOSPHATE, WATER, AND PHOSPHORIC ACID 1607

Flowsheet of the pilot plant for production of purified phosphoric acid from WPPA by TBP extraction.

0.73H3PO4, and that of the extractant, as (C4H9O)3PO.

1.15H2O . 0.08H3PO4. Therefore, the extraction/back
extraction cycle can be described by Eq. (1).

100TBP. 115H2O . 8H3PO4 + 65H3PO4

(1)6
4 100TBP. 89H2O . 73H3PO4 + 26H2O.

It is of interest to compare the results of our meas-
urements with published data on interactions between
TBP, H3PO4, and H2O. According to Higgins and
Baldwin [4], the water concentration in these phases is
5 and 9%, respectively, at an H3PO4 concentration in
the extract and extractant of 20.22 and 2.75%.

Characteristics of the organic flows circulating in the process
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Extract ³ Extractant ³ Molar ratio
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

r, ³ content, wt % ³
r, ³ content, wt % ³ extract ³ extractant

ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄg cm33 ³ ³g cm33³ ³
³H3PO4³ H2O ³ TBP ³ ³H3PO4³ H2O ³ TBP ³ TBP ³ H2O ³H3PO4³ TBP ³ H2O ³H3PO4

ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
1.087 ³ 19.28³ 4.14 ³ 76.58³ 0.996³ 2.90 ³ 6.27 ³ 90.83³ 1 ³ 0.80 ³ 0.68 ³ 1 ³ 1.02 ³ 0.09
1.0984³ 20.15³ 4.57 ³ 75.28³ 0.995³ 2.84 ³ 7.54 ³ 89.62³ 1 ³ 0.90 ³ 0.73 ³ 1 ³ 1.24 ³ 0.09
1.095 ³ 20.34³ 4.57 ³ 75.09³ 0.994³ 2.65 ³ 7.2 ³ 90.15³ 1 ³ 0.90 ³ 0.74 ³ 1 ³ 1.18 ³ 0.08
1.101 ³ 21.18³ 4.52 ³ 74.30³ 0.993³ 2.37 ³ 6.84 ³ 90.79³ 1 ³ 0.90 ³ 0.77 ³ 1 ³ 1.11 ³ 0.07
1.097 ³ 20.69³ 4.61 ³ 74.70³ 0.993³ 2.51 ³ 7.46 ³ 90.03³ 1 ³ 0.91 ³ 0.75 ³ 1 ³ 1.23 ³ 0.08
1.098 ³ 20.92³ 4.35 ³ 74.73³ 0.996³ 2.91 ³ 7.16 ³ 89.93³ 1 ³ 0.86 ³ 0.76 ³ 1 ³ 1.18 ³ 0.09
1.096 ³ 20.51³ 4.94 ³ 74.55³ 0.997³ 3.16 ³ 6.81 ³ 90.03³ 1 ³ 0.98 ³ 0.75 ³ 1 ³ 1.12 ³ 0.10
1.094 ³ 20.27³ 4.72 ³ 75.01³ 0.994³ 2.73 ³ 7.6 ³ 89.67³ 1 ³ 0.93 ³ 0.73 ³ 1 ³ 1.25 ³ 0.08
1.103 ³ 21.90³ 4.4 ³ 73.70³ 0.993³ 2.61 ³ 7.74 ³ 89.65³ 1 ³ 0.88 ³ 0.81 ³ 1 ³ 1.28 ³ 0.08
1.086 ³ 18.66³ 4.57 ³ 76.77³ 0.994³ 2.87 ³ 7.07 ³ 90.06³ 1 ³ 0.88 ³ 0.66 ³ 1 ³ 1.16 ³ 0.09
1.082 ³ 18.27³ 4.66 ³ 77.07³ 0.994³ 2.70 ³ 6.95 ³ 90.35³ 1 ³ 0.89 ³ 0.64 ³ 1 ³ 1.14 ³ 0.08
1.103 ³ 21.76³ 4.11 ³ 74.13³ 0.993³ 2.44 ³ 6.63 ³ 90.93³ 1 ³ 0.82 ³ 0.80 ³ 1 ³ 1.08 ³ 0.07
1.086 ³ 18.99³ 4.37 ³ 76.64³ 0.994³ 2.82 ³ 5.91 ³ 91.27³ 1 ³ 0.84 ³ 0.67 ³ 1 ³ 0.96 ³ 0.08
ÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
Mean ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
values: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
1.094 ³ 20.22³ 4.53 ³ 75.26³ 0.994³ 2.75 ³ 7.04 ³ 90.21³ 1 ³ 0.89 ³ 0.73 ³ 1 ³ 1.15 ³ 0.08
ÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
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Therefore, in the system TBP3H2O3H3PO4 with
the content of H3PO4 and water equal to 20.22 and 5%
and 2.75 and 9%, the hydrosolvates (C4H9O)3PO .

0.99H2O . 0.72H3PO4 and (C4H9O)3PO . 1.51H2O .

0.08H3PO4 are, respectively, formed. Therefore, the
interaction in the TBP3H2O3H3PO4 system can be
described by Eq. (2).

100TBP. 151H2O . 8H3PO4 + 64H3PO4

6
4 100TBP. 99H2O . 72H3PO4 + 52H2O. (2)

According to [4], 440 kg h31 of water should be
transferred with the organic phase from the back-
extraction column to the extraction column, which
slightly exceeds the amount determined in our study.
The cited data were obtained at 25oC, while our re-
sults correspond to the actual process temperature
(40350oC), which, most likely, causes the observed
discrepancy.

In conclusion, our determinations of the water con-
tent in the organic phases by means of Fischer titra-

tion allowed a more precise estimation of the water
balance in the system. The transfer of water from one
column to another, i.e., from the organic phase to
the raffinate, was interpreted in terms of the hydra-
tion-solvation mechanism.
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Abstract-The influence exerted by the composition of film-forming solutions based on acetylacetone on
the electrical and optical properties of indium-tin oxide films obtained from these solutions by the dip-coating
process was revealed.

Films composed of indium oxide with addition of
tin(IV) have a high electrical conductivity and, at
the same time, remain transparent in the visible spec-
tral range [1]. Thanks to these properties, these films
find wide use in optoelectronics and solar power
engineering. One of promising methods for obtaining
In2O33Sn coatings, especially on large-area articles,
is the dip-coating process (drawing from solution).
However, the wide variety of film-forming solutions
(FFS) and the scarcity of data on the influence of the
FFS composition on the physicochemical character-
istics of In2O33Sn films make necessary research in
this area.

EXPERIMENTAL

The aim of this study was to reveal the influence
of the FFS composition on the electrical and optical
properties of indium-tin oxide films.

The FFS were prepared by dissolving acetylacetone
(Hacac) and asalt, InCl3, SnCl2 . 2H2O, or SnCl4, in
96% ethanol. The solutions were kept in a thermostat
at 333 K for 1 h. In order to analyze the effect of
Hacac concentration and FFS acidity on the properties
of the films obtained, a set of alcoholic solutions with
cHacac in the range from 0 to 0.72 M andcHCl of 0 to
0.2 M were prepared. The starting components of
all the FFS are listed in Table 1.

The composition of all the FFS was studied by
IR and UV spectroscopies. The IR spectra were mea-
sured on an IKS-29 spectrophotometer in the frequen-
cy range 40034200 cm31, and the UV spectra, on
an SF-20 instrument at 2203340 nm. The film-form-
ing capacity of all the solutions was evaluated by their

viscosity. The viscosity was measured at a tempera-
ture of 298 K on a VPZh-2 viscometer with a capil-
lary diameter of 0.73 and 0.99 mm. The measurement
error was 0.07 mm2 s31.

In2O33Sn(II, IV) films were obtained on glass sub-
strates by drawing from FFS at a rate of 2 mm s31.
The thermal treatment of the samples was carried out
in a muffle furnace at 873 K. The resistance and trans-
parency of the films was determined with a VK7-9
voltmeter in a two-probe circuit and with an IKS-3
spectrophotometer, respectively.

The absorption bands in the IR spectra of FFS
nos. 3 and 5 and of the initialHacac are listed in Ta-
ble 2. The IR spectrum of Hacac contains a set of

Table 1. Initial composition of alcoholic FFS
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

FFS ³ Composition ³ cHCl/cHacac,
no. ³ ³ M

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
1 ³ InCl33SnCl2 .2H2O3Hacac3HCl ³ 0.20/0.71
2 ³ InCl33SnCl2 .2H2O3Hacac3HCl ³ 0.25/0.71
3 ³ InCl33SnCl43Hacac3HCl ³ 0.00/0.71
4 ³ InCl33SnCl43Hacac3HCl ³ 0.01/0.71
5 ³ InCl33SnCl43Hacac3HCl ³ 0.03/0.71
6 ³ InCl33SnCl43Hacac3HCl ³ 0.05/0.71
7 ³ InCl33SnCl43Hacac3HCl ³ 0.10/0.71
8 ³ InCl33SnCl43Hacac3HCl ³ 0.20/0.71
9 ³ InCl33SnCl2 .2H2O3Hacac3HCl ³ 0.20/0.00

10 ³ InCl33SnCl2 .2H2O3Hacac3HCl ³ 0.20/0.18
11 ³ InCl33SnCl2 .2H2O3Hacac3HCl ³ 0.20/0.72
12 ³ InCl33SnCl43Hacac ³ 0.00/0.00
13 ³ InCl33SnCl43Hacac ³ 0.00/0.18
14 ³ InCl33SnCl43Hacac ³ 0.00/0.72

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
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Table 2. Absorption bands in IR spectra of Hacac, Hacac
in an acidified solution of C2H5OH, FFS no. 3, and FFS
no. 5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Assignment
³ n, cm31

ÃÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
of frequencies ³ Hacac³ Hacac in³ FFS ³ FFS

³ ³ C2H5OH ³ no. 3³ no. 5
ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
(O3H) ³ 3 ³356032750³ 3315 ³ 3300
3CO3C=C3OH ³ 3 ³ 3 ³ 3 ³ 3
(C=O) ³ 1735 ³ 1680 ³ 1646 ³ 1652
(C3O) + (C3C) ³ 1514 ³ 1560 ³ 1534 ³ 1543
enol ring ³ ³ ³ ³
(C3CH3) + (C3C)³ 1310 ³ 1280 ³ 3 ³ 1254
(C3O3H), (CH3) ³ 1399 ³ 3 ³ 1091 ³ 1097,

³ ³ ³ ³ 1062
(C3C) + (C3O) ³ 1197 ³ 937 ³ 1053 ³ 900
p(C3H) ³ 812 ³ 845 ³ 891 ³ 795
Ring ³ 3 ³ 3 ³ 793,³ 667
deformation ³ ³ ³ 658 ³
In3O ³ 3 ³ 3 ³ 510 ³ 510
(3C3CH3) ³ 3 ³ 3 ³ 461 ³ 466
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

absorption bands that is characteristic ofb-diketones
[2, 3]. The absorption band at 1735 cm31 points to
the presence of a ketone form of Hacac, and the ab-
sorption bands at 1514, 1399, and 812 cm31 indicate
the existence of a enolic form of Hacac. The IR spec-
tra of FFS nos. 3 and 5 also contain a set of absorp-
tion bands that characterizes the keto3enol equi-
librium of Hacac. However, these bands are shifted
to lower frequencies, compared with the absorption
bands of Hacac and Hacac in a 96% ethanolsolution.
This can be attributed to the influence of the solvent
C2H5OH and formation of complex species by In(III)
and Hacac. In contrast to the IR spectrum of Hacac,
the IR spectra of FFS nos. 3 and 5 show absorption
at around 510 cm31, which is associated with vibra-
tions of the In3O bond [4]. It can be seen from Ta-
ble 2 that an increase in acidity affects vibrations
of the ketone and enol groups of Hacac. The absorp-
tion bandsn(C=O) andn[(C3O) + (C3C)] are shifted
to higher frequencies. In addition, the intensity of
the n(C=O) band increases. This fact indicates that
the equilibrium is shifted toward ketolization of

Hacac when the concentration of HCl in FFS becomes
higher.

The UV transmission spectrum of FFS no. 5 con-
tains one broad absorption band atl = 2703275 nm,
associated withp3p* transitions in Hacac. According
to published data [5], this region characterizes the
keto3enol equilibrium in Hacac, with the enol form
of Hacac being undissociated. To the dissociated enol
form of Hacac corresponds the absorption band at
290 nm in the UV spectral range [6].

According to the whole set of experimental data,
complex ions constituted by In(III) and of the ketone
and undissociated enol forms Hacac exist in alcoholic
FFS in [In(Hacac)3]

3+. The existence of [SnHacac]3+

in acidified solutions of ethanol has been established
previously [7].

The values of the kinematic viscosity of all the
FFS (1.1032.35)+ 0.04 mm2 s31 confirm their film-
forming capacity [8]. During the first 15 days, the vis-
cosity of FFS does not reach a constant value. The run
of the viscosity-vs.-time curves is about the same for
all the FFS,which indicates that similar processes
(hydrolysis, polycondensation, changes in the orien-
tation of solvent molecules) occur in alcoholic solu-
tions of complex compounds of Sn(II, IV) and In(III).
An increase in the acidity of FFS from pH 2 to pH
0.7 results in that the viscosity grows from 1.83 to
2.00 mm2 s31. This is, possibly, due to a rise in the
rate of polycondensation of hydrolyzed complex ions
of Sn(II, IV) and In(III). A more structured FFS is
formed. An increase in the content of Hacac in FFS
to 0.72 M results in that the viscosity of the solutions
decreases from 2.35 to 1.83 mm2 s31. This fact can
be accounted for by a decrease in the degree of hy-
drolysis of complex species of Sn(II, IV) and In(III),
which occurs because the content of ethanol falls as
the concentration of Hacac increases. As FFS with
a higher acidity and lower content of Hacac have
a relatively high viscosity, more porous films must
be formed from these FFS under the same conditions
because of the hindrance to removal of products of
FFS decomposition from the oxide skeleton. Analysis
of the surface resistanceR and transmittanceT of
the films (Table 3) obtained from these FFS confirms

Table 3. Properties of In2O33Sn(II, IV) films (12 at. %) obtained from FFS of various compositions
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

FFS no. ³ 1 ³ 8 ³ 2 ³ 9 ³ 12 ³ 10 ³ 13
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÂÄÄÄÅÄÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÂÄÄÄÅÄÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÂÄÄÄ

Number ³ R, ³ T, ³ R, ³ T, ³ R, ³ T, ³ R, ³ T, ³ R, ³ T, ³ R, ³ T, ³ R, ³ T,
of layers ³ kW ³ % ³ kW ³ % ³ kW ³ % ³ kW ³ % ³ kW ³ % ³ kW ³ % ³ kW ³ %

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄ
1 ³ >10 000³ 3 ³ >10 000³ 3 ³ >10 000³ 3 ³803100³ 3 ³ >10 000³ 3 ³503100³ 3 ³ >10 000³ 3
2 ³ 50320 ³ 3 ³ 10³ 3 ³ 500³ 3 ³103100³ 3 ³ >10 000³ 3 ³20370 ³ 3 ³ >10 000³ 3
3 ³ 0.130.5³86.9³ 131.5 ³81.4³0.0330.6³81.4³11312 ³86.4³ >10 000³86.5³ 5310 ³85.0³ 2000³86.7

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄ
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Table 4. Physical properties of In2O33Sn(II, IV) films (12 at. %) obtained from acetylacetone FFS
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ InCl33SnCl2 ³ In(NO3)33SnCl2 ³ InCl33SnCl4 ³ In(NO3)33SnCl4
FFS ³ thermostat ³ thermostat/reflux ³ thermostat/reflux ³ thermostat

ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄno.
³ R, kW ³ T, % ³ R, kW ³ T, % ³ R, kW ³ T, % ³ R, kW ³ T, %

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
1 ³ 10320 ³ 92 ³ 120/10320 ³ 88/92 ³ 603140/80390 ³ 97/99 ³ 703120 ³ 98
2 ³ 2.533 ³ 3 ³ 1.532/2.533 ³ 3 ³ 6311/1.531.6 ³ 3 ³ 10380 ³ 3
3 ³ 132 ³ 86 ³ 2/132 ³ 80/81 ³ 1.534/0.730.8 ³ 92/94 ³ 29/50 ³ 94
4 ³ 0.730.9 ³ 3 ³ 0.831.5/0.730.9 ³ 3 ³ 0.831/0.530.6 ³ 3 ³ 9311 ³ 3
5 ³ 0.530.6 ³ 3 ³ 0.731.1/0.530.6 ³ 3 ³ 1/0.3530.45 ³ 3 ³ 435 ³ 3
6 ³ 0.530.6 ³ 75 ³ 0.530.9/0.530.6 ³ 72/74 ³ 0.431/0.330.4 ³ 89/90 ³ 1.833 ³ 91

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

this assumption. As the acidity of FFS with Sn(II) or
Sn(IV) increases, the resistance of the films obtained
grows (the structure becomes more defective) and
their transmittance decreases. In can also be seen
from Table 3, that films obtained from FFS based on
SnCl4 are rather transparent (86.5 and 86.7%), but
their resistance at this transparency exceeds 100 MW
and 2000 kW, respectively. At the same time, films
obtained from FFS based on SnCl2 have a resistance
of 11312 and 5310 kW at a transparence of 86.4 and
85.0%, respectively. This fact can be understood as
follows: SnO is formed as an intermediate product
in preparing oxide films from FFS based on Sn(II);
this intermediate is involved at 38031073 K in a dis-
proportionation reaction, which yields SnO2 and Sn
[9]. An admixture of metallic Sn makes the conduc-
tivity of a film higher, and its transparence, lower.
Because FFS with addition of Sn(IV) and high content
of Hacac is to be used for obtaining films with lower
resistance and high transparence, further study was
aimed to prepare films from an FFS in which Hacac
is both an organic ligand and a solvent.

The FFS was prepared by dissolving the salts
SnCl2 . 2H2O, or SnCl4, In(NO3)3 . 4H2O, or InCl3 in
Hacac at 333 K in a thermostat or with a reflux con-
denser. The viscosity of these FFS reaches a constant
value in 5 to 6 days and then remains constant for
a long time. This enables a prolonged use of the solu-
tion for obtaining films with the same properties, in
contrast to alcoholicFFS.

An analysis of the absorption bands in IR spectra
of Hacac kept at 333 K with a reflux condenser and
of FFS prepared from Hacac3In(III) 3Sn(IV) at 333 K
in a thermostat and with a reflux (see figure) demon-
strated that complexation of In(III) in a Hacac solution
is only observed after heating the FFS with a reflux
condenser to red-brown color. Presumably, the rate of
complexation of In(III) with ketone and undissociated
enol forms of Hacac increases because the FFS passes
into the gas phase.

Films were prepared from these FFS and the prop-
erties of these films were studied (Table 4). As can be
seen from Table 4, the surface resistance of In2O33
Sn(II, IV) films prepared from FFS kept at 333 K with
a reflux condenser (complex ions exist in these FFS)
is more uniform over the surface. The presence of the
complex of indium(III) with Hacac in the FFS with
Sn(IV) leads to formation of uniform films because
of the better adhesion of thep-system on the surface
of the cyclic enol form of the complex ion with the
glass surface [10], compared with the solvated In3+

ion. As the number of layers deposited on the sub-
strate grows, the surface resistanceR of the films de-
creases. According to published data [11], the crystal-
lites in a film grow in size, and, simultaneously, the
charge carrier concentration increases as the films
become thicker. The oxidation state of tin in an FFS
affects the properties of the films, whereas the nature

IR absorption spectra of (c) Hacac kept at 333 K with
a reflux, (b) Hacac3In(III) 3Sn(IV) kept at 333 K in a ther-
mostat, and (a) Hacac3In(III) 3Sn(IV) kept at 333 K with
a reflux. (T) Transmission and (n) wave number.
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of the salt anion does not exert any significant influ-
ence. Films with a lower resistance are formed from
Sn(II)-basedFFS; however, thetransparence of these
films in the visible spectral range is lower than that
of films obtained in FFS based on Sn(IV). A similar
behavior was observed for films prepared from alco-
holic solutions.

CONCLUSION

The influence exerted by the acidity, composition
(concentration of acetylacetone and ethanol, oxidation
state of tin), and thermal treatment of film-forming
solutions on the electrical and optical properties of
indium-tin oxide films was established. To obtain
films with a relatively low resistance (<0.3 kW) and
high transparence (up to 91%), it is necessary to use
acetylacetone FFS prepared from Sn(IV), In(NO3)3,
and InCl3 and kept at 333 K with a reflux.
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Abstract-Extraction of indium(III) from sulfuric acid solutions with di-2-ethylhexyl hydrogen phosphate
and isododecylphosphethanic and diisooctylphosphinic acids was studied. The effect of H2SO4 and In(III)
concentrations in the aqueous phase, type and concentration of the extractant in the organic phase, tempera-
ture, and time of phase contact on the extraction of In(III) and impurity metal ions was considered. The In(III)
extraction constants were estimated.

Extraction is widely used for recovering and con-
centrating In(III) from multicomponent process so-
lutions [133]. Di-2-ethylhexyl hydrogen phosphate
(HDEHP) is usually used as an extractant [236], al-
though it exhibits poor selectivity. Along with In(III),
HDEHP recovers Ga(III), Fe(III), Sb(III), and any
other multicharged metal ions. In addition, the extrac-
tion with HDEHP has a slow kinetics and is often
irreversible. Backwashing is performed with strong
backwashing agents, such as HCl, H2SO4 + HCl,
H3PO4, and H2C2O4. Effective ways to eliminate the
above disadvantages are sought for. Certain authors
suggest to use, instead of pure HDEHP, its mixtures
with monocarboxylic acids [7310] or alkylamines [8].
In this case, a certain improvement of the backwash-
ing conditions due to a decrease in the concentration
of chloride ions in the backwashing solution is ac-
companied by a noticeable worsening of In(III) re-
covery and separation. Other researchers look for
a better extractant than HDEHP [2, 11313]. Such
an extractant, while preserving HDEHP advantages,
should ensure selective extraction of In(III) under
milder conditions. Presumably, phosphinic acids,
which are weaked than HDEHP, should meet the
above requirements.

In this study, we examined the possibility of using
isododecylphosphetanic (HIDDP) and diisooctylphos-
phinic (HDiOP) acids for In(III) extractive recovery
from weakly acidic sulfate solutions.

EXPERIMENTAL

The In(III) sulfuric acid solutions were prepared by
dissolution of metallic indium in aqueous H2SO4.
They contained about 50 g l31 In(III) and 2903
320 g l31 H2SO4. Less concentrated solutions were
prepared by dilution of the initial solution with chem-
ically pure sulfuric acid and distilled water. Such
solutions contained 131.7 g l31 In(III) and 9314 g l31

H2SO4, which corresponded to the composition of the
process solutions of zinc production used for In(III)
recovery.

Preliminarily purified HDEHP, HDiOP, and HIDDP
(RH) were used as extractants. The content of the main
substance in these acids was no less than 96 wt %.
As a rule, 20 vol % solutions of these acids in kero-
sene were used. The dependence of the extraction on
the extractant concentration was studied within the
5330 vol % extractant content in kerosene. The above
solutions were prepared by dilution of the extractants
with dearomatizated kerosene. The main properties of
the extractants are described in [14, 15].

The extraction and backwashing were performed in
separating funnels. A mechanical shaker was used for
phase mixing. For extraction, phases (unless otherwise
indicated) were brought in contact once for 15 min at
20+ 1oC and 1 : 1 volume ratio of the aqueous to or-
ganic phase. After mixing, the phaseswere separated
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Fig. 1. Influence of the (a) H2SO4 concentration and
(b) concentration of organophosphorus acids in kero-
sene on In(III) extractionEIn. Extractant: (1) HDEHP,
(2) HIDDP, and (3) HDiOP; the same for Fig. 2.

by centrifuging. The initial and equilibrium aqueous
phases were analyzed. The content of the metal ions
and H2SO4 in the organic phase was found as the dif-
ference between their contents in the initial solutions
and equilibrated aqueous phases, small changes in
the phase volumes being neglected. A direct anal-
ysis of the backwashing solutions confirmed the va-
lidity of this procedure.

The effect of H2SO4 concentration in the aqueous
phase, extractant concentration in the organic phase,
time of phase contact, and temperature on In(III) ex-
traction was studied. These parameters are the most
important in evaluation of the process feasibility and
in hardware design.

The In(III) extraction with phosphorus-containing
acids proceeds by the cationexchange mechanism with
the release of H3O

+. Hence, the acidity of the aqueous
phase should substantially affect the extraction.

It follows from the data obtained (Fig. 1a) that
In(III) is well recovered from solutions containing ap-
proximately 10 g l31 H2SO4: to 90395% with HDEHP
and HIDDP and to 70% with HDiOP. The recovery
decreases as the acid concentration increases. The re-
covery of In(III) is virtually complete (>90%) with
HDEHP and HIDDP at H2SO4 concentrations of up to
110 and 16 g l31, respectively.

As a rule, raising the extractant concentration leads
to an increase in the metal ion recovery, but, at the
same time, to a decrease in the rate of phase separa-
tion, which makes it necessary to use larger reactors,
and, accordingly, a greater amount of the initially
charged extractant.

The In(III) recovery is satisfactory with 20 vol %
solutions of HDEHP and HIDDP and 30 vol % solu-
tion of HDiOP in kerosene (Fig. 1b). At extractant
concentrations exceeding 30%, the phase separation
substantially decelerates.

It is known that the extraction of M(III) ions, e.g.,
Fe(III), with HDEHP is slow [16]. Our data on In(III)
extraction show that the equilibrium is virtually at-
tained only after phase contact for >10 min (Table 1).
The time in which the extraction equilibrium is estab-

Table 1. Effect of time of the phase contact,t, on In(III) extraction
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

³ In(III) concentration in equi-³ ³ º In(III) concentration in equi-³ ³
t, ³ librium phases,* g l31 ³

D** ³
E,** %

º librium phases,* g l31 ³
D** ³

E,** %ÃÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´ ³ ÇÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ´ ³min
³ aqueous ³ organic ³ ³ º aqueous ³ organic ³ ³

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
³ HDiOP º HIDDP
³ º1 ³ 0.58 ³ 0.45 ³ 7.8 ³ 43.7 º 0.460 ³ 0.70 ³ 22.8 ³ 50.3

3 ³ 0.25 ³ 0.78 ³ 31.0 ³ 76.7 º 0.038 ³ 1.12 ³ 40.0 ³ 90.7
5 ³ 0.22 ³ 0.81 ³ 37.0 ³ 78.6 º 0.011 ³ 1.15 ³ 92.7 ³ 98.4

10 ³ 0.19 ³ 0.84 ³ 44.0 ³ 81.6 º 0.009 ³ 1.15 ³ 119 ³ 99.2
20 ³ 0.15 ³ 0.88 ³ 59.0 ³ 85.4 º 0.010 ³ 1.15 ³ 122 ³ 99.1

ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Initial aqueous phase: In(III) 131.2 g l31, H2SO4 11312 g l31.

** (D) Distribution ratio and (E ) degree of In(III) recovery.
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Table 2. Influence of temperature on In(III) extraction
ÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÒÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÂÄÄÄÄÒÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄ

³ In(III) concentra-³ ³ º ³ In(III) concentra-³ ³ º ³ In(III) concentra-³ ³

T,
³ tion in equilibrium³ ³

E,
º

T,
³ tion in equilibrium³ ³

E,
º

T,
³ tion in equilibrium³ ³

E,
oC

³ phases,* g l31 ³ D ³
%

º
oC

³ phases,* g l31 ³ D ³
%

º
oC

³ phases,* g l31 ³ D ³
%

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ³ º ÃÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ³ º ÃÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ³
³aqueous³ organic³ ³ º ³aqueous³ organic³ ³ º ³aqueous³ organic³ ³

ÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄ×ÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄ×ÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄ
HDiOP º HIDDP º HDEHP

º º
19 ³ 0.22 ³ 0.81 ³ 3.7³ 75.2º 15 ³ 0.13 ³ 1.12 ³ 8.6³ 89.6º 21 ³ 0.004 ³ 1.096 ³ 274 ³ 99.3
32 ³ 0.18 ³ 0.85 ³ 4.7³ 82.5º 15 ³ 0.14 ³ 1.14 ³ 7.9³ 89.0º 32 ³ 0.004 ³ 1.096 ³ 274 ³ 99.3
40 ³ 0.15 ³ 0.88 ³ 5.9³ 85.4º 32 ³ 0.14 ³ 1.16 ³ 8.3³ 89.2º 40 ³ 0.003 ³ 1.097 ³ 365 ³ 99.5
49 ³ 0.14 ³ 0.89 ³ 6.4³ 86.4º 47 ³ 0.12 ³ 1.13 ³ 9.4³ 90.4º 52 ³ 0.002 ³ 1.098 ³ 549 ³ 99.6

ÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÐÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÐÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄ
* Initial aqueous phase: In(III) 131.2 g l31, H2SO4 9311 g l31.

Table 3. Distribution ratios of impurity metal ions
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Extractant
³ Distribution ratio*

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ Fe(II) ³ Zn(II) ³ Cd(II) ³ Cu(II) ³ Ni(II) ³ Co(II) ³ As(III) ³ Sb(III)

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
HDEHP ³ 0.01 ³ 0.01 ³ 0.02 ³ 0.01 ³ 0.01 ³ 0.01 ³ <0.01 ³ 0.03
HIDDP ³ <0.01 ³ <0.01 ³ 0.01 ³ <0.01 ³ <0.01 ³ <0.01 ³ <0.01 ³ 0.02
HDiOP ³ <0.01 ³ <0.01 ³ 0.01 ³ <0.01 ³ <0.01 ³ <0.01 ³ <0.01 ³ 0.01
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Initial aqueous phase: M(II, III) 1 g l31, H2SO4 10 g l31.

lished depends on the type of the extractant and
shortens as the organophosphorus acid strength in-
creases, in the order HDiOP < HIDDP < HDEHP.

The temperature can strongly affect the extraction
through the structure of the extractable complexes.
For instance, heating improves the Co(II) recovery
but does not affect the Ni(II) extraction with organo-
phosphorus acids.

Varying of the temperature within the 20340oC
range does not noticeably affect the In(III) recovery.
At higher temperatures, the extraction somewhat in-
creases (Table 2).

The extraction isotherms obtained with feed solu-
tions containing 1 to 15 g l31 In(III) are shown in
Fig. 2. As can be seen, the metal ion isrecovered with
HDEHP and HIDDP with a high distribution ratio
providing a complete recovery up to a metal concen-
tration in the aqueous phase of approximately 13 g l31.
In the process, unsaturated extracts are formed. Thus,
it is feasible to concentrate In(III) in the extraction
step.

The process solutions contain, in addition to the tar-
get metal ion, In(III), such impurities as Fe(III), Fe(II),

Zn(II), Cu(II), Ni(II), Cd(II), Co(II), Sb(III), etc.
These ions mainly occur in the solution in the form
of hydrated and partially hydrolyzed cations, and their
extraction with acid organophosphorus extractants
substantially depends on the acidity of the aqueous
phase. Our study shows that the above ions are not
noticeably recovered from weakly acidic sulfate solu-
tions (Table 3).

Fig. 2. Isotherms of In(III) extraction from 0.1 M
H2SO4 with an extractant solution (20 vol %) in kerosene.
(corg, cw) In(III) concentrations in the organic and aqueous
phases.
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Table 4. Extraction of Fe(III) with solutions of organo-
phosphorus acids*

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

H2SO4, g l31
³ Fe(III) distribution ratio
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ HDEHP ³ HIDDP ³ HDiOP

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
5 ³ 170 ³ 21 ³ 17

10 ³ 100 ³ 9.0 ³ 7.2
15 ³ 38 ³ 5.1 ³ 4.0
50 ³ 1.0 ³ 0.3 ³ 0.2

100 ³ 0.2 ³ 0.1 ³ 0.15
150 ³ 0.1 ³ 0.05 ³ 0.03

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ
* c0

Fe(III) = 2.06 g l31.

Table 5. In(III) backwashing with H2SO4 solutions
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ
H2SO4 con-³ In(III) concentration in³ ³
centration ³equilibrium phases, g l31³

D
³ E,

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³in aqueous³ ³ ³ %
phase, g l31 ³ aqueous ³ organic ³ ³
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

HDiOP

150 ³ 0.40 ³ 0.56 ³ 0.71 ³ 42
238 ³ 0.67 ³ 0.29 ³ 2.3 ³ 69
301 ³ 0.92 ³ 0.04 ³ 23.0 ³ 97
356 ³ 0.95 ³ 0.01 ³ 95.0 ³ 99
422 ³ 0.95 ³ 0.01 ³ 95.0 ³ 99

HIDDP

165 ³ 0.79 ³ 0.32 ³ 2.5 ³ 72
204 ³ 0.91 ³ 0.19 ³ 4.8 ³ 83
252 ³ 0.99 ³ 0.11 ³ 9.0 ³ 90
301 ³ 1.02 ³ 0.08 ³ 12.7 ³ 93
348 ³ 1.04 ³ 0.06 ³ 17.3 ³ 95

HDEHP

113 ³ 0.006 ³ 1.069 ³ 0.006³ 0.59
203 ³ 0.014 ³ 1.061 ³ 0.013³ 1.28
296 ³ 0.007 ³ 1.068 ³ 0.007³ 0.69
424 ³ 0.022 ³ 1.053 ³ 0.021³ 2.06

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

The most difficult-to-remove metal ion is Fe(III).
Its distribution depends on the H2SO4 concentration
(Table 4).

Thus, the recovery of admixtures, including Fe(III),
increases in the order HDiOP < HIDDP < HDEHP.

The In(III) backwashing from the organic phase is
an important factor in the assessment of the feasibility
of using HDiOP and HIDDP as indium extractants.
Table 5 shows that indium can be efficiently back-

washed from an extract with 2503350 g l31 H2SO4 so-
lutions (without adding HCl), which is a substantial
advantage over the system with HDEHP. This makes
it possible to recommend HDiOP and HIDDP for ex-
tractive recovery and purification of In(III).

The mechanism of In(III) extraction from sul-
furic acid solutions with HDEHP was considered in
[13, 14]. With HDiOP and HIDDP, the mechanism is
apparently similar:

In3+
(w) + 3(RH)2(org) 6 InR3 .3HR(org) + 3H+

(w),

where RH is HDEHP, HIDDP, and HDiOP.

Then, the extraction constant is given by

K = ÄÄÄÄÄÄÄÄÄÄÄ ,
DIn [H+](w) . 23

[(RH)2]3(org)
K = ÄÄÄÄÄÄÄÄÄÄÄ ,

DIn [H+](w) . 23

[(RH)2]3(org)

log K = log DIn + 3log [H+](w) + log 8 3 3log [(RH)2](org)

= log DIn + b,

whereb = 3log [H+](w) + log83 3log [(RH)2](o) is con-
stant for all the extractants under the same conditions
of the extraction.

This equation allows estimation of the extraction
constants for different extractants at its known value
for any one of these. From the data on the In(III)
distribution between 0.1 M aqueous H2SO4 solution
and 0.25 M RH solution in kerosene, we obtained
the following extraction constants,K (D In(III) ) :
HDEHP 6.50105 (99) [17], HIDDP 1.480104 (2.45),
and HDiOP 7.90103 (1.31).

Taking into account the above results and the ne-
cessity for minimizing the alteration of the existing
process scheme of In(III) recovery from sulfuric acid
solution of zinc production, we can recommend the
following basic operations:

(1) Fe(III) reduction to Fe(II);

(2) In(III) extraction with 20330 vol % solutions
of HIDDP or HDiOP in kerosene from sulfuric acid
solutions containing Zn(II);

(3) Scrubbing of the organic phase with a 5310 g l31

aqueous solution of H2SO4;

(4) In(III) backwashing with H2SO4 (2503350 g l31);

(5) In(III) recovery from backwashes by the exist-
ing process.

The basic process parameters of the process sug-
gested for In(III) extractive recovery and concentra-
tion from sulfuric acid solutions are as follows:
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Extraction

H2SO4 content in the aqueous phase 10320 g l31

HIDDP or HDiOP concentration 30 vol %
in kerosene
Organic-to-aqueous phase volume ratio 1 : (132)
(org : w)
Time of phase contact >15 min
Temperature 20340oC

Scrubbing of the organic phase

H2SO4 content in the scrubbing 5310 g l31

solution
org : w ratio (10315) : 1
Time of phase contact 10 min
Temperature 20340oC

In(III) backwashing from the organic phase

H2SO4 content in the backwashing 3503400 g l31

solution
org : w ratio (10315) : 1
Time of phase contact >10 min
Temperature 20340oC

CONCLUSIONS

(1) A study of extraction of In(III) and concomitant
metal ions with organophosphorus acids showed that
HIDDP or HDiOP can be used instead of HDEHP as
extractants for selective recovery and concentration of
In(III), provided that Fe(III) is preliminarily reduced
to Fe(II) and separated.

(2) The In(III) recovery increases in the order
HDiOP < HIDDP < HDEHP. An increase in H2SO4
concentration in the aqueous phase leads to a decrease
in the extraction of In(III).

(3) In(III) can be completely recovered from the re-
sulting extracts by treatment with 2.533.5 M solutions
of H2SO4.
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Abstract-Cerium(III) extraction from dilute aqueous solutions with naphthenic acids in decane was studied.
The dependence of the distribution ratio on the pH of the equilibrium aqueous phase was determined, and
the extraction equilibrium constant and Gibbs energy were calculated.

The steady rise in the industrial demand for in-
dividual lanthanide and yttrium metals and for their
pure compounds requires that lean raw materials [1],
including eudialyte ore concentrate of the Kola pen-
insula, should be involved in the processing; however,
the known procedures for recovery and separation of
lanthanides by extraction with tributyl phosphate from
nitrate solutions have low separation coefficients,
1.131.5 [2, 3]. Therefore, multiple repetitions of the
extraction3backwashing cycles and too large expen-
ditures for the equipment and chemicals are required.
This stimulates a search for hydrometallurgical sys-
tems that would ensure higher distribution and sep-
aration coefficients of lanthanides. This search is
based on a thermodynamic simulation and study of
the extraction mechanisms. In this study, we exam-
ined the extraction of cerium(III) from dilute aqueous
solutions simulating the composition of filtrates from
acid leaching of eudialyte concentrates.

The initial aqueous solutions contained approx-
imately 0.65 g l31 Ce(III); the precise concentration
was found photometrically. A 0.5 N naphthenic acid
solution in decane was used as anextractant. The naph-
thenic acid was prepared by distillation of technical-
grade Acidol-1 from Baku petroleum refinery at 1653
190oC and a residual pressure of 537 mm Hg. The av-
erage molar weight of this fraction was 226 g mol31

and the concentration, 4.4 M. In accordance with
elemental analysis, the mean formula of the acid is
C13H27COOH, and mean pKa, 5.1 [4]. The pH of
the aqueous phase was ajusted with NaOH and HCl
solutions and monitored with a pH-150M pH-meter
with a combined electrode. Chemically pure chem-
icals were used. The Ce(III) concentration was de-
termined photometrically (l 670 nm) on a KFK-3
photocolorimeter with Arsenazo III in an acetate buf-
fer solution with pH 3 [5].

The cerium(III) content in the organic phase was
determined as a difference between the Ce(III) concen-
trations in the initial and equilibrium aqueous phases
with regard to the difference in the phase weights:

corg = (c0
_ cw) ÄÄÄ ,morg

mw
(1)

where corg is the equilibrium concentration of the
metal in the organic phase (mol kg31); cw, Ce(III)
concentration in the equilibrium aqueous phase
(mol kg31); c0, initial content of cerium in the aqueous
phase (mol kg31); and mw/morg, ratio of weights
of the aqueous and organic phases (30 : 1 in our ex-
periments).

The distribution ratio was calculated by the formula

D = corg/cw.

The liquid extraction of cerium(III) with the naph-
thenic acid solution in decane was studied within
the pH 336.5 range (see scheme).

________________________________________________

�

9
9t = 40 min

ei

pHf

Stirring

2

________________________________________________

�
0.5 N HR_________

9
9

_________
HCl, NaOH
pH = 337
ei

pH0 = 5.5

Initial solution,V = 1 l

2 22

______________________________________________________________________________
2 2

c

Aqueous phase Organic phase
22

For Ce(III) determination

Separation of phases in a separating funnel

For regeneration
of the extractant

Scheme of the experiments on cerium(III) extraction.
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Table 1. Characteristics of cerium(III) extraction with a 0.5 M solution of naphthenic acid in decane at various
equilibrium pH of the aqueous phase
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ ³ e,* at indicated HR expenditure (with a 20% excess),
³ ³ Ce(III) ³ mol mol31 Ce(III)
³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Solution
³

pH
³ g l31 ³

³ ³ ³ 2.4 ³ 3.6
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Initial ³ 3.0 ³ 0.652 ³ 3 ³ 3

³ ³ 0.652** ³ 0 ³ 0
Aqueous phase after phase separation³ ³ ÄÄÄÄ ³ ³

³ ³ 0.652 ³ ³
Initial ³ 4.0 ³ 0.652 ³ 3 ³ 3

³ ³ 0.652 ³ 0 ³ 0
Aqueous phase after phase separation³ ³ ÄÄÄÄ ³ ³

³ ³ 0.652 ³ ³
Initial ³ 5.035.1 ³ 0.648 ³ 3 ³ 3

³ ³ 0.172 ³ 45.7 ³ 73.5
Aqueous phase after phase separation³ ³ ÄÄÄÄ ³ ³

³ ³ 0.352 ³ ³
Initial ³ 5.25 ³ 0.652 ³ 3 ³ 3

³ ³ 0.212 ³ 42.0 ³ 67.5
Aqueous phase after phase separation³ ³ ÄÄÄÄ ³ ³³ ³ 0.378 ³ ³
Initial ³ 6.0 ³ 0.648 ³ 3 ³ 3

³ ³ 0.486 ³ 11.0 ³ 25.0
Aqueous phase after phase separation³ ³ ÄÄÄÄ ³ ³³ ³ 0.575 ³ ³
Initial ³ 7.0 ³ 0.648 ³ 3 ³ 3

³ ³ 0.648 ³ 0 ³ 0
Aqueous phase after phase separation³ ³ ÄÄÄÄ ³ ³³ ³ 0.648 ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
*
e is the degree of Ce(III) recovery into the organic phase.

** Data for the HR expenditure of 3.6 and 2.4 mol mol31 Ce(III) are given in the numerator and denominator, respectively.

The experiments were performed at various pH
values and various expenditures of the naphthenic
acid: at the expenditure equivalent to formation of
neutral cerium(III) naphthenate in the extract,i.e., 3.6
mol of naphthenic acid per mole of cerium (20% ex-
cess), and at expenditure of 2.4 mol of naphthenic
acid per mole of cerium, which corresponds to forma-
tion of basic cerium naphthenate. In the first case,
an excess amount of free naphthenic acid was present,
and in the second case, the acid was in deficiency and
was fully bound into the solvate complex in the or-
ganic phase. Raisinh the pH to above 6.0 is not ap-
propriate because of the precipitation of cerium(III)
hydroxide, which begins at pH values close to 6 and
is substantial at pH 6.5.

The experimental data are listed in Table 1. The de-
pendence of the Ce(III) recovery into the organic
phase on the pH of the equilibrium aqueous phase at
various naphthenic acid expenditures is shown in
Fig. 1. As can be seen, the maximum distribution ratio
of cerium(III), 83.2 (degree of recovery 73.5%), is
observed at pH equal to the pK4 of naphthenic acid,

5.035.1. At the deficiency of the naphthenic acid with
respect to the stoichiometry, the degree of Ce(III)
recovery is lower by a factor of 1.532.

The dependences of the logarithm of the distribu-
tion ratio on the pH of the equilibrium aqueous phase

Fig. 1. Effect of pH on the degree of cerium(III) re-
covery e. HR expenditure [mol mol31 Ce(III)]: (1) 3.6 and
(2) 2.4.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

1620 CHIRKST et al.

Fig. 2. Logarithm of the cerium(III) distribution ratioD
vs. equilibrium pH of the aqueous phase at (a) pH < pKa
and (b) pH > pKa.

were derived from the data of Table 1 (Figs. 2a, 2b).
These dependences are described by the following
linear equations with the confidence factorsR2 > 0.99:

logD = 1.89pH3 7.654 (Fig. 2a, HR : Ce(III) = 3.6), (2)

logD = 1.67pH 3 7.03 (Fig. 2a, HR : Ce(III) = 2.4), (3)

logD = 31.03pH + 7.16 (Fig. 2b, HR : Ce(III) = 3.6), (4)

logD = 31.00pH + 6.595 (Fig. 2b, HR : Ce(III) = 2.4), (5)

It follows from the equation of formation of neu-
tral cerium(III) naphthenate that the slope of these
dependences should be 3. The experimental slopes
[Eqs. (2)3 (5)] are substantially lower, suggesting
the extraction of cerium(III) hydroxo naphthenates.
Hence, the following equations of extraction can be
suggested:

Ce(OH)z+33 z(w) + zHR(org)

64 Ce(OH)33 zRz(org) + zH+(w), (6)

where z is the slope of straight lines described by
Eqs. (2)3 (5).

At pH < pKa, this slope is positive, which means
that, as the pH value increases, equilibrium (6) is
shifted to the right, and at pH > pKa, the slope is

negative, and the equilibrium is shifted to the left. At
pH = pKa, the distribution ratio is at a maximum.
The law of mass action for reaction (6) is

K = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ = ÄÄÄÄÄÄ ,
[Ce(OH)3 _ z(w)]gz+ [HR]

zz+
[Ce(OH)3 _ zRz(org)]aH+

z

gz+ [HR]
z

DaH+
z

(7)

where the molal concentrations are denoted by brack-
ets andgz+ are the activity coefficients of cerium(III)
hydroxo cations, calculated by the Davies equation
[6]

log gz+ = 30.51z2 ÄÄÄÄÄ 3 0.2I ,�
�

HI
c

1 + HI
c

�
� (8)

where I is the ionic strength of the solution.

The ionic strength of the aqueous phase was 0.018+
0.009 mol kg31. The calculated logarithms of the ac-
tivity coefficients are30.06+ 0.01 and30.24+ 0.04
for [Ce(OH)2]

+ and [Ce(OH)]2+, respectively. Equa-
tions (4) and (5) describe the backwashing [Ce(OH)2]

+

complexes, and Eqs. (2) and (3), extraction of a mix-
ture of [Ce(OH)2]

+ and [Ce(OH)]2+ complexes in a
1 :4 ratio, which is indicated by the slope of 1.8+ 0.1.
Therefore, we used logg = 30.20 in the calculations.
For neutral molecules and solvates, the activity coef-
ficients were taken be unity.

The concentration of naphthenic acid in the organic
phase at the HR : Ce(III) molar ratio of 3.6 and 2.4
was 0.5 and 0.33 mol kg31, respectively.

The logarithmic form of Eq. (7) is

logD = logK + log gz+ + zlog [HR] + zpH. (9)

It corresponds to empirical Eqs. (2) and (3).

The thermodynamic equilibrium constant was
calculated from the absolute terms of Eqs. (2), (3)
(they were denoted bya):

logK = a 3 log gz+ 3 zlog [HR]. (10)

Equations (4) and (5) correspond to the backwash-
ing reaction, whose constant is equal to the reciprocal
constant of the direct reaction. Then, we obtain from
Eqs. (2) and (4), respectively:

logK = 37.654 + 0.203 1.89 log 0.5 = 36.88,

logK = 37.16 + 0.06 3 log 0.5 = 36.80.

The average value of the extraction constant from
two independent empirical dependences is (1.4+0.2)0
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Table 2. Constants and Gibbs energies of cerium salt extraction
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Extractant ³ pH ³ D ³ K ³ DG0
298, kJ mol31

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
Naphthenic acid [Eq. (11)] ³ 5.1 ³ 83.2 ³ 623+ 60 ³ 316.0+ 0.2
TABAS [8], cMgSO4

= 2 mol kg31 ³ 1.634 ³ 35 + 4 ³ 35 + 4 ³ 38.9+ 0.3
TBP [3], cMgSO4

= 2.533 mol kg31 ³ 3 ³ 26.4+ 0.4 ³ 10.9+ 0.1 ³ 35.92+ 0.03
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

1037. The corresponding Gibbs energy is 39.04+
0.2 kJ mol31. We obtain from Eqs. (3) and (5), re-
spectively:

logK = 37.03 + 0.20 3 1.67 log 0.33 =36.03,

logK = 36.595 + 0.063 log 0.33 = 36.05.

The average value of the equilibrium constant is
(9.1+ 0.2)0 1037. The corresponding Gibbs energy is
34.47+ 0.2 kJ mol31. The difference in the constants
and Gibbs energies at an excess and a deficiency of
naphthenic acid can be accounted for by different
mechanisms of the process. At the acid deficiency,
anions of the cerium(III) salt can be incorporated into
the solvate. Hereinafter we will use the thermodynam-
ic characteristics obtained at the molar ratio of naph-
thenic acid to Ce(III) equal to 3.6,i.e., at a 20% ex-
cess of the extractant.

Taking into account the independence of the ex-
traction constant and Gibbs energy onz within the
range studied, 1 <z < 2, we can calculate the Gibbs
energy of formation of the solvate from simple ions
by the reaction

Ce3+(w) + (3 3 z)OH3(w) + zR3(org)

64 Ce(OH)33 zRz(org). (11)

Calculations were performed forz = 2. The Gibbs
energy of solvation is given by

DsolvG0
298 = DextrG

0
298 + DcomplG

0
298 3 DdisG0

298. (12)

Formula (12) includes the Gibbs energies of sol-
vation, extraction, formation of the hydroxo complex
from Ce3+ ions, and dissociation of naphthenic acid,
respectively.DcomplG

0
298 was calculated from the ref-

erence data [7] to be325.9 kJ mol31, and DdisG
0
298,

from the dissociation constant, to be 29.1 kJ mol31.
The Gibbs energy of solvation (from ions), was ob-
tained equal to316.0+ 0.2 kJ mol31. It corresponds to
the equilibrium constant of 623+ 60. Since the max-

imum distribution coefficient of Ce(III) is 83.2 (this
indicates the shift of the equilibrium toward extrac-
tion), it is reasonable to use the constant and Gibbs
energy of formation of the solvate from simple ions,
in accordance with Eq. (11), as the thermodynamic
characteristics of the extraction.

The thermodynamic constants of cerium(III) nitrate
extraction with neat tri-n-butyl phosphate (TBP) [3],
0.5 M solution of naphthenic acid in decane, and ex-
traction of cerium(III) sulfate with a 0.5 M solution
of trialkylbenzylammonium sulfate (TABAS) ino-xy-
lene [8] are compared in Table 2.

As can be seen, the efficiency of extractants in-
creases in the order TBP < TABAS << naphthenic
acid. The extraction with naphthenic acid proceeds
without a salting-out agent. This gives an additional
benefit and diminishes the pollution of the environ-
ment. In addition, TBP was used neat, and TABAS
and naphthenic acid, as 0.5 M solutions in organic
diluents; also the cost of naphthenic acid is hundreds
of times lower than that of TBP and TABAS.

CONCLUSIONS

(1) The distribution ratio in extraction of cerium(III)
with a 0.5 M solution of naphthenic acid in decane is
at a maximum, 83.2, at pH = pKa = 5.1 and the molar
ratio of naphthenic acid to cerium(III) equal to 3.6.
Under these conditions, a mixture of cerium(III) hy-
droxodinaphthenate and dihydroxonaphtenate at 4 : 1
molar ratio is extracted. The equilibrium constant
and Gibbs energy of this process are 623+ 60 and
316.0+ 0.2 kJ mol31, respectively.

(2) The efficiency of extraction increases in the
order tributyl phosphate (100%) < 0.5 M solutions of
trialkylbenzylammonium salts ino-xylene << 0.5 M
solution of naphthenic acid in decane.

REFERENCES

1. Lebedev, V.N., Lokshin, E.P., Masloboev, V.A.,et al.,
Tsvetn. Met., 1997, no. 8, pp. 46351.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

1622 CHIRKST et al.

2. Masloboev, V.A. and Lebedev, V.N.,Redkozemel’noe
syr’e Kol’skogo poluostrova i problemy ego kompleks-
noi pererabotki(Rare-Earth Raw Material of the Kola
Peninsula and Problems of Its Integrated Processing),
Apatity: Kol’sk. Nauchn. Tsentr Akad. Nauk SSSR,
1991.

3. Cirkst, D.E., Litvinova, T.E., Chistyakov, A.A., and
Ionova, M.Yu.,Zh. Prikl. Khim., 2004, vol. 77, no. 8,
pp. 143031434.

4. Devyatkin, P.N., Dibrov, I.A., and Voronin, N.N.,
Tsvetn. Met., 2003, no. 7, pp. 52357.

5. Savvin, S.B.,Arsenazo III, Moscow: Atomizdat, 1966.
6. Vasil’ev, V.P., Termodinamicheskie svoistva ras-

tvorov electrolitov (Thermodynamic Properties of
Electrolyte Solutions), Moscow: Vysshaya Shkola,
1982.

7. Termicheskie konstanty veshchestv: Spravochnik(Ther-
mal Constants of Substances: Reference Book), Glush-
ko, V.P., Ed., Moscow: Akad. NaukSSSR, 1978,
vol. 8.

8. Dibrov, I.A., Chirkst, D.E., and Litvinova, T.E.,
Zh. Prikl. Khim., 2002, vol. 75, no. 2, pp. 1973201.



1070-4272/04/7710-1623C 2004 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 77, No. 10,2004, pp. 162331626. Translated from Zhurnal PrikladnoiKhimii, Vol. 77, No. 10,2004,
pp. 163431637.
Original Russian Text CopyrightC 2004 by Valiotti, Abakumova.

PHYSICOCHEMICAL STUDIES
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

OF SYSTEMS AND PROCESSES

Complexation of Sterically Hindered Cobalt Porphyrin
with 1-Methylimidazole along the Axial Coordinate
and the Reaction of Reversible Binding of Oxygen

A. B. Valiotti and R. A. Abakumova

St. Petersburg State University, St. Petersburg, Russia

Received December 19, 2003; in final form, June 2004

Abstract-The complexation of a sterically hindered cobalt porphyrin with 1-methyl imidazole and its re-
action of reversible binding of oxygen was studied. Spectrophotometry and potentiometry were used to de-
termine the equilibrium constant of the oxygenation process.

In the last decade, methods for synthesis and study
of properties of model compounds of natural porphy-
rins reversibly binding oxygen have been developed
successfully. Synthetic oxygen transporting agents of
this kind find use as blood substitutes, gas sorbents,
and materials for recovery of oxygen from liquid
media [134].

Monitoring the partial pressure of oxygen in gases,
liquids, and semi-liquid media is an important task in
most of biochemical investigations and technological
processes. It is of indubitable interest, in this context,
to develop a potentiometric sensor for measuring the
partial pressure on the basis of a redox system that
contains cobalt porphyrin and reversibly binds oxygen
[5]. A necessary stage in this case is a study of the
properties of the cobalt porphyrin.

The goal of this study was to examine the com-
plexation of sterically hindered cobalt(II) meso-
tetra(a,a,a,a-ortho-pivalamidophenyl)porphyrin
[Co(II)TPivPP] with 1-methylimidazole along the ax-
ial coordinate and the reaction of reversible binding
of oxygen.

EXPERIMENTAL

The meso-tetra(a,a,a,a-ortho-pivalamidophenyl)-
porphyrin was synthesized by the procedure suggested
by Collman [6]. The compound [Co(II)TPivPP] was
obtained by heating free porphyrin withCoCl2 in a
flow of argon under constant stirring in a solution of
tetrahydrofuran [7]. The purity of the products syn-
thesized was verified chromatographically and using

spectra. The complexation with 1-methylimidazole was
studied spectrophotometrically. In the experiments, the
dependence of the optical density of [Co(II)TPivPP]
solutions in propyl cyanide on the concentration of
1-methylimidazole was determined at a fixed wave-
length and analyzed. Propyl cyanide was chosen as
the solvent because it has a sufficiently high dielectric
constant (e = 20.3) and does not react with metal por-
phyrins. As supporting electrolyte served tetrabutyl-
ammonium perchlorate (TBAP),c(TBAP) = 0.1 M.
All the measurements were performed in quartz cu-
vettes of thickness 0.1 and 1.0 cm on an SF-18 spec-
trophotometer. The titration with a solution of 1-meth-
ylimidazole was performed directly in the cuvette.
The titrant was added dropwise to a solution of
[Co(II)TPivPP] in the atmosphere of argon and a spec-
trum of the solution was recorded upon each addition.
All the measurements were carried out at a tempera-
ture of 20+ 0.5oC. Figure 1 shows the experimental
data in the form of a dependence of the optical density
A(l532) of the [Co(II)TPivPP] solution on the concen-

Fig. 1. Optical density A (l = 532 nm) of the
[Co(II)TPivPP] solution vs. the pcL of 1-methylimidazole.
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Fig. 2. Spectra of [Co(II)TPivPP] solutions in propyl
cyanide in the presence of 1 M of 1-methylimidazole and
0.1 M of TBAP at different partial pressures of oxygen.
(A) Optical density and (l) wavelength.PO2

(mm Hg):
(1) 0, (2) 38, (3) 84, (4) 114, (5) 190, (6) 380, and (7) 760.

tration of 1-methylimidazole (pcL). The first stage of
the reaction of axial complexation of [Co(II)TPivPP]
with 1-methylimidazole can be represented as

[Co(II)TPivPP] + L = [Co(II)TÞivPPL], (1)

where L is 1-methylimidazole.

Introduction of 1-methylimidazole into a porphyrin
solution leads to a decrease in the optical density at
l = 532 nm. It can be shown, with account of this
circumstance, that the dependence of the optical den-
sity of the solution on the ligand concentrationcL
can be expressed as

A = ÄÄÄÄÄÄÄÄÄ ,
A0 + A1K1cL

1 + K1cL
(2)

whereA is the optical density measured in the exper-
iment;A0, optical density of a solution without ligand;
A1, optical density of a solution in which the com-
plexation is complete; andK1, complexation constant
found from the equation

K1 = 77777777 .
[Co(II)TPivPP][L]

[Co(II)TPivPPL]

The experimental dependence is described by a
smooth single-step curve, which is due to the occur-
rence of the reaction of 1-methylimidazole addition

by Eq. (1). The logarithm of the stability constant for
[Co(II)TPivPP] with 1-methylimidazole, calculated
by Eq. (2), is 3.3+ 0.2. The data obtained suggest
that, at a 1-methylimidazole concentration of 0.1 M,
the complexation in the system constituted by por-
phyrin and 1-methylimidazole is complete. This result
is of primary importance for a study of the reaction
in which oxygen is reversibly bound in the presence
of 1-methylimidazole.

The reversible binding of O2 was studied by means
of spectrophotometry in a hermetically sealed quartz
cuvette. The partial pressure of O2 was set by mixing
argon and oxygen in various volume ratios at 1 atm
in calibrated gas meters. Each mixture of gases, pre-
liminarily dried over KOH, was bubbled through the
cuvette for 20 min, and the spectrum of the solution
was recorded after that. All the measurements were
performed at a temperature of 20+ 0.5oC.

It is known that, in the presence of an axial ligand,
1-methylimidazole, and O2 in a [Co(II)TPivPP] solu-
tion, there exist the equilibrium

[Co(II)TPivPPL] + O2
64 [Co(II)TPivPPLO2], �

�
KO2

�
�
. (3)

The fact that logarithm of the stability constant of
[Co(II)TPivPP] with 1-methylimidazole has a value
of 3.3+ 0.2 shows that the complex [Co(II)TPivPPL]
is formed to an extent exceeding 99% at a 1-meth-
ylimidazole concentration of 1 M. To determineKO2

,
spectra of a [Co(II)TPivPP] solution in propyl cyanide
were recorded in the presence of 0.1 M of 1-methyl-
imidazole and 0.1 M of TBAP at different partial
pressures of O2. Typical changes in the spectrum of
a [Co(II)TPivPPL] solution in propyl cyanide in the
presence of O2 are shown in Fig. 2. It can be seen
that, as the concentration of O2 increases, the peak at
534 nm, associated with the deoxygenated form, is
shifted to longer wavelengths, and a new peak asso-
ciated with the oxygenated form appears at 552 nm.

Two clearly pronounced isobestic points are ob-
served at 540 and 470 nm, which points to the pres-
ence of two interconvertible species in the solutions.
In deoxygenation of the solution by bubbling of
argon, the spectrum changes in the opposite direc-
tion and virtually coincides with the initial spec-
trum, i.e., the starting cobalt porphyrin is oxidized
only slightly. It should be noted that the oxygenated
form Co(II)TPivPPLO2 and the oxidized species
Co(II)TPivPPL+ have the same spectrum.KO2

was
calculated using the Drago equation [6]
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P1/2 = KO2
= PO2

ÄÄÄÄÄÄÄÄ 3 1 ,
[CoP]tot lDe

DA
�
�
g

�
�
g

31 (4)

where [CoP]tot is the total concentration [Co(II)TPivPP]
in solution; l, cuvette thickness;De, difference of
the absorption coefficients of the oxygenated and
deoxygenated species; andDA, difference of the op-
tical densities at a certainPO2

and in the absence of
oxygen.

This equation is convenient in that it does not re-
quire any knowledge of the optical density of the ox-
ygenated form, because the oxygenation is not com-
plete even atPO2

= 1 atm and 0oC. Transformation
of Eq. (4) yields

PO2
= [CoP]tot l De ��

PO2
/DA�

�
3 P1/2. (5)

The plot of PO2
against (PO2

/DA) is a straight
line with a slope equal to [CoP]totlDe. This plot
(Fig. 3) was used to determineKO2

.

At a temperature of 20+ 0.5oC in propyl cyanide in
the presence of 0.1 M of TBAP,P1.2 = 140+ 7 mm Hg
(KO2

= 7.20 1033).

The reversible binding of O2 was also studied
by means of potentiometry and, in particular, by
the method of the oxidation potential [8]. The equa-
tion for the oxidation potentialj of the system
Co(II)TPivPPL3Co(III)TPivPPL+ can be written as

j = j0 + Jlog 77777777 ,
[Co(III)TPivPPL+]
[Co(II)TPivPPL] (6)

whereJ = 2.3RT/F and the concentrations of the oxi-
dized and reduced forms of the redox system are given
in the square brackets.

It was shown preliminarily that the oxidation po-
tential of this system at a 1-methylimidazole concen-
tration c > 0.1 M is independent of pcL, which indi-
cates the formation of complexes of the same compo-
sition for the oxidized and reduced forms. If reaction
(1) is regarded as complexation of Co(II)TPivPPL
with O2, then the material balance equations can be
written as

cO = [Co(III)TPivPPL+ ],

cR = [Co(II)TPivPPL] + [Co(II)TPivPPLO2]

(7)= [Co(II)TPivPPL]�
�
1 + KO2

PO2
�
�
,

where

KO2
= 77777777 ,c

[Co(II)TPivPPL]PO2

[Co(II)TPivPPLO2]

Fig. 3. PO2
/DA vs. the partial pressure of oxygen,PO2

.
l = 530 nm, c(TBAP) = 0.1 M, T = 25oC.

and cO and cR are the total concentrations of the oxi-
dized and reduced forms of cobalt porphyrin.

With account of (7), the equation for the oxidation
potential is transformed into

j = j0 + J log�
�
cO/cR�

�
+ J log�

�
1 + KO2

PO2
�
�
,

and then, at constant concentrationscO and cR,

j = j0 + J log�
�
1 + KO2

PO2
�
�
, (8)

where j0 = j
0 + log�

�
cO/cR�

�
.

It follows from Eq. (8) that at highPO2
, when

KO2
PO2

>> 1, the dependencej3log PO2
must be

linear with a slope equal toJ.

The experimental study consisted in finding
the dependencej3log PO2

. The oxidation potential
was determined by measuring the electromotive force
of the galvanic cell Hg |Hg2Cl2, LiCl(sat.) || solution
under study |Pt.

All the measurements were performed at 25oC.
The concentration of 1-methylimidazole was 0.1 M.
The ionic strength was maintained with 0.1 M of
TBAP. The cobalt porphyrins Co(II)TpivPP and
Co(III)TPivPP+ were taken in a 1 : 1 molar ratio.

The experimental dependenceE3log PO2
is shown

in Fig. 4. The oxidation potentialj is given relative
to a saturated calomel electrode. It can be seen that
this dependence is represented by a straight line at high
PO2

, in agreement with Eq. (8). AtPO2
= 0, j = j0.

The graphically foundj0 made it possible to calcu-
late, using Eq. (8),KO2

(KO2
= 1/P1/2) and, accord-

ingly, P1/2. The calculation was performed using the
values ofPO2

falling within the range in which the
dependencej3log PO2

is linear. The averaged value of
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Fig. 4. Oxidation potentialE of a solution of the redox
system Co(II)TPivPPL3Co(III)TPivPPL+ in propyl cy-
anide in the presence of 1-methylimidazole (1-MeIm) vs.
log PO2

. c(1-MeIm) = 0.1 M,c(TBAP) = 0.1 M, T = 25oC.

P1/2 is 160 mm Hg, i.e., the results of spectropho-
tometric and potentiometric studies are in agreement
within the experimental error.

CONCLUSION

The functional dependence of the oxidation potential
of the redox system Co(II)TPivPPL3Co(III)TPivPPL+

on the partial pressure of oxygen was determined on
the basis of experimental data.

These results can be used to design a potentiomet-
ric sensor for molecular oxygen in aqueous solution
and to assess the region and limits of its applicability.
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Abstract-Sorption of fullerenes C60 and C70 from o-xylene, toluene, and dichlorobenzene solutions on
NORIT-AZO carbons was studied.

Fullerenes can be regarded as a new form of hyper-
concentrated carbon [1, 2]. Their molecules consist of
five- and six-membered carbon rings forming balls.
The ratio of hexagons and pentagons is determined by
the isolated pentagon rule (IPR). Although thesp2 or-
bitals are situated on a spherical surface, the fullerene
molecules have a commonp-electron system and are
similar to aromatic compounds [3].

The fundamental parameters of fullerenes are the
electron affinityEA and the ionization energyIE. For
C60, EA = 2.667+ 0.001 eV andIE = 7.57+ 0.01 eV
[4]. It should be noted that theEA of fullerenes is
higher than that of aromatic compounds, i.e., ful-
lerenes are relatively strong electron acceptors. Since
fullerenes have relatively highEA and low IE, they
can be both donors and acceptors of electrons. In
the solid state, C60 molecules are bound by van der
Waals for us [5].

Isolation of pure fullerenes, i.e., by chromatograph-
ic separation of their mixtures is a problem of current
interest [6]. The solution of this problem involves a
study of fullerene sorption and development and syn-
thesis of new sorbents. There are two types of sorp-
tion: physical sorption (van der Waals and electrostat-
ic interactions between the adsorbate and adsorbent)
and chemisorption (formation of chemical, usually co-
valent bonds between the adsorbent and adsorbate).

Apparently fullerenes C60 and C70 are physically
sorbed from the solution on unmodified activated car-
bon. In this case, the adsorbent3adsorbate interaction
is long-range and weak and the enthalpy of sorption is
of the same order of magnitude as the enthalpy of con-
densation. The energy of separation can be transformed
into vibrations of the sorbent lattice or released as
a heat. Clearly, the first pathway prevails in our case.

The energy of intermolecular interaction consists of
orientation, induction, and dispersion components

U(r) = Uor + Uind + Udisp. (1)

The dispersion forces are caused by fast fluctua-
tions of the electron density in each atom which in-
duce an electric moment in the nearest neighbor and
thereby lead to interaction between atoms. The induc-
tion interaction is due to polarization of a molecule in
the electrostatic field of another molecule. Since ful-
lerene molecules (especially C60) are relatively dif-
ficultly polarized, this interaction is weak. The orien-
tation interactions are caused by permanent dipole
moments of molecules. In our case, this interaction is
absent, since all unsubstituted fullerene molecules are
spheroids or quasiellipsoids of revolution and are
nonpolar.

Sorption from solutions is a more complex process
than sorption of gases. In this case, not only the force
field of the solid phase but also intermolecular in-
teractions in the liquid phase should be taken into
account. In addition, sorption from the liquid phase
is complicated by the competing sorption of the sol-
vent [7, 8].

In this study, we examined the sorption of fuller-
enes C60 and C70 from oxylene, toluene, and dichloro-
benzene solutions on NORIT-AZO carbon. This study
was encouraged by the possibility of complete chro-
matographic separation of components of a fullerene
mixture [9, 10].

EXPERIMENTAL

We used fullerene C60 containing 99.9 wt % main
compound (0.1 wt% C70) and C70 containing 99 wt%
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Fig. 1. Isotherms of adsorption of (a) C60 and (b) C70 from (A) o-xylene, (B) toluene, and (C)o-dichlorobenzene on
NORIT-AZO carbon at 25oC. Sorbent weightm ~ 1 g, solution volumeV ~ 10 ml. (cs, cl ) Fullerene concentrations in the solid
and liquid phases, respectively.

main compound (1 wt % C60) (ILIP Joint-Stock Com-
pany).o-Xylene,o-dichlorobenzene, and toluene were
of analytically pure grade. NORIT-AZO carbon (av-
erage grane size of the main fraction 75390 mm, spe-
cific surface area~250 m2 g31).

To study the sorption properties of the carbon, con-
centrated stock solutions of the fullerenes in the above
solvents were prepared by isothermal saturation at
25oC for 24 h. The concentration of C60 and C70 in
o-xylene, toluene, ando-dichlorobenzene was 4.1
and 2.3, 1.3 and 0.46, and 26 and 3.3 g l31, respec-
tively. Less concentrated solutions in all of these
solvents were prepared by successive dilutions.

To weighed portions of the carbon (1 g) predried at
150oC for 3 h, 10 ml aliquots of the fullerene solu-
tions of different concentrations were added. The mix-
ture was magnetically stirred for 3 days at 25oC. This
time is required for an equilibrium to be attained in
the carbon3solution system. The mixture was filtered
through a Schott filter (porosity 16) to remove the
sorbent, and the fullerene content in the resulting so-
lution was determined.

The content of C60 and C70 in the solutions before
and after the sorption was determined spectrophoto-

metrically on an SF-46 spectrophotometer operating
at l = 335.5 and 472.0 nm [11]. The concentrations
were calculated by the following equations:

c(C60) = 13.10(D335 3 1.808D472), (2)

c(C70) = 42.51(D472 3 0.00810D335), (3)

where D335 and D472 are the optical densities of
a 1-cm layer of the solution;c(C60) and c(C70) are
the fullerene concentrations (g l31) [11].

The isotherms of fullerene sorption fromo-xylene,
toluene, and dichlorobenzene on ZORIT-AZO carbon
are shown in Figs. 1A31B.

In all the cases, except witho-dichlorobenzene so-
lutions, the sorption isotherms exibit a sharp increase
in sorption in the fist steps and smoother adsoption
growth with further increase in the fullerene concen-
tration in the solution. At fullerene concentrations
c < 0.1 g l31, the slopes of the initial portions of
the isotherms are approximately equal for both ful-
lerenes, both in toluene and ino-xylene, and differ-
ences appear at higher concentrations.
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It should be noted that the isotherms measured
in toluene level of at lower fullerene concentration
than the isotherms measured ino-xylene. The satura-
tion of sorption isotherms in toluene is due to the
physical sorption without specific adsorbate3adsorbent
interactions. Ino-dichlorobenzene, the sorbent is not
saturated because of chemical interactions at high ful-
lerene concentrations. In this case, fullerene associa-
tion in the solution [19, 20] or layer-by-layer con-
densation of fullerenes on the sorbent surface is pos-
sible.

All sorption isotherms measured in toluene and
o-xylene are of Langmuir type. This is not the case for
o-dichlorobenzene solutions.

It should also be noted that adsorption of fullerenes
depends on their solubility [12]. It is known [13, 14]
that fullerenes dissolve by the cluster mechanism.
Aggregation of fullerenes in a solution affects their
thermodynamic parameters. As a result, the phase
equilibrium is shifted and the fullerene solubility
changes [15]. Fullerenes are almost insoluble in polar
solvents [16]. The solubility of a fullerene is the
highest if the ratio of the enthalpy of vaporization of
the solvent to the volume of the solvent molecule is
close to the similar ratio for the fullerene. The sol-
ubility of C60 and C70 in o-xylene, toluene, ando-di-
chlorobenzene at 25oC is 8.7 and 14.3, 2.8 and 1.4,
and 27.0 and 36.2 g l31, respectively.

The effect of solubility on the sorption iso-
therms can be estimated by the height of the plateau
(Figs. 1A31C), which, in turn, characterizes the static
sorption capacity of the carbon for the fullerenes. As
can be seen from Figs. 1A31C, the static sorption
capacity for C60 and C70 in o-xylene, toluene, and
o-dichlorobenzene (milligrams of fullerene per 1 g of
the sorbent) is 15.5 and 21.3, 14.1 and 14.3, and >24
and >25, respectively. Ino-xylene, the sorption ca-
pacity does not level off (Fig. 1C). These sorption ca-
pacities are appreciably higher than those of carbon
sorbents studied previously [17320].

The dependence of the distribution coefficients of
C60 and C70 between NORIT-AZO carbon ando-xy-
lene, toluene, ando-dichlorobenzene on the fullerene
concentration in the liquid phase at 25oC is shown in
Figs. 2a and 2b. Theerror of determination of the ful-
lerene concentration in the solution and in the solid
phase is 3 and 5 rel%, respectively. Hence, the de-
termination error of the distribution coefficients is
about 6 rel.%.

As can be seen from Figs. 2a and 2b, the distribu-
tion coefficients are only slightly dependent on the sol-

Fig. 2. Distribution coefficientsKd = cs/cl of (a) C60
and (b) C70 fullerenes betweenNORIT-AZO carbon and
(1) o-xylene, (2) toluene, and (3) o-dichlorobenzene vs.
the fullerene concentration in the liquid phasecl at 25oC.

vent (the curves almost coincide). The only difference
is observed in diluteo-dichlorobenzene solution of
C60. In all cases, the distribution coefficients mono-
tonically decreases with increasing fullerene concen-
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tration in both phases. The distribution coefficients of
C70 are almost always several times higher that those
of C60, which creates prerequisites for chromatograph-
ic separations of these fullerenes. The only exceptions
are highly concentrated fullerene solutions (>5 g l31).
In this case, the distribution coefficients of C60 and
C70 become close, which makes chromatographic sep-
aration ineffective.

CONCLUSIONS

(1) Isotherms of fullerene adsorption fromo-xy-
lene, toluene, and dichlorobenzene solution at 25oC
were measured and characterized.

(2) The sorption properties of NORIT-AZO carbons
with respect to fullerenes are fairly good. The different
sorption capacities of carbon for C60 and C70 fuller-
enes makes it promising for industrial separation of
fullerenes.
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Abstract-Adsorption of nickelN,N-ethylenebis(salicylideneimine) complex from acetonitrile solution on
expanded natural graphite powder at 2733313 K is studied.

The chemistry of conducting polymers and molec-
ular modification of electrode surfaces are thriving
branches of modern chemical science. In the last de-
cade, a number of new complexes of transition metals
with Schiff bases have been synthesized [134]. These
polymeric compounds demonstrate high electron con-
duction, stability, and electrochromic and catalytic
properties [3]. The polymerization is always accom-
panied by adsorption of monomers on the electrode
surface. However, to our knowledge, there are no
published data on the adsorption of the complexes in-
dicated. Therefore, we examined in this study the ad-
sorption of nickelN,N-ethylenebis(salicylideneimine)
complex [Ni(SalEn)] on graphite.

Experimental data on adsorption of organic com-
pounds on metal surfaces are often described by
the Frumkin isotherm (1).

ÄÄÄÄÄÄ exp 32aÄÄÄ = Bcorg = BXorgS n,
Gmax 3 G

G �
� Gmax

G �
�

(1)

whereG and Gmax are the current and limiting num-
bers of moles of a surfactant that can be adsorbed on
unit surfacearea (mol);a and B, attraction and ad-
sorption constants;corg and Xorg, concentration (M)
and mole fraction of the surfactant; andSn is the total
number of moles contained in 1 l of the solution.

Since the common case is thatcorg < 0.1 M, it may
be accepted thatSn is equal to the solvent concentra-
tion in the solution. It is known that

ln (BSn) = 3DGA
0/RT, (2)

whereDG0
A is the standard Gibbs energy of adsorp-

tion, corresponding to the asymmetric standard state

in the bulk of solution [6]. Ata = 0, the Frumkin iso-
therm transforms to the Langmuir isotherm [7]:

1/corg = BGmax/G 3 B. (3)

From experimental dependences ofG on corg, we
can calculate the adsorption termB, and then, using
Eg. (2), find the standard Gibbs energy of adsorption
DG0

A. In a previous communication [6], we suggested
to calculate parametersGmax, a, andB of the Frumkin
isotherm using the Origin software package.

If the symmetric standard state is chosen for the
bulk of solution, the Frumkin isotherm should be re-
presented as [6]:

ÄÄÄÄÄÄ exp 32aÄÄÄ = B` gorgXorg.
Gmax 3 G

G �
� Gmax

G �
�

(4)

Here B` = exp [3DG0
ads/RT] is the dimensionless

parameter;DG0
ads, standard Gibbs energy of adsorp-

tion, corresponding to the symmetric standard state;
and gorg, activity coefficient of the surfactant in
the bulk of solution.

According to [6], if corg < 0.1 M, then

DG0
ads

~3 DG0
A + RT ln giorg, (5)

where giorg is the activity coefficient of the surfactant
at infinite dilution.

The activity coefficientgiorg is the characteristic of
the solution, which can range from unity to 1033105,
depending on the nature of a surfactant and solvent
[8]. The parameterDG0

A in Eq. (5) depends both on
the properties of the surfactant solution and on the
metal3surfactant binding energy, while the parameter
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RT ln giorg, only on the bulk properties of the solution.
Therefore, the standard Gibbs energy of adsorption,
DG0

ads, characterizes the binding of the organic mol-
ecule to the metal.

If a surfactant is poorly soluble, the activity co-
efficient giorg can be approximately calculated by
Eq. (6) [8].

RT ln giorg ; 3RT ln Xorg
sat, (6)

where Xsat
org is the concentration of the saturated

solution.

The standard enthalpy of adsorption can be calcu-
lated the using well-known equation [9]:

DH 0
ads = DG0

ads + TDS0
ads, (7)

where DSads is the standard entropy of adsorption.

Since the adsorption of a surfactant is always ac-
companied by displacement ofn solvent molecules
from the metal or oxide surface to the bulk of the so-
lution, we have

DH 0
ads = (DH 0

ads)suf 3 n(DH 0
ads)s. (8)

where (DH0
ads)sur and (DH0

ads)s are the standard en-
thalpies of adsorption, related to adsorption of the sur-
factant and desorption of the solvent, respectively.

The goal of this study is to determine the param-
etersDG0

ads and DH0
ads characterizing the binding of

Ni(SalEn) to the graphite surface. For this purpose
it was needed to obtain the adsorption isotherms at
various temperatures.

The numbers of moles of the adsorbed substance on
the surface of the graphite powder was calculated by

Dn = (c0
org 3 corg)V, (9)

where c0
org and corg are the surfactant concentrations

in the initial and equilibrium solutions, respectively;
and V is the solution volume.

TheDn is accepted to be the surface concentration.
Then we can write

G = Dn/A, (10)

where A is the specific surface area of graphite.

The spectrum of monomeric Ni(SalEn) contains in
its UV part three bands at 252, 325, and 420 nm.
The optical density is a linear function of the mono-
mer concentration, which allows determination ofc0

org
andcorg from Eq. (9). It was demonstrated in separate
experiments that the band at 325 nm is best suitable

for determining the monomer concentration in the so-
lution bulk, and also that the time of contact of the
solution with graphite can be reduced from 2 h to
10 min. The spectra were recorded on an SF-2000
spectrophotometer.

In the study, we used thermally expanded natural
graphite of 99.9% purity.1

Above 150oC, the surface area of graphite increases
dramatically. Incomplete removal of gases from the
powder results in overestimation of the BET surface
area of graphite. It isthis circumstance that is respon-
sible for such a low experimental value ofA (0.43
1 m2 g31; 0.7+ 0.2 m2 g31 on the average) determined
by the BET method. For more exact determination of
the specific surface area of the graphite powder, we
studied the adsorption ofb-naphthol from aqueous
solutions at 19+ 1oC. Then we calculated the param-
eters characterizing the adsorption ofb-naphthol on
graphite by Eqs. (1), (9), and (10) atAef = 1 m2 g31

using the Origin software package. We obtained
Gef

max = 2.6501036 mol m32. The specific surface area
of the graphite powder can be calculated by Eq. (11).

A = ÄÄÄ Aef .
GmaxÄ
Gmax

ef

(11)

Our previous study of the adsorption ofb-naphthol
on thea-Fe2O3 surface [10] revealed that the surfactant
molecules are oriented normally to the surface, since
Gmax = 5.70 1036 mol m32 and DG0

A = 324 kJ mol31

[Eq. (2)]. In studying the adsorption ofb-naphthol
on a smooth bismuth surface, Palm and Damaskin
found [11] thatGmax = 3.10 1036 mol m32 andDG0

A =
334 kJ mol31. Changing the vertical orientation of
the molecule for the horizontal orientation increases
the absolute value of the Gibbs energy of adsorption.
For the graphite powder,DG0

A = 328.8 kJ mol31.
Assuming the same type of orientation ofb-naphthol
as on bismuth and using Eq. (11), we obtainA =
0.85 m2 g31. This value is somewhat overestimated,
since³DG0

A³C < ³DG0
A³Bi . Assuming the same type

of orientation ofb-naphthol as that on iron oxide, we
obtainA = 0.47 m2 g31. This value is underestimated,
since³DG0

A³C > ³DG0
A³a-Fe2O3

. The arithmetic mean
3
A = 0.7+ 0.2 m2 g31. The results obtained suggest
the following:

(1) The values of the true surface area of graphite
3
A, determined independently by two methods (BET
and adsorption ofb-naphthol) are well consistent.
Therefore, we used in further study of Ni(SalEn) ad-
sorption the value

3
A = 0.7 m2 g31.

ÄÄÄÄÄÄÄÄÄÄ
1 Produced at the Unikhimtek.
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Table 1. Parameters characterizing adsorption of Ni(SalEn) at different temperatures
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, K
³ Frumkin isotherm ³ Langmuir isotherm
ÃÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ B, M31 ³ 2a ³ Gmax 0 106, mol m32 ³ B, M31 ³ Gmax 0 106, mol m32

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
275 ³ 590+ 220 ³ ~0 ³ 2.8+ 0.6 ³ 540+ 180 ³ 3.1+ 0.5
283 ³ 890+ 260 ³ 0.3 ³ 3.2+ 0.3 ³ 690+ 300 ³ 3.8+ 1.0
293 ³ 250+ 40 ³ 1.0 ³ 3.0+ 0.4 ³ 240+ 90 ³ 4.5+ 0.5
304 ³ 220+ 80 ³ 0.3 ³ 3.8+ 0.8 ³ 350+ 85 ³ 2.9+ 0.3
313 ³ 150+ 30 ³ 0.9 ³ 3.1+ 0.3 ³ 200+ 60 ³ 3.4+ 0.4

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

(2) The porosity of graphite is small, since the spe-
cific surface area of the graphite powder is consider-
ably lower than that of other materials. For compari-
son, A (m2 g31): a-Fe2O3 7310, ZnO 6.839.4, W 2.7,
graphitized carbon black (Vulkan 36-2700) 71.3+ 2.7
[12], and activated carbon (Merck) 80031000 [13].

To calculate the activity coefficients of Ni(SalEn)
in acetonitrile by Eq. (6), it is necessary to have
data on its solubility.2 The solubility was measured
over the temperature range 1350oC. The saturated
concentration of the monomer was determined using
the optical density-vs.-concentration calibration curve.
The dependence of the saturated concentrationcsat

on t over the temperature range 0350oC is described
by Eq. (12).

csat ~3 0.006 24 3 0.000 496t + 0.000049t 2

3 1.620 1036 t 3 + 2.330 1038 t 4 3 1.080 10310t 5. (12)

It follows from Eq. (12) that the solubility of
Ni(SalEn) in acetonitrile is low. At 25oC, 1 l contains
19.024 moles of acetonitrile. Therefore,Sn ~ 19 and
Xsat

org = csat/19.

Acetonitrile (ultrapure grade) was used without
further purification.

The adsorption parameters estimated by Eqs. (1)
and (3) are listed in Table 1. As can be seen, the values
of B andGmax are consistent within the errors indicated
in the table, which is due to the fact that the attrac-
tion constanta < 0.5. Table 1 shows also that there
is no clearly pronounced temperature dependence of
Gmax. Therefore, it may be accepted thatGmax = con-
stant over the temperature range 2753313 K. The arith-
metic mean values of

3

Gmax, corresponding to theFrum-
kin and Langmuir isotherms, are (3.2+ 0.3)0 1036

and (3.5+ 0.5)0 1036 mol m32, respectively. Then,
the graphite surface area occupied by one Ni(SalEn)
molecule is (52+ 5) 0 10320 m2.
ÄÄÄÄÄÄÄÄÄÄ
2 Pure Ni(SalEn) was kindly provided by A.M. Timonov.

In the case of adsorption of the surfactant from
the acetonitrile solution, Eq. (2) takes the form of
Eq. (13).

DG0
A = 3RT ln (19B). (13)

The DG0
A values calculated this equation are listed

in Table 2. The value ofRT ln giorg were calculated
by Eqs. (6) and (12). The standard Gibbs energies of
adsorptionDG0

ads (symmetrical standard state) were
found using Eq. (5). Table 2 shows that³DG0

A³ >>
³DG0

ads³. Therefore, the coverage of the graphite sur-
face with the Ni(SalEn) molecules is to a considerable
extent determined by the effect of forcing-out of these
molecules from the bulk of the solution to the inter-
face. Since the parameterDG0

ads is small, the work
expended for binding of monomer molecule to the
graphite surface is close to that for breaking the bonds
betweenn acetonitrile molecules and the surface [n is
the number of acetonitrile molecules desorbed as a re-
sult of adsorption of one Ni(SalEn) molecule]. With
decreasing temperature, the binding of Ni(SalEn) to
the surface strengthens, sinceDG0

ads decreases.

It is commonly accepted [134, 14] that, in ad-
sorption of Ni(SalEn), its molecule is horizontally
oriented on the electrode surface. It can be found from

Table 2. Thermodynamic parameters of Ni(SalEn) adsorp-
tion
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

T, K
³ 3DG0

A ³ RT ln giorg ³ DG0
ads

ÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
³ kJ mol31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
275 ³ 21.2+ 0.4 ³ 18.4 ³ 2.8+ 0.4
283 ³ 22.8+ 0.7 ³ 19.9 ³ 2.9+ 0.7
293 ³ 20.6+ 0.4 ³ 19.6 ³ 1.0+ 0.4
304 ³ 21.1+ 0.7 ³ 19.1 ³ 2.0+ 0.7
313 ³ 20.7+ 0.4 ³ 19.7 ³ 1.0+ 0.4

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
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the structural formula of the monomer that, in the
case of such an orientation, the Ni(SalEn) molecule
covers about 70010320 m2 of the surface, which no-
ticeably exceeds the experimental value of (52+ 5) 0
10320 m2 per molecule. Deviations from the horizontal
arrangement of the adsorbed molecule may be due to
the following factors.

(1) The larger the area occupied by a surfactant
molecule on the surface, the greater the number of
acetonitrile molecules to be transferred from the sur-
face to the bulk of thesolution, i.e., the higher the en-
ergy consumption.

(2) The experimental results obtained demonstrate
that, in adsorption of Ni(SalEn), the prevailing effect
is forcing-out of the molecules from the bulk to the
surface, since³DG0

A³ >> ³DG0
ads³. The solvent tends

to push out the maximum number of the molecules to
the surface. This occurs at the vertical orientation
of the molecule on the surface. In this case, thearea
occupied by the adsorbed molecule is the smallest. As
a result of the simultaneous action of these two factors
(interaction with the surface and forcing-out from
the bulk of the solution), the adsorbed molecules can
be differently oriented on the surface.

Finally, the thermal and vibrational-rotational mo-
tions of the adsorbed molecule can also alter its ori-
entation.

Assuming that DS0
ads and DH0

ads are tempera-
ture-independent, we calculated these parameters
by Eq. (7), using the experimental data forDG0

ads
(Table 2). We obtainDS0

ads= 353+10 J K31mol31 and
DH0

ads = 318+3 kJmol31.

Differentiation of Eq. (5) gives Eq. (14).

DSads = 3ÄÄÄÄ 3 Rln gorg 3 RTÄÄÄÄÄ .
dT dT

dln gorgdDGA
0 i

i0 (14)

Table 2 shows that, within the experimental error,
DG0

ads ; const, and, then,DS0
A = 3dDG0

A/dT ; 0.
Therefore, the change inDS0

ads is virtually totally
accounted for by changes in the activity coefficients
in the solution bulk. The high negativeDS0

ads shows
that the forcing-out of the Ni(SalEn) molecule from
the bulk to the graphite surface results in ordering
of the solution.

The observed negativeDH0
ads, corresponding to

heat release in the course of adsorption, is virtually
totally accounted for by the entropy factor.

CONCLUSION

The study of the adsorption of Ni(SalEn) on the
graphite surface showed that the coverage of the sur-

face with adsorbed monomeric molecules is controlled
to a considerable extent by the effect of forcing-out
of these molecules from the solution bulk to the inter-
face. The observed high negative enthalpy of adsorp-
tion is accounted for by the entropy factor.
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Abstract-Adsorption of an oligomeric polyaminoimide binder, PAIS-104, and its monomers, diaminodi-
phenylmethane and dimaleimidodiphenylmethane, on the surface of nonstoichiometric titanium carbides,
nitrides, and carbonitrides was studied. The dependence of the oligomer adsorption parameters and strength
properties of composites on the nature, composition, and specific surface area of the adsorbent and presence
of various additives in the binder was examined.

The adsorption processes occurring on the surface
of fillers in solutions and melts of oligomers and poly-
mers predetermine numerous technological features of
manufacture of composites and their properties [1, 2].
As is known, the properties of composites depend
not only on the properties of the starting components,
but also on surface phenomena at the phase boundary
(wetting, adsorption, adhesion, etc.). The adsorption
interaction of the components of a polymer solution
with the filler surface is a first stage of formation of
the phase boundary in composites, and, therefore,
studying the adsorption of polymers on the filler sur-
face is of high theoretical and practical importance.

Electrically conducting materials (ECM) occupy
a particular place among composites with special
properties. ECM are used to fabricate current-lead
coatings, heat and radiation shields, film and bulk
resistive heaters, and other articles of this kind [3].
However, a number of difficulties are encountered in
manufacture and operation of articles fabricated from
such composites. These difficulties are associated with
the interactions at the interface between the polymer
and the conducting filler, which lead to instability of
the electrical properties of the material. For example,
oxidation of filler grains is observed in ECM based
on metal powders, which causes a decrease in the elec-
trical conductivity of the material [4]. Therefore, ob-
taining new ECM with stable characteristics is, un-
doubtedly, a matter of current interest.

Previously, materials in which the part of the con-
ducting filler is played by nonstoichiometric titanium

compounds of the type of an interstitial phase have
been suggested [5, 6]. Use of nonstoichiometric tita-
nium carbides, nitrides, and carbonitrides exhibiting
a metallic conductivity and high chemical and thermal
resistance (up to 3500 K) in materials with a polymer-
ic matrix based on a polyaminoimide binder makes it
possible to obtain ECM with stable electrical proper-
ties in the whole temperature range of application of
modern polymers. In addition, the ECM mentioned
above have a new property of interest, self-adjustment,
which makes them promising materials for fabrica-
tion of low-temperature heating devices [7]. There-
fore, a study of adsorption properties in systems con-
stituted by a nonstoichiometric compound of titanium
and a polyaminoimide binder is of particular interest.

The aim of this study was to analyze the adsorp-
tion of an oligomeric polyaminoimide binder and its
monomers on the surface of such fillers as high-melt-
ing nonstoichiometric compounds of titanium of the
type of interstitial phases.

EXPERIMENTAL

As oligomeric polyaminoimidebinder served a com-
mercial specimen of PAIS-104 resin [TU (Technical
Specification) 6-05-231-192379], which is a pow-
dered oligomer with an average molecular weight of
3.50103. Content of free amino groups in the poly-
mer<5%, drop temperature 103oC, gelatinization time
180 s.
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Table 1. Physicochemical properties of filler
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

³ Lattice ³ Content, % ³ Ssp,³ ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ´Filler ³ constant,³ ³
³ A ³ Ti ³ C ³ N ³m2 g31

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
TiC0.5 ³ 2.255 ³ 88.87³ 11.12³ 3 ³ 0.8
TiC0.6 ³ 2.274 ³ 86.90³ 13.10³ 3 ³ 1.2
TiC0.75 ³ 2.298 ³ 84.20³ 15.80³ 3 ³ 1.4
TiC0.9 ³ 2.416 ³ 81.65³ 18.35³ 3 ³ 1.1
TiN0.5 ³ 4.296 ³ 85.50³ 3 ³ 14.50³ 5.2
TiN0.95 ³ 4.325 ³ 78.15³ 3 ³ 21.85³ 4.8
TiC0.5N0.4 ³ 2.795 ³ 80.56³ 10.09³ 9.35³ 2.5
TiC0.4N0.3 ³ 2.562 ³ 83.83³ 8.40³ 7.76³ 2.2
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

One of monomers of PAIS-104, diaminodiphenyl-
methane (DADPhM), was used after additional puri-
fication of the commercial chemically pure product
by recrystallization from ethanol. Dimaleimidodi-
phenylmethane (DMIDPhM), the second monomer of
PAIS-104, was obtained by reacting DADPhM with
maleic anhydride in an ether solution in a 1 : 2 molar
ratio, with the subsequent dehydration of the resulting
diamide with a mixture Ac2O : AcONa. The product
thus obtained was purified by recrystallization from
toluene to give a compound with a melting point of
1553156oC, which was identified by IR spectra [8, 9].

As nonstoichiometric compounds of titanium were
used its carbides, nitrides, and carbonitrides obtained
by means of a self-propagating high-temperature syn-
thesis [10].

Titanium nitrides TiNx (0.5 < x < 1) were prepared
by reacting powdered titanium of PTOM brand with
nitrogen gas in a flow-through reactor under a nitro-
gen pressure of 0.230.5 atm at a controlled flow rate
of the gas. Titanium carbides TiCx (0.5 < x < 1) were
synthesized by burning mixtures of powdered titanium
of PTK brand and carbon black of PM-50 brand, taken
in 1 : 0.5, 1 : 0.6, 1 : 0.75, and 1 : 0.9 molar ratios,
in argon. Titanium carbonitrides TiCxNy (x + y < 1)
were obtained by reacting powdered titanium of PTK
brand with technical-grade hexamethylenetetramine
(urotropin) at 1 : 0.1 and 1 : 0.07 molar ratios of the
reagents. The self-propagating high-temperature syn-
thesis was initiated in all the systems with a thermit
formulation.

The composition of the nonstoichiometric com-
pounds wasconfirmed bu X-ray phase (DRON-2, CoK

a

radiation) and chemical analyses. Composites were
prepared from titanium fractions withd < 100 mm.
The specific surface area of the fillers was determined
from the adsorption of surfactants.

The adsorption of PAIS and its monomers from so-
lutions in DMF was performed in hermetically sealed
volumetric flasks at a temperature of 20+ 1oC and
10 : 1 mass ratio of the liquid and solid phases. Equi-
librium solutions were separated from the adsorbent
by centrifugation. The concentration of a polymer so-
lution was determined by means of refractometry, us-
ing preliminarily obtained calibration plots. The con-
centration of DMIDDPhM solutions was determined
using the procedure suggested in [11]. The content
of DADPhM in solution upon adsorption was found
photometrically, after combining the amine with
b-naphthol [12].

Polymeric formulations for further studies were
obtained by hot compaction of a mixture of powdered
filler and binder at a pressure of 20330 MPa and tem-
perature of 2003220oC in the course of 1 h and at
2403250oC for additional 1 h.

The strength properties of the composites were de-
termined on an R-0.5 tensile machine (rate of sample
loading 10 mm min31, maximum load 500 kg) and
a KM-0.5 pendulum impact testing machine by the
standard procedures.

A specific feature of the compounds produced by
self-propagating high-temperature synthesis is that
their properties depend on various parameters of the
technological process: powder dispersity, duration of
agitation, and process temperature, and, therefore, any
technological scheme of self-propagating high-temper-
ature synthesis requires monitoring of the basic prop-
erties and the composition of the products obtained.

Table 1 lists the principal physicochemical param-
eters of the fillers synthesized. As can be seen from
the data presented, the substances synthesized are
nonstoichiometric and have a developed specific sur-
face area, which predetermines their improved adsorp-
tion properties. With titanium nitrides and carbides,
the prescribed compositions were well reproduced in
synthesis. At the same time, the nonstoichiometric
carbonitrides synthesized had a composition some-
what different from that expected. Presumably, this
is due to sublimation and decomposition of a part of
the organic substance at the temperature of synthesis
and to different rates of assimilation of nitrogen and
carbon by titanium in self-propagating high-tempera-
ture synthesis [10]. The nonstoichiometric titanium
nitrides obtained have a 3.336.5 times greater specific
surface area than the other compounds, which is ac-
counted for by the higher dispersity of the starting
titanium powder.
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The attainment of the adsorption equilibrium in
the systems under study was determined by measuring
kinetic curves of adsorption. Figure 1 shows the ki-
netic curves of adsorption of the oligomeric poly-
aminoimide binder under study on the surface of some
of the compounds in question. It was established that
a constant value of the refractive index of the solution
was observed during the first two to three days after
solutions of PAIS-104 in DMF were brought in con-
tact with the adsorbent, which indicates that the ad-
sorption equilibrium was attained. Similar depen-
dences were obtained for all the systems studied.

As is known, the rate at which the adsorption equi-
librium is attained is determined by the nature of the
adsorbent and by its dispersity and porosity. As the
adsorbents studied have about the same dispersity and
granulometric composition, the fact that the highest
rate of adsorption is observed for the nonstoichiomet-
ric titanium nitrides TiN0.5 and TiN0.95 is accounted

for by their larger specific surface area. The nature of
adsorbent has a little effect on the kinetic parameters
of adsorption of the polyaminoimide oligomer.

Similar studies were performed for systems con-
stituted by a nonstoichiometric adsorbent and mono-
mers of the polyaminoimide binder. It was established
that the adsorption equilibrium is attained in this
case during the first 1.532 h after DMIDPhM and
DADPhM solutions are brought in contact with the
surface of the adsorbent.

As the oligomer under study is a product obtained
by reaction in a melt of DMIDPhM and DADPhM, it
contains simultaneously amine and imide functional
groups. In curing of PAIS-104, there simultaneously
occur addition of amine groups to double bonds of
imide rings and a competing reaction of autopoly-
merization of imide rings, which result in that struc-
tures of two types are formed in the polymer:

ÄÄÄÄÄÄÄÄÄÄ
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Therefore, a study of adsorption of the oligomeric
polyaminoimide binder and its monomers could reveal
the selective adsorption properties of the surface of the
nonstoichiometric compounds with respect to amine
and imide functional constituents of the oligomer.

As is known, adsorption by J. Gibbs is calculated
as an excess amount of a solution component within
the adsorption layer enveloping the surface of the ad-
sorbent. However, the adsorption is calculated in ac-
tual practice as the amount of a substance adsorbed on
a unit surfacearea of the adsorbent, using the formula

Gi = ÄÄÄÄÄÄÄ ,
(c0 3 ci)V

mSsp
(1)

wherec0 and ci are the concentrations of the compo-
nent in the initial solution and that in equilibrium with
the adsorbent (mM);m, mass of the adsorbent (g);
V, volume of the adsorption solution (l); andSsp, spe-
cific surface area of the adsorbent (m2 g31).

Figure 2 shows adsorption isotherms of PAIS-104
and its monomers from diluted solutions in DMF on

Fig. 1. Kinetic curves of PAIS-104 adsorption on the sur-
face of fillers from solutions in DMF. (t) Time. (1) TiN0.5,
(2) TiN0.95, (3) TiC0.5N0.4, and (4) TiC0.5.
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Fig. 2. Isotherms of adsorptionG of PAIS-104 and its mono-
mers on the surface of the carbide TiC0.75. (c) Concen-
tration of a component; the same for Fig. 3. (1) DADPhM,
(2) PAIS-104, and (3) DMIDPhM; the same for Fig. 3.

the surface of a nonstoichiometric titanium carbide of
composition TiC0.75. Similar dependences were ob-
tained for the other adsorbents.

As can be seen in Fig. 2, the adsorption isotherms
of the monomers DMIDPhM and DADPhM have
a typical shape with the adsorption approaching a li-
miting value. The adsorption isotherm of the poly-
aminoimide oligomer is S-shaped, which is typical
of adsorption of sparingly soluble substances. Sys-
tems of this kind are commonly regarded as bulk-
stratifying [13].

It is known [14] that all components of a mix-
ture are sorbed simultaneously, but to varied ex-
tent, in adsorption of macromolecules from dilute
solutions. Therefore, it is somewhat difficult to de-
termine the limiting adsorption of the polymer. How-
ever, the adsorption isotherms of the polyamino-
imide oligomer show a plateau with a nearly constant
adsorption. If it is assumed that this part of the iso-
therm corresponds to dense filling of the surface of
the adsorbents by macromolecules in a single layer,
Langmuir’s theory of monomolecular adsorption can
be used to find the parameters of the adsorption
equilibrium in systems of this kind. The equation
describing the adsorption process is in this case as
follows:

G = G
i

[kc/(1 + kc)], (2)

where G
i

is the limiting surface concentration of
the adsorbate (mmol m32); k, equilibrium constant
equal to the ratio of the rate constants of desorption
and adsorption; andc, volume concentration of the
substance (mmol l31).

Fig. 3. Linear anamorphoses of the isotherms of adsorption
G of PAIS-104 and its monomers on the surface of the car-
bide TiC0.75.

Equation (2) is linearized in the coordinatesc/G =
f (c), which makes it possible to easily find values of
its parameters.

Figure 3 shows linear anamorphoses of the adsorp-
tion isotherms of the polyaminoimide oligomer and
its monomers on the surface of TiC0.75. As can be
seen from the plots shown in the figure, the experi-
mental points fall with good precision on the theoret-
ical straight line, which indicates that the model of
monomolecular adsorption is adequate to the systems
under study. Similar plots were constructed for the
other adsorbents. The linear correlation factors found
using the least-squares procedure were 0.98530.998.

The linear form of Eq. (2) was used to find the lim-
iting surface concentration of the components being
sorbed and the adsorption equilibrium constants for
all the nonstoichiometric compounds under study.
The data on the limiting adsorption were used to cal-
culate the thickness of the adsorption layer:

l = G
i

M/d, (3)

whereG
i

is the limiting adsorption (mg m32); M, mo-
lecular weight of the substance (g); andd, density of
the substance (kg m33).

As can be seen from Table 2, the limiting adsorp-
tion depends not only on the specific surfacearea
of the adsorbents, but also on the nature of a nonstoi-
chiometric compound. Despite the large specific sur-
face of nonstoichiometrictitanium nitrides, the limit-
ing adsorption of the polyaminoimide oligomer on
their surface is lower than that on the surface of tita-
nium carbonitrides and of the carbide of composition
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Table 2. Parameters of adsorption of PAIS-104 and its monomers on the surface of fillers
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Filler
³ PAIS-104 ³ DADPhM ³ DMIDPhM
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ G

i
0 107, mg m32 ³ k ³ l, A ³ G

i
0107, mg m32 ³ k ³ G

i
0107, mg m32 ³ k

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
TiC0.5 ³ 1.2 ³ 1.8 ³ 2.4 ³ 2.5 ³ 6.2 ³ 2.0 ³ 3.0
TiC0.6 ³ 2.6 ³ 2.2 ³ 5.3 ³ 3.4 ³ 5.7 ³ 1.9 ³ 2.1
TiC0.75 ³ 3.2 ³ 1.4 ³ 6.6 ³ 4.7 ³ 4.8 ³ 2.2 ³ 3.4
TiC0.9 ³ 1.8 ³ 1.7 ³ 3.7 ³ 2.8 ³ 6.4 ³ 1.5 ³ 4.6
TiN0.5 ³ 2.0 ³ 2.3 ³ 4.1 ³ 3.1 ³ 4.2 ³ 1.7 ³ 3.2
TiN0.95 ³ 2.4 ³ 1.9 ³ 4.9 ³ 3.5 ³ 5.1 ³ 1.8 ³ 4.0
TiC0.5N0.4 ³ 2.5 ³ 1.2 ³ 5.1 ³ 4.2 ³ 3.8 ³ 2.0 ³ 3.7
TiC0.4N0.3 ³ 3.3 ³ 1.4 ³ 6.8 ³ 4.5 ³ 4.7 ³ 2.4 ³ 4.1
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

TiC0.75. Another pattern is also observed: the farther
the composition of a nonstoichiometric compound
from the boundaries of the homogeneity region [15],
the higher the limiting adsorption of the oligomer.
The data of Table 2 also show that the adsorption
of the amine functional constituents of the oligomer
dominates over that of imide constituents. This is indi-
cated by the values of the limiting adsorption of mod-
el compounds, monomers DMIDPhM and DADPhM.
The low values of the equilibrium constants point to
a comparatively weak interaction of binder molecules
with the surface of the adsorbents, in agreement with
published data [14]. The higher values of the con-
stants for the model compounds indicate that desorp-
tion predominates over adsorption in the case of mono-
mers. The thickness of the adsorption layer varies
within the range 236 A, which is due to orientation
of oligomer molecules on the surface of the adsorbent
in adsorption from dilute solutions and confirms once
more the applicability of the monomolecular adsorp-
tion model to the systems studied.

As already noted, ECM based on a polyamino-
imide binder and nonstoichiometric compounds are
distinguished by stability of their electrical parame-
ters, but also have some disadvantages: articles made
of cured resins exhibit an increased brittleness, their
processing by injection molding and extrusion is dif-
ficult [16]. These disadvantages can be obviated by
modifying the polyaminoimide oligomer with various
additives.

Oligooxypropylene glycol (OOPG), dioctyl phthal-
ate (DOPh), and epoxydiane resin ED-20 were used as
additives in this study. The adsorption equilibria in
the systems constituted by a nonstoichiometric adsor-
bent, PAIS-104, and an additive were studied using
the scheme described above. In this case, the adsorp-

tion isotherms were similar to those inFig. 2. Their
point-by-point linearization as far as the plateau re-
gion inclusive made it possible to determine the ad-
sorption parameters for these systems.

Table 3 lists the parameters calculated similarly to
those for the binary systems PAIS3filler: limiting ad-
sorption, equilibrium constants, and thickness of the
adsorption layer. As can be seen from the data pres-
ented, the adsorption of the polyaminoimide oligomer
on the surface of the fillers studied is strongly affected
by the composition of the binder. For example, intro-
duction of a reactive additive OOPG and plasticizer
additives DOPh and ED-20 raises the limiting adsorp-
tion by 40360%, which is due to enhancement of
the adsorption properties of the modified binder.

Noteworthy is the existence of a relationship be-
tween the limiting adsorption and the strength prop-
erties (adhesion strength and impact viscosity) of the

Table 3. Parameters of adsorption for systems with
modifying additives
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

³ 2.5% OOPG³ 1.5% DOPh³ 3% ED-20
ÃÄÄÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÂÄÄÄÅÄÄÄÄÄÄÂÄÄÄ

Filler ³G
i
0107,³

k
³G

i
0107,³

k
³G

i
0107,³

k³mg m32³ ³mg m32³ ³mg m32³
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÄÄÅÄÄÄ
TiC0.5 ³ 1.4 ³ 2.2³ 2.0 ³ 3.1³ 2.2 ³ 2.4
TiC0.6 ³ 3.7 ³ 1.6³ 3.2 ³ 2.5³ 3.6 ³ 3.7
TiC0.75 ³ 5.1 ³ 2.3³ 4.2 ³ 2.8³ 4.5 ³ 2.7
TiC0.9 ³ 2.0 ³ 1.9³ 2.3 ³ 2.5³ 2.7 ³ 3.6
TiN0.5 ³ 1.9 ³ 2.5³ 2.2 ³ 3.2³ 2.2 ³ 3.1
TiN0.95 ³ 2.5 ³ 2.3³ 2.8 ³ 2.8³ 3.1 ³ 2.8
TiC0.5N0.4³ 3.0 ³ 1.8³ 3.0 ³ 2.7³ 3.2 ³ 2.9
TiC0.4N0.3³ 3.7 ³ 2.1³ 3.5 ³ 2.9³ 3.5 ³ 4.2
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÄÄÁÄÄÄ
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Table 4. Strength parameters of composites containing 50 wt % filler (n = 5)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Composite
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Filler ³ no additive ³ 2.5% OOPG ³ 1.5% DOPh ³ 3% ED-20
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³sshear, MPa³ A, kJ m32 ³sshear, MPa³ A, kJ m32 ³sshear, MPa³ A, kJ m32 ³sshear, MPa³ A, kJ m32

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
TiC0.5 ³ 7 ³ 3.75 ³ 12 ³ 4.25 ³ 10 ³ 5.76 ³ 9 ³ 7.92
TiC0.6 ³ 10 ³ 7.12 ³ 16 ³ 10.65 ³ 12 ³ 12.72 ³ 11 ³ 15.45
TiC0.75 ³ 15 ³ 8.62 ³ 22 ³ 11.25 ³ 15 ³ 15.25 ³ 12 ³ 18.94
TiC0.9 ³ 12 ³ 6.15 ³ 18 ³ 7.68 ³ 16 ³ 9.73 ³ 14 ³ 13.22
TiN0.5 ³ 9 ³ 7.52 ³ 12 ³ 9.10 ³ 13 ³ 13.85 ³ 15 ³ 16.60
TiN0.95 ³ 8 ³ 7.90 ³ 12 ³ 10.75 ³ 12 ³ 14.27 ³ 12 ³ 16.35
TiC0.5N0.4 ³ 10 ³ 7.24 ³ 12 ³ 12.15 ³ 18 ³ 13.88 ³ 20 ³ 16.30
TiC0.4N0.3 ³ 14 ³ 8.57 ³ 18 ³ 12.82 ³ 15 ³ 13.42 ³ 18 ³ 15.28
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

composite obtained. Table 4 lists the values of the ad-
hesion strength in interlayer shear,sshear, and impact
viscosity by Sharpy,A, for composites containing
50 wt % nonstoichiometric filler and similar compos-
ites with modifying additives. It can be seen that
an increase in the limiting adsorption of PAIS-104 on
a carbide of composition TiC0.75 by a factor of 1.6
leads to an approximately 1.5 times higher strength
in interlayer shear. A similar correlation is observed
for other fillers and modifiers. The data in Table 4
can also be used to elucidate the relationship between
the filler composition and the strength properties of
the resulting composite. The increase in the strength
of the composite can be attributed to a rise in the
share of structures of the second type [Scheme (I)] in
the cured polymer. These structures are formed upon
blocking (as a consequence of specific adsorption) of
radicals from the amine constituent of the oligomer
on the surface of fillers, which enhances the process
of autopolymerization of the imide.

Fig. 4. Mechanical properties of composites vs. the com-
position of titanium carbide TiCx: (1, 2) adhesion strength
sshearand (3, 4) impact viscosityA. Material: (1, 2) with
2.5% OOPG and (3, 4) without additives.

Figure 4 shows how the strength properties of
the composites obtained depend on the parameterx
in the formula of nonstoichiometric titanium carbide.
It can be seen that the maximum strength in inter-
layer shear and higher impact viscosity are observed
for the material containing a carbide whose compo-
sition corresponds to the middle of the homogeneity
region of the system Ti3C, i.e., TiC0.75. This is in
a good agreement with the previously established
dependence of the adhesion strength of the material
on the limiting adsorption of the polyaminoimide
oligomer.

CONCLUSIONS

(1) Experimental data on adsorption of an oligo-
meric polyaminoimide binder PAIS-104 and its mono-
mers on the surface of nonstoichiometric titanium
carbides, nitrides, and carbonitrides were obtained
for the first time.

(2) It was established that the adsorption of
PAIS-104 on the surface of the fillers studied is
adequately described by the monomolecular-layer
model.

(3) It was found that the limiting adsorption of
PAIS-104 is in the range (1.235.1)0 107 mg m32,
equilibrium constants are equal to 1.234.2, and the
thickness of the adsorption layer is within 2.436.8A.
The strength of the composites obtained, as well as
the adsorption parameters of the binder, depend on
the nature, composition, and specific surfacearea of
the nonstoichiometric fillers and on the presence of
modifying additives, oligooxypropylene glycol, di-
octyl phthalate, and ED-20 resin.
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Abstract-Electrochemical dissolution of aluminum alloyed with tin, indium, and lead in aNaOH solution
in the concentration range 4.4312.0 M at 75oC was studied by the method of chronopotential and current3

voltage curves. The influence exerted by alloying elements on the electrochemical parameters of the process
was revealed.

The high electrochemical activity of aluminum,
especially in alkaline solutions, makes it an attractive
anodic material for standby chemical power cells
[1, 2, 3]. Aluminum has a low electrochemical equiv-
alent (0.336 g A31 h31) and, consequently, a sufficient-
ly high theoretical specific capacity (2.98 A h g31),
and well surpasses zinc (0.83 A h g31), widely used
as anode material, and the promising magnesium
(2.20 A h g31). As regards its bulk characteristics,
aluminum has a capacity of 8.00 A h cm33, compared
with 5.88 A h cm33 for zinc and 5.58 A h cm33 for
magnesium [1]. In addition, aluminum is a readily
available and relatively inexpensive metal.

Until recently, the electrochemical dissolution of
aluminum and its alloys has been mainly studied in
a diluted NaCl solution modeling seawater [234]. In
the last years, the interest of researchers in the be-
havior of aluminum in an alkaline medium has in-
creased. This is due to the fact that the half-system
Al/NaOH seems to be rather promising owing to
its high electronegative standard potential, equal to
32.30 V [5]. However, the high energy capacity of alu-
minum cannot be used in full measure because of the
pronounced difference effect, which markedly dimin-
ishes the utilization factor of the electrochemically
active substance. Moreover, a shift of the anode po-
tential toward the potential of the hydrogen electrode,
which is 30.83 V at pH 14, is observed in this case.

To suppress the negative influence of the difference
effect and the shift of the electrode potential in the
negative direction, it is suggested to use alloying of
aluminum with other elements in order to depassivate
the surface and extend the range of anodic current
densities, with the hydrogen evolution overvoltage
simultaneously increasing. Of interest are studies by

Klochkova’s et al. [6, 7], who examined the anodic
dissolution of aluminum and its alloys in alkaline
solutions and pointed out, following Purenovichet al.
[4], that use of indium as depassivator of the electrode
surface in an anodic alloy and introduction of tin
compounds as corrosion inhibitors into the electrolyte
are promising methods.

This area of research ispromising, which is con-
firmed by the patent literature. A number of patents
are known, which suggest use ofaluminum alloys con-
taining gallium, thallium, tin, lead, and other alloy-
ing components for fabricating the active part of the
anode in a chemical power cell [8, 9].

The present study is concerned with the electro-
chemical behavior of some aluminum alloys in a
NaOH solution in a wide range of concentrations (4.43

12.0 M) and current densities (1003500 mA cm32).

EXPERIMENTAL

As objects of study were used aluminum3indium,
aluminum3indium3tin, and aluminum3tin3lead alloys.
The content of the alloying metals in some of the al-
loys studied is listed in Table 1. The aluminum3indi-

Table 1. Composition of the alloys studied (aluminum
the rest)
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Alloy
³ Content of alloying component, %
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ Sn ³ In ³ Pb

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
K16 ³ 0.20 ³ 0.25 ³ 3

K17 ³ 0.10 ³ 3 ³ 0.10
K18 ³ 0.20 ³ 0.06 ³ 3

K19 ³ 0.10 ³ 0.33 ³ 3

K20 ³ 3 ³ 0.60 ³ 3
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

A STUDY OF THE KINETICS OF ELECTROCHEMICAL DISSOLUTION OF ALUMINUM ALLOYS 1643

um alloy is a mixture of a solid solution and an in-
dium3aluminum eutectic [6, 7]. At a mass fraction of
indium of up to 0.2%, its solid solution with alumi-
num is a major component of the alloy. At higher
indium concentrations, the fraction of the eutectic
increases.

The electrode had the form of a 1.004.000.04-
cm plate with a working surface area of 2.0 cm2 and
the rest of the surface insulated with an alkali-resistant
lacquer. Prior to each test the electrode surface was
trimmed, degreased, and washed with distilled wa-
ter. A NaOH solution of concentration4.4, 8.0, and
12.0 M served as electrolyte. The working tempera-
ture of the electrolyte, equal to 75+ 1.0oC, was
maintained with a water thermostat. The polarization
measurements were performed in a three-section elec-
trochemical glass cell. A graphite rod was used as
an auxiliary electrode, and a saturated silver chloride
electrode, as reference. The anode under study was
polarized with a B5-47 dc power supply. The voltage
in the circuit constituted by the anode and the refer-
ence electrode was measured with a Shch-1413 high-
input-resistance digital voltmeter. The loss of mass by
the anode was determined gravimetrically by weigh-
ing the electrode on a VLR-200 balance before and
after polarization.

Pure aluminum of A95 brand served for compari-
son of characteristics.

The chronopotentialE3t curves were obtained for
the anodic dissolution of the aluminum alloys studied
at current densities of 1003500 mA cm32 and a po-
larization time of 600 s. TheE3t curves measured at
a current density of 300 mA cm32 in a 4.4 M NaOH
solution are shown in Fig. 1a. All the potentials in
the study are given relative to a standard hydrogen
electrode.

It follows from Fig. 1a that theE3t characteristics
of alloys alloyed with indium and tin are stable (cur-
ves1, 335). The chronopotentiograms lie at potentials
in the range31.54_31.59 V, which indicates that
there are no transient side processes, such as local
semi-passivation by products of electrooxidation of
the anode. It is important to note that the potential is
stabilized during the first seconds of the electrode
polarization. This means that the anodic activation of
the electrode surface is not the rate-limiting process.

By contrast, the potential of the K17 alloy contain-
ing 0.1% tin and 0.1% lead (curve2) demonstrates
a certain instability in the course of time, i.e., changes
from 31.65 to31.52 V in 600 s. However, even in this
case, the electrochemical dissolution of the anode

Fig. 1. Chronopotentiogram of anodic dissolution of alu-
minum alloys in a 4.4 M solution ofNaOH. (E) anode
potential and (t) time. Current density (mA cm32): (a) 300,
(b) 400, and (c) 500. Alloy: (1) K16, (2) K17, (3) K18,
(4) K19, (5) K20, and (6) A95 aluminum.

proceeds at potentials that are 0.1530.20 V more
negative than the potential of pure A95 aluminum
(Fig. 1a, curve6).

The chronopotential curves obtained for the same
alloys at current densities raised to 500 mA cm32

(Fig. 1b, 1c) are not fundamentally different from the
curves in Fig. 1a, except in thecase of the lead-con-
taining alloy K17 (curve2), which exhibits a stronger
instability of the E3t characteristics. For example,
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Table 2. Potential of aluminum alloys at different
concentrations of NaOH and current densities
ÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

cNaOH,³ i, ³ Potential3E, V, of indicated alloy
³ ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄ

M ³mA cm32
³ K16 ³ K18 ³ K19 ³ K20

ÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄ
4.4 ³ 0 ³ 1.61 ³ 1.60 ³ 1.60 ³ 1.59

³ 100 ³ 1.60 ³ 1.59 ³ 1.59 ³ 1.56
³ 300 ³ 1.58 ³ 1.56 ³ 1.54 ³ 1.53
³ 400 ³ 1.57 ³ 1.55 ³ 1.54 ³ 1.52
³ 500 ³ 1.55 ³ 1.53 ³ 1.51 ³ 1.50

8.0 ³ 0 ³ 1.70 ³ 1.66 ³ 1.68 ³ 1.66
³ 100 ³ 1.65 ³ 1.63 ³ 1.64 ³ 1.62
³ 300 ³ 1.60 ³ 1.58 ³ 1.57 ³ 1.53
³ 400 ³ 1.56 ³ 1.54 ³ 1.53 ³ 1.50
³ 500 ³ 1.53 ³ 1.51 ³ 1.49 ³ 1.46

12.0 ³ 0 ³ 1.76 ³ 1.74 ³ 1.75 ³ 1.73
³ 100 ³ 1.70 ³ 1.67 ³ 1.69 ³ 1.63
³ 300 ³ 1.58 ³ 1.55 ³ 1.56 ³ 1.52
³ 400 ³ 1.55 ³ 1.52 ³ 1.53 ³ 1.48
³ 500 ³ 1.53 ³ 1.51 ³ 1.52 ³ 1.46

ÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄ

the change in the potential in 600 s at a current den-
sity of 500 mA cm32 is as large as 0.1730.20 V,
whereas that for alloys with indium is 334 times
smaller (curves1, 335).

The chronopotential curves for the K16 and K183

K20 alloys are close, with the potential varying within
the rangeDE not exceeding 0.05 V in each case. This
confirms the decisive role of indium in the kinetics
of electrochemical dissolution of the alloy, which
has been noticed previously by Purenovich and co-
workers [4]. The potential of each of the alloys in
anodic polarization depends primarily on the relative
rates of two processes, electrochemical dissolution
of aluminum under the action of the external current
by the reaction:

Al + 4OH3 6 AlO2
3 + 2H2O + 3e (1)

and spontaneous dissolution of aluminum the electro-
chemical mechanism as a result of occurrence, on
the anode surface, of two conjugate reactions

Al + 4OH3 6 AlO2
3 + 2H2O + 3e, �

� (2)
3H2O + 3e 6 3/2H2 + 3OH3, �

which, combined, give the stoichiometric equation

Al + H2O + NaOH 6 NaAlO2 + 3/2H2. (3)

The anode potentials of the indium-alloyed alu-
minum (Fig. 1, curves1, 335) are strongly shifted
from the equilibrium potential of the hydrogen elec-

trode in the negative direction with respect to the po-
tential of pure aluminum. Therefore, the presence of
indium as an alloying component makes lower the rate
of spontaneous dissolution of aluminum by reac-
tions (2). The mechanism of the influence exerted by
indium is associated with the increase in the hydrogen
evolution overvoltage on the surface of the indium-
containing alloy. As regards pure aluminum (curve6),
the side process (2) goes here at a noticeable rate,
and, therefore, theE3t curve is strongly shifted to less
negative potentials.

Dependences similar to those plotted in Fig. 1
were obtained on raising the NaOH concentration to
12.0 M. The main results of these series of tests are
listed in Table 2, which presents the average values of
the potential in anodic polarization at a current density
of 100 to 500 mA cm32 for 600 s. The K17 alloy is
omitted, as it has poorer characteristics than indium-
containing alloys.

As the electrolyte concentration increases, the steady-
state potential of the alloys shifts toward negative
values and the variation of the potential with increas-
ing current density becomes more pronounced. In
a 4.4 M NaOH solution, the average potential at
100 mA cm32 nearly coincides with the zero-current
potential for all the alloys, whereas in a 12.0 M NaOH
solution, E changes by 0.0630.10 V, reaching a value
of 0.2330.27 V as the current density increases to
500 mA cm32. Most probably, the decrease in the an-
ode potential is due to a rise in the concentration po-
larization as a result of an increase in the aluminum
concentration in the near-anode layer, which is the
more pronounced, the higher, the greater the current
density. The increase in the electrolyte concentration
is accompanied by a rise in the solution viscosity,
which enhances the diffusion hindrance in the course
of reaction (1). It should be noted, however, that the
variation of the potential is, on the whole, quite ac-
ceptable. Also absent are any clearly pronounced in-
dications of a partial passivation of the electrode sur-
face, e.g., via formation of a sparingly soluble indium
hydroxide.

The efficiency of the electrochemical dissolution
of aluminum by reaction (1) can be conveniently
evaluated by the utilization factor of the active sub-
stance,Ku, which is calculated by the formula

Ku = qitS/Dm,

whereq is the electrochemical equivalent of aluminum
(g A31h31); i, current density (mAcm32); t, duration of
electrolysis (h);S, working surface area of the anode,
(cm2); and Dm, loss of mass by the anode through
electrochemical and spontaneous dissolution (g).
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The dependences of the utilization factor on current
density in a 4.4 M NaOH solution are shown for the
K16 and K18-K20 alloys and A95 aluminum in Fig. 2.
When the current density increases from 100 to
500 mA cm32, the utilization factor clearly grows.
The dependence is virtually linear within the range
2003500 mA cm32, which means that the rate of
spontaneous dissolution of aluminum by reaction (3),
accordingly, decreases. The deceleration of the sponta-
neous dissolution with growing current density in an
alkaline electrolyte is typical of aluminum [10, 11].

As regards the data in Fig. 2, the K16, K18, and
K19 alloys are indistinguishable (curves133) despite
the different contents of indium (within the range
from 0.06 to 0.33%). When the content of indium
increases to 0.6% (K20 alloy, curve4), the utilization
factor considerably grows (from 72 to 87% at a cur-
rent density of 300 mA cm32). This is in agreement
with the data obtained by Klochkovaet al. [6, 7].

The utilization factor of A95 aluminum (curve5)
exhibits a similar type of variation with increasing
current density, but lies within 10335%. This result
agrees with the data inFig. 1 (curve 6).

At 8.0 M NaOH, the pattern of Fig. 2 is reproduced
in every detail, and the utilization factors of all the four
alloys change only slightly. A further increase in the
electrolyte concentration to 12.0 M leads to a dramat-
ic rise in the utilization factor of aluminum,Ku, in
the alloys. At current densities of 3003500 mA cm32,
the utilization factor is as high as 95398%, with all
the four alloys having closely similar characteristics.
Thus, the rate of spontaneous dissolution of aluminum
is at a minimum under these conditions.

CONCLUSION

A study of the electrochemical behavior of a num-
ber of the Al3Sn3In, Al3In, and Al3Sn3Pb alloys in
a 4.4312.0 M solutions of NaOH demonstrated that
the efficiency of the anodic dissolution of aluminum
largely depends on the nature and concentration of
the alloying elements. The chronopotentiogram meas-
ured at current densities of 1003500 mA cm32 is, as
a rule, stable. The alloy containing 0.20% Sn and
0.25% In exhibits the most negative potentials of elec-
trochemical dissolution, and that with 0.1% Sn and
0.1% Pb, the least negative anode potentials. The uti-
lization factor of the active substance is the largest
for the alloy with 0.60% In. As the electrolyte con-
centration increases, the efficiency of electrochemical
dissolution of the alloys sharply grows.

Fig. 2. Utilization factor Ku of the aluminum alloys vs.
the current densityi in a 4.4 M NaOHsolution. Alloy:
(1) K16, (2) K18, (3) K19, (4) K20, and (5) A95 aluminum.
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Abstract-An electrolyte composition is suggested for absorption recovery and concentration of mercury
from air and its subsequent inversion-voltammetric determination on a gold electrode in a solution of
the same composition.

In spite of the extremely high toxicity, mercury and
its compounds find wide application in various fields
of human activity: research, chemical industry, manu-
facture of chemical power cells, agriculture (treatment
of seeds with mercury-containing fungicides), medi-
cine, and cosmetics [133]. As a result, mercury com-
paratively frequently finds its way into the environ-
ment. Taking into account the volatility of elemental
mercury, the problem of monitoring the content of
mercury in the atmosphere arises most frequently.
The maximum permissible concentration of mercury
in the air of a working area is 10mg m33 [4]. Com-
bined with the wide demand for methods that can be
used to monitor its contents in air, this circumstance
imposes contradictory requirements to these tech-
niques, namely, high sensitivity and simultaneous
ready availability.

At present, the method of atomic-absorption spec-
troscopy in[cold] vapor has found the widest use for
determination of mercury [5]. The main drawbacks of
this method are the insufficiently high reproducibility
of analytical data and the necessity for use of a com-
paratively expensive equipment [6, 7]. A new variety
[8] of differential atomic-absorption spectroscopy
opened up additional opportunities for making lower
the detection limit in direct determination of traces of
mercury in air. However, the cost of the analyzer
increases in this case to an even greater extent, which
makes this method inaccessible for most of laborato-
ries engaged in ecological analysis. At the same time,
inversion voltammetry with a gold electrode is known
to be one of the most sensitive methods for deter-
mining mercury in aqueous media [9]. However, to
apply this method for determining mercury in air,
it is necessary to solve the problem of its liquid-ab-

sorption recovery from air. The composition of the
absorbing solution should be as close as possible to
the optimal composition of the background solution
used in inversion-voltammetric determination of
mercury.

The aim of this study was to choose a universal
composition of the solution, which simultaneously
enables absorption recovery of all possible chemical
forms of mercury from air and its inversion-voltam-
metric determination on a gold electrode.

EXPERIMENTAL

To determine mercury(II) in solutions, we used
an AKV-07 voltammetric analyzer (AKVILON NPKF,
Moscow) with a three-electrode transducer: a rotat-
ing-disc working electrode in the form of a gold rod
pressed in a fluoroplastic sheath, with a disc 1 mm in
diameter as the working surface and a surface area of
0.8 mm2; an auxiliary electrode in the form of a glassy
carbon crucible serving simultaneously as a measuring
cell; and an EVL-1M4 silver chloride electrode as
reference. We prepared the surface of the indicator
electrode as follows: after mechanical polishing of its
surface with a fine emery paper, we polished the elec-
trode electrochemically using the technique described
in [10] and then additionally activated it directly in
a mercury(II) solution to be analyzed, on the back-
ground of 1 M HClO4 + 0.1 M HCl by electrode
polarization at a potential of +1.3 V (1 min) in an ag-
itated solution. The surface of the working electrode
was cleaned between the measurements electrochem-
ically in a solution of the same composition. We
monitored the extent of cleaning by recording back-
ground voltammograms.
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A reference solution of mercury(II) with a concen-
tration of 1033 M was prepared from Hg(NO3)2 .H2O
and the concentration of the solution was determined
by precipitation titration [11]. Chemically pure re-
agents were used, the solutions were prepared with
twice-distilled water. A 1033 M iodine solution was
prepared by dissolving crystalline iodine in ethanol.

To choose conditions for absorption recovery of
mercury with the aim of its subsequent inversion-volt-
ammetric determination, we assembled a setup with
in-series connected compressor, flask of mercury
vapor generator, and two Tishchenko flasks. Flask
no. 1 was used to absorb mercury, and flask no. 2, to
test the completeness of absorption in the first flask.
We used a flask blown through with air, with a drop
of mercury on the bottom, as a generator of mercury
vapor. To obtain reproducible results, air was blown
above mercury into an exhaust hood for 1 min before
each measurement and then the air flow with mercury
vapor was directed into the absorbing Tishchenko
flasks. The measurements were made and the flow
rate of air was controlled with an RM-25GUZ-K ro-
tameter. Compressors manufactured by AND and
Barnant companies were used to inject air.

When choosing a universal composition of the so-
lution, we used as the starting assumption that the
inversion-voltammetric determination of mercury is
usually carried out on the background of a mixture of
perchloric and hydrochloric acids. The optimal com-
position of the background solution is 1 M HClO4 +
0.1 M HCl [12]. However, all attempts to use a so-
lution of such a composition as an absorbent even for
recovery of mercury present in air in the elemental
state appeared to be ineffective. This was indicated by
the fact that, even after blowing air through the ab-
sorbing installation at a rate of 1 l min31 for 10 min,
the concentration of mercury in the background solu-
tion placed in Tishchenko flasks was about the same.

To make the catching of mercury more complete
by converting atomic mercury into a nonvolatile ionic
form, we tested as absorbent a solution into which
nitric acid was introduced as an oxidizing agent.
The background curves obtained in the solutions
with HNO3 introduced in concentrations higher than
1 0 1034 M show (Fig. 1) an anodic peak dependent
on the concentration of HNO3 (Epeak = 0.68+ 0.01 V)
is observed at potentials close to those of mercury
ionization. This peak virtually disappears at HNO3
concentrations<1 0 1034 M. The introduction of
1 0 1034 M of HNO3 into the absorbing solution was
insufficient for complete absorption of atomic mer-
cury from air. However, the ratio between the mercury
concentrations in Tishchenko flask nos. 1 and 2 was
improved (no. 1,~80%; no. 2, ~20%).

Fig. 1. Voltammogram obtained in a solution of composi-
tion 0.1 M HCl + 1 M HClO4 + 1 0 1033 M HNO3 with
addition of mercury. (I ) Current and (U) voltage; the same
for Fig. 2. Each curve corresponds to an increase in
the concentration of nitric acid by an order of magnitude.

Therefore, we chose a solution of composition 0.1 M
HCl + 1 M HClO4 + 1 0 1034 M HNO3 for further
experiments.

In our search for the conditions of absorption re-
covery of mercury, we took into account the known
fact that virtually all forms of mercury are caught
from air by activated carbon with elemental iodine ab-
sorbed on it [12]. By analogy, we studied the possi-
bility of mercury absorption by a background electro-
lyte with addition of iodine. Molecular iodine was in-
troduced into a solution of composition 0.1 M HCl +
1 M HClO4 + 1 0 1034 M HNO3 by adding a solu-
tion of iodine in ethanol. The addition of iodine to the
absorbing solution gave positive results. Mercury was
found only in the solution contained in Tishchenko
flask no. 1.

When choosing the optimal concentration of iodine,
we started from the following. First, it was necessary
to ensure a sufficient excess of iodine in the reaction
mixture to effectively recover mercury from air and,
second, the concentration of iodine should be not too
high, because it is electrochemically active. In the
presence of iodine, a peak is observed at +0.62 V in
the voltammograms. Accordingly, at higher concen-
trations of mercury in air (>100mg m33) and iodine
in the absorbing solution (>1035 M), an unresolved
peak is observed in the voltammograms at 0.083

0.91 V (Fig. 2a). This peak corresponds to ionization
of mercury with the formation of iodide complexes
and to electrochemical conversion of iodine. In view
of the fact that the mercury concentration range of
practical interest for monitoring the content of mer-
cury in air is in the range from several micrograms
per cubic meter to tens ofmg m33, we changed the
conditions under which mercury vapor was generated.
The area of the mercury mirror, over which the air
was blown, was decreased from 400 to 16 mm2. It was
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Fig. 2. Peak area in the voltammogram in bubbling air with
a mercury vapor through a solution with a known concen-
tration of Hg2+ ions. tacc = 1 min. CI2

(M): (a) 10 1034

and (b) 10 1036.

Fig. 3. Mercury concentrationcH̀g in a solution of composi-
tion 1 M HClO4 + 0.1 M HCl + 20 1034 M I2 + 1 0 1034 M
HNO3 vs. the rate of air blowing-through,Vblowing. tacc =
60 s, flask no. 1.

found that the iodine concentration in solution, suffi-
cient for complete recovery of mercury, is 10 1036 M.
No peak of iodine was observed in the voltammo-
grams at this concentration (Fig. 2b).

A study of the concentration of mercury vapor in
a solution at the outlet of the generator in relation to
the blowing rate at a fixed volume of air (1 l) passed
through the systemgave the results presented inFig. 3.
It follows from the data obtained that the content of
mercury at a blowing rate of 0.331 l min31 varies in
direct proportion to the blowing rate. Taking into ac-

count the experimentally confirmed completeness
of mercury recovery with the solution of the chosen
composition, we used a calibration plot constructed
using data for reference solutions to determine the
mercury concentration in air. This concentration,c H̀g,
was calculated by the equation

cHg = cHgÄÄ ,
`

V ``
V ```

cHg = cHgÄÄ ,
`

V ``
V ```

where c`H̀g is the mercury concentration in the ab-
sorbate, found from the calibration plot;V ``, volume
of the absorbate; andV `, volume of air blown through
the system constituted by the generator and the ab-
sorbing vessel.

All the experimental data presented above suggest
that the chosen solution composition provides for
100% mercury vapor catching in a wide range of mer-
cury concentrations in air and allows inversion-volt-
ammetric determination of mercury in a solution of
the same composition.
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Abstract-The possibility of using the air electrode of a chemical power cell as an electrochemical oxygen
sensor was studied.

The industrial development and ecological prob-
lems put forward, into a number of problems of cur-
rent interest, the development of selective gas sensors
for oxygen, hydrogen, and other gases [1, 2]. There
exist two types of sensors: semiconductor [1, 2] and
electrochemical [3, 4]. Semiconductor sensors have
a semiconducting indicator element whose properties
are changed under the action of a reagent to be deter-
mined. Electrochemical sensors intended for analysis
of the gas composition of the atmosphere have the in-
dicator electrode in which the electrode potential or
the flowing current changes under the action of the re-
agent to be determined.

There exist electrochemical sensors of two types:
potentiometric and amperometric. Amperometric sen-
sors, in which the component to be determined is in-
volved in a current-forming reaction, have the highest
sensitivity among electrochemical sensors. Owing to
the appropriate choice of catalysts for specific electro-
chemical reactions, amperometric sensors may have
high selectivity and sensitivity. Electrochemical sen-
sors based on a gas-diffusion electrode are preferable
for analysis of gaseous media [4].

The goal of this study was to examine the possibil-
ity of using a porous gas-diffusion electrode, which
is commonly applied in metal3air power cells and
fuel cells, for analysis of oxygen-containing gaseous
media. The prototype of such sensor is the air (oxy-
gen) electrode of a chemical power cell.

The porous gas-diffusion electrode is a three-phase
system electrode3electrolyte3oxygen [5]. The gas to be
determined diffuses through a hydrophobic layer and
enters into the current-forming reaction at the inter-
face between three phases, gas3electrode3electrolyte.

As sensor for determining oxygen in the gas phase
can serve a zinc3air chemical power cell or the oxy-

gen electrode of a fuel cell working in a salt or acid
electrolyte. The limitations associated with the use
of an inert electrolyte are imposed in order to improve
the selectivity of the sensor. This is because alkaline
solutions can be carbonized in pores of the electrode
by CO2 present in the gas phase.

Let us consider the current-forming reaction at the
air (oxygen) electrode in a neutral salt electrolyte:

O2 + 4H+ + 4e 6 2H2O.

According to the data of [6, 7], where the kinetics
of gas-diffusion porous oxygen electrodes is described,
the current generated by this reaction is affected by
the following factors: amount of fluoroplastic; elec-
trode porosity; particle size of the catalyst, fluoroplas-
tic, and carbon support; electrical conductivity of the
electrolyte; and temperature. The electrode thickness
and the dimensions of the current generation zone will
also affect the current being generated. The depen-
dence of the current on the electrode potential is de-
termined not only by the Tafel slope but also by the
relative values of the kinetic and transport coefficients
of oxygen and the electrolyte.

Therefore, the oxygen sensor should have an in-
active electrolyte, which poorly dissolves oxygen and
does not enter into chemical reactions with possible
impurities present in a gaseous medium. The indicator
electrode should be composed of stable materials that
are inert toward the gaseous medium. It should not
include any oxygen-containing complexes and materi-
als that can be involved not only in oxygen reduction,
but also in a current-forming reaction, e.g., MnO2.

As indicator electrode was used a combined matrix
of the air electrode based on BAU activated carbon and
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Fig. 1. Schematic of the electrochemical cell of the oxygen
sensor: (1) indicator electrode, (2) gas-feeding chamber,
(3) reference electrode, (4) auxiliary zinc electrode,
(5) electrolyte, and (6) cell body.

Fig. 2. Potential j vs. current I for indicator electrode
based on (a) BAU activated carbon, (b) polyaniline, and
(c) combined matrix composed of polyaniline and BAU
carbon in various gaseous media. (1) Argon, (2) air, and
(3) oxygen.

electrochemically produced polyaniline. As shown
previously [8], introduction of electrochemically pro-
duced polyaniline into the combined matrix gives
a well-working air electrode. Therefore, a polyaniline
matrix was used in the study. A salt electrolyte of
composition 5 M NH4Cl and 2 M ZnCl2 was chosen.
As auxiliary electrode served zinc, with the result that
the sensor operated on the basis of an oxygen-zinc
chemical power cell. The preparation of polyaniline
and fabrication of the electrodes were described in [8].
All the potentials were measured relative to a silver
chloride reference electrode. The indicator electrodes
were fabricated from BAU activated carbon, pure
polyaniline, and a combined matrix composed of poly-
aniline and BAU carbon.

The current3voltage characteristics of the oxygen
sensor were measured in a three-electrode circuit in
the current generation mode with a high-input-resis-
tance voltmeter and microammeter.

The sensitivity of the air electrode based on the
matrix was measured as follows. After the electrode
was kept in argon, its potential (0.08 V
relative to a silver chloride electrode) and the current
at a load of 10 105

W were measured. Then, gaseous
media were successively changed, the electrode was
kept for 1 h, and the potential of the indicator elec-
trode was adjusted to30.08 V by making the load re-
sistance lower. The current generated in the different
media was recorded. The time of keeping in each me-
dium was 1 h, although the potential varied noticeably
only during the first 15 min.

The setup for testing the sensor is shown schemat-
ically in Fig. 1. The indicator electrode, composed of
the matrix of the air electrode, was placed as a mem-
brane between the gaseous medium and the electro-
lyte. The gas-feeding chamber, when tightened, firmly
pressed the indicator electrode to the cell body. This
chamber also served as a current lead.

The sensitivity of the oxygen sensor was tested in
three gaseous media: oxygen-free atmosphere (argon),
atmospheric air containing 21% oxygen, and a 100%
oxygen atmosphere. The measurements were com-
menced in the oxygen-free atmosphere. Prior to a
measurement, the electrode was kept for 2 h at a low
pressure in the atmosphere to be analyzed. The excess
pressure of the medium, created using an oxygen bag,
was monitored with a gage.

The current3voltage characteristics of the indicator
electrode in media with varied content of oxygen are
shown in Figs. 2a32c. Figure 2a demonstrates the cur-
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rent3voltage dependence for the indicator electrode
composed of activated carbon. As can be seen, at the
minimum load of 300W, on applying which the elec-
trode is changed irreversibly, the potential correspond-
ing to the argon atmosphere could not be reached in
polarization with a flowing current in the atmosphere
of air and oxygen. For the indicator electrode based
on the electrochemically obtained polyaniline, it was
possible to obtain rather close potentials at the mini-
mum load (Fig. 2b, curves2, 3) for air and oxygen,
but it was impossible to reach the potentials corre-
sponding to the atmosphere of argon (Fig. 2b, cur-
ve 1).

The best coincidence of the potentials in argon, air,
and oxygen (Fig. 2c, curves,1, 2, and3, respectively)
could only be achieved at the minimum possible load
for the indicator electrode based on a combined matrix
of activated carbon and polyaniline. As can be seen
from Figs. 2a32c, the current and potential of indica-
tor electrodes respond to a certain extent to variation
of the oxygen concentration in a gaseous medium.
An analysis of Figs. 2a32c demonstrated that the best
suitable electrode for the oxygen sensor is a combined
matrix composed of BAU activated carbon and poly-
aniline. With this electrode, a coincidence of the po-
tentials in air and oxygen with the initial potentials in
argon atmosphere was achieved at a load of 300W

and a polarization of 150 mV.

In this case, after switching off the polarization,
the potentials of the matrix in different media returned
to their initial values after a certain time at rest. This
indicates that no irreversible changes occurred in the
combined carbon-and-polyaniline matrix at a load of
300 W and a polarization of 150 mV.

The dependences of the potentials of the indicator
electrodes composed of activated carbon, polyaniline,
and a combined matrix on the oxygen concentration
in the gaseous medium are shown in Fig. 3 (curves1,
2, and 3, respectively). As can be seen, the depen-
dence is nonlinear for all the electrodes. This may be
due to a change of the mechanism of oxygen diffusion
in the hydrophobic layer toward the current genera-
tion zone on passing from a mixture of oxygen with
the inert gas to pure oxygen.

The results obtained in measuring the sensitivity of
the sensor with an indicator electrode based on a com-
bined matrix composed of BAU activated carbon and
electrochemically obtained polyaniline are presented
in Fig. 4. An estimation of the sensitivity of thiselec-
trode from the dependence of the current on the oxy-
gen concentration gives a rise in current by a factor

Fig. 3. Potential j of the indicator electrode made of
various materials vs. the oxygen concentration O2 in a
gaseous medium at a load of 105 W. Indicator electrode
based on: (1) BAU activated carbon, (2) polyaniline, and
(3) combined matrix composed of polyaniline and BAU
carbon.

Fig. 4. Current I vs. oxygen concentration O2 for the in-
dicator electrode based on polyaniline and activated carbon.

of 180 on raising the oxygen concentration in air from
0 to 21%.

CONCLUSIONS

(1) Electrochemical oxygen sensors can be created
on the basis of the air electrode of a chemical power
cell. For this purpose, it is necessary to use a neutral
salt electrolyte or an acid electrolyte that does not re-
act with the medium to be analyzed.

(2) Owing to the use of electrocatalysts for ox-
ygen reduction, these sensors possess a high sensi-
tivity for oxygen in the gaseous medium to be ana-
lyzed.
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Abstract-The topography of a copper electrolytic foil with varied adherence to an insulator was studied by
the methods of statistical analysis of profilograms, by optical and scanning electron microscopies, and by
coherent optics. The morphology of the deposit surface was revealed, and the microprofile constants re-
sponsible for the adhesion were determined. A method for obtaining a foil with high adhesion strength was
suggested.

One of requirements imposed on the copper foil
used in radio engineering and microelectronics for
metallization of insulators is the high strength of
copper adhesion to the substrate. The adhesion of dis-
similar materials depends on the physicochemical
affinity of substances brought in contact [1] and on
their mechanical interaction associated with the struc-
ture and topography of the foil [2, 3]. The highest
adhesion strength is observed for a foil with two- or
three-layered structure [4]. It is obtained by depositing
an [adhesion layer] of powdered copper on films of
compact copper (so-called[raw] foil). Rather fre-
quently, powder particles are passivated or coated
with a thin [reinforcing] layer of various metals to
prevent their fall-off [5, 6].

The aim of this study was to analyze the adhesion
properties of various samples of a multilayer foil
to reveal the microgeometric structure of the surface
of its separate layers and to develop a morphological
factor and a method for obtaining copper that would
provide a high adherence of metal to a nonconducting
support.

EXPERIMENTAL

The parameters of the foil samples studied are listed
in the table. All the samples, except sample no. 1,
were coated with copper powder, and sample nos. 3,
6, 7, with additional reinforcing copper (no. 3) and
brass (nos. 6, 7) layers. Differences in sample prepara-
tion are unknown because of the foreign origin of
sample nos. 437 (Germany, Luxembourg, and USA).

The foil was attached to the insulator and the ad-
hesion strength was estimated according to GOST
(State Standard) 10316378 and 262460389. On a
foil-clad fiber-glass plastic produced by the method
described in [7], a pattern was etched in the form of
four copper strips 74 mm long and 3 mm wide, spaced
by 10 mm. The etching was performed in a solution
of ferric chloride (density 1.4 g cm33) at 50oC. After
washing and drying, the steady load at which no less
than 25330 mm of the foil was detached was deter-
mined for each strip with a RMU-0.005 tensile
machine at a motion velocity of the mobile clamp
of 50 mm min31. The minimum load determined
by measurements on four strips described above was
taken as the adhesion strength. Three parallel meas-
urements were made on each sample. The average
values of the thus determined adhesion strength are
listed in the table.

The structure of cross sections of the foil was stud-
ied on an MMP-4 metallographic microscope. The sur-
face microgeometry was examined on an ISM-U3
scanning electron microscope (SEM) and a Kalibr-201
profilograph, and analyzed by means of coherent
Fourier optics. The combination of these methods
allowed monitoring of the wide variety of geometric
irregularities on the surface, from elements of growth
of crystal faces and single grains of the deposit to
their conglomerates and microscopic waves caused
by microscopic nonuniformities of the foil thickness.

An LA-70 analog-to-digital converter connected to
a profilographic amplifier (+5 V) was used to obtain
data arrays with a 1-mm step along a 131.5-mm trace
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Adhesion strength and parameters of the surface microprofile of foil samples, determined by profilometry* (Longitudinal
tracing)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ

Sample ³ Adhesion strength,³ Ram ³ Hrms ³ Rz ³ Hmax ³ Lav ³
Str /S0

³
a, ³ N0,³ ÃÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´ ³ ³no. ³ N m31

³ mm ³ ³ deg ³ mm31

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
1 ³ 490+ 30 ³ 0.881 ³ 1.042 ³ 3.946 ³ 4.304 ³ 23 ³ 1.069 ³ 7.448 ³ 43
1** ³ ³ 0.761 ³ 0.902 ³ 3.466 ³ 4.461 ³ 16 ³ ³ 6.738 ³ 61
2 ³ 1140+ 200 ³ 0.901 ³ 1.097 ³ 4.338 ³ 4.990 ³ 15 ³ 1.048 ³ 5.942 ³ 66
2** ³ ³ 0.763 ³ 0.944 ³ 3.780 ³ 4.340 ³ 18 ³ ³ 6.389 ³ 56
3 ³ 1310+ 100 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3 ³ 3

3** ³ ³ 0.920 ³ 1.123 ³ 4.570 ³ 5.622 ³ 21 ³ ³ 6.909 ³ 47
4 ³ 1640 ³ 0.748 ³ 0.939 ³ 4.064 ³ 4.999 ³ 19 ³ 1.069 ³ 7.933 ³ 51
4** ³ ³ 0.768 ³ 0.919 ³ 3.664 ³ 3.987 ³ 19 ³ ³ 7.314 ³ 53
5 ³ 1830+ 130 ³ 1.086 ³ 1.311 ³ 5.498 ³ 6.030 ³ 20 ³ 1.091 ³ 9.332 ³ 49
5** ³ ³ 1.043 ³ 1.319 ³ 5.416 ³ 7.170 ³ 23 ³ ³ 8.663 ³ 43
6 ³ 2120+ 150 ³ 1.018 ³ 1.256 ³ 5.292 ³ 6.780 ³ 16 ³ 1.095 ³ 9.757 ³ 60
6** ³ ³ 0.844 ³ 1.033 ³ 4.274 ³ 5.330 ³ 21 ³ ³ 9.407 ³ 46
7 ³ 2190+ 150 ³ 0.990 ³ 1.288 ³ 6.152 ³ 7.940 ³ 22 ³ 1.097 ³ 7.653 ³ 45
7** ³ ³ 1.108 ³ 1.355 ³ 5.582 ³ 6.970 ³ 19 ³ ³ 9.192 ³ 51

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Ram and Hrms, the arithmetic mean and root-mean-square deviation of the profile, respectively;Rz and Hmax, maximum

height of irregularities;Lav, average width anda, average angle of inclination of the irregularities;ltr , true length of the profile;
Str , true surface area of the foil; andN0, average number of iregularities per unit length of the trace.

** Transverse tracing.

of the microprofile in two mutually perpendicular
directions, one of which coincided with the direction
of motion of the foil in the electrolyte. The parameters
characterizing the topography of the foil surface (see
table) were determined by statistical processing of
the data arrays, using a special software (based on
formulas from [3, 8, 9]). The distribution of the me-
tal along the height of the rough layer was charac-
terized by plotting reference curves [8]. In addition,
the distributions of the irregularities by heightH,
width L, and shapeH/L were determined from the de-
pendences ofN/N0 on H, L, and H/L, where N is
the number of irregularities with the corresponding
geometry.

A 35-mm-thick laboratory sample of foil was ob-
tained by the method suggested previously [7] in
pulsed electrolysis mode from an electrolyte of com-
position (M): CuSO4 . 5H2O 1 and H2SO4 0.5, on
the polished steel cathode at 20oC. The current density
was 6 A dm32, the pulse width, intervals between
the pulses, and the total duration of electrolysis were
1 s, 5 s, and 2.7 h, respectively. To apply the adhesion
layer, the electrode coated with raw copper was sub-
merged in a 1033 M solution of thiourea for 5 s. Then
it was washed in distilled water and electrolysis was
performed at 0.5 A dm32 for 60 s at 18oC in an elec-
trolyte containing (M): CuSO4 . 5H2O 0.02 and
H2SO4 0.2.

Fig. 1. Micrographs of the surface of the foil samples (a, b) no. 1, (c, d) no. 2, (e3g) no. 4, (h3j) no. 5, and (k3m) no. 6.
Magnification: (k) 1500, (a, e, h) 2000, (c) 4000, (b) 4500, (f, i, l) 6000, (d, m) 12000, and (c, j) 20000. Measurement angle
(deg): (a, e, h, j, k) 0 and (b3d, f, g, i, l, m) 45.
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SEM micrographs of the foil surface are shown in
Fig. 1. Thesurface of the raw foil with a low adhesion
strength has loosely globular structure with a clearly
pronounced nonuniformity of grains (grain size from 3
to 15 mm), which are speckled with Burgers disloca-
tions and micropores (Figs. 1a, 1b). The layer of
powdered copper, deposited on these structures, has
the form of 0.330.4-mm grains of copper and copper
oxide, which are uniformly distributed over the sur-
face of flat crystals and somewhat decrease in size
in going from projections to intergrain depressions
(Figs. 1c, 1d). Deposition of a reinforcing layer of
compact copper onto the powder has virtually no ef-
fect on structure of this foil.

Sample no. 4, like sample nos. 133, is not distin-
guished by high uniformity of the support grains
(Figs. 1e31g). At the same time, the scatter of their
sizes, as also the size of the grains themselves (2.53
5 mm), considerably decreases. The powder layer has
an extremely nonuniform distribution. The size of
the powder particles is approximately 0.130.2 mm,
i.e., a factor of 233 smaller than that of sample
nos. 2, 3. At magnifications of about 20000, grains
of raw copper in the form of faceted hexagonal pyr-
amids with a conglomerate of powder particles at their
vertices are clearly revealed (Fig. 1g). The insulator
in which the foil is pressed may flow beneath such
powder formations, with mechanical[locks] enhanc-
ing the adhesion produced as a result [3]. The adhe-
sion strength is determined by the fraction of the
surface,n, occupied by the locks. This parameter can
be evaluated by the ratio of the area under the lock
to that occupied by a grain of the raw foil. Owing
to the existence of a contact zone between the adhe-
sion layer and the raw foil, the width of the lock is
only a fraction of the width of a powder formation.
This makes difficult finding the area under the lock,
and, consequently,n, too. We can roughly estimate
n by neglecting the above discrepancy and taking into
account that the amount of the powder at the vertices
and the zone of its contact with the grain grow si-
multaneously. In what follows, we name the powder
formation the lock, thus emphasizing its function.

The minimum width of the lock for sample no. 4
is approximately 0.531 mm, i.e., 0.2 of the width of
a raw foil grain, which corresponds ton = 0.04. As
a base of the lock can serve any irregularity (projec-
tion or depression) making an acute angle with the
visible surface of the foil [3]. In this case, even single
particles of a uniformly distributed powder can act as
locks if they are sufficiently large in size and have
a granular structure similar to that in sample nos. 2, 3,.
This seems to be a possible explanation of why

Fig. 2. Cross-sectional micrographs of the foil samples
(a) no. 4, (b) no. 5, (c) no. 2, (d) no. 6, and (e) no. 7.
Magnification: (a3c) 400 and (d, e) 600. (A) Raw foil,
(B) powder, and (C) reinforcing copper sublayer.

the adhesion strength of the last two samples is better
than that of sample no. 1.

A specific feature of sample nos. 537 (Figs. 1h31m)
is the pronounced uniformity of the substrate struc-
ture. The grains of the raw foil have a conical shape
with the longitudinally folded facets. Their trans-
verse dimensions are 436 mm (sample no. 5) or
537 mm (sample nos. 637). The copper powder is
predominantly concentrated at projections of irreg-
ularities. The powder grain size of sample no. 5 is
the same as that of sample no. 4 and five times less
than that of sample nos. 6, 7. The micrographs of
the foil clearly show the locks, each with smallpits.
The pits can enhance the adherence of the foil to
the insulator, if their lateral faces make an acute angle
with the bottom of a pit [3]. The minimum width of
the lock is, similarly to sample no. 4, 0.2 of the grain
width in the raw foil. The maximum width is marked-
ly larger. It constitutes 0.330.5 of the width of
the substrate grain.

Cross-sectional optical micrographs of foil samples
(nos. 2, 437) are shown in Fig. 2. On sectionspre-
pared by the conventional procedure [10], two layers
of compact copper with a dark layer of the powder in
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between are clearly visible. One layer of compact
copper is the raw foil, and the other, a the specially
deposited reinforcing sublayer for preventing forma-
tion of roll-offs in polishing and finishing of the
cross-sections of the samples to be studied. The sur-
face of the raw foil is rough to a varied extent.
The most pronounced roughness is observed for a foil
with uniformly conical grains (sample nos. 6, 7), and
the least rough surface, for a foil with extremely high
size nonuniformity of grains of raw copper (sample
no. 3). The adhesion layer reproduces the microprofile
of the support, but its thickness and thickness uni-
formity vary between different samples. For example,
a virtually uniform distribution of the powder over
the irregularities of the raw foil is observed for sample
nos. 2, 4, and 5, but the thicknesses of the powder
layers are different. It is the same and equal to about 5
mm for sample nos. 2 and 5, and two times smaller for
sample no. 4. A clearly pronounced nonuniformity in
the distribution of the powder layer over microdefects
of the substrate is observed for sample nos. 6, 7. In
this case, globular formations of the powder with
radius varying from 1 to 4mm are present on micro-
projections of the raw foil. Apparently, they favor
formation of locks. On the lateral edges and at micro-
depressions, the adhesion layer is, by contrast, virtual-
ly absent.

Thus, the results of our study of the surface mor-
phology of a foil coated with a powder layer and of its
cross-sections suggest that the adhesion strength is
determined by the structure of the layers of both raw
and powdered copper. The pointed crystals of the sup-
port ensure a reliable and deep penetration of the me-
tal into the insulator. The nature of distribution of
the powder particles over the grains of the raw foil
provides formation of the mechanical locks of differ-
ent shapes, from separate granular particles to con-
glomerates of various pointed irregularities. The
highest adhesion is ensured by locks in the form of
conical formations whose vertices are oriented toward
vertices of raw copper grains and bases extend across
voids of various sizes.

The microscopic study of the foil is mostly of de-
scriptive nature. Obtaining the numerical parameters
is limited to only the average size of structural ele-
ments. A more detailed quantitative description of the
foil structure requires use of additional methods. In
the study, the surface was examined by the method
of contact profilography, with the subsequent statis-
tical processing of the profilograms obtained.

The results of the statistical processing (see table)
show that the parameters characterizing the height of

the surface microprofile (Ram, Hrms, Rz, andHmax) are
comparatively close for all the samples (Ram = 0.7531,
Hrms = 0.9331.3, Rz = 3.536.1, andHmax = 3.937.9).
Although no unambiguous correlation between the
height of the microprofile and the adhesion strength can
be revealed, a part of foil with an increased adhesion
(sample nos. 537) has a somewhat more pronounced
roughness (by 10320%). No regular relationship is
observed between the adhesion strength and the trans-
verse dimensions of foil grains, which vary from 15
to 23mm for different samples. For example, for foils
with virtually the same average grain widths (sample
nos. 1, 6) the strength of adherence to the insulator
differs by more than a factor of 4. As indicated by
the Str /S0 ratio at S0 = const, the true surface area of
the foil coated with powder copper (sample nos. 237)
steadily grows as their adherence capacity becomes
higher. Only sample no. 1, which has no adhesion
layer, falls out of the general trend. On the assumption
that the irregularities have a triangular profile, it can
be readily shown by a simple calculation that the ratio
of Str to the apparent surface areaS0 is given by

Str /S0 = (ltr / l0)2 = (1/cosa)2.

A similar result is obtained on the assumption of
a spheroid shape of the irregularities.

Str /S0 = (ltr / l0)2 = [a1/2sin (a1/2)]2.

This means that the true surface area can be quali-
tatively characterized by the average angle of inclina-
tion of the irregularities,a, or by their curvaturea1.
The greatera or a1, the larger the true surface area,
and statistical calculations do confirm this conclusion.
As can be seen from the data in the table, the average
angle of inclination of the irregularities varies sim-
ilarly to Str as the adhesion increases. Another pa-
rameter indirectly characterizing theStr is the number
of irregularities per unit length of the traceN0 [3].
However, no correlation is observed betweenStr
and N0. This inconsistency may be due to the fact
that profilography can give only a rough account of
the true surface area offoil, which should be esti-
mated [9] by considering simultaneously profilograhic
data and those furnished by optical and scanning
electron microscopies. Apparently, the method of
contact profilography characterizes only that part of
the surface which is formed by a conglomerate of
grains. As to the true surface area of faces of grains
themselves, coated with the powder, it can be quali-
tatively estimated from the secondary-electron emis-
sion spectra.
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The secondary-electron emission spectra can be
recorded simultaneously with sample surface imaging
on a scanning electron microscope. These spectra are
shown on the background of the surfaces studied in
Figs. 3a, 3b. They look like profilographic traces
on the surface of the samples at places indicated in
the micrographs by solid lines. Special experiments
on surfaces with undulate and steplike microprofiles
showed that, unlike contact profilograms, the[optical
profilograms] reflect neither areas with different
heights, nor gently sloping waves. They are not af-
fected by photographic magnification, either, and ex-
hibit response solely to the angle of inclination of
the irregularities and their curvature, i.e., to the true
surface area of afoil. The stronger the average cur-
vature of the irregularities, the largerStr and the higher
the profile. This allows a qualitative estimate of
the true surface area of crystals, which depends on
the microgeometry and distribution of powder par-
ticles, by comparing the heights of optical profil-
ograms.

The secondary-electron emission spectra, obtained
from the surface of sample nos. 236 (Fig. 3), show that
no unambiguous correlation exists betweenStr and
the structure of the powder layer. Indeed, fine powder
particles uniformly distributed over grains of raw cop-
per (sample no. 3) exhibit a higher emission intensity
than coarser particles irregularly covering the com-
pact foil (sample no. 6). At the same time, sample
nos. 2, 4, and 5 have, despite their different mor-
phologies, spectra with virtually equal intensities,
which is higher than those for sample nos. 3 and 6.
Consequently, the true surface area associated with
the powder structure and evaluated microscopically is
not a factor determining the adherence of a foil to
an insulator, unlikeStr, which is found by profil-
ography and takes into account profile elements with
transverse dimensions of no less than 10mm.

The results obtained in profilogram processing,
which describe the distribution of the metal along
the height of the rough layer and the distributions of
the microprofile irregularities by size and shape are
shown in Fig. 4.1 The run of the reference curves
(Fig. 4a) shows that the foil with higher adhesion
strength (sample nos. 437) is distinguished by a steep
drop of the deposit heightsh at low and high fillings
of the rough layer with the metal,l, at a length of
the profile studied equal tol0. This shows that high
ÄÄÄÄÄÄÄÄÄÄ
1 To make the perception of the statistical data in Fig. 4 easier,

only selected curves clearly illustrating the conclusions based
on the analysis of the whole body of the experimental data are
presented of the whole variety of the dependences obtained.

Fig. 3. Secondary-electron emission spectra of the foil
samples (a) no. 3, (b) no. 6, (c) no. 4, (d) no. 5, and
(e) no. 2 with (a, b) and without (c3e) the corresponding
micrographs of the surface. Magnification: (c, d) 2000,
(e) 10000, and (a, b) 12000.

adhesion strength is typical of samples with roughness
characterized by steeper projections and depressions.
In this case, the size distribution of irregularities is
uniform for all the foil samples, because the run of the
reference curves is monotonic without sharp bends and
inflections, which appear when microprofile elements
of widely different sizes are present on the surface.

The structural features of the foil roughness are the
most clearly demonstrated by the curves of the height
distribution of the irregularities (Fig. 4b). A foil with
a high adhesion commonly has a larger fraction of
higher irregularities (2.534 mm). Indeed, the foil with
locks formed by copper powder (sample nos. 5, 7) has
irregularities with a typical height of 2.533 mm,
whereas on other samples (i.e., no. 2), the irregularities
are lower.
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Fig. 4. (a) Reference curvesh3l/l0, the distributions of irregularities with respect to (b) heightN/N03H, (c) width N/N03L,
and (d) shapeN/N03H/L. The curve numbersare the sample numbers [longitudinal and transverse (* ) roughness].

The curves of the width distribution of the irreg-
ularities show a peak at around 10mm for most of the
foil samples (Fig. 4c). This indicates that, owing to
the finite size of the probing tip of the profilograph,
irregularities less than 10mm in width are distorted or
not recorded on the profilograms at all. This also con-
firms the predominance of small irregularities in the

microprofile. Their dominating role in sample nos. 437
with a high adhesion strength is manifested as a clear-
ly pronounced peak atL = 10 mm. This peak is always
observed in transverse tracing of the foil surface with
the profilograph tip. In longitudinal tracing, and also
on foils with a lower adhesion strength, the peak is
either broadened or shifted to largerL.
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A study of the distribution of irregularities by sharpe
(Fig. 4e) revealed a correlation between the adhesion
strength and the profile structure. Indeed, the fraction
of steep irregularities is commonly larger on the sur-
face of foils with higher adhesion strength, compared
with the other samples. For example, the number of
irregularities with the ratioH/L = 0.08 is the follow-
ing for sample nos. 437 (%): 27, 42; 24, 36; 9, 13;
7, 16, respectively; here the first and second figures
in each pair corresponds to the longitudinal and trans-
versal tracing of the foil surface, respectively. For
the foil with an insufficiently high adhesion strength,
the fraction of such irregularities constitutes only 2
and 9% for sample no. 1, 5 and 6% for sample no. 2,
and 9% for sample no. 3 (transverse tracing). The per-
centage of even steeper irregularities withH/L = 0.12
varies from 2 to 22% on the surface of a foil with
a high adhesion and does not exceed 1% of the total
amount of defects in the profile for the foil with a low
adhesion strength.

Notably, the surface of the foil studied is aniso-
tropic. As can be seen from the data in the table,
the anisotropy of the roughness parameters in the
mutually perpendicular directions is small and does
not commonly exceed 10320%. This makes it pos-
sible to describe each parameter by only a single
figure: the average of the values obtained in longi-
tudinal and transverse tracings of the foil surface.
The anisotropy also shows up in estimating the dis-
tributions of irregularities by height, width, and shape
(Fig. 4). The anisotropy is an indication of the dif-
fusion kinetics of formation of the majority of foils,
which results in the appearance in their structure of
heterogeneities caused by hydrodynamic flows in so-
lution.

The profilographic method gives a notion of the an-
isotropy of the macroscopic elements of the micro-
profile. The method of coherent optics, which allows
a study of the periodicities caused by growth of raw
copper crystals and powder particles has great pos-
sibilities. An optical coherent spectral analyzer ob-
tains information about the topography of a surface
from its image on the photographic film in the form
of a Fraunhofer diffraction pattern (FDP), which is
a two-dimensional power spectrum of the frequencies
present in the image [11]. The range of the period-
icites recorded in FDP depends on the magnification
of a photograph. With magnifications of 25 to 1500,
the periodicites in the range from 40 to 0.1mm can
be studied.

The Fraunhofer diffraction pattern is a set of light
spots of various shapes, whose brightness decreases

Fig. 5. Fraunhofer diffraction patterns and micrographs
of the surface of the foil samples (a, b) no. 1, (c, d) no. 3,
(e, f) no. 5, and (g, h) no. 6. Magnification: (e) 25, (g) 30,
(a, c) 50, (b, d) 500, and (f, h) 1500.

from the center toward the periphery. Analysis of
the shape of these spots reveals the anisotropy of the
structure, its character, and orientation, indiscernible
under visual inspection. It has been shown for elec-
trolytic copper deposits that the spot is circular for
an isotropic polycrystalline surface, [12]. Presence of
clearly faceted crystals on the surface or similarly
oriented profiles on the faces of these crystals (in
the form of grooves or steps) leads to a redistribution
of the light intensity in the directions that are normal
to the structural elements and symmetric with respect
to the FDP center. In the absence of a clearly pro-
nounced faceting of the crystals, the surface aniso-
tropy cannot be viewed visually, but is readily re-
vealed by FDP, which acquires the shape of an el-
lipsoidal spot.

The FDPs obtained in studying the surface of some
foil samples are shown in Fig. 5. According to Fig. 5,
the anisotropy is clearly manifested in all the samples
at low magnifications. The anisotropy is the stron-
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Fig. 6. SEM micrographs of the surface of a strongly ad-
herent foil sample with a powder lock formed by prelim-
inary modification of raw copper in an aqueous solution
of thiourea. Measurement angle (deg): (a) 0 and (b) 5.

gest for the raw foil (sample no. 1), being less pro-
nounced for sample nos. 3, 6 and, especially, sam-
ple no. 5. This indicates that the reason for the ap-
pearance of anisotropy is, for the most part, that
coarse microstructural elements grow differently in
the mutually perpendicular directions, in agreement
with the profilographic data. Apparently, the aniso-
tropy must impair the adhesion of the foil in certain
directions. At the same time, it follows from the FDPs
presented and from profilographic data that the aniso-
tropy does not affect the adhesion by itself (within
the limits recorded). Moreover, detailed analysis of
the FDPs obtained from the photographs taken at
large magnification shows that the ellipsoidal form
is more clearly pronounced in samples with a high
adhesion (Figs. 5f, 5h). This means that the ordered
distribution of the powder particles over the coarse
elements of the microprofile improves the adhesion
strength of the foil.

Thus, to improve the adhesion strength of a foil, it
is necessary, first of all, to ensure formation of conical
or pyramidal grains of raw copper, which are uniform
in size and have a width of 438 mm. In addition,
a copper powder is to be deposited onto the foil to
create mechanical locks that enhance the adhesion.
The adhesion considerably increases in the case of
a preferential deposition of the powder on tips of
grains of the support. This occurs because the size of

locks and the surface area occupied by them increase
(n changes from 0.04 to 0.15 in going from sample
no. 4 to sample nos. 6, 7). The size of powder grains,
which is not a crucial factor, varies within 0.131 mm.
Spheroid granules are preferable. The reinforcing me-
tallic layers must not make smoother the topography
of the foil surface, formed upon powder deposition.

The pyramidal and conical structures of the raw
foil can be easily formed if the sulfate copper plating
electrolyte is purified to remove organic impurities
and certain modes of pulsed electrolysis are used [13].
The copper powder is commonly obtained in the same
electrolyte at the limiting current density, which is
reached fast by making lower the concentration of
Cu2+ ions, by intensifying the stirring of the solution,
and by raising the concentration of sulfuric acid in
the electrolyte [14]. The nonuniform distribution of
the powder over the microirregularities of the cath-
ode is favored by introduction of active depolarizing
agents into the electrolyte [4, 6]. However, the in-
corporation of these additives into the deposit impairs
its physicomechanical properties [8, 14], and their
consumption in the course of electrolysis requires
frequent corrections of the bath.

This stimulated a search for additional ways to
control the distribution of powder copper over the
electrode. The method suggested for production of foil
is based on an unusual phenomenon in electrodeposi-
tion, which is associated with the ability of certain
additives to rise to the surface of the deposit in the
course of electrolysis, rather than being absorbed
[15]. This ability is exhibited, in particular, by thio-
urea [16, 17]. This circumstance made it possible to
separate the sorption and electrolysis processes and
preliminarily modify raw copper having a pyramidal
crystal structure in an aqueous solution of thiourea,
with the subsequent deposition of the powder in a
pure electrolyte, instead of introducing the additive
into electrolyte [7]. In the course of sorption, thiourea
decomposes to give Cu2S [16]. Owing to the pre-
dominant diffusion of thiourea to the apices of micro-
irregularities, copper(I) is preferentially formed there.
When the amount of the sulfide present on the elec-
trode surface constitutes a fraction of a monolayer,
there occurs a prolonged (up to 10 min) depolarization
of the subsequent electrodeposition of copper. As
a result, the current density at apices of microirreg-
ularities is considerably higher during the above
period, compared with that on the rest of the foil sur-
face. Thereby, projections are formed at apices of
the microirregularities to give locks in pressing of
the foil in the insulator. When inspected under an elec-
tron microscope, these projections have the form of
truncated pyramids (Fig. 6). The strength of adhesion
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of such a foil to the insulator is 2160 N m31. Owing
to the fact that additive is forced to the surface by
the growing deposit [17], the concentration of sulfur
incorporated in the deposit decreases [7], which makes
lower the susceptibility of the foil to embrittlement
and its possible corrosion activity.

CONCLUSIONS

(1) It was established that the highest adherence to
the insulator is exhibited by a foil with uniform size
and steep shape of conical or pyramidal grains of raw
copper and extremely nonuniform distribution of cop-
per powder particles over these grains. The powder,
being concentrated at apices of microdefects, forms
irregularities, and these irregularities give rise to
mechanical locks in pressing of the foil in the in-
sulator.

(2) A statistical study of the surface microprofile
of the foil samples with a powder adhesion layer
demonstrated that the strength of adhesion to the in-
sulator increases when irregularities with an aspect
ratio of 0.0830.09 and an angle of inclination of no
less than 7o38o are present (in an amount of no less
than 7%) in the microprofile and when the true sur-
face area exceeds the apparent surface area by more
than a factor of 1.048.

(3) An original method for obtaining copper foil
with a high adhesion strength was suggested. This
method is based on the prolonged influence exerted
by thiourea preliminarily sorbed on the cathode on
the copper electrodeposition from a sulfate solution.
The forcing of the additive by the metal to the surface
and its elimination from the electrolyte ensure that
a lower amount of sulfur is incorporated in the deposit
and improve the ecological conditions of the manufac-
ture process.
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Abstract-A model of the process of filtration of the extracting agent in porous particles with entrapped gas
was developed. This model takes into account pressure oscillations in the extractor.

The method of extraction with low-frequency pres-
sure oscillations in the working volume of the ap-
paratus finds increasing use for extracting target com-
ponents from vegetable raw materials [136]. Com-
pared with the conventional techniques, this method
makes it possible to raise the mass-transfer rate,
shorten the process duration, and diminish the energy
expenditure. The available publications, as a rule,
consider the hydrodynamics and mass exchange in
separate capillaries [436]. The goal of the present
study was to develop a model of filtration mass trans-
fer in porous particles that would take into account
pressure oscillations in the extractor.

Porous spherical particles, plates, and cylinders can
serve as models of fruits and particles of a shredded
raw material, leaves, and stalks, respectively. One or
several zones of entrapped gas (as a rule, air), which
are formed in impregnation of a vegetable raw mate-
rial under the action of capillary forces, can be found
within each particle in the initial stage of the process.
Depending on how the pressure in the apparatus varies,
the filtration of the extracting agent occurs in porous
particles in different directions: from the periphery of
a particle toward its center if the pressure in the ap-
paratus increases, and vice versa. In the process, the
gas in the entrapping zones is compressed or expands
alternately. The difference between the maximum and
minimum volumes of the zones with entrapped gas is
equal (with account of the particle porosity) to the
volume of the extracting agent entering a particle and
exiting from it in a single cycle of variation of the ex-
ternal pressure.

Let us consider the filtration of the extracting agent
in a spherical porous particle for the case when the

zone of entrapped gas lies at its center. We assume
that the particle and the extracting agent are incom-
pressible, the structure of the particle is isotropic, and
disregard the variation of the hydrostatic pressure
along the particle height and the action of the gravity
force on the filtration. The equations describing the
filtration in a porous body in the spherical system of
coordinates were presented in [7]. Taking into account
the assumptions made and the symmetry of the spher-
ical particles, we can transform these equations to
obtain the following

re ÄÄ + vr ÄÄ = 3eÄÄ 3 fr sV,
§vr §vr

§r§t
§p
§r

�
�

�
� (1)

ÄÄ = 32ÄÄ ,
§vr

§r
vr

r (2)

wheret is time (s);r, running radius (m);vr , velocity
of filtration along the coordinater (m s31); r, density
of the liquid (kg m33); e, volume fraction of pores;
§p/§r, gradient of pressure along the coordinater
(Pa m31); fr , specific force of interphase resistance,
caused by friction of the liquid against the skeleton of
a porous body (Pa); andsV, specific internal volu-
metric surface area of the particle skeleton (m2 m33).

In the laminar mode of motion of the extracting
agent in a porous body, the specific resistance force
is given by [7]

fr = ÄÄÄÄ vr ,
2mx2sv

e Ä (3)

where m is the dynamic viscosity coefficient (Pa s),
and x is the tortuosity factor of the filtration path.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

FILTRATION OF THE EXTRACTING AGENT IN POROUS PARTICLES WITH ENTRAPPED GAS 1663

On substituting Eqs. (2) and (3) into (1), we have

ÄÄ 3 2ÄÄ + ÄÄÄ + Bvr = 0,
§vr

§r
§r
§r

vr

r

2 1
r (4)

where B = 2mx2sv
2/(e2r) is the coefficient character-

izing the force of resistance to the motion of the liquid
within a porous body (s31).

The filtration of a liquid within a porous particle
is driven by the difference of pressures at the particle
surface (external pressurePext) and inside a particle
(in the zone of entrapped gas,Pin). Let us assume that
the external pressure exerted by on the porous particle
by the liquid varies by the lawPext = P0 + rgh +
DPsinwt, where P0 is the pressure at the initial in-
stant of time or the average pressure in the extractor
(depending on the principle of action of the extractor)
(Pa); rgh, hydrostatic pressure at a depth h at which
a particle is situated (Pa);DP, amplitude of pressure
oscillations aroundP0 (Pa); andw, angular frequency
of pressure oscillations (w = 2p f ) (rad s31).

The pressure within particles depends on the shape
and diameter of pores, wettability of the particles with
the solvent, and conditions of their impregnation. Let
us designate the gas pressure within the porous par-
ticles at the initial instant of time (at the instant of
impregnation with the extracting agent) asPin.

In accordance with the Clapeyron equation,PV =
const,

VptPin = Vtr(Pin + Pc), (5)

whereVpt andVtr are the gas volumes in a dry porous
particle in the entrapping zone of a wetted particle
(m3); Pc = 4scosq/dc, capillary pressure (Pa);s, sur-
face tension (N m31); q, contact wetting angle (deg or
rad); and dc, capillary diameter (m).

It follows from Eq. (5) that the volume fraction
of entrapped gas at the instant of impregnation is
given by

a0 = ÄÄ = ÄÄÄÄÄÄ .
Vpt

Vtr

Pin + Pc
Ä

Pin
(6)

If Pin = P0, then

a0 = ÄÄÄÄÄÄÄÄÄÄ .
P0 + rgh + Pc

P0 + rgh
(7)

If the particles are then placed in an apparatus with
a pressurePext, the volume fraction of entrapped gas
changes to

(8)a01 = ÄÄÄÄÄÄÄ .
Pext + Pc

Pin

If the shape of the gas entrapping zone gas is
assumed to be the same as that of the particle itself,
the radius of this zone can be found as

r01 = RH a01,
ccc

3
(9)

where R and r01 are the radius of the particle and
that of the gas entrapping zone at a pressurePext (m3).

The gas pressure in the entrapping zone,Ptr, cor-
responds to the running radiusr0. By analogy with
relation (5), P3 r01

3 = (Pc + P0 + rgh)r0
3, whence

follows

Ptr = (Pc + P0 + rgh) ÄÄ ,r01

r0�
�

�
�
3

(10)

where r0 is the radius of the entrapping zone at
the impregnation pressure (m).

The internal pressure exerted on the liquid in capil-
laries by the entrapped gas is lower thanPtr by
the value of the capillary pressurePc, which is op-
positely directed:

Pint = (Pc + P0 + rgh) ÄÄ 3 Pc.r01

r0�
�

�
�
3

(11)

Having integrated Eq. (2), we find how the velocity
of the liquid being filtered varies along the particle
radius:

{}

vr

vR

ÄÄ = 32 ÄÄ ,{}

r

R

§wr
wr

§g
g vr = vR Ä ,�

�
R
r
�
�
2

(12)

wherewr and g are auxiliary variables;vr and vR, ve-
locities of filtration of the liquid across a spherical sur-
face of radiusr and on the particle surface (atr = R).

The velocitiesvr and vR are unknown functions;
vR is dependent only on time, andvr, on time (viavR)
and radius [in accordance with formula (12)]. Sub-
stituting (12) into Eq. (4), we obtain

vr Ä 3 2vRÄÄ + ÄÄÄ + BvR Ä = 0.` �� r
�
�
2 2 R4R

r 5
�
�
R
r
�
�
2§p

§rr
1

(13)

Hence follows

ÄÄÄ = 3
§p
§r

1
r

�
vR Ä

_ 2vR ÄÄ + BvR Ä ,� ` R
r

�
�

�
�
2 2 R4

r5
R
r

�
�

�
�
2�
�

Ä §p = 3
1
r
{}
Pext

{}
R

Pint r01

�
vR Ä

_ 2vR ÄÄ + BvR Ä §r.� ` R
r

�
�

�
�
2 2 R4

r5
R
r

�
�

�
�
2�
�

Upon integration and substitution of the values of
Pint and Pext, we obtain
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(Pc + P0 + rgh) ÄÄ 3 1�
� r01
�
�

r0 �
�
3 �

�vRR ÄÄ 3 1 =r01
�
�

�
�

R` hhr 3 ÄÄ sinwt + ÄÄ ÄÄ 3 1 3 BvRR ÄÄ 3 1 ,r
DP vR

2

2
�
� r01
�
�

�
�
4R �

�
�
� r01
�
�

�
�

R �
�

(14)

where vR̀ = §vR/§t.
Equation (14) involves an unknown quantityr01,

the running radius of the gas entrapping zone. As
the velocity with which r01 changes coincides with
the velocity of filtration atr = r01, we obtain, tak-

ing into account formula (12) and introducing a di-
mensionless variablez = R/r01, a system of two or-
dinary differential equations describing the process of
filtration in a spherical porous particle with entrapped
gas:

ÄÄÄÄÄÄÄÄÄÄ

ÄÄÄ = P(Az3 3 1) 3 DPsin wt + ÄÄ (z4 3 1) 3 BvRR(z 3 1) /R(z 3 1),
§vR

§t �
g� vR

2

2
�
�

ÄÄ = 3ÄÄ z4.
§z
§t

vR
R

�

�

�
9

9
(15)

ÄÄÄÄÄÄÄÄÄÄ

The initial conditions are as follows:t = 0, vR = 0,
z = R/r0.

The following designations are made in the system
of equations (15):P = (Pc + P0 + rgh)/r, DP = DP/r,
A = (r0/R)3.

Equation (14) was numerically analyzed at differ-
ent values ofwt and capillary diametersdc. The values
of the physical variables appearing in Eq. (14) were
taken to be as follows:r0 = 1 0 1033 m, R = 4 0

1033 m, w = 125.6 rad s31, m = 1 0 1033 Pa s,x = 1.6;
e = 0.4,q = 0; s = 730 1033 N m31, r = 1000 kg m33,
P0 = 105 Pa, Dr = 0.250 105 Pa. sv was calculated
using the formulasv = 4e/dc, which is valid for the
case when the porous body is constituted by separate
particles [8]. The hydrostatic pressure was neglected:
rgh = 0; the capillary diameter was chosen in the
range 103331037 m. The contributions from the terms
in Eq. (14) were evaluated with respect to that from

the main terms (Pc + P0 + rgh)[(r0/r01)
3 3 1]/r and

(DP/P)sinwt.

It was established that, at different values ofwt,
the contributions of most of the terms are in the range
5 0 103335 0 1037% relative to the main terms and can
be neglected. At capillary diametersdc > 1 0 1035 m,
the term BvRR[(R/r01) 3 1] can also be neglected.
Then, formula (14) takes the form

(Pc + P0 + rgh)9ÄÄ9
3
= Pc + P0 + rgh + DPsinwt,

r0
r01

� �

��
(16)

whence follows, with account of (9),

r01 = R ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Pc + P0 + rgh + DPsinwt
(Pc + P0 + rgh)a�

�
�
�

1/3
.g g(17)

The relative (to the volume of liquid in the porous
body at full impregnation) amount of the liquid drawn
in and forced out of a porous particle in a cycle is
given by

ÄÄÄÄÄÄÄÄÄÄ

Vrel = ÄÄÄÄÄÄÄÄÄÄÄÄ = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄ 3 ÄÄÄÄÄÄÄÄÄÄÄÄÄÄ ,
eVtr.max3 eVtr.min

eVpt Pc + P0 + rgh 3 DP

a(Pc + P0 + rgh)

Pc + P0 + rgh + DP

a(Pc + P0 + rgh)
(18)

ÄÄÄÄÄÄÄÄÄÄ

where Vtr.max and Vtr.min are the maximum and min-
imum volumes of the gas entrapping zone, respec-
tively; Vpt, volume of a porous particle; ande, its
porosity.

In a more compact form

Vrel = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ.
(Pc + P0 + rgh)2 3 DP2

2DP(Pc + P0 + rgh)a
(19)

This relation can be used to calculate the maximum
possible value ofVrel, which corresponds to a filtra-

tion mode without resistance to motion of the liquid
in capillaries, i.e., is observed when equilibrium is
attained at any instant of time between the gas pres-
sures within the entrapping zone and in the bulk of
the liquid. The same relations are obtained in solv-
ing the filtration equations for porous plates (model
of leaves) and cylinders (model of stalks) at whose
centers are situated gas entrapping zones.

The system of equations (15) was solved by the
Runge3Kutta method. The values of the physical var-
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iables corresponded to those presented above; the ini-
tial pressure in the apparatus was taken to be equal
to the atmospheric pressure,P0 = 0.1 MPa, and the
magnitude of oscillations about this pressure,DP =
0.025 MPa. The actual relative amount of the liquid
entering a porous particle and exiting from it in a cy-
cle of pressure variation in the apparatus was found
from the relation

V = ÄÄÄ 3 ÄÄÄ ,1 1
zmin

3 zmax
3

�
�

�
� (20)

wherezmin and zmax are the minimum and maximum
values of z.

Figure 1 shows how the coefficientKv = V/Vrel
depends on the diametersdc, angular frequencyw of
pressure oscillations in the apparatus, and fractiona
of entrapped gas. At low frequenciesw = 6.28 rad s31

( f = 1 s31) and capillary diametersdc > 3 mm, V is
comparable withVrel and expression (19) can be used
to calculate the relative amount of the liquid.w =
251 rad s31 ( f = 40 s31), V is close toVrel only for cap-
illaries with a diameterdc > 50 mm. As dc decreases
and w increases, the coefficientKv approaches zero.
For example, this occurs atdc = 0.1 mm and w =
6.28 rad s31 or at dc = 1 mm and w = 251 rad s31.
The fraction of entrapped gas has only a little effect
on the coefficientKv, with V the closer toVrel, the
smaller a.

Data on the pore size distributions in particles of
shredded vegetable raw materials of varied morpho-
logical structure were reported in [6, 8]. For saltwort,
the fraction of pores of diameter exceeding 20mm is
92%, and of those with diameters in the range from
100 to 600mm, 63%. In the ginseng root, the frac-
tion of >20 mm pores is 82.5%, and of those with
diameters ranging from 100 to 2000mm, 65%. Ap-
parently, the loss of pressure is the same for motion
of the extracting agent from the surface of a porous
particle to the gas entrapping zone and in the op-
posite direction in capillaries of different diameters.
Otherwise, the extracting agent would move along
the path of least resistance and the flow rates through
the capillaries would be redistributed until equaliza-
tion of the pressure loss. In accordance with the Hag-
en3Poiseuille equation, the volumetric flow rates are
proportional to capillary diameters raised to fourth
power in a laminar motion of an incompressible liquid
at equal resistances of the capillaries. Thus, the fil-
tration of the extraction agent mainly occurs through
coarse capillaries in extraction from vegetable raw
materials under conditions of low-frequency pressure
oscillations. These capillaries are formed in shredding
of the raw material as a result of disintegration of its

Fig. 1. Effect of the capillary diameterdc on the coefficient
Kv. Curves 1, 2, and 3 are calculated for fractions of
entrapped gas equal to 0.05, 0.15, and 0.25, respectively;
unprimed for w = 6.28 rad s31 and primed for w =
251 rad s31.

internal structure. In an unshredded vegetable raw
material, coarse pores are virtually lacking, which is
indicated by the closeness of the curves describing
the kinetics of extraction of flavonoids from un-
shredded fruits of hawthorn, which contain entrapped
air and are totally impregnated with the extracting
agent (by their preliminary vacuum treatment and
mixing with the solvent in a vacuum).

The experimentally found fractions of entrapped
gas in capillary-porous bodies at the initial instant
of time can be used to evaluate the capillary pressure
Pc [formulas (6), (7)] in the gas entrapping zone (or
zones) and the corresponding equivalent capillary
diameterdc.equiv = Pc/4scosq. For various kinds of
vegetable raw materials (unshredded fruits of haw-
thorn, leaves of birch, roots of licorice),dc.equiv =
0.831 mm, i.e., the capillary pressure in the gas en-
trapping zone is determined by the smallest diameters
of pores in the raw material. This result is similar to
the known results of experiments with impregnation
from above of capillary-porous bodies with periodical-
ly narrowing and widening pores, in which the height
of the capillary rise in the level of the liquid is de-
termined by the diameters of the narrowest parts of
the pores [9].

A solution of the system of equations (15) for fil-
tration of an extracting agent in porous particles with
capillary diameter exceeding 50mm and gas pressure
in the gas entrapping zone corresponding toPc at
dc.equiv = 1 mm demonstrated that formula (19) can
be used to calculateVrel. In the general case, when
the magnitudes of drops (DPmin) and rises (DPmax) in
the pressure in the apparatus relative toP0 are not
equal, formula (19) takes the form
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Fig. 2. Vrel in relation to the initial pressureP0, total pres-
sure difference, and way to produce pulsations. Curves
1, 2, 3, and 4 correspond to pressure differences of
0.1, 0.2, 0.3, and 0.5 atm, respectively; unprimed, for
apparatus with a pneumatic pulser, and primed, for those
with piston pulser.

Vrel = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ ,
(Pc + P0 + rgh 3 DPmin)(Pc + P0 + rgh + DPmax)

(DPmax + DPmin)(Pc + P0 + rgh)a

(21)

where Pc is the capillary pressure in the capillaries
with the smallest diameter (MPa).

In accordance with Eq. (21), the volume of the ex-
tracting agent passing through porous particles is
directly proportional to the fraction of entrapped gas,
a, which steadily decreases in the course of time as
a result of diffusion of the gas from a particle into
the flow of the extracting agent. The magnitudeDPmin
may apparently fall within the range 0< DPmin < P0.
In apparatus with pneumatic pulsers, the minimum
pressure is, as a rule, equal to the initial pressureP0.
When piston, plunger, bellows, or membrane pulsers
are used, the pressure in the apparatus is related to
the volume of the air cushion, following the law of
adiabatic compression3expansion, by

(P0 3 DPmin)vk
max = P0vk

0 = (P0 + DPmax)v
k
min,

wherevmax, v0, vmin are the volumes of the air cushion
in the apparatus at the minimum, initial, and max-
imum pressures, respectively (m3); k is the adiabatic
exponent.

Figure 2 compares the results of calculations ofVrel
by formula (21) ata = 1 for pneumatic and piston
pulsers with equal values ofDPmin + DPmax. The adia-
batic exponent was taken to bek = 1.4, which is ap-
proximately equal to the adiabatic exponent of a va-
por3air mixture over an aqueous solution (40%) of
ethanol at 20oC. Depending on the initial pressureP0
and the total pressure differenceDPmin + DPmax,
the values ofVrel for the piston pulser are 4322%

higher than the corresponding values for the pneu-
matic pulser. The volume of the extracting agent that
has passed through porous particles grows as the ini-
tial pressureP0 decreases and the total pressure dif-
ference increases. The highest values ofVrel can be
obtained if the initial pressure in the apparatus is
lower than the atmospheric pressure (P0 < 0.1 MPa).

CONCLUSIONS

(1) The filtration of the extracting agent in porous
particles, including those of vegetable raw materials,
occurs only via coarse capillaries, which are for the
most part formed as a result of shredding of the raw
material.

(2) The volume of the extracting agent that passes
through porous particles with entrapped gas in a single
cycle of pressure variation in the apparatus is virtually
independent of the frequency of pulsatory disturbances
(at frequencies lower than 40 Hz), being determined
by the volume of gas entrapped in particles, total pres-
sure difference, initial pressure in the apparatus, and
diameter of the narrowest pores in particles.
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Abstract-Substituted ureas were prepared by reactions of 1,2-halohydrins with urea and were tested as
antimicrobial additives to motor oils.

Substituted ureas attract researchers’ attention
thanks to a set of valuable properties allowing their
use in industry, agriculture, and medicine. Substituted
ureas are used as insecticides, as plant growth regu-
lators, as effective additives of various purposes to
hydrocarbon fuels, oils, and polymeric materials, as
drugs, and as dyes [1].

Classical synthetic routes to substituted ureas are
mostly based on reactions of amines with urea or with
isocyanic acid derivatives, or on carbonylation of
amino and nitro compounds [1]. These routes are
diverse, but many procedures have certain drawbacks
restricting their applicability. Development of new
procedures is interesting from both scientific and
practical viewpoints. In particular, synthesis of substi-
tuted ureas by direct reaction of aliphatic and aromatic
alcohols with urea has been reported [2, 3]. However,
there are no data on reactions of urea with alkoxy-sub-
stituted 1,2-halohydrins. These reactions are examined
in our study.

Previously, we have studied the reactions of alk-
oxy- and alkylthio-substituted 1,2-chlorohydrins with
thiourea in the presence of various acids [436]. Pro-
ceeding with analysis of the reactivity of ureas and
thioureas [7], we prepared in this studyN-substituted
ureas by reactions of 1,2-halohydrins with urea in the
presence of a mixture of H2SO4 and CH3COOH.

The starting 1,2-halohydrins were prepared by reac-
tions of appropriate alcohols with epichlorohydrin in
the presence of ZnCl2 at 65oC [8].

The yield ofN-substituted ureas containing various
functional groups (see table) can be optimized by
varying the temperature (from 60 to 115oC), amount
of H2SO4 (135 ml), and reaction time (438 h).

RCHCH2Cl + NH2CNH2 6 CHNHCNH2,og
OH O

o
O

e
i

CH2Cl

R

I3V

where R3 H (I ), CH3OCH2 (II ), C2H5OCH2 (III ),
C4H9OCH2 (IV ), C6H5CH2OCH2 (V).

By reactions ofI with HCHO and (C2H5)3N, we
preparedN-hydroxymethyl-N `-chloroethylureaVI and
cyclic urea VII (see table):

I 7ggg
gg

g

7776 ClCH2CH2NHCNHCH2OHHCHO

7776
(C2H5)3N

!NHHNo
O VII

o
O VI

The compounds prepared were tested as antimicro-
bial additives to MS-11 lubricating oil [GOSTs (State
Standards) 9.052375 and 9.085375]. The compounds
showed a pronounced antimicrobial effect when pres-
ent in low concentrations (0.531.0%); they are readily
soluble in MS-11 oil and do not stimulate corrosion.
CompoundsVI and VII are more effective than the
commercial antimicrobial additive, 8-quinolinol. With
VI , the width of the suppression zone is 0.631.4 cm
for bacteria and 1.031.9 cm for fungi. With 8-quino-
linol, these parameters are 0.430.9 and 0.730.9 cm,
respectively.

EXPERIMENTAL

The 1H NMR spectra were recorded on a Bruker
spectrometer (300 MHz, internal reference TMS). The
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Characteristics ofI3VII
ÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

³ ³ ³ ³ ³ ³ Found, % ³
Com-³ ³ ³ ³ IR ³ 1H NMR spectrum, ³ ÄÄÄÄÄÄÄÄÄÄ ³
pound³ Yield, ³ mp, ³ Rf ³ spectrum, ³

d, ppm ³ Calculated, % ³ Formula
³ ³ ³ ³ ³ ÃÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄ´no. ³ % ³ oC ³ ³ cm31 ³ ³ ³
³ ³ ³ ³ ³ ³ C ³ H ³ Cl ³ N ³

ÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
I ³ 65 ³ 2003207³ 0.54³3340 (NH) ³1.331.9 t (2H, CH2Cl) ³29.12³ 5.93³29.17³22.59³³ ³ ³ ³3420 (NH2) ³3.032.5 q (2H, CH2) ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³C3H7ClN2O

³ ³ ³ ³1640 (C=O)³6.537.5 c (3H,NH2CONH) ³29.38³ 5.71³28.97³22.85³
³ ³ ³ ³ 670 (C3Cl) ³ ³ ³ ³ ³ ³

II ³ 60 ³ 1983199³ 0.45³3325 (NH) ³1,731,8 c (3H, CH3) ³36.26³ 6.42³21.46³16.61³³ ³ ³ ³3490 (NH2) ³3.033.1 d (2H, CH2O) ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³C5H11ClN2O2
³ ³ ³ ³1650 (C=O)³3.633.7 d (2H, CH2Cl) ³36.03³ 6.60³21.32³16.81³
³ ³ ³ ³ 700 (C3Cl) ³2.032.1 m (1H, CH) ³ ³ ³ ³ ³
³ ³ ³ ³ ³6,537,5 s (3H, NH2CONH)³ ³ ³ ³ ³

III ³ 60 ³ 2003202³ 0.36³3330 (NH) ³1.031.3 t (3H, CH3) ³36.65³ 7.37³19.00³15.74³³ ³ ³ ³3460 (NH2) ³3.233.3 d (2H, CH2Cl) ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³C6H13ClN2O2
³ ³ ³ ³1600 (C=O)³3.433.5 d (2H, CH2O) ³39.88³ 7.20³19.66³15.51³
³ ³ ³ ³ 650 (C3Cl) ³2.032.1 m (1H, CH) ³ ³ ³ ³ ³
³ ³ ³ ³ ³6,038,0 s ³ ³ ³ ³ ³
³ ³ ³ ³ ³ (3H, NH2CONH3) ³ ³ ³ ³ ³

IV ³ 50 ³ 2183219³ 0.47³3320 (NH) ³1.031.2 t (3H, CH3) ³46.17³ 8.27³17.23³13.66³³ ³ ³ ³3480 (NH2) ³3.033.5 m (4H, 2CH2) ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³C8H17ClN2O2
³ ³ ³ ³1640 (C=O)³3.233.3 d (2H, CH2Cl) ³46.04³ 8.15³17.02³13.42³
³ ³ ³ ³ 600 (C3Cl) ³3.033.1 t (2H, CH2O) ³ ³ ³ ³ ³
³ ³ ³ ³ ³2.032.1 m (1H, CH) ³ ³ ³ ³ ³
³ ³ ³ ³ ³6.537.7 s ³ ³ ³ ³ ³
³ ³ ³ ³ ³ (3H, NH2CONH) ³ ³ ³ ³ ³

V ³ 50 ³ 2103212³ 0.33³3340 (NH) ³7.237.4 d, 2t (5H, C6H5) ³54.28³ 6.31³14.44³11.72³³ ³ ³ ³3500 (NH2) ³3.233.3 d (2H, CH2Cl) ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³C11H15ClN2O2
³ ³ ³ ³1600 (C=O)³3.433.5 d (2H, CH2O) ³54.43³ 6.18³14.63³11.54³
³ ³ ³ ³ 600 (C3Cl) ³2.032.1 m (1H, CH) ³ ³ ³ ³ ³
³ ³ ³ ³ ³5.537.5 s ³ ³ ³ ³ ³
³ ³ ³ ³ ³ (3H, NH2CONH) ³ ³ ³ ³ ³

VI ³ 80 ³ 240 ³ 0.52³3355(NH) ³1.331.9 t (2H, CH2Cl) ³31.69³ 5.98³23.43³18.16³³ ³ ³ ³1600 (C=O)³2.533.0 q (2H, CH2) ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³C4H9ClN2O2
³ ³ ³ ³ 700 (C3Cl) ³4.734.8 s (1H, OH) ³31.47³ 5.90³23.27³18.36³
³ ³ ³ ³3650 (OH) ³3.534.0 t (2H, CH2) ³ ³ ³ ³ ³
³ ³ ³ ³ ³6.538.5 s ³ ³ ³ ³ ³
³ ³ ³ ³ ³ (3H, NH2CONH) ³ ³ ³ ³ ³

VII ³ 70 ³ 2203221³ 0.61³3350 (NH) ³3,033,1 q (4H, 2CH2) ³41.99³ 7.17³ 3
³32.39³³ ³ ³ ³1655(C=O) ³1.732.0 c (2H, 2NH) ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³ÄÄÄÄ³C3H6N2O

³ ³ ³ ³ ³ ³41.86³ 6.97³ 3 ³32.55³
ÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

IR spectra were measured on a Specord 75-IR spec-
trometer (mulls in mineral oil).

The compound purity and reaction progress were
monitored by TLC (Silufol UV-254 plates, eluent
isopropyl alcohol3hexane, 3 : 5).

Ureas I3III. A mixture of 0.04 mol of an appropriate
halohydrin and 16.2 g of urea in 30 ml of AcOH was
heated to 80oC, and 5 ml of H2SO4 (r = 1.84 g cm33)
was added with vigorous stirring over a period of
10 min. Then the mixture was heated at 80oC for 4 h

and cooled; the precipitate was filtered off and re-
crystallized from DMF or C2H5OH.

Ureas IV and V. A mixture of 0.01 mol of an ap-
propriate halohydrin, 0.06 mol of urea, 15 ml of
AcOH, and 1 ml of H2SO4 (r = 1.84 g cm33) was
heated with stirring at 115oC for 8 h. The resulting
mixture was worked up as described above.

Urea VI. A 30% aqueous solution of formaldehyde
(1 ml) was added at 18320oC with stirring to a sus-
pension of 0.01 mol ofI in 5 ml of water. The color-
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less precipitate that formed in 1 h was filtered off,
washed with water, and dried in air.

Urea VII. Triethylamine (10 mmol) was added to
a suspension of 10 mmol ofI in 25 ml of ether. The
mixture was stirred at 18320oC for 12 h, the precipi-
tate of triethylammonium chloride was filtered off, the
solvent was removed, and the product was filtered off
and dried in air.

CONCLUSION

N-Substituted ureas improving the antimicrobial
properties of MS-11 motor oil were prepared in good
yields (50380%) by reactions of 1,2-halohydrins with
urea in the presence of a mixture of sulfuric and acetic
acids.
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Abstract-Copolymerization of sodium 4-acrylamido-4-methyltetrahydro-1,1l6-dioxothiophene-3-sulfonate
with acrylamide and acrylonitrile in water was studied. It was found the copolymer composition is mainly
determined by association of the monomeric species.

Polymers derived fromN-substituted acrylamides
containing sulfo groups [primarily, copolymers of
2-acrylamido-2-methylpropanesulfonic acid (AMPSA)]
are used in textile and paper industry, oil production,
and wasterwater treatment [1]. A procedure for pre-
paring a new monomer of this family, 4-acrylamido-
4-methyltetrahydro-1,1l6-thiophene-3-sulfonic acid
(ASA), has been developed recently [2].

ZH2CÍCÄC
O

Q
HNÄCÄÄCÄSO3H

| |

H |

H3C
H

H2C CH2>:Z[
S

O O
ASA

This compound contains not only sulfonic acid
but also a sulfolane fragment, which imparts new
valuable properties to the polymer.

Some features of copolymerization of the potas-
sium salt of ASA with acrylamide (AA) were studied
in [3]. It was suggested that copolymerization of these
monomers in concentrated aqueous solutions can be
affected by strong intermolecular interactions and, in
particular, by formation of charge-transfer complexes
of sulfonic anions with protonated monomers. It is of
interest to study the influence exerted by the inter-
molecular interactions on the copolymerization of
ASA with AA and AN in more detail. In this study
we examined the monomer conversion and the copo-
lymer composition as influenced by the ratio of the
monomers in the initial reaction mixture.

EXPERIMENTAL

Na3ASA was prepared by the procedure described
in [2]. AA was recrystallized from benzene prior to
use. AN was purified by distillation. The physical
constants of the purified monomers agree with pub-
lished data. Copolymerization of NaASA with AA
and AN was performed in glass ampules at 70oC. In
all experiments, the total initial concentration of the
monomers was 1 M. The initial AA3AN ratio ranged
from 1 : 9 to 9 : 1. An ampule was purged with nitro-
gen and was charged with disodium salt of 4,4`-azo-
bis-4-cyaopentanoic acid (0.5 mol % relative to the
sum of the monomers). The concentrations of Na3ASA
and AA in the reaction mixture were estimated by
liquid chromatography, and the concentration of AN,
by gas3liquid chromatography. The liquid chromato-
graphic analysis was performed on a Praha chromato-
graph equipped with a UV detector (l = 254 nm) and
a 1500 4.6-mm steel column packed with modified
silica gel (Silasorb C18, 10 mm fraction). Acetonitrile
was used as the eluent. Gas3liquid chromatrograpic
analysis was performed on a Tsvet-100 chromatograph
with a flame-ionization detector and a 2-m steel col-
umn 3 mm in diameter, packed with 10% PEGA on
Chromaton N3AW. The flow rate of the carrier gas
(nitrogen) was 20 1033 m3 h31. The temperature of
the vaporizer and columns was 70 and 40oC, respec-
tively. The specific viscosity of monomer solutions
was measured at 25oC on an Ubbelohde viscometer
with a capillary 0.34 mm in diameter. The conductiv-
ity of the solutions was measured on a PRL T57-21
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conductometer with graphite electrodes, operating at
3500 Hz.

The dependence of the copolymer composition on
the initial ratio of the monomers is shown in Fig. 1.
At excess of AA, the copolymer composition differs
from that of the initial mixture by no more than 2%.
As the Na3ASA fraction in the initial mixture in-
creases, the copolymer is slightly enriched with the
nonionic units. However, the difference between the
copolymer composition and that of the initial mixture
of the monomers does not exceed 335 %.

Thus, the copolymerization of Na3ASA with AA
occurs in a nearly azeotropic mode. In addition, the
copolymer composition, does not change up to a 70%
conversion, except in experiments with a large excess
of AA (Fig. 2, curves5, 6). It is known that the co-
polymer composition may be close to that of the ini-
tial mixture of the monomers. However, this is usual-
ly the case for vinyl monomers with about the same
distribution of the electron density and sterically ac-
cessible C=C bonds [4]. In our system, the induction
effect and steric accessibility of the amide groups in
the acrylamide monomers substantially differ. The ste-
ric constantRS of the 3NH2 group of AA and3NHR
group of Na3ASA, determined by the procedure de-
scribed in [5] are 30.98 and 32.93, respectively.
The induction constants of these groups,s* , deter-
mined by the procedures described in [6] and [7], re-
spectively, are 0.87 and 0.53. The bond distances
were calculated by the MNDO procedure, using
HyperChem software. Thus, we deal in the given case
with [azeotropic] copolymerization of a nonionic
monomer (AA), which has a small substituent at the
C=C bond, with an ionic monomer (Na3ASA), which
has at the C=C bond the much bulkier subsituent with
substantially stronger electron-with-drawing prop-
erties.

We compared the results obtained with the data on
copolymerization of AA with other vinyl monomers
with sulfonic acid groups in aqueous solutions. The
AA3(Na3AMPSA) copolymer is slightly enriched in
the nonionic amide units. The composition of this
copolymer remains virtually the same up to deep mo-
nomer conversions [8]. Kurenkov and Utikeeva [9]
reported that AA3(Na3AMPSA) copolymers are en-
riched in the AA units. They also found that the co-
polymerization is accelerated as the AA fraction in
the initial mixture grows, and the content of the non-
ionic units in the copolymer becomes higher with in-
creasing total initial concentration of the monomers.
This is due to a decrease in the fraction of free ions in
the solution with increasing ionic strength. As a result,

Fig. 1. Mole fraction of Na3ASA units m1 in (1) Na3ASA3
AA and (2) Na3ASA3AN copolymers prepared in water
vs. the Na3ASA mole fraction M1 in the initial reaction
mixture.

Fig. 2. Concentration of the AA units in Na3ASA3AA co-
polymer,m2, vs. the monomer conversionK. Na3ASA : AA
molar ratio in the initial mixture: (1) 90 : 10, (2) 80 : 20,
(3) 60 : 40, (4) 50 : 50, (5) 30 : 70, and (6) 20 : 80.

the addition of the monomeric sulfonate to the macro-
radical with the terminal nonionic unit is accelerated.
The composition of the AA3sodium vinylsulfonate co-
polymer remains constant up to approximately a 70%
conversion [10]. In this case, the amide : sulfonate ra-
tio in the copolymer exceeds by approximately a fac-
tor of 3 that in the initial mixture at all initial ratios of
the monomers. Barabanovaet al. [10] suggest that
the copolymer composition of not only this copolymer
but also all binary vinyl copolymers formed by ho-
mogeneous copolymerization in aqueous solutions
should be almost independent of the monomer con-
version and be determined by the ability of the mo-
nomers to penetrate into hydrophobic associates of
the growing macroradicals. Since the penetration of
charged sulfonate anions into these associates is dif-
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Fig. 3. Electrical conductivityE of aqueous Na3ASA so-
lutions at 25oC vs. the Na3ASA concentrationC.

Fig. 4. Electrical conductivity E of aqueous solutions
of Na3ASA and AA (Na3ASA : AA = 1 : 1) at 25oC vs.
the Na3ASA concentrationC.

Fig. 5. Specific viscosity h of aqueous solutions of
(1) Na3ASA, (2) AA, and (3) AN at 25oC vs. the monomer
concentrationC.

ficult, the reaction mixture in the vicinity of the re-
action center is enriched with the nonionic amide.

It should be noted that these assumptions only part-
ly account for the features of copolymerization of
AA and vinyl sulfonic acid monomers. In particular,
the copolymer composition markedly changes in some
cases, e.g., in the AA3sodium sulfoethyl methacrylate
system [8], in the course of copolymerization. Con-
trary to Kurenkov and Utikieva’s hypothesis [9], the
copolymer can be enriched in the nonionic units [see
Fig. 1 or data on AA3(Na3AMPSA) copolymeriza-
tion] or its composition may remain the same (AA3
sodium vinylsulfonate system [10]) when the ionic
strength of the solution becomes hidher, e.g., because
of an increase in the fraction of the ionic monomer in
the reaction mixture. In addition, the reaction orders
with respect to the monomers in copolymerization of
AA with potassium salts of ASA and AMPSA at
the total monomer concentration of 20 wt % are ab-
normaly high (6.8 and 11.7, respectively) [3]. This
fact cannot be understood in the framework of the
above hypotheses.

The concentration effect and high reaction orders
with respect to the monomers in copolymerization of
Na3ASA with AA in water indicate that the monomer
concentration is an important parameter of copoly-
merization. We suggest that the[prepolymerization]
interaction of the monomers in aqueous solutions
strongly affects the radical copolymerization. It is
known [11] that vinyl monomers, which are not com-
monly classed with surfactants, i.e., contain no hy-
drophobic fragments with long hydrocarbon chain,
along with polar hydrophilic groups, can be associated
in aqueous solutions at the concentrations used in the
copolymerization. In particular, association of acryl-
amide and some of its derivatives including AMPSA
has been observed [12]. At the AA concentration in
an aqueous solution exceeding 5.3 wt %, this mono-
mer is associated to form mainly dimers [13]. Chapiro
and Perec-Spritzer [14] suggest that AA forms dimers,
trimers, and polymeric associates in aqueous solutions,
with the polymer fraction increasing as the monomer
concentration in the solution becomes higher.

Association of monomers can be judged from a
nonlinearity of the concentration dependences of
the viscosity, surface tension, electrical conductivity,
and other physical properties of solutions. As can be
seen in Figs. 335, Na3ASA and AA are associated in
the solutions, with the structure of their associates
changing with an increase in the concentration of these
compounds. This is indicated by the[critical concen-
trations of association] (CCA), which are seen in
the dependences of the electrical conductivity and vis-
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cosity of solutions on the concentrations of Na3ASA
and AA (Fig. 3, curve5). At these concentrations
(about 1.0, 3.7, and 7.5 wt %), the dependence of the
electrical conductivity on [Na3ASA] passes through
inflection points (Fig. 3). At the concentration of
7.5 wt %, the concentration dependence of the vis-
cosity (CDV) becomes nonlinear (Fig. 5, curve1).

The CDV of AA solutions (Fig. 5, curve2) has
two inflection points at the monomerconcentrations of
5% (in agreement with the data of [13]) and 15%. It
should be noted that the concentration dependences
of the physical properties of aqueous solutions of
(meth)acrylate monomers that contain hydrophobic
fragments (C8 and longer) and, hence, exhibit surfac-
tant properties also have several inflection points.
These points are usually assigned to transformations
of spherical micelles into anisotropic micelles and
then into lamellas [15]. We suggest that the[critical
concentrations] of AA solutions studied here are also
due to transformation of AA associates with increas-
ing monomer concentration.

Thus, copolymerization of ASA with AA should
depend on the association of the monomers. It is
known [11] that, in concentrated aqueous solutions of
many monomers, their homopolymerization is sharp-
ly accelerated owing to close packing of molecules
in the associates [11]. Probably, copolymerization
in these associates is faster also. This mechanism
accounts for the high total reaction order of copoly-
merization of K3ASA with AA [3]. The fact that the
composition of Na3ASA3AA copolymer is close to
that of the initial monomer mixture may be due to
active formation of binary associates. As a result, al-
though the individual capacities of pure monomers for
association substantially differ, the composition of
the binary associates is close to that of the initial
monomer mixture. In such cases, the copolymer com-
position is similar to that of the coassociates. The con-
stancy of the copolymer composition up to a high
degree of monomer conversion can be explained as
follows. Partial incorporation of monomers into hy-
drophobic polymeric chains stabilizes the monomer3
polymeric associate. Hence, if the initial monomers
readily associates, the process parameters will negli-
gibly change with an increase in the conversion. Since
AA monomers associate to a lesser extent than the
sulfo monomer (Fig. 5), the total degree of the initial
association at a low Na3ASA concentration (Fig. 2,
curves5 and 6) starts to decrease and the copolymer
composition slightly changes in the course of poly-
merization. This is due to a change in the composition
of the monomer3polymer associates upon accumula-
tion of the macromolecules (the total degree of as-

Fig. 6. Contentm2 of AN units in copolymers formed at
the initial AN Na3ASA molar ratio of (1) 10 : 90, (2) 20 : 80,
(3) 50 : 50, (4) 70 : 30, and (5) 80 : 20 vs. the monomer
conversionK.

sociation of the unchanged monomers gradually in-
creases owing to hydrophobization).

The formation of binary associates of the mono-
mers is evident from the dependence of the electrical
conductivity of the Na3ASA3AA3H2O system on
the monomer concentration. As in the case of a pure
Na3ASA solution, three inflection points are observed
(Fig. 4). However, the CCAs are shifted to lower con-
centrations, thus indicating the formation of Na3
ASA3AA associates.

If Na3ASA copolymerizes with a monomer whose
associating capacity is substantially lower than that of
AA, the general aspects of the process will differ
from those found for Na3ASA3AA system. We used
AN as a such monomer. This compound does not as-
sociate in aqueous solutions (Fig. 5). The experimen-
tal data for the Na3ASA3AN system show that, unlike
the first system, this system has a higher relative ac-
tivity of Na3ASA. As can be seen from Fig. 1, the co-
polymer formed at the initial Na3ASA : AN ratios of
1 : 9 to 8 : 2 is enriched with the Na3ASA units.
The copolymer composition changes in the course of
copolymerization (Fig. 6).

Thus, copolymerization processes of Na3ASA3AA
and Na3ASA3AN systems are strongly different. It is
known that organic associates in aqueous solutions
can both decompose and stabilize after introduction of
substances of varied nature. We think that AN mol-
ecules, which do not form self-associates, are hydro-
phobic and can penetrate into Na3ASA associates.
The stronger the hydrophobic properties of the as-
sociate, the higher the AN content in them. As the ini-
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tial Na3ASA : AN ratio increases, the concentration of
the readily associating Na3ASA monomer grows, and
the molecules in the associates become more closely
packed, which makes the aggregate more hydrophobic.
As a result, a steadily increasing fraction of nitrile is
incorporated into the associate (the degree of associa-
tion increases), which leads to an increase in the con-
tent of the nitrile units in the polymer as compared to
the systems with lower Na3ASA concentration in
which the monomeric associates are[looser] and less
hydrophobic.

CONCLUSIONS

(1) The composition of the Na3ASA3AA copoly-
mer is close to that of the initial mixture of the mo-
nomers and remains the same up to high monomer
conversions.

(2) The composition of the Na3ASA3AN copoly-
mer changes in the course of the copolymerization. At
the Na3ASA : AN ratio of 10 : 90 to 80 : 20 the co-
polymer is enriched with Na3ASA units, and at Na3
ASA : AN = 90 : 10, with nitrile units.

(3) The capacity of Na3ASA, AA, and their mix-
tures for association revealed by analysis of the con-
centration dependences of the electrical conductivity
and viscosity of their solutions.
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Abstract-Radical copolymerization of derivatives of monoethanolamine vinyl ether ando- and p-chloranil
with acrylic acid was studied. The parameterp for this system was determined by the Shtraikhman analytical
graphic method; the copolymerization constants, Alfrey3Price specific activity and polarity parameters,
probabilities of formation of various unit sequences in the macromolecular chain, lengths of sequences of
similar monomeric units, and Harwood block structure parameters were calculated.

Although widely diverse synthetic ion exchangers
are available today, improving their production pro-
cesses and physicochemical characteristics and lover-
ing of the production cost remain problems of current
interest [1].

Previously, we have reported data on preparation of
new quinoid derivatives of monoethanolamine vinyl
ether (MEAVE) [2] and on their radical homopoly-
merization and copolymerization with available vinyl
monomers [338]. In contrast to MEAVE, which shows
virtually no tendency toward polymerization [9], and
to quinones, which inhibit the polymerization, the
redox monomers synthesized fairly readily enter rad-
ical homoand copolymerization. However, quinones
differ in reactivity, depending on their structure.

The use ofo- and p-chloranils for preparing redox
ion exchangers is of large interest due to strong oxida-
tive power of these compounds containing four chlo-
rine atoms; the activity and redox potential ofo-qui-
nones are higher than those of theirp-isomers [10].

In this study, we analyzed how the chemical struc-
ture (namely, position of carbonyl groups) affects the
reactivity of redox monomers in copolymerization
with acrylic acid (AA).

EXPERIMENTAL

3,4,5,6-Tetrachloro-1,2-benzoquinone (o-chloranil)
(mp 1253130oC) was prepared as described in [11].
2,3,5,6-Tetrachloro-1,4-benzoquinone (p-chloranil)
(mp 289oC) was purchased from Aldrich and used
without additional purification.

Redox monomers (C10H8NCl3O3) prepared accord-
ing to [2] were cherry-lilac powders. The elemental
composition and some physicochemical properties
of derivatives of MEAVE ando- and p-chloranils
(MEAVE31,2-CA and MEAVE31,4-CA), M 296.53,
are listed in Table 1.

Azobis(isobutyronitrile) (AIBN) was recrystallized
from absolute methanol, mp 1023103oC.

Table 1. Elemental composition and selected physicochemical properties of new redox monomers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

³ C ³ H ³ N ³ Cl ³ ³ ³
ÃÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ´ ³ ³Monomer ³ ³ r, g cm33 ³ mp, oC ³ Yield, %
³ % ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
³ 40.54* ³ 2.70 ³ 4.73 ³ 35.90 ³ ³ ³MEAVE-1,2-CA ³ ÄÄÄÄÄ ³ ÄÄÄÄÄ ³ ÄÄÄÄÄ ³ ÄÄÄÄÄ ³ 3 ³ 1383140 ³ 43.60
³ 40.38 ³ 2.85 ³ 4.68 ³ 35.15 ³ ³ ³³ 40.54 ³ 2.70 ³ 4.73 ³ 35.90 ³ ³ ³

MEAVE-1,4-CA ³ ÄÄÄÄÄ ³ ÄÄÄÄÄ ³ ÄÄÄÄÄ ³ ÄÄÄÄÄ ³ 0.6111 ³ 1683170 ³ 67.10
³ 40.40 ³ 2.98 ³ 4.91 ³ 35.20 ³ ³ ³ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

* Numerator, calculated; denominator, found.
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Monomer3copolymer composition diagrams. Content,
mol %: (m1) redox monomeric units in copolymers
and (M1) redox monomers in the monomer mixtures.
(1) (MEAVE31,2-CA)3AA and (2) (MEAVE31,4-CA)3AA.

Acrylic acid hadnD
20 = 1.421 after vacuum distilla-

tion.

The copolymerization ofredox monomers (M1) with
AA (M 2) was performed in sealed ampules in DMF
at 68oC in the presence of 6 wt % AIBN; the concen-
tration of MEAVE31,2-CA and MEAVE31,4-CA was
20 g l31. The reaction was studied at the monomer
ratio of 80 : 20 to 20 : 80. The conversion was evalu-
ated by the concentration of the unchanged mono-
mers, which was determined by polarography (redox
monomers) and titration (AA).

Since it was difficult to record changes in the
monomer concentrations in a short time, the first
kinetic measurement was performed 30 min after the
start of the reaction, and the experimental data were
interpolated to 5 min from the start of the reaction.

The polarograms were measured in a temperature-
controlled cell of a PU-1 polarograph at 25+ 0.5oC
using a mercury dropping electrode (capillary charac-
teristic at open circuitm2/3t1/6 = 4.38 mg2/3 s1/2, with

Table 2. Copolymerization constants andQ, e parameters
for the systems constituted byredox monomer and AA (M2)
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter ³ M1 = ³ M1 =
³ MEAVE31,2-CA ³ MEAVE31,4-CA

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
p ³ 31.81 ³ 30.65
r1 ³ 1.27 ³ 0.25
r2 ³ 0.85 ³ 2.15

r1r2 ³ 1.080 ³ 0.538
1/r1 ³ 0.79 ³ 4.00
1/r2 ³ 1.18 ³ 0.46
Q1 ³ 1.27 ³ 0.29
e1 ³ 0.49 ³ 30.02
De ³ 0.28 ³ 0.79

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

phosphate buffer solution (pH 7.4) in 25% DMF as
supporting electrolyte. The reference electrode was
a saturated calomel electrode. Prior to polarographic
measurements, oxygen was removed from the solu-
tions by bubbling of argon.

Viscometric studies were performed in Ubbelohde
capillary viscometers in a temperature-controlled cell
at 25oC in DMF.

The constants of relative activities of the mono-
mers, which are important parameters of the copoly-
merization, characterize the relationship between the
chemical structure of unsaturated compounds and their
reactivity. The composition of the copolymers at vari-
ous monomer ratios was determined by polarography
and titration.

As seen from the figure, the systems do not form
an azeotropic copolymer. In copolymerization of
MEAVE31,2-CA with AA, the composition curve lies
above the azeotropic line, i.e., the copolymers are ap-
preciably enriched in the units of the redox mono-
mer (r1 > 1, r2 < 1) at any comonomer ratio. As the
concentration of the redox monomer in the starting
mixture is raised, the activities of both monomers
become closer. In copolymerization of MEAVE31,4-
CA with AA, the composition curve lies below the
azeotropic line, and the copolymer is enriched in the
AA units (r1 < 1, r2 > 1).

Using the parameterp evaluated graphically by the
Shtraikhman analytical method, we determined the
copolymerization constants [12] and calculated from
these data the Alfrey3Price specific activity and polar-
ity parameters. For AA, we tookQ2 = 1.15 ande2 =
0.77 [13]. The results are listed in Table 2.

As can be seen from Table 2, thep-chloranil-based
copolymer shows a stronger tendency toward unit
alternation, compared to theo-chloranil derivative, as
indicated by the low product of the constantsr1r2 and
the large difference between the polarities of the two
monomers,De (0.79).

For the monomeric system (MEAVE31,2-CA)3
AA, r1r2 ; 1, i.e., [ideal] random copolymerization
takes place, with low tendency toward alternation
of the monomeric units. In such a copolymer, alter-
nation of short blocks of the comonomers will be
more typical. This system has a high specific activity
Q1; hence, MEAVE31,2-CA is more reactive than
MEAVE31,4-CA.

The experimental data show that the reactivity of
the redox monomers depends on the chemical struc-
ture of the quinones used for MEAVE modification.
The mutual arrangement of carbonyl groups (o-, p-)
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Table 3. Probability of formation of various sequences in copolymers derived from redox monomers (M1) and AA (M2)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Starting mixture, ³ Copolymer microstructure
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄmol % ³ fM1M1 ³ fM1M2 ³ fM2M2 ³

LM1

³
LM2

³
RÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ³ ³

M1 ³ M2 ³ fraction ³ % ³ fraction ³ % ³ fraction ³ % ³ ³ ³
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

(MEAVE31,2-CA)3AA ( r1 = 1.27 and r2 = 0.85)

78 ³ 22 ³ 0.685 ³ 79.74 ³ 0.142 ³ 16.53 ³ 0.032 ³ 3.73 ³ 5.82 ³ 1.22 ³ 29.63
58 ³ 42 ³ 0.412 ³ 53.23 ³ 0.227 ³ 29.33 ³ 0.135 ³ 17.44 ³ 2.82 ³ 1.60 ³ 45.56
45 ³ 55 ³ 0.249 ³ 33.02 ³ 0.245 ³ 32.49 ³ 0.260 ³ 34.48 ³ 2.02 ³ 2.06 ³ 49.04
39 ³ 61 ³ 0.191 ³ 25.16 ³ 0.241 ³ 31.75 ³ 0.327 ³ 43.08 ³ 1.79 ³ 2.36 ³ 48.33
20 ³ 80 ³ 0.054 ³ 6.54 ³ 0.173 ³ 20.94 ³ 0.599 ³ 72.52 ³ 1.31 ³ 4.46 ³ 34.98

(MEAVE31,4-CA)3AA ( r1 = 0.25 and r2 = 2.15)

80 ³ 20 ³ 0.289 ³ 40.20 ³ 0.282 ³ 39.22 ³ 0.148 ³ 20.58 ³ 2.02 ³ 1.52 ³ 56.64
60 ³ 40 ³ 0.109 ³ 14.89 ³ 0.268 ³ 36.61 ³ 0.355 ³ 48.50 ³ 1.41 ³ 2.32 ³ 52.45
49 ³ 51 ³ 0.061 ³ 7.93 ³ 0.232 ³ 30.17 ³ 0.476 ³ 61.90 ³ 1.26 ³ 3.05 ³ 45.18
40 ³ 60 ³ 0.035 ³ 4.34 ³ 0.194 ³ 24.07 ³ 0.577 ³ 71.59 ³ 1.18 ³ 3.97 ³ 36.38
20 ³ 80 ³ 0.006 ³ 0.66 ³ 0.097 ³ 10.74 ³ 0.800 ³ 88.60 ³ 1.06 ³ 9.25 ³ 18.40

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

and chlorine atoms in the quinone ring affects the
donor3acceptor properties of the molecule; as a result,
the electron density redistribution and the change in
the polarization of the vinyl double bond in MEAVE3
quinone derivatives are different.

Copolymerization yields different structural units,
depending on the reaction conditions and monomer
ratio: M1M1, M1M2, and M2M2. We calculated
the microstructural characteristics of the copolymers:
probability of formation of various diadsf, mean
lengths of blocks of similar unitsLM1

and LM2
, and

Harwood parameters of block structure [14, 15].
The Harwood coefficientR is equal to the number of
sequences of similar units per 100 units of the chain.
The results are listed in Table 3.

At different monomer ratios, copolymers of differ-
ent compositions are formed. Table 3 shows that, at
an excess of redox monomers, MEAVE31,2-CA and
MEAVE31,4-CA add to the[like] radicals more ac-
tively. The higher the content of redox monomers in
the starting mixture, the largerLM1

. The Harwood
coefficients are the largest in compolymers with short
lengths of units.

In the system (MEAVE31,4-CA)3AA, in the range
of the monomer ratios M1 : M2 from 80 : 20 to 60 :
40, copolymers of a more regular structure are formed.
In the redox polymers containing 1,2-CA, the alterna-
tion of the monomers is regular at the monomer ratios
M1 : M2 of 45 : 55 to 39 : 61. Table 3 shows that
the microstructure of the copolymers can be controlled
by choosing appropriate monomer ratios.

CONCLUSION

New unsaturated redox monomers, derivatives of
monoethanolamine vinyl ether ando- andp-chloranil,
differ in reactivity because of the different arrange-
ments of the carbonyl groups in the quinoid rings;
copolymerization of these monomers with acrylic acid
proceeds differently.
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Abstract-Complexation of polymeric anion exchangers with transition metals was studied by polarographic
and potentiometric titration techniques.

The wide use of ion-exchange sorption for recover-
ing metals from process solutions and for solving var-
ious environmental problems stimulates studies of
complexation of ion exchangers with metals. In choos-
ing a sorbent suitable for efficient separation of metals
with similar properties, data on the stability constants
of sorbent3metal complexes, their composition, and
factors influencing the complexation are required.
These data are also taken into account in synthesis of
sorbents selective for individual metal ions [1].

It is known that coordination compounds are main-
ly formed by transfer of an unshared electron pair
from a ligand to a vacant orbital of a metal cation [2].
Sorbents containing amino groups (aliphatic or aro-
matic) are bound to metal ions via nitrogen atoms.
Polymeric sorbents containing closely located amino
groups can be coordinated to metals to give of strong
five-membered chelate rings.

ÄNÄCH2ÄCH2ÄNHÄ
gg

e
e
e

i
i
iM

ÄNÄCH2ÄCH2ÄNHÄ
gg

e
e
e

i
i
iM

In this study, the complexation of polymeric poly-
functional anion exchangers with transition metal
cations was examined by polarographic and potenti-
ometric titration techniques. Anion exchangers were
prepared by condensation of allyl glycidyl ether
(AGE) with polyethylenimine (PEI) [AGE3PEI], AGE
with poly(2-methyl-5-vinylpyridine) (PMVP) [AGE3
PMVP], 4,4-isopropylidenediphenoldiglycidyl ether

(ED-20) with PEI [ED-203PEI], ED-20 with PVMP
[ED-203PVMP] and allyl haloides with PEI and
PMVP.

EXPERIMENTAL

The polymeric anion exchangers used in this study
were prepared by the methodsreported in [3, 4]. A por-
tion of the reaction mixture was taken in the precon-
densation stage and treated with diethyl ether to pre-
cipitate the polymeric sorbent. This sorbent was dried,
and its solutions suitable for polarographic studies of
its complexation with transition metals were prepared.
The remaining reaction mixture was cured at 80oC to
obtain an insoluble soild anion exchanger. The com-
plexation of the cured sorbent with transition metals
was studied by potentiometric titration.

The complexation of the anion exchangers obtained
in the precondensation stage with transition metals
was studied polarographically in 25% aqueous di-
methylformamide (DMF) containing 0.01 N H2SO4.
The anion exchanger concentration in these solutions
was varied from 0.1 to 20 g l31. The concentration
of transition metal salt (CoSO4, NiSO4, CuSO4, and
ZnSO4) in these solutions was 20 1033 M. A saturated
calomel electrode was used as a reference electrode.
The dropping mercury cathode had the following
characteristic:m2/3t1/6 = 4.28 mg2/3 s31/2. The electro-
lytic cell was kept at 25+ 0.1oC. The solutions used
were deoxygenized by bubbling of argon for 10 min.
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Table 1. Effect of anion exchanger AGE3PEI on half-
wave cathode potential of transition metal cations M2+

(M2+ concentration 20 1033 M)
ÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÒÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

³ Anion ³ º ³ Anion ³
Cat-³ exchanger³ º Cat- ³ exchanger³
ion ³ content, ³ º ion ³ content, ³

³ g l31 ³ º ³ g l31 ³
ÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄ×ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
Cu2+ ³ 0.00 ³ 30.06º Co2+ ³ 0.00 ³ 31.31³ ³ º ³ ³

³ 0.02 ³ 30.10º ³ 0.02 ³ 31.38³ ³ º ³ ³
³ 0.04 ³ 30.11º ³ 0.04 ³ 31.39³ ³ º ³ ³
³ 0.10 ³ 30.12º ³ 0.10 ³ 31.40³ ³ º ³ ³
³ 0.40 ³ 30.12º ³ 0.40 ³ 31.41³ ³ º ³ ³
³ 1.00 ³ 30.15º ³ 1.00 ³ 31.42³ ³ º ³ ³
³ 4.00 ³ 30.20º ³ 2.00 ³ 31.43³ ³ º ³ ³
³ 10.00 ³ 30.23º ³ 4.00 ³ 31.43³ ³ º ³ ³

Ni2+ ³ 0.00 ³ 31.16º ³ 8.00 ³ 31.44³ ³ º ³ ³
³ 0.04 ³ 31.18º ³ 10.00 ³ 31.44³ ³ º ³ ³
³ 0.10 ³ 31.20º Zn2+ ³ 0.00 ³ 31.04³ ³ º ³ ³
³ 0.40 ³ 31.22º ³ 0.04 ³ 31.13³ ³ º ³ ³
³ 1.00 ³ 31.24º ³ 0.10 ³ 31.14³ ³ º ³ ³
³ 4.00 ³ 31.26º ³ 0.40 ³ 31.16³ ³ º ³ ³
³ 10.00 ³ 31.28º ³ 1.00 ³ 31.17³ ³ º ³ ³
³ ³ º ³ 4.00 ³ 1.19³ ³ º ³ ³
³ ³ º ³ 10.00 ³ 31.21

ÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÐÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄ

Table 2. Shift of the half-wave cathode reduction potential
of transition metal cations due to complexation with AGE3

PEI anion exchanger (cresin = 10 g l31, csalt = 2 01033 M)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Cation
³ E1/2 ³ DE1/2 ³

pHÃÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ´
³ V ³

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
Cu2+(I)* ³ 30.12 ³ 0.06 ³ 4.77³ ³ ³
Cu2+(II) ³ 30.23 ³ 0.17 ³ 7.12³ ³ ³
Ni2+ ³ 31.28 ³ 0.12 ³ 6.90³ ³ ³
Co2+ ³ 31.44 ³ 0.13 ³ 6.90³ ³ ³
Zn2+ ³ 31.21 ³ 0.17 ³ 7.35
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* cresin = 0.10 g l31.

The apparent dissociation constant pKa of the an-
ion exchanger, the Bjerrum formation functionn, and
the stability constantK of the complex were calcu-
lated from potentiometric titration data by the tech-
nique reported in [5].

Table 1 shows how the half-wave cathode reduc-
tion potential of transition metal cations is influenced
by addition of anion exchanger.

It has been shown [6] that the kind of transition
metal cation significantly affects the half-wave cath-
ode reduction potential of the forming transition metal
complexes and its shiftDE1/2 relative to the reduction
potential of free metal ionE1/2. As can be seen from
Table 2, on adding AGE3PEI to solutions of transition
metal salt, the largestDE1/2 is observed for Cu2+ and
Zn2+, i.e., these cations form the strongest complexes
with the resin.

To elucidate the stability and composition of com-
plexes formed by the AGE3PEI anion exchanger with
transition metals, theE1/2 of these metals was studied
as a function of the resin concentration in the range
0.1310 g l31. Figure 1 shows that, for Ni2+, Cu2+ and
Zn2+, E1/2 is a linear function of the logarithm of
the resin concentration, i.e., only one strong complex
of the anion exchanger with these metals is formed
[7]. In the case of Cu2+, the plot ofE1/2 against logc
consists of three linear portions separated by two
breaks. This plot shows that two complexes of the an-
ion exchanger with copper are formed at pH 4.77 and
7.12, respectively.

The coordination numberp of metal cations bound
to the anion exchanger was determined from the slope
of the plot of E1/2 against logc, using the equation
reported in [6, 7].

p = ÄÄÄÄ tana,n
0.059

p = ÄÄÄÄ tana,n
0.059

tana = ÄÄÄÄÄÄÄÄÄÄÄ ,
(E1/2)2 3 (E1/2)1
log c2 3 log c1

tana = ÄÄÄÄÄÄÄÄÄÄÄ ,
(E1/2)2 3 (E1/2)1
log c2 3 log c1

where n is the number of electrons transferred to
the transition metal cation during cathodic reduction.

We found that, for Ni2+, Co2+ and Zn2+, only one
amino group of the sorbent is coordinated with the
metal. For Cu2+, one or three amino groups can be
coordinated with the metal depending on pH.

The stability constants of AGE3PEI complexes
with metal cations, calculated by the equation reported
in [8]

log K = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ ,
n DE1/2 + pÄÄÄÄ log c

0.059
n�

�
�
�

0.059
log K = ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ ,

n DE1/2 + pÄÄÄÄ log c
0.059

n�
�

�
�

0.059

are listed in Table 3.
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Table 3. Coordination numbersp and stability constants (logK ) of AGE3PEI complexes with transition metals,
determined by the polarographic technique (cresin = 10 g l31, cmetal = 2 0 1033 M)
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Salt ³ p ³ log K ³ pH º Salt ³ p ³ log K ³ pH
ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
CuSO4

* ³ 1 ³ 1.03 ³ 4.77 º CoSO4 ³ 1 ³ 5.58 ³ 6.90
CuSO4 ³ 3 ³ 8.76 ³ 7.12 º ZnSO4 ³ 1 ³ 6.76 ³ 7.35
NiSO4 ³ 1 ³ 5.07 ³ 6.90 º ³ ³ ³
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* cresin = 0.10 g l31.

Table 4. Physicochemical characteristics of cured anion exchangers
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ SEC for 0.1 N HCl,³ ³ ³ SECM, mg-equiv g31
Anion ³ mg-equiv g31 ³ pKa

³ m ³
ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ´ ³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄexchanger
³ total ³ PT* ³ ³ ³ Cu2+ ³ Ni2+ ³ Co2+ ³ Zn2+

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
AGE3PEI ³ 7.5 ³ 7.3 ³ 5.3 ³ 1.9 ³ 6.1 ³ 4.8 ³ 4.3 ³ 1.7
AGE3PMVP ³ 4.6 ³ 4.1 ³ 4.9 ³ 2.2 ³ 4.3 ³ 2.5 ³ 2.2 ³ 1.3
ED-203AB3PEI ³ 6.6 ³ 6.3 ³ 7.0 ³ 2.5 ³ 6.3 ³ 4.2 ³ 4.1 ³ 3.8
ED-203AB3PMVP ³ 3.2 ³ 3.0 ³ 3.6 ³ 2.3 ³ 2.8 ³ 2.0 ³ 1.8 ³ 1.3
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* Determined from the potentiometric titration curve.

Figure 1 and Table 3 show the stepwise character
of AGE3PEI complexation with Cu2+. At the sorbent
concentration below 0.1 g l31, one amino group is
coordinated with the Cu2+ cation. At the sorbent con-
centration above 0.1 g l31, three amino groups of
the anion exchanger are bound to one Cu2+ cation.
Our polatrographic experiments showed also that,
among transition metal cations, Cu2+ is the most
strongly bound to the AGE3PEI sorbent. The stability
of AGE3PEI-transition metal complexes decreases in
the order Cu2+ > Zn2+ > Co2+ > Ni2+. The ionic radii
of these cations decrease in the same order: 0.96,
0.74, 0.72, 0.69 A [9]. This correlation shows that,
as the ionic radius increases, the coordination power
of the transition metal ion toward the AGE3PEI
amino groups grows.

The characteristics of complexation of a cured (in-
soluble) AGE3PEI sorbent with transition metals
(stability constant, composition of complexes) was
studied by potentiometric titration of an aqueous sus-
pension of this resin in the absence and in the pres-
ence of transition metals, with simultaneous monitor-
ing of the content of free metal cations and pH.

The physicochemical characteristics of the cured
anion exchangers are listed in Table 4.

It is known [10] that the shape of a potentiometric
titration curve is sensitive not only to the concentra-

tion of titrable functional groups, but also to both
the ionic strength of solution and the type of a sup-
porting electrolyte. With the ionic strength increasing
from 0.1 to 1.0 M, the electron-donor power of un-
protonated amino groups increases, and their hydrate
shells become looser. As a result, the complexation of
the anion exchanger with transition metals is enhanced.
Therefore, our sorption experiments were performed
at the ionic strength of 1.0 M.

Fig. 1. E1/2 of transition metal complexes vs. the anion
exchanger concentrationc: (1) Cu+, (2) Ni2+, (3) Co2+,
and (4) Zn2+; the same for Fig. 4.
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Fig. 2. Potentiometric titration curves of anion exchangers based on allyl and epoxy compounds in the absence and in the pres-
ence of transition metal cations. (V ) aqueous acid volume. Anion exchanger: (a) AGE3PEI, (b) AGE3PMVP, (c) ED-203
AB3PEI, (d) ED-203AB3PMVP. Metal: (1) none, (2) copper, (3) nickel, (4) cobalt, and (5) zinc.

Fig. 3. Complexation functions. Metal cations: (1) copper, (2) nickel, (3) cobalt, and (4) zinc. Anion exchanger: (a) AGE3PEI,
(b) AGE3PMVP, (c) ED-203AB3PEI, and (d) ED-20-AB3PMVP.

Figure 2 shows the potentiometric titration cur-
ves of the cured anion exchanger based on AGE and
ED-20 in an aqueous acid-containing suspension in
the absence and in the presence of a transition metal.
These curves show that both the complexation with
metal and the protonation of the amino groups of the
sorbent in the course of titration is accompanied by
acidification of the liquid phase. The potentiometric
titration curves obtained in the presence of metal are
shifted to lower pH, compared to metal-free suspen-
sions. This excess acidification becomes more pro-
nounced with increasing metal concentration. The
largest acidification in the presence of a metal is ob-
served with AGE3PMVP and ED-203PMVP anion

exchangers. We believe that the excess acidification in
the presence of metals is caused by a decrease in the
sorbent basicity due to transfer of unshared electron
pairs from the amino groups to metal cations. For all
the sorbents under consideration, the sorption exchange
capacity determined from the potentiometric titration
curves at the equivalence point is less than the total
exchange capacity. This difference can be caused by
coordination of amino groups with metal cations and
partial protonation of tertiary and secondary amino
groups of the resin. The complexation curves of anion
exchangers with copper, nickel, zinc and cobalt show
(Fig. 3) thatp tends to unity, i.e., the 1 : 1 complexes
are predominantly formed. This means that one amino



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

COMPLEXATION OF ANION EXCHANGERS BASED ON POLYIMINES AND ALLYL 1683

Fig. 4. Static exchange capacity SEC of anion exchangers as influenced by pH. Anion exchanger: (a) ED-203AB3PEI and
(b) AGE3PEI.

group, on the average, is coordinated with one metal
cation. This stoichiometry is caused by the large ex-
cess of metal ions in the solution as compared with
the content of sorbing sites in the sorbent. As the
content of unprotonated amino groups in the sorbent
becomes higherp increases to 1.5. This fact shows
that the stoichiometry of complexation is sensitive to
the content of sorbing sites in the resin. The chemical
composition of sorbable metal complexes mainly de-
pends on the ionic composition of the sorbing sites
and on the metal cation speciation in the solutions.
The higher the concentration of coordination-active
ionic sites in the sorbent, the larger the amount of
amino groups coordinated with metal cation.

Our calculations showed that the Bjerrum forma-
tion functions are too small for calculating the sta-
bility constants in our systems. In spite of this dif-
ficulty, we can suggest, based on published data [11],
that in our systems the cross-linked anion exchanger
complexation with transition metal decreases in the
order: Cu2+ > Zn2+ > Co2+ > Ni2+.

It is known [12] that sorption of cations on anion
exchangers is dependent on the resin basicity. For
example, zinc is sorbed on strongly basic anion ex-
changers only at the acidity exceeding 0.5 N, when
anionic metal complexes are formed. By contrast, zinc
is sorbed by weakly basic anion exchangers more

Table 5. Sorption of transition metal cations on AGE3PEI
anion exchanger
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Cation
³

Optimal pH
³ SECM , ³ Kd, ³

³ ³ mg g31 ³ ml g31 ³ g, %

ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
Cu2+ ³ 536 ³ 195 ³ 8203 ³ 94
Ni2+ ³ 637 ³ 141 ³ 4976 ³ 91
Co2+ ³ 7 ³ 126 ³ 3093 ³ 86
Zn2+ ³ 7 ³ 72 ³ 2038 ³ 78
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ

strongly from weakly acidic aqueous solutions, and
its sorption is enhanced when the acidity of the
aqueous solution decreases. Therefore, to determine
the pH ensuring the optimal metal sorption, we studied
the transition metal sorption as influenced by pH. In
these experiments, the distribution coefficientsKd
and the degree of metal recovery,g, were also deter-
mined (Table 5).

Figure 4 shows that, with increasing acidity of the
aqueous phase, the sorption of metals decreases. This
effect is caused by a decrease in the concentration of
coordination-active (unprotonated) sorbing sites in the
resin [13]. We found that the sorption of transition
metals on the anion exchangers under consideration is
the strongest at the following pH: Cu2+, 536; Ni2+,
637; and Zn2+, 7.

CONCLUSIONS

(1) The complexation of polyfunctional anion ex-
changers based on polyimines and allyl and epoxy
compounds with transition metals was studied by
polarographic and potentiometric titration techniques.
Copper was found to form the most stable sorption
complexes.

(2) The distribution coefficients of transition met-
als between the aqueous phase and polymeric anion
exchanger and the degrees of recovery of these metals
were determined. The metal sorption was found to
decrease with increasing acidity.

(3) Polyfunctional anion exchangers based on poly-
imine, allyl, and epoxy compounds can be recom-
mended for industrial recovery of copper from aqueous
solutions.
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Abstract-The activity of polymer-colloid complexes of aluminum polyhydroxochloride and polyacrylamide
in separation of model kaolin dispersions and some real dispersions was studied under free and hindered
particle sedimentation conditions.

The stability of dispersed systems is frequently con-
trolled with flocculants, water-soluble macromolecular
compounds, either natural or specially synthesized.
Aluminum salts combined with certain polymers,
above all polyacrylamide (PAA), have long been ap-
plied to water treatment [1, 2]. The main function of
such components is to improve the flocculation in set-
tlers and to reduce the water clarification time. How-
ever, the metal and the functional groups of the poly-
meric molecule of the flocculant can form ionic or
coordination bonds. Schwartz and Francois [3] and
Anufrieva et al. [436] studied reactions of a number
of metals (Fe3+, Ca2+, Mg2+, and rare-earth elements)
with water-soluble polymers of various chemical struc-
tures and, in particular, with PAA. It was found that
stable metal-containing polymeric complexes are
formed in such systems via intramolecular complexa-
tion accompanied by a decrease in the conformational
mobility of the macromolecules. Kudaibergenovet al.
[7] studied the reaction between iron(IIII) chloride and
nonionic and hydrolyzed PAA and showed that the
coordination bond links the iron ions and the carbonyl
groups of PAA. The resulting intramolecular ion-co-
ordination cross-links are responsible for the compac-
tion of the macromolecules: The hydrodynamic size of
the particles of hydrolyzed PAA in water decreases
from 2000 to 400A. At the same time, the conforma-
tion of the macromolecules and their hydrodynamic
size in aqueous solutions are of primary importance in
flocculation and sedimentation of dispersed particles.
It has been shown [8310] that the combined use of
flocculants and inorganic coagulants in sedimentation
of model kaolin and ocher dispersions can exert either
synergistic or antagonistic effect, depending on the
order in which the reagents are introduced.

More recent works [11313] are concerned with
formulations based on polyacrylamide and certain
inorganic salts, whose high activity in flocculation
and sedimentation of suspensions in potable water and
wastewater treatment was noted by Gordeev-Gavrikov
et al. [14]. Data on such formulations are scarce.
These investigations are still in infancy, as suggested
by the fact that the authors use terms like[alternative
coagulants,] [metal3polymer complexes,] [composite
organomineral coagulants,] [inorganic polymeric floc-
culants,] etc. [14, 15], which need to be defined more
precisely.

We have shown previously [16] that mixing of
aqueous solutions of PAA with aluminum polyhy-
droxochloride (APHC), as well as polymerization of
acrylamide (AA) in an aqueous APHC solution, yields
polymer-colloid complexes (PCCs) [16]. It was reason-
able to test them both as flocculants for high-concen-
tration dispersions and as coagulants for low-concen-
tration aqueous dispersions (such as natural water).

EXPERIMENTAL

The poly complexes were prepared [16] by mixing
aqueous solution of PAA (3 wt %) and APHC at room
temperature or by polymerization of AA in an aqueous
solution of APHC in the presence of an initiator, po-
tassium persulfate. In both cases, the molar ratio of
Al3+ to the PAA unit was varied from 0.25 to 10.
The PCCsprepared were kept at room temperature for
2 days. The APBC obtained by the method described
in [17] had the following characteristics: Al(III)
content 12.8 wt %, Cl31/Al3+ atomic ratio 0.48,
pH 4.5, r = 1330 kg m33, dry residue 46.5 wt %.
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Polyacrylamide was prepared by radical polymer-
ization of AA (3% aqueous solution) in the presence
of 0.1 wt % potassium persulfate at 45oC. The mo-
lecular weight of PAA was estimated viscometrically
([h] = 6.80 1034M 0.66 [18]) at 520000.

A kaolin dispersion (0.8 wt %) was prepared by
swelling technical kaolin [GOST (State Standard)
19.608384] in distilled water for 24 h. Before floc-
culation, we measured and, if necessary, adjusted pH
to 7.4 by adding 5% NaHCO3 or 0.1 N HCl solution.
Before flocculation the dispersion was thoroughly
mixed and poured into glass cylinders (V = 250 cm3).
A definite volume of a 0.1% solution of the flocculant
was introduced into each cylinder, and the mixture
was stirred for 1 min with a disk stirrer and allowed
to stand for 20 min. The upper clarified layer was
sampled with a pipet, and its optical density was mea-
sured on a Specol-10 spectrophotometer in a cell with
a layer thickness of 1 to 5 cm at the wavelength of
460 nm. As flocculants served PCCs of various com-
positions, PAA and its copolymers (cation-active floc-
culants): Praestol-650, Zetag-92, and KF-99.

The flocculation of a concentrated kaolin suspen-
sion (5 wt %) was carried out in 100-cm3 cylinders.
A definite volume of the flocculant solution was in-
troduced (0.1% solution) into each cylinder. After the
cylinder was overturned 12 times, the time of migra-
tion of the interface between the clarified and thickened
layers of the suspension was estimated using the grad-
uation marks on the cylinders. Next, the kinetic plots
were constructed in the distance (mm)3time (min)
coordinates. The motion velocity of the interface was
determined in the linear section of the curve at de-
grees of clarification within the range 20360%.

To prepare a low-concentration kaolin dispersion,
the previously prepared 0.8% kaolin dispersion was
allowed to stand for 48 h. Then, the pH was measured
and, if necessary, adjusted to 7.4. The upper clarified
layer was decanted and filtered via a membrane filter
to determine the content of the dispersed phase; it was
estimated at 30340 mg dm33. The coagulation was
carried out by the same method as described above for
a 0.8% dispersion. The settling time, after the reagent
was added, was 40 min. Using the preliminarily con-
structed calibration plot [19], we recalculated the op-
tical density into the turbidity (mg dm33). The flota-
tion of the wastewater was carried out in a glass col-
umn (400 350 mm). The column bottom was a po-
rous glass plate (Schott filter no. 4). Oil-containing
wastewater (300 cm3), preliminarily taken upstream
of the process flotator, was poured into the column,
whereupon a reagent dose was added; simultaneously,

air was supplied via a porous plate. After a 20-min
flotation, the sample was taken via the lower column
cock, and the content of oil products in the sample
was determined [20].

We studied poly complexes of PAA with APHC at
various molar ratios of the reagents, prepared by mix-
ing aqueous solutions of the reagents (PCMS) and by
polymerization of AA in aqueous solutions of APHC
(PCPs). Two particle sedimentation modes can be
distinguished in flocculation, namely, free and hin-
dered sedimentation at dispersed phase concentrations
cd under and over 1 wt %, respectively [21]. A num-
ber of parameters are used to quantitatively charac-
terize the flocculation, among them the flocculation
effect estimated from the rate of sedimentation of
the particles and from accumulation of the precipitated
mass on the pan of a torsion balance [9, 10]. How-
ever, the sedimentation rate was very high in the pres-
ence of PCCs and polycationic flocculants, which
produced a strong scatter of the experimental data.
Therefore, we studied the flocculation spectrophoto-
metrically [22], by measuring the optical density of
the supernatant liquid after the dispersion was allowed
to stand a certain time with and without flocculant.
Next, a dimensionless parameter, the clarification
effect, was calculated:

Eclar = tD
0 /tD 3 1.

Here, tD
0 and tD are the optical turbidities of the

supernatant liquid with and without the flocculant,
respectively;

tD = 2.3D/L,

where D is the optical density of the liquid; andL,
length of the spectrophotometer cell.

The flocculation of the kaolin dispersion was car-
ried out in the free sedimentation mode (dispersed
phase concentrationcd = 0.8 wt %). Figure 1a presents
the plots of the clarification effects for dilute kaolin
dispersions as functions of the dose and composition
of the poly complexes prepared by polymerization of
AA in aqueous solutions of APHC. These dispersions
are much more effective than PAA (Fig. 1a, curve6).
The plots have peaks at the optimal content of the poly
complex of 9310 mg l31. At the poly complex concen-
trations above 10 mg l31, a secondary stabilization of
the dispersion is observed, which is typical of all the
flocculants. The poly complexes with the mole ratio of
Al3+ to the PAA unit equal to 2 exhibit the maximum
effect. Further increase in the content of aluminum
in PCPs decreases the clarification effect (Fig. 1a,
curve 5). The poly complexes obtained by mixing
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Fig. 1. Clarification effect Eclar for the kaolin dispersion
(cd = 0.8 wt %) vs. the concentrationc and of the com-
position (Al3+ to PAA unit molar ratio, given below as
hyphenated figures) of the poly complexes prepared by
(a) polymerization of acrylamide (PCPs) and (b) mix-
ing (PCMs). (1) PCP(PCM)-0.25, (2) PCP(PCM)-0.5,
(3) PCP(PCM)-1, (4) PCP(PCM)-2, (5) PCP(PCM)-4,
and (6) PAA.

Fig. 2. Clarification effect Eclar for the kaolin dispersion
(cd = 0.8 wt %) vs. the concentrationc and the type of
flocculant. (1) PAA, (2) Praestol-650, (3) Zetag-92,
(4) KF-91, (5) PCP-2, and (6) PCM-2.

aqueous solutions of PAA and APHC also exhibit
high flocculation capacities. Figure 1b shows how the
clarification effect for a dilute kaolin dispersion is in-
fluenced by the composition and dose ofPCM. Simi-
larly to PCPs, the clarificationeffect tends to grow
with increasing APHC content in the poly complex
and attains a maximum at the mole ratio of Al3+ to the
PAA unit equal to 2. Further increase in the content
of APHC in the PCs is accompanied by a decrease in
the clarification effect. The optimal concentrations
of the reagents in the case ofPCMS are lower than for
PCPs, namely, 638 mg l31.

Fig. 3. Kinetic curve of sedimentation of a kaolin sus-
pension (cd = 5 wt %) in the presence of (a) PAA,
(b) PCM-2, and (c) PCP-2. (n) Height of the clarified layer
of the dispersion and (t) sedimentation time. Flocculant
concentration, mg l31: (a) (1) 0, (2) 0.6, (3) 1.3, (4) 2.0,
(5) 4.0, and (6) 6.5; (b) (1) 0.7, (2) 1.4, (3) 2.1, (4) 2.8,
and (5) 3.5; and (c) (1) 1.0, (2) 2.0, (3) 3.0, (4) 4.5, and
(5) 6.0.

It is known that the surface of the kaolin dispersion
particles carries a negative charge [23], which makes
cation-active flocculants the most effective reagents
for their separation. Taking into account the nature of
polymeric APHC particles, it can be assumed that
the PCCs synthesized by us belong to cation-active
reagents as well. In this context, we studied the
flocculation capacity of PCP-2 and PCM-2 relative to
the most widely used highly effective cationic floc-
culants Praestol-650, Zetag-92, and KF-91, as well
as to nonhydrolyzed PAA (Fig. 2). We found that
PCM-2 produces the strongest clarification effect,
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Table 1. Clarification effects in sedimentation of the kaolin
suspension with various flocculants
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Floc-
³ Eclar at indicated flocculant content, mg l31

ÃÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄÂÄÄÄÄ
culant

³ 0.5³ 1 ³ 1.5 ³ 2 ³ 3 ³ 4 ³ 5
ÄÄÄÄÄÄÅÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄÅÄÄÄÄ
PAA ³ 1.6³ 3.0³ 4.5³ 8.5³ 13.5³ 14.7³ 14.2
Praestol-³ 0.8³ 3 ³ 4.8³ 9.7³ 14.8³ 18.0³ 16.0
650 ³ ³ ³ ³ ³ ³ ³
Zetag-92³ 3 ³ 6.1³ 10.8³ 12.8³ 14.5³ 32.5³ 28.7
KF-91 ³ 3 ³ 3 ³ 3 ³ 8.9³ 3 ³ 3 ³ 3

PCP-2 ³ 3 ³ 2.0³ 3 ³ 12.6³ 14.3³ 13.3³ 12.5
PCM-2 ³ 6.8³ 11.1³ 21.2³ 16.8³ 16.6³ 3 ³ 3

ÄÄÄÄÄÄÁÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄÁÄÄÄÄ

which significantly exceeds those of PAA and Praes-
tol-650; it is no less effective than Zetag-92, even in
a wider concentration range. Notably, PCM-2 was
prepared from PAA of a relatively low molecular
weight of 5.20 105 (according to viscometric data),
against 200 106 for Zetag-92.

Of much importance for clarification of dispersions
are kinetic parameters and, above all, the sedimenta-
tion rate of the dispersion particles in the presence
of a flocculant. For concentrated dispersions (cd =
538 wt %), this parameter is mostly estimated from
the velocity of migration of the interface between the
clarified and thickened layers of the suspension [24,
25]. We studied a kaolin dispersion prepared in dis-
tilled water with pH 7.35. In preliminary experiments,
we determined the optimal flocculation conditions:
kaolin concentration in water 5 wt %, and concen-
tration of the flocculant solution to be introduced,

Fig. 4. Variation of the turbidityt of the treated kaolin
dispersion (cd = 37 mg dm33) with the concentrationc and
type of the reagent. (1) PAA, (2) Praestol-650, (3) Zetag-
92, (4) APHC, (5) PCP-0.5, and (6) PCP-2.

0.1 g l31. Figures 3a33c show the kinetic curves for
flocculation of a kaolin suspension in the presence
of PAA, PCP-2, and PCM-2. Similar curveswere ob-
tained for Praestol-650, Zetag-92, and KF-91. Based
on these data, we calculated the flocculation effects
(see Table 1).

Table 1 suggests that the poly complexes exceed
in the clarification effect PAA and some cationic
flocculants and are equal in performance to Zetag-92.
The flocculation capacity of the poly complex tends
to grow with increasing molar ratio of Al3+ to the
PAA unit and attains a maximum at the molar ratio
of 2 (PCM-2, PCP-2).

The sedimentation of low-concentration dispersions
(cd < 1 wt %) predominantly occurs by the neutraliza-
tion mechanism. The specific structure of the PCCs
prepared (the relatively low molecular weight of PAA
and charged particles arranged on the coil surface)
can make them effective reagents in coagulation. In
this context, we studied the performance of thePCCs
in separation of a low-concentration kaolin dispersion
prepared from a 0.8 wt % kaolin dispersion in distilled
water. The content of the dispersed phase in the de-
canted liquid was 30340 mg dm3, and the particle
size, 1.632.5mm, according to the sedimentation anal-
ysis. On a certain assumption, such a system can be
regarded as a model of natural water in terms of its
dispersion composition [26]. The coagulation effi-
ciency was estimated from the change in the water
turbidity after treatment with the reagent. Figure 4
shows the plots of the turbidity of the water treated by
various reagents at concentrations within 2340 mg l31.
It is seen that, under the actual conditions, PAA is in-
active. Polycationic flocculants Praestol-650, Zetag-92,
and PCP-0.5 cause coagulation when present in low
concentrations, but the degree of purification is not
high; an increase in the concentration results in stabi-
lization of the system. As expected, APHC is an ef-
fective reagent under the actual conditions, but PCP-2
also exhibits a high coagulation activity: At concen-
trations above 12 mg l31, it exceeds APHC in the de-
gree of purification, and at concentrations above
30 mg l31, all the reagents stabilize the system. Evi-
dently, the ratio of the reagents (PAA and APHC) in
the poly complex, required for attaining the maximum
coagulation efficiency, can have an optimum, as in
the case of flocculation. Therefore, we studied the
coagulation activity of the PCCs(prepared by poly-
merization) at different molar ratios of the reagents
(Al3+ to the PAA unit) (Table 2).



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

WATER-SOLUBLE POLYMER-COLLOID COMPLEXES 1689

Table 2. Degree of purification in coagulation of a low-concentration kaolin dispersion with PCPs of various compositions
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ Degree of purification, %, at indicated reagentº ³ Degree of purification, %, at indicated reagent
Re- ³ content, mg l31 º Re- ³ content, mg l31

ÃÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄ¶ ÃÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄÂÄÄÄagent
³ 5 ³ 10 ³ 15 ³ 20 ³ 25 ³ 30 ³ 40 ³ 50 ³ 60 º

agent
³ 5 ³ 10 ³ 15 ³ 20 ³ 25 ³ 30 ³ 40 ³ 50 ³ 60

ÄÄÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄ×ÄÄÄÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄÅÄÄÄ
PCP-1³ 35 ³ 62 ³ 77 ³ 84 ³ 88 ³ 90 ³ 91 ³ 91 ³ 40 º PCP-10³ 25 ³ 46 ³ 68 ³ 85 ³ 89 ³ 89 ³ 94 ³ 93 ³91
PCP-2³ 28 ³ 61 ³ 74 ³ 84 ³ 89 ³ 91 ³ 92 ³ 92 ³ 76 º APHC ³ 23 ³ 55 ³ 72 ³ 85 ³ 89 ³ 92 ³ 94 ³ 95 ³95
PCP-5³ 27 ³ 61 ³ 73 ³ 87 ³ 90 ³ 90 ³ 93 ³ 94 ³ 84 º ³ ³ ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÐÄÄÄÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄÁÄÄÄ

Table 3. Degree of purification in coagulation of a low-concentration kaolin dispersion with PCMs of various
compositions
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Reagent
³ Degree of purification, %, at indicated reagent content, mg l31

ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ
³ 2 ³ 3 ³ 4 ³ 6 ³ 8 ³ 10 ³ 16 ³ 20 ³ 30

ÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
PCM-1 ³ 8.1 ³ 16.2 ³ 20.5 ³ 30.4 ³ 38.5 ³ 46.0 ³ 65.0 ³ 70.2 ³ 73.0
PCM-2 ³ 16.2 ³ 3 ³ 43.2 ³ 54.0 ³ 3 ³ 70.2 ³ 83.8 ³ 89.2 ³ 96.0
PCM-3 ³ 29.6 ³ 3 ³ 57.3 ³ 69.0 ³ 76.7 ³ 3 ³ 90.5 ³ 92.0 ³ 96.0
PCM-10³ 40.5 ³ 73.0 ³ 82.4 ³ 3 ³ 89.2 ³ 90.5 ³ 3 ³ 98.6 ³ 99.0
ÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 4. Degree of purification of a low-concentration kaolin dispersion as dependent on the type and concentration
of the reagent
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

³ Content, mg l31 ³ Degree of º ³ Content, mg l31 ³ Degree of
ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´ º ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ´Reagent³ ³ purification, º Reagent ³ ³ purification,
³ Al3+ ³ PAA ³ % º ³ Al3+ ³ PAA ³ %

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
APHC ³ 2.1 ³ 3 ³ 88.3 º PCP-0.5 ³ 0.8 ³ 0.8 ³ 94.3
APHC + ³ 0.8 ³ 1.6 ³ 90.0 º PCP-2 ³ 0.8 ³ 0.4 ³ 96.7
PAA* ³ ³ ³ º PCP-10 ³ 0.8 ³ 0.1 ³ 92.8
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* Successive addition of the reagents.

Table 2 suggeststhat, at concentrations of 20 mg l31

and over, virtually all the reagents are equally ef-
fective. The concentration of aluminum-containing co-
agulants of 20 mg l31 is typical of breaking-down
model kaolin dispersions [27]. The poly complexes
prepared by mixing of the reagents also exhibit a high
coagulation activity (Table 3).

Our experimental data suggest that the PCCs based
on PAA and APHC, prepared both by mixing aqueous
solutions of the reagents and by polymerization of AA
in aqueous solutions of APHC, combine the properties
of polymeric cationic flocculants and coagulants act-
ing by the neutralization mechanism.

The known water treatment procedures involve
a combined use of aluminum hydroxochloride and

a flocculant, PAA [1]; it is recommended that the re-
agents should be introduced into the mixing chamber
separately. Thus, a question arises as to whether such
a treatment procedure will be similar to that in the
case ofPCCs. Table 4 compares thedegrees of clarifi-
cation, achieved with various reagents tested in coagu-
lation of a low-concentration (30 mg dm33) kaolin
dispersion. It is seen that introduction of PAA into
the dispersion after its coagulation with APHC im-
proves water purification, but the degree of purifica-
tion in this case is lower, compared toPCCs. Notably,
the concentrations of the reagents in the latter case
are much lower.

Studies of model systems make it possible to tenta-
tively by estimate the flocculation and coagulation ca-
pacities of a reagent or to compare these parameters
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Table 5. Degree of purification of natural water as
dependent on the composition and concentration of
the reagents
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Reagent
³Content, mg l31³ Turbidity* of ³ Degree
ÃÄÄÄÄÄÂÄÄÄÄÄ´ ³³ ³ treated water,³ of purifi-
³ Al3+ ³ PAA ³ mg dm31 ³ cation, %

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
APHC + ³ 2.0 ³ 0.58³ 1.32 ³ 93.8
PAA** ³ ³ ³ ³
PCP-0.5 ³ 0.5 ³ 2.35³ 1.50 ³ 94.0

³ 1.0 ³ 4.70³ 1.03 ³ 95.9
³ 2.0 ³ 9.40³ 1.44 ³ 94.2
³ 5.0 ³ 23.50³ 3.81 ³ 84.8

PCP-2 ³ 0.5 ³ 1.15³ 0.87 ³ 96.5
³ 1.0 ³ 2.30³ 0.56 ³ 97.8
³ 2.0 ³ 4.60³ 0.36 ³ 98.6
³ 5.0 ³ 11.50³ 1.25 ³ 95.0

PCP-10 ³ 0.5 ³ 0.14³ 19.10 ³ 92.4
³ 1.0 ³ 0.29³ 1.30 ³ 94.8
³ 2.0 ³ 0.58³ 0.82 ³ 96.7
³ 5.0 ³ 1.45³ 0.34 ³ 98.6

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* GOST (State Standard) R 51232398 prescribes potable wa-

ter turbidities < 1.5 mg l31.
** PAA according to TU (Technical Specifications) 76-01-

1049.22.

Table 6. Sedimentation velocity and degree of purification
of the wastewater from dielectric glove production as
influenced by the composition and concentration of the
reagents
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Reagent
³ Content, mg l31 ³ Sedimenta-³ Degree
ÃÄÄÄÄÄÄÂÄÄÄÄÄÄ´ ³³ ³ tion velocity,³ of purifi-
³ Al3+ ³ PAA ³ mm s31 ³cation, %

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
APHC + ³ 50.0** ³ 115.0 ³ 2.6 ³ 90.4
PAA* ³ ³ ³ ³
PCP-0.5 ³ 1.0 ³ 4.7 ³ 4.2 ³ 91.4

³ 50.0 ³ 253.0 ³ 8.0 ³ 97.4
PCP-2 ³ 1.0 ³ 2.3 ³ 5.5 ³ 97.6

³ 50.0 ³ 115.0 ³ 10.3 ³ 98.5
PCP-10 ³ 1.0 ³ 0.27 ³ 3.1 ³ 89.3

³ 50.0 ³ 13.5 ³ 5.9 ³ 96.6
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ
* PAA according to TU (Technical Specifications) 76-01-

1049.22.
** The concentration corresponding to the maximum degree of

purification.

for a set of reagents under identical conditions. Under
real conditions, the effect produced by a reagent is
determined by the characteristics of the medium in
which it is applied (pH, ionic strength, salt content,
etc.). Natural water and wastewater are polycomponent
systems, which prevents taking a uniform theoretical

approach to selection of the concentrations and optimal
conditions for their purification, despite the advance-
ment of modern theories of coagulation and floccula-
tion. In practice, empirical formulas are sometimes
used for tentative estimation of the reagent concentra-
tion [28]. However, a commonly used method is test
coagulation (flocculation) [29], whose modified version
[30] is presently applied to real systems being treated.

In this study, we carried out an experiment in which
we treated water with a turbidity of 25 mg dm33

(taken from the Volga river in a flood period). The re-
sults (Table 5) suggest a better, compared to separate
addition of the coagulant and the flocculant, perfor-
mance of thePCCs in water treatment.

In this experiment, we also used two types of
wastewater, namely, wastewater from production of
dielectric gloves (prepared by depositing a latex com-
position onto molds covered with a fixative, contain-
ing up to 40% kaolin) and wastewater from an oil
refinery.

The wastewater from glove production is distin-
guished by a high concentration of the dispersed
phase and a complex composition, which is respon-
sible for the high sedimentation stability of the disper-
sion. The treatment efficiency was judged from the
motion velocity of the interface between the clar-
ified and thickened layers of the suspension, as well
as from the residual turbidity above the precipitate
after the suspension was allowed to stand for 1.5 h.
Table 6 shows that the PCCsafford a faster sedimen-
tation and a higher degree of purification at much
lower concentrations.

Wastewater containing emulsified oil products is
frequently treated with aluminum sulfate or its mix-
ture with cation-active macromolecular flocculants
[31] and, in particular, a mixture of aluminum sulfate
(AS) with VPK-402. Oil-containing wastewater is
usually treated by pressure flotation [32]. In our ex-
periment, we used wastewater samples taken in the
wastewater treatment shop of an oil refinery. The treat-
ment was carried out on a model installation simulat-
ing a pressure flotator [33]. Table 7 lists the experi-
mental degrees of purification of the wastewater with
various reagents at various concentrations of oil prod-
ucts at the flotator inlet. It is seen that the poly com-
plexes are significantly more effective than other re-
agents tested in treatment of oil-containing water, and
in much lower concentrations. In the PCC series, the
efficiency tends to increase with increasing APHC
content in the poly complex, from PCM-1 to PCM-6.
The reason is that, in treatment of oil emulsions, the
first stage of the process consists in breakdown of the
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Table 7. Degree of purification of oil-containing wastewater in relation to the composition and concentration of
the reagents
ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ ³ Content of oil products, mg l31 ³
³ ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´Reagent ³ c, mg l31 ³ ³ Degree of purification, %
³ ³ before treatment ³ after treatment ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
AS + VPK-402 ³ 5.3 + 28 ³ 600 ³ 30.6 ³ 94.0
PCM-2 ³ 6.0 ³ 600 ³ 19.5 ³ 96.7
PCM-4 ³ 6.0 ³ 600 ³ 12.8 ³ 97.8
PAA ³ 6.0 ³ 110 ³ 24.4 ³ 77.8
VPK-402 ³ 6.0 ³ 110 ³ 40.3 ³ 63.3
KF-99 ³ 6.0 ³ 110 ³ 12.7 ³ 88.4
PCM-4 ³ 6.0 ³ 110 ³ 7.1 ³ 93.5
PCM-6 ³ 6.0 ³ 110 ³ 2.6 ³ 97.6
AS + VPK-402 ³ 5.3 + 2.8 ³ 110 ³ 15.6 ³ 85.8
PCM-4 ³ 5.0 ³ 160 ³ 9.9 ³ 93.8
PCM-4 ³ 4.0 ³ 160 ³ 10.3 ³ 93.5
PCM-4 ³ 3.0 ³ 160 ³ 15.6 ³ 90.2
ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

emulsion droplets and their coalescence [33]. Air
bubbles are adsorbed on the surface of large oil drop-
lets and float them as a foam. The role of demulsifiers
is usually played in this case by ions of polyvalent
metals (Al, Fe). When the molar ratio of Al3+ to the
PAA unit in the PCCs is over 4, the solution contains
particles of aquahydroxo complexes of aluminum,
which are not bound to the PCCs. They act as de-
mulsifiers and break down the oil emulsion, thereby
enhancing the purification effect.

CONCLUSIONS

(1) The flocculation and coagulation activities of
water-soluble polymer-colloid complexes of alumi-
num polyhydroxochloride and polyacrylamide were
tested in separation of model dispersed systems and
real media. These complexes effectively combine the
properties of coagulants, destabilizing the colloid and
emulsified systems, and of cation-active flocculants
favoring faster and more exhaustive separation of
dispersions and suspensions.

(2) The polymer colloid complexes synthesized
from relatively inexpensive commercially produced
reagents are suitable as highly effective reagents for
water treatment and purification.
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Abstract-The behavior of a film material based on polyvinyl chloride in air and aqueous media, as influenced
by individual plasticizers and their binary mixtures, was studied by gravimetry, thermogravimetry, and IR
spectroscopy. The effect of these factors on the frost resistance and other physicochemical properties of
the films was studied.

Polymer films based on polyvinyl chloride (PVC)
with a one-side adhesive layer are used for water-
proofing and corrosion protection of oil, gas, and ma-
terial pipelines [1, 2]. These films necessarily contain
plasticizers and other low-molecular-weight additives,
which can pass into air or wet soil during operation.
The decrease in the plasticizer content can deteriorate
the physicochemical properties and frost resistance of
the polymer material [3, 4] and increase its cracking;
as a result, the films can lose continuity and, hence,
protecting properties. Water sorption is an important
characteristic of a polymeric material operating in
a moist environment. Small water sorption reduces
the sensitivity of the polymer material to freezing-de-
frosting cycles typical of the Russian climate and fa-
vors preservation of its protecting properties.

One of procedures for preparing a polymeric mate-
rial with required properties is its plasticization with
a plasticizer mixture [3, 5]. The aim of this study
was to improve the frost resistance of a PVC film for
production of tapes with an adhesive layer by using
mixtures of plasticizers of varied nature and to exam-
ine their behavior in air and aqueous media. We stud-
ied PVC films plasticized with individual plasticizers
[di(2-ethylhexyl)-o-phthalate (DOP), dibutoxyethyl
adipate (DBEA), dibutyl sebacate (DBS)] and their
mixtures. Di(2-ethylhexyl)-o-phthalate is the common
PVC plasticizer, whereas DBEA and DBS containing
no aromatic groups, were used to improve the frost
resistance of the films [3, 6].

EXPERIMENTAL

We studied plasticized PVC films with 100 : 45
PVC3plasticizer weight ratios, used in production
of tapes with an adhesive layer. These formulations
were prepared from industrial components: S-70 brand
suspension PVC and DOP, DBEA, and DBS plasti-
cizers. All the formulations contained talc as a filler
and BAC-S-20 as a stabilizer.

The films were prepared by rolling on a laboratory
masticating mill at 140oC for 10 min. The film thick-
ness was about 0.3 mm. The samples were studied
approximately three months after their preparation.

In this study, we determined the composition of
compounds released from the film into air and aque-
ous media under various operation conditions.

The weight loss by the samples in air at normal
atmospheric pressure was studied by gravimetry un-
der the isothermal conditions at 90oC. The thermal
analysis was performed in air on an MOM Q-1500
derivatograph (Hungary) in the 253300oC temperature
range at a heating rate of 10 deg min31, with Al2O3
as a reference.

The qualitative composition of the compounds re-
leased from the films into air and the kinetics of their
liberation at 90oC under a dynamic vacuum (residual
pressure~30 Pa) were studied by IR spectroscopy in
a heated vacuum cell [7]. In this procedure, a sample
was placed on the bottom of the temperature-controlled
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Table 1. Brittle point Tbr as influenced by the plasticizer
composition
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Plasticizer ³ Composition, %³ Tbr, oC
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
DOP ³ 100 ³ 340
DOP3DBEA ³ 89 : 11 ³ 340

³ 70 : 30 ³ 350
³ 50 : 50 ³ 350

DBEA ³ 100 ³ 350
DOP3DBS ³ 89 : 11 ³ 345

³ 70 : 30 ³ 348
³ 50 : 50 ³ 350

DBS ³ 100 ³ 350
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

cell and heated to a prescribed temperature. The vol-
atile components of the sample condensed on the
cooled KBr windows.

The spectrum of the condensate was recorded on
a Specord 75-IR spectrophotometer. This procedure
combines release of volatile compounds, their directed
condensation, and recording of a spectrum without
transfer of the condensate. The cell design allows
operation at both atmospheric and reduced pressures.

To study the behavior of films in water, we re-
corded changes in the sample weight at room tempera-
ture and analyzed the composition of the liquid phase
brought in contact with these samples. The weight
changesDm (%) of the samples in water were studied
by gravimetry and calculated by the expression:

Dm = [(m 3 m0)/m0] 0 100,

where m0 is the initial sample weight andm is the
sample weight at a given timet.

The relative weightDmr (%) of compounds liber-
ated from the film in water during the experiment
was calculated as follows:

Dmr = [(m0 3 md)/m0] 0 100,

where m0 is the initial sample weight andmd is the
sample weight at the end of an experiment, after drying
to constant weight at 50oC and atmospheric pressure.

Then, usingDm andDmr, we calculated the swell-
ing index a (%) of the sample:

a = Dm 3 Dmr.

To determine the composition of compounds re-
leased from the film in water, the aqueous solution

was evaporated at 50oC and atmospheric pressure to
a solid residue. This residue was poured over with
tetrahydrofuran (THF) and transferred onto a KBr
window, after which THF was evaporated and the IR
spectrum of the residue was recorded. The removal
of THF was monitored spectrophotometrically.

The interaction of components in the films was
judged from changes in the absorption bands of the
functional groups in the IR spectra of model plasti-
cizer-polymer systems. The model films were pre-
pared by evaporation of 1% THF solutions on glass
supports at room temperature. Then, the films were
heated for 7 h at 70oC to remove the residual solvent;
the THF content was monitored spectrophotometrical-
ly. The IR spectra were recorded on a UR-20 spec-
trometer.

The frost resistance was evaluated from the brittle
point according to GOST (State Standard) [8].

The stress3strain curves were recorded at room
temperature on an RT-250M-2 tensile-testing machine
in the 0.030.5 kN load range. The extension rate was
25 mm min31. The samples were cut out as blades
with 6.5-mm width of the working part. The stress in
the samples was calculated as follows:

s = P/S,

wheres is the stress (kPa),P is the load (kN), andS
is the cross section of the working part of the sample
at the beginning of an experiment (m2).

The physicomechanical properties of the samples
were characterized by the rupture stresssr and elastic
modulus E characterizing the material rigidity and
calculated from the following expression:

E = s/e,

wheres is the stress ande is the strain in the initial
section of the strain curve.

The data on the film frost resistance are listed in
Table 1. As can be seen, the PVC films containing
DBEA and DBS and their mixtures with DOP are more
frost resistant then the films with DOP plasticizer.

Our further experiments were performed using the
films containing individual plasticizers and their mix-
tures, with brittle pointTbr ; 50oC. We studied films
with a smaller content of DBEA and DBS in the mix-
tures, because these plasticizers are more expensive
than DOP.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

PROPERTIES OF A FILM MATERIAL BASED ON POLYVINYL CHLORIDE 1695

Table 2. Deformation3strength properties of the films
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

Plasticizer ³ Composition, %³ E, MPa ³ st, MPa
ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
DOP ³ 100 ³ 63.6 ³ 18.2
DOP3DBEA ³ 70 : 30 ³ 35.2 ³ 14.3
DBEA ³ 100 ³ 18.0 ³ 12.1
DOP3DBS ³ 70 : 30 ³ 28.8 ³ 13.2

³ 50 : 50 ³ 21.7 ³ 12.7
DBS ³ 100 ³ 16.9 ³ 11.4
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

The stress3strain curves of the films are shown in
Fig. 1, and their deformation3strength characteristics
are listed in Table 2.

With addition of DBEA and DBS, the rigidityE
of films decreases with a simultaneous decrease in
their strengthss.

The kinetic dependences of the weight loss by the
samples in air at atmospheric pressure and 90oC are
shown in Fig. 2. In the samples plasticized with in-
dividual compounds, the weight loss changes in the
following order DOP < DBEA <<DBS. The samples
containing mixtures of plasticizers occupy the inter-
mediate positions. The IR spectra of the compounds
released from the samples indicate that it is the plas-
ticizers added to the polymer that pass into the at-
mosphere. Since the samples contain a stabilizer, we
assumed that no HCl is liberated under the experi-
mental conditions (90oC) due to PVC decomposition
and the weight loss is related to migration of the plas-
ticizers. This is also confirmed by the fact that the
DTA curves of the films exhibit the endothermic
peaks corresponding to the PVC degradation only at
T > 210oC.

It is known that the plasticizer migration from the
polymeric film involves diffusion of the compound
from the film bulk to the surface and its removal from
the surface. Under different conditions, the migration
kinetics can be limited by the rate of one or another
reaction [9, 10]. The weight loss by the films under
the isothermal conditions (Fig. 1) was described by
the following equation:

M
t
/M

i
= (4/p1/2)(Dt /l2)1/2, (1)

where M
t

is the amount of plasticizer released from
the sample at momentt, i.e., the weight loss by the
sample;M

i
, initial plasticizer content in the sample;

l, sample thickness;t, experimental time; andD, dif-
fusion coefficient of the plasticizer.

Equation (1) is a partial solution to the second
Fick’s law for diffusion in the initial stages of desorp-

Table 3. Diffusion coefficients of plasticizers in PVC films
and their volatility
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

³D 010315, m2 s31³ D 0 10312, ³ n, g cm32 s31

Plasti- ³ (atmospheric ³ m2 s31 ³ (atmospheric
cizer ³ pressure) ³ (vacuum) ³ pressure)
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
DOP ³ 0.3 ³ 0.3 ³ 0.2
DBEA ³ 1.3 ³ 1.1 ³ 1.8
DBS ³ 3 ³ 1.3 ³ 0.6
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

tion (M
t
/M

i
< 0.6) under certain initial and limiting

conditions [11, 12]. The linear portions of the depen-
dencesM

t
/M

i
= f (t1/2) for DOP and DBEA suggest

that in these portions, the migration of plasticizers is
controlled by their diffusion in the sample and allow
calculation of the diffusion coefficients (Table 3),

Fig. 1. Stress3strain curves for films containing (a) DOP3
DBEA and (b) DOP3DBS. (s) Stress and (e) strain.
(1) DOP, (2) DOP3DBEA, (3) DBEA, (4, 5) DOP3DBS,
and (6) DBS. Plasticizer ratio in the mixture, wt %:
(2, 4) 70 : 30, and (5) 50 : 50; the same for Fig. 2.

Fig. 2. Weight lossDm in air at 90oC and atmospheric pres-
sure vs. heating timet of the samples containing (1) DOP,
(2) DOP3DBEA, (3) DBEA, (4, 5) DOP3DBS, and (6) DBS.
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which can be used in this case as a criterion of migra-
tion rate [13, 14].

As can be seen,DDBEA is greater thanDDOP. No
linear portion was found for DBS plasticizer. This
indicates that the migration of DBS in the film at
90oC and atmospheric pressure is limited not by dif-
fusion in the sample, but by its removal from the sur-
face, i.e., by its volatility.

We also studied the plasticizer recovery from the
film under the conditions of its forced removal from
the sample surface. For this purpose we performed
experiments at 90oC under a dynamic vacuum, using
a heated vacuum cell. The IR spectra of the volatile
compounds released from the film containing DOP
are shown in Fig. 3. As can be seen, the amount of
DOP released from the sample grows with increasing
time. Similar data were obtained with polymeric films
containing DBEA and DBS. The spectroscopic re-
sults were presented as time dependences of the op-
tical density of the absorption band of the plasticizer
(~1720, ~1130, and~1175 cm31 for DOP, DBEA,
and DBS, respectively) (Fig. 4a) and then in the co-
ordinates of a modified Eq. (1):

A
t
/A
i

= (4/t1/2)(Dt/l2)1/2, (2)

whereAt is the optical density of the absorption band
at instant of timet andA

i
is the initial optical density

of the absorption band corresponding to the initial
content of the plasticizer in the film (Fig. 4b).

The optical densities were determined taking into
account the baseline of the corresponding absorption
band [15], andA

i
was calculated as follows:

A
i

= Aem0 /Dme,

whereAe is the optical density of the absorption band
at the end of the experiment;m0, initial plasticizer
content in the sample; andme, weight loss by the sam-
ple at the end of the experiment, equal to the amount
of the plasticizer released.

The initial nonlinear portion of the curve inFig. 4b
(~16 min) corresponds to the time in which the tem-
perature in the heated vacuum cell increases from
room temperature to 90oC. In contrast to the experi-
ments at atmospheric pressure under the conditions of
forced removal of plasticizer from the film surface,
the linear portions [in the coordinates of Eq. (2)] are

Fig. 3. IR spectra of the volatile compounds released from the film containingDOP. ( T) Transmission and (n) wavenumber.
(1) Absorption of KBr windows, (2) spectrum recorded 7 min after the beginning of the experiment, and (3) spectrum recorded
245 min after the beginning of the experiment. The arrow indicates the order of recording of the spectra.

Fig. 4. Variation with time t of the (a) optical densityA
t

of the absorption bandnCO (~1720 cm31) in the IR spectra of
the plasticizer and (b) relative optical density in the coordinates of Eq. (2) for the film containingDOP.
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observed with all the samples. This suggests that,
under these conditions, migration of all the plasticiz-
ers, including DBS, is controlled by their diffusion in
the sample. The diffusion coefficientsD of the plas-
ticizers, calculated from the linear portions of the
curves, are listed in Table 3. An independent experi-
ment showed thatD values calculated using different
absorption bands in the IR spectra of the recovered
compound are similar. As can be seen from Table 3,
DDBEA and DDBS are close and exceedDDOP. Previ-
ously, we suggested that, the migration of DBS at at-
mospheric pressure, in contrast to that of DOP and
DBEA, is controlled by its volatility. In this context,
we studied the kinetics of the weight loss by individu-
al plasticizers at 90oC and atmospheric pressure and
calculated the plasticizer volatilities in 10 h (Table 3).
The volatility of DBS appeared to be threetimes lower
that that of DBEA. This confirms our assumption that
the DBS volatility controls the plasticizer migration
from the PVC film under the experimental conditions.

It is known [4, 13] that, the difference in the diffu-
sion coefficients may be due not only to steric factors,
but also to the chemical nature of the diffusion agent
and, in particular, to the difference in interaction of its
molecules with the polymer macromolecules. The IR
spectra in the region of the stretching vibrations of the
carbonyl groupnC=O of individual plasticizers and of
PVC-plasticizer mixtures are shown in Fig. 5 (curves
1 and 2, respectively). The absorption bands of the
plasticizers are complex because of the formation of
molecular associates of various strengths [7, 16, 17].
In the presence ofPVC, the absorption intensity is re-
distributed in all the systems toward the low-frequen-
cy component of the carbonyl band. The appearance
of the low-frequency components of thenC=O bands is
probably due to the formation of hydrogen bonds be-
tween the ester C=O groups of the plasticizer and
CHCl groups of PVC [18]. However, we failed to eval-
uate unambiguously the contribution of this factor for
all the plasticizers in question. Along with the forma-
tion of hydrogen bonds, an additional interaction is
possible in the PVC3DOP system: formation of the
donor3acceptor bonds betweenp electrons of the DOP
benzene ring and free 3d orbitals of chlorine atoms in
the PVC macromolecules [19]. Possibly, the stronger
total interaction of PVC with DOP and the steric hin-
drance to diffusion of DOP in the film due to the
presence of the benzene ring and branched hydrocar-
bon radicals lead to a decrease in the diffusion coeffi-
cient of DOP in comparison with DBEA and DBS.

The TG data for the films with individual plasticiz-
ers show that the weight loss by samples containing
DBS begins at a lower temperature (~100oC), com-
pared to DOP (~170oC) and DBEA (~160oC). How-

Fig. 5. IR spectra of (1) plasticizers and (2) PVC3plas-
ticizer systems. (T) Transmission and (n) wavenumber.
Plasticizer: (a) DOP, (b)DBEA, and (c) DBS.

Fig. 6. Weight changeDm in water at room temperature
vs. storage timet of the samples containing (1) DOP,
(2, 3) DOP3DBS, (4) DBS, (5) DOP3DBEA, and (6) DBEA.
Plasticizer ratio, wt %: (2, 5) 70 : 30 and (3) 50 : 50.

ever, the thermal stabilities of all the samples, defined
as the temperature at which the sample loses 10% of
its initial weight (TG data) differ only slightly.

These data suggest that the samples containing
DBS are less stable in operation in air in comparison
with the films containing DBEA and DOP plasticizers.

The changes in the film weight upon storage in
water at room temperature are illustrated byFig. 6.
After storage, the weight of the films containing DOP
and DBS increases by approximately 1%. With in-
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Table 4. Weight changes of the films after storage in
water at room temperature for 1000 h as influenced by
the plasticizer
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄ

Plasticizer ³Composition, %³Dm, %³Dmw, %³a, %
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄ
DOP ³ 100 ³ 0.9 ³ 0.8 ³ 1.7
DOP3DBEA³ 70 : 30 ³ 32.4 ³ 4.0 ³ 1.6
DBEA ³ 100 ³ 32.4 ³ 4.1 ³ 1.7
DOP3DBS ³ 70 : 30 ³ 0.8 ³ 1.1 ³ 1.9

³ 50 : 50 ³ 0.5 ³ 0.8 ³ 1.3
DBS ³ 100 ³ 0.4 ³ 1.0 ³ 1.4
ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄ

creasing DBS content in the film, the sample weight
slightly decreases upon prolonged storage. After stor-
age in water, the weight of the films containing DBEA
and DOP3DBEA mixture decreases by~2%. These
changes in the sample weight are probably due to two
opposite processes: swelling (a) increases the sample
weight, whereas plasticizer washout (Dmw) causes
its decrease. The results of separation of the effects of
these processes for the final point of the dependences
(Fig. 6) are listed in Table 4.

As can be seen, the swellabilities of all the samples
in water are similar, but the formulations containing
DBEA exhibit a significant weight loss. The IR spec-
tra of the dry residues show that the films release
the plasticizer and a hydroxyl-containing compound,
which is probably a component of the stabilizer. The
stronger plasticizer washout from the films contain-
ing DBEA is due to the presence of the polar C3O3C
groups accessible to interaction with water (in contrast
to DOP) and smaller nonpolar fragments of the DBEA
molecule [3(CH2)43] as compared to DBS [3(CH2)83].

CONCLUSIONS

(1) Properties of polyvinyl chloride films contain-
ing individual plasticizers and their mixtures and
migration of plasticizers from the films into air and
water strongly depend on the chemical structure of
a plasticizer.

(2) Addition of dibutyl sebacate and dibutoxyethyl
adipate to di(2-ethylhexyl)-o-phthalate increases frost
resistance and decreases the strength of the films.

(3) Films containing mixtures of di(2-ethylhex-
yl)-o-phthalate with dibutoxyethyl adipate are more
stable in air, whereas dibutyl sebacate enhances the
stability of films in water.
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Abstract-The influence exerted by physicochemical characteristics of organic solvents on their diffusion
across polymeric membranes can be quantitatively using linear multiparametric equations.

There is a steadily growing interest in the problems
of diffusion of liquids and gases in polymers, which is
stimulated, in particular, both by the development of
membrane technologies and by biochemical research
concerning the penetration of ionic species, toxic sub-
stances, and drugs across cell membranes.

The diffusion of substances in a homogeneous me-
dium has been thoroughly studied and can be de-
scribed by well-known Fick’s law, Einstein3Stokes
equation, etc. However, the problem of quantitative
evaluation of the effects of physicochemical charac-
teristics of a penetrating liquid on its diffusion co-
efficient, even though being a subject of extensive
studies, has not been satisfactorily solved as yet [133].
Khinnavaret al. [3] analyzed the transport of esters
across ethylene3propylene membranes using the rela-
tionship

Qt /Qi = ktn,

whereQt and Q
i

are the current and limiting solvent
uptakes; andk and n, the constants.

It was found [3] that foundn = 0.5, which suggests
that this process obeys Fick’s law. For films prepared
from other materials (natural and synthetic rubber and
polyurethane)n ; 0.6, which points to partial transfer
to so-called anomalous transport caused by different
effects of particular units of the polymer chain on
the sorption processes [3]. Even more pronounced de-
viations from Fick’s law were observed in studying
the diffusion of aromatic hydrocarbons and dimethyl-
formamide across polyurethane membranes [1, 4].

Since the diffusion across a polymeric membrane
follows the stage of sorption of a solvent, and these
processes are interrelated, the diffusion parameters are
commonly determined from the sorption kinetics, i.e.,

from the swelling data. Therefore, approaches to anal-
ysis of features of both processes are similar. Swelling
of natural (rubber, coal) and synthetic polymers have
been intensively studied in the last five decades, in-
particular, in context of the problem of the stability
of polymeric materials in various media. However,
the traditional approaches based on the Flory3Hug-
gins [5] and Hildebrand [6] theories allow only semi-
quantitative estimates, which is not surprising in view
of the fact that these theories consider solely physical
effects.

In fact, the solvation interactions occurring between
a diffusing solvent and a polymeric material affect
the energy-related parameters and the kinetics of dif-
fusion. These interactions can be included in consid-
eration semiempirically by using the principle of linear
free energies (LFE). This approach is used, in partic-
ular, for generalization of data on the effect of sol-
vents on rates of the chemical reactions, solubility of
gases, distribution of substances between two phases,
etc. Among such relationships, the Koppel3Palm equa-
tion is the most widely used. It includes the influence
exerted by the polarity and polarizability of solvents
and also by their capacity for acid3base interaction
with a substrate. In studying the swelling of polymers
and diffusion of solvents across polymeric membranes,
it is necessary to take additionally into account the
geometric factor (molecular size): the larger the size,
the more difficult the penetration into the free volume
of the polymer, whereas solvation of the polymer units
will facilitate the diffusion. This suggestion logically
follows from the Einstein3Stokes equation

D = kT/6phr,

according to which the diffusion coefficientD in
homogeneous media is inversely proportional to the
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Table 1. Experimental [9] and theoretical [calculated by
Eq. (3)] coefficients of diffusion across ethylene3pro-
pylene3butadiene polymer
ÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
No.³ Solvent ³3log Dexp³3log Dcalc³ Dlog D
ÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
1 ³ n-Hexane ³ 5.977 ³ 6.047 ³ 0.071
2 ³ n-Heptane ³ 6.089 ³ 6.151 ³ 0.063
3 ³ n-Octane ³ 6.218 ³ 6.251 ³ 0.033
4 ³ n-Nonane ³ 6.406 ³ 6.356 ³ 30.049
5 ³ n-Decane ³ 6.523 ³ 6.463 ³ 30.060
6 ³ n-Dodecane ³ 6.708 ³ 6.673 ³ 30.035
7 ³ n-Tetradecane ³ 6.845 ³ 6.887 ³ 0.042
8 ³ n-Hexadecane ³ 7.114 ³ 7.105 ³ 30.008
9 ³ Cyclohexanone ³ 7.081 ³ 6.828 ³ 30.253

10 ³ Isooctane ³ 6.465 ³ 6.267 ³ 30.197
11 ³ Cyclohexane* ³ 6.322 ³ 3 ³ 3

12 ³ Methyl acetate ³ 6.695 ³ 6.387 ³ 30.308
13 ³ Ethyl acetate ³ 6.467 ³ 6.479 ³ 0.012
14 ³ Propyl acetate ³ 6.635 ³ 6.677 ³ 0.043
15 ³ Butyl acetate ³ 6.666 ³ 6.678 ³ 0.012
16 ³ Isoamyl acetate³ 6.857 ³ 6.937 ³ 0.081
17 ³ Benzene ³ 5.935 ³ 5.961 ³ 0.026
18 ³ Toluene ³ 5.982 ³ 6.116 ³ 0.134
19 ³ p-Xylene ³ 6.225 ³ 6.264 ³ 0.038
20 ³ Mesitylene ³ 6.342 ³ 6.404 ³ 0.062
21 ³ Anisole ³ 6.347 ³ 6.519 ³ 0.172
22 ³ Fluorobenzene ³ 5.960 ³ 5.951 ³ 30.009
23 ³ Chlorobenzene ³ 5.922 ³ 6.003 ³ 0.081
24 ³ Bromobenzene ³ 6.107 ³ 6.032 ³ 30.075
25 ³ Tetralin* ³ 6.606 ³ 3 ³ 3

26 ³ Nitrobenzene* ³ 6.947 ³ 3 ³ 3

27 ³ Aniline ³ 7.036 ³ 7.161 ³ 0.125
ÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Solvents excluded from calculation by Eq. (3).

radius r of a diffusing particle. Similar suggestions
were also stated earlier [7, 8].

Aminabhaviet al. [9] studied the diffusion of var-
ious solvents in six different polymers. All these po-
lymers, except polyurethane rubber, were vulcanized
and contained (wt %) carbon black 50, zinc oxide 5,
sulfur 232.5, and also some other additives. The dif-
fusion coefficients in 0.130.15 thick membranes were
determined at 25, 44, and 60oC.

log D values were calculated from the slopes of the
linear portions of the sorption curves. They decrease
in parallel with an increase in the molecular weight or
molar volumeVM of the solvent. However, a satis-
factory linear correlation between these parameters
was observed only in the series ofn-alkanes, and all
efforts to extend this correlation to solvents belonging
to other classes failed. Even data for isooctane and
cyclohexane deviated from the linear correlation.

We attempted to generalize data on the diffusion
coefficients of 27 solvents across a butadiene3styrene

polymeric membrane [9], using the following six-pa-
rametric equation

log D = a0 + a1777
n2 3 1
n2 + 2

+ a2777
e 3 1
2e + 1

+ a3B + a4ET + a5d
2 + a6VM. (1)

Here f (n) is the polarizability andf (e), polarity of
the solvent, which are responsible for nonspecific sol-
vation (n and e are the refractive index and dielectric
constant of the solvent);B, Palm’s basicity [11],
and ET, Reichardt’s electrophilicity index [12], which
control the specific solvation;d2, squared Hildebrand’s
solubility parameter proportional to the cohesion en-
ergy density of the solvent; anda13a6, regression co-
efficients.

Assuming that the penetrability of solvents de-
creases with increasing size of their molecules, we
introduced the molar volumeVM as a parameter. This
parameter appeared to be quite significant for gener-
alization of data on swelling of polyethylene and but-
yl rubber in organic solvents [13]. Characteristics
of the solvents were taken from the review [14]. Cal-
culations were performed in accordance with the re-
commendations of the IUPAC Group on Correlation
Analysis in Chemistry [15].

The use of Eq. (1) allowed a satisfactory general-
ization of data on the diffusion coefficientsD,taken
from [9] . Previously, we have shown [10] that, in
accordance with the suggestion made by Aminabhavi
et al. [9], the molar volumeVM has the most signif-
icant effect on logD. However, these are correlated,
but not proportional parameters: for the entire set of
27 solvents, the pair correlation factorr6 = 0.708,
and for the set of 24 solvents,r6 = 0.858. Therefore,
to describe adequately the solvent effect, it is needed
to take into account the factor of specific solvation.
The sign[minus] at the corresponding terms of the
correlation equation shows that an increase in the size
of the organic molecules and also in their ability to
nucleophilic solvation, i.e., in the basicity, results in
decreasing logD. The term ET, by contrast, stands
with a sign [plus], which suggests that electrophilic
solvation promotes the diffusion. This becomes clear
in view of the presence of cyclic units with their
p-electron systems in the structure of the butadiene3

styrene rubber. However, further calculations showed
that the capacity of solvents for nonspecific solvation
has no significant effect on the diffusion.

To verify the applicability of this approach and
also to study the possible interrelation between the
structure of polymers and the significance of the fac-
tors included in Eq. (1), we generalized of the logD
values for other hydrocarbon polymers studied in [9].
The results are summarized in Tables 133. In all
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Table 2. Experimental [9] and theoretical [calculated
by Eq. (5)] coefficients of diffusion acrosscis-isoprene
polymer
ÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
No.³ Solvent ³3log Dexp³3log Dcalc³ Dlog D
ÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
1 ³ n-Hexane ³ 5.937 ³ 6.133 ³ 0.196
2 ³ n-Heptane ³ 6.072 ³ 6.209 ³ 0.137
3 ³ n-Octane ³ 6.166 ³ 6.285 ³ 0.119
4 ³ n-Nonane ³ 6.356 ³ 6.369 ³ 0.014
5 ³ n-Decane ³ 6.488 ³ 6.458 ³ 30.030
6 ³ n-Dodecane ³ 6.686 ³ 6.637 ³ 30.050
7 ³ n-Tetradecane ³ 6.836 ³ 6.823 ³ 30.013
8 ³ n-Hexadecane ³ 7.076 ³ 7.016 ³ 30.059
9 ³ Cyclohexanone ³ 6.672 ³ 6.687 ³ 0.016

10 ³ Isooctane ³ 6.387 ³ 6.310 ³ 30.077
11 ³ Cyclohexane ³ 6.206 ³ 5.906 ³ 30.300
12 ³ Methyl acetate ³ 6.695 ³ 6.442 ³ 30.252
13 ³ Ethyl acetate ³ 6.467 ³ 6.507 ³ 0.039
14 ³ Propyl acetate ³ 6.635 ³ 6.666 ³ 0.032
15 ³ Butyl acetate ³ 6.666 ³ 6.656 ³ 30.010
16 ³ Isoamyl acetate³ 6.857 ³ 6.878 ³ 0.021
17 ³ Benzene ³ 5.864 ³ 5.848 ³ 30.017
18 ³ Toluene ³ 5.864 ³ 5.990 ³ 0.127
19 ³ p-Xylene ³ 6.168 ³ 6.127 ³ 30.041
20 ³ Mesitylene ³ 6.184 ³ 6.251 ³ 0.067
21 ³ Anisole ³ 6.153 ³ 6.314 ³ 0.161
22 ³ Fluorobenzene ³ 5.779 ³ 5.889 ³ 0.111
23 ³ Chlorobenzene ³ 5.813 ³ 5.847 ³ 0.034
24 ³ Bromobenzene ³ 6.025 ³ 5.822 ³ 30.203
25 ³ Tetralin* ³ 6.424 ³ 3 ³ 3

26 ³ Nitrobenzene* ³ 6.674 ³ 3 ³ 3

27 ³ Aniline ³ 6.793 ³ 6.773 ³ 30.020
ÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Solvents excluded from calculation by Eq. (5).

cases, the effect of solvent on the diffusion could
be adequately by Eq. (1) after exclusion of the most
deviating data for two or three solvents. In most cases,
only two or three factors among the six were actually
significant.

Table 1 lists the coefficients of diffusion of 27
solvents across the ethylene3propylene3butadiene co-
polymer (density 1.02 g cm33) at 25oC. For the entire
set of the solvents studied, calculation by Eq. (1) gives
a multiple correlation factorR = 0.888, which is un-
acceptably low. After excluding data for only three
solvents (nitrobenzene, tetralin, and cyclohexane, as
the most outlying),R increased to 0.972. In this case,
we obtain Eq. (2) adequately describing the effect of
solvents on the diffusion.

log D = 36.01 + (3.77+ 1.45)f (n) + (0.01+ 0.92)f(e)

3 (3.76+ 0.59)0 1033B + (16.9+ 29.4)0 1033ET

3 (2.35+ 1.20)0 1033d2 3 (6.90+ 0.57)0 1033VM, (2)

N = 24, R = 0.972, standard deviationS = 0.104.

Table 3. Experimental [9] and theoretical [calculated
by Eq. (7)] coefficients of diffusion across chloroprene
polymer
ÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
No.³ Solvent ³3log Dexp³3log Dcalc³ Dlog D
ÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
1 ³ n-Hexane ³ 6.767 ³ 6.624 ³ 30.143
2 ³ n-Heptane ³ 6.863 ³ 6.744 ³ 30.119
3 ³ n-Octane ³ 7.009 ³ 6.864 ³ 30.145
4 ³ n-Nonane ³ 7.187 ³ 6.993 ³ 30.194
5 ³ n-Decane ³ 7.215 ³ 7.128 ³ 30.087
6 ³ n-Dodecane ³ 7.620 ³ 7.400 ³ 30.220
7 ³ n-Tetradecane ³ 7.721 ³ 7.680 ³ 30.042
8 ³ n-Hexadecane ³ 7.721 ³ 7.970 ³ 0.248
9 ³ Cyclohexanone ³ 6.764 ³ 6.551 ³ 30.214

10 ³ Isooctane* ³ 7.481 ³ 3 ³ 3

11 ³ Cyclohexane* ³ 6.883 ³ 3 ³ 3

12 ³ Methyl acetate ³ 6.385 ³ 6.328 ³ 30.057
13 ³ Ethyl acetate ³ 6.378 ³ 6.475 ³ 0.097
14 ³ Propyl acetate ³ 6.533 ³ 6.700 ³ 0.167
15 ³ Butyl acetate ³ 6.623 ³ 6.776 ³ 0.153
16 ³ Isoamyl acetate³ 6.896 ³ 7.056 ³ 0.160
17 ³ Benzene ³ 6.077 ³ 6.182 ³ 0.105
18 ³ Toluene ³ 6.086 ³ 6.354 ³ 0.269
19 ³ p-Xylene ³ 6.447 ³ 6.555 ³ 0.108
20 ³ Mesitylene ³ 6.535 ³ 6.722 ³ 0.187
21 ³ Anisole ³ 6.298 ³ 6.465 ³ 0.167
22 ³ Fluorobenzene ³ 5.959 ³ 5.958 ³ 30.001
23 ³ Chlorobenzene ³ 5.953 ³ 5.959 ³ 0.006
24 ³ Bromobenzene ³ 6.119 ³ 5.971 ³ 30.148
25 ³ Tetralin* ³ 6.770 ³ 3 ³ 3

26 ³ Nitrobenzene* ³ 6.660 ³ 3 ³ 3

27 ³ Aniline ³ 7.046 ³ 6.748 ³ 30.298
ÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Solvents excluded from calculation by Eq. (7).

For comparison, the figure shows the experimental
and theoretical [calculated by Eq. (2)] logarithms of
the diffusion coefficients. The factors of polarity [f (e)],
cohesion energy density (d

2), and capacity for electro-
philic solvation (ET) appeared to be insignificant, and

Comparison of theoretical [calculated by Eq. 2)] and ex-
perimental [9] diffusion coefficientsD of various solvents
across ethylene3propylene3butadiene polymer (S = 0.104).
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their exclusion in accordance with the recommenda-
tions of IUPAC [15] only slightly decreased the multi-
ple correlation factor. Therefore, we obtain a simplified
three-parameter equation (3), which is also adequate.

log D = 35.59 + (1.45+ 0.76)f (n)

3 (4.02+ 0.29)0 1033B 3 (6.36+ 0.52)0 1033VM, (3)

R = 0.960, S = 0.114.

The observed insignificant effect ofET can be attri-
buted to the fact that the ethylene3propylene copoly-
mer contains no electron-donor structures capable of
interacting with electrophilic solvents. Parameterf (n)
is relatively insignificant also. However, its exclusion
decreasesR more noticeably, to 0.953. It is seen that,
as in the case of the butadiene3styrene copolymer,
the most significant factors controlling (decreasing)
the diffusion rate are the basicity and molar volume
of the solvents. It should be pointed out that the polar-
izability factor has even less significant, but favorable
effect on the diffusion.

Table 1 shows that the deviations of the diffusion
coefficients calculated by Eq. (3) from the experimen-
tal data are mostly withinS = 0.114. A more pro-
nounced difference is observed only for three solvents,
which were excluded from consideration.

The same approach appeared to be effective for
generalization of data on the diffusion coefficients
in membranes prepared from synthetic poly(cis-iso-
prene) (density 1.04 g cm33) (Table 2) and poly(chlo-
roprene) (Neoprene) (density 1.42 g cm33) (Table 3).

In the former case, we obtainR = 0.903 for the en-
tire set of 27 solvents. After exclusion of the most de-
viating data for nitrobenzene and tetralin we obtain
a quite adequate equation.

log D = 35.65 + (5.68+ 1.75)f (n) + (1.17+ 1.12)f (e)

3 (2.91+ 0.71)0 1033B 3 (19.9+ 34.8)0 1033ET

3 (2.19+ 1.43)0 1033d2 3 (6.09+ 0.57)0 1033VM, (4)

N = 25, R = 0.956, S = 0.127.

As in the case of the ethylene3propylene copoly-
mer, the factors of polarity, cohesion energy density,
and electrophilicity are insignificant, so that the effect
of solvent on the diffusion can be adequately described
by a three-parameter equation.

log D = 36.03 + (3.07+ 0.85)f (n) 3 (3.51+ 0.32)0 1033B

3 (6.69+ 0.57)0 1033VM, (5)

R = 0.947, S = 0.128.

Table 2 shows the logD values calculated by
Eq. (5) and their deviations from the experimental
data.

In the case of chloroprene, the six-parameter equa-
tion for the entire set of solvents is characterized by
lower R (0.875), so that exclusion of even four sol-
vents (cyclohexane, isooctane, nitrobenzene, and tet-
ralin) appears to be needed to obtain an adequate
equation.

log D = 35.12 + (3.91+ 2.81)f (n) + (3.53+ 1.75)f (e)

3 (2.37+ 1.07)0 1033b 3 (49.4+ 53.7)0 1033ET

3 (1.20+ 2.41)0 1033d2 3 (9.52+ 1.06)0 1033VM, (6)

N = 23, R = 0.954, S = 0.189.

In this equation, thed2 and ET terms are insignif-
icant, and, after their exclusion, we obtain an adequate
four-parameter equation.

log D = 36.26 + (2.06+ 1.25)f (n) + (1.85+ 0.76)f (e)

3 (3.18+ 0.66)0 1033B 3 (9.00+ 0.92)0 1033VM, (7)

R = 0.951, S = 0.185.

Further exclusion of the parameterf (n) decreases
R to 0.943. Table 3 includes the logD values calcu-
lated by Eq. (7) and the correspondingDlog D.

It is not improbable that, for the polymers studied,
the components added in the course of vulcanization
(carbon black, zinc oxide, etc.) can affect the diffu-
sion parameters. However, their amounts are nearly
the same in all the cases, and our thought is that the
in the diffusion processes for separate polymers are
apparently controlled just by their structure.

A similar generalization is possible for the diffu-
sion coefficients determined in [9] at 44 and 60oC and
also for the activation energies of diffusion,ED, al-
though in the latter case, the quality of the correlation
appeared to be lower, evidently, as a result of insuffi-
cient accuracy of determination of the activation ener-
gies from logD values for only three temperatures.

The similarity of the diffusion mechanisms in the
polymers studied is also supported by the fact that,
in all the three cases, the most deviating data were
obtained for the same solvents (nitrobenzene, tetralin,
and cyclohexane), which were excluded to obtain a
satisfactory quality of correlation. Most likely, this
can be attributed to steric effects. For the solvents in-
dicated, the theoretical values considerably exceed
the experimental data. It is noteworthy that cyclo-
hexanone also demonstrates a relatively large differ-
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ence between the theoretical and experimental values.
At the same time, the theoretical logD values for
aromatic hydrocarbons with less bulky substituents
(benzene, toluene, xylene, and even mesitylene) are
in satisfactory agreement with the experimental data.

CONCLUSIONS

(1) The linear relationship between logD and the
molar volume of solventsVM, obtained by Aminab-
havi et al. [9], is valid only for particular groups of
solvents. At the same time, use of multiparametric
equations taking into account various solvent effects
allows generalization of the all available experimental
data. LogD decreases in parallel with an increase in
VM. However, the process can be described adequately
only if the effect of solvation of the polymer is taken
into account.

(2) The correlation equations are similar for all
the [hydrocarbon] polymers. The significant param-
eters are the basicity and molar volume of the solvents
(their increase results in a decrease in logD); the co-
efficients at the corresponding terms of the simplified
regression equations are close:~3.00 1033 at B and
~6.00 1033 at VM, which suggests a certain similarity
of the diffusion mechanisms in these polymers.

(3) The approach suggested can be used for a
rough estimation (on the basis of a limited body of
experimental data) of the diffusion coefficients of
organic solvents in various polymeric membranes.
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Abstract-Hydrogel composites based on sodium acrylate, 2-methyl-5-vinyltetrazole, andN,N `-methyl-
enebisacrylamide, modified with hollow glass spheres during radical polymerization were prepared and
studied. The influence of the modifying additives on the physicochemical properties of the composites was
elucidated. A mechanism of modification of vinyl tetrazole3acrylate copolymers with hollow glass spheres
was suggested. The materials synthesized are suitable for preparing articles with desired shape and good
performance characteristics.

Tetrazole derivatives are promising heterocyclic
modifiers of acrylic water superabsorbents, because,
similarly to sulfo, phosphate, and other acidic groups,
introduction of nitrogen-containing heterocyclic moi-
eties into hydrogels increases the absorption power
with respect to aqueous electrolyte solutions [1].

Modification of copolymers with various functional
groups and other fragments by grafting or other pro-
cedures improves the physicochemical properties and
thus extends the application field of these materials
[2]. The modified materials are suitable as com-
ponents of information-recording and environment-
protection systems, as binders in high-energy-capacity
formulaitions, and also as flocculants, ion-exchange
resins, catalysts, and immobilizers of various media
[335].

Among the most important characteristics of water
superabsorbents are mechanical strength and water
absorption rate. Gels can be strengthened by several
procedures, e.g., by increasing the number of cross-
links in the polymer or by introducing fillers into the
copolymer. The former procedure can be performed
by introducing a large amount of a cross-linking agent
during polymerization or by additional cross-linking
after the main polymerization to afford a denser cross-
linking in the surface layer of the particles.

In the former case, gel strengthening is accom-
panied by a significant decrease in the absorption
capacity, since the monomer mixture usually contains

0.231.0 mol % methylenebisacrylamide (MBAA) (in
terms of the monomer). The tensile strength of the ac-
rylonitrile3acrylamide copolymer is governed by
the concentration of the cross-linked polymer in the
gel, and, as the acrylonitrile content becomes higher,
it increases to 500 kPa, which exceeds 435-fold
the tensile strength of the polyacrylamide gel [6].

In the latter case, the gel can be strengthened via
creation of additional cross-links after the main poly-
merization process.

A drawback of water superabsorbents based on ac-
rylic acid is their low strength, which makes them un-
suitable for production ofarticles with a desired shape:
membranes, filters, sensor elements. In [7], it was
shown that hydrogels based on alkaline metal ac-
rylates have a surface strength of up to 800 Pa at
water absorption of 650 g g31.

When active additives, such as chalk, are intro-
duced during synthesis of water superabsorbents,
a twofold effect is achieved, namely, the strength
increases owing to additional cross-linking with
the Ca2+ ion and the resulting copolymer is foamed
by carbon dioxide released during neutralization of
the acidic groups. The latter factor accelerates the ab-
sorption and reduces the time of drying of the water
superabsorbent, but the mechanical strength increases
insignificantly [8].

When an inert inorganic powder, such as sili-
con, titanium, or aluminum oxide, is introduced into
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Table 1. Deformation and strength characteristics of the acrylic hydrogel based films modified with glass spheres
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Formulation ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ´ ³³ Tensile strength ³ Relative elonga-
MBAA, wt % relative ³ MVT, wt % relative ³ glass spheres, wt %³ s, MPa ³ tion e, %

to [MVT + AA] ³ to [MVT + AA] ³ relative to AA ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

0.2 ³ 0 ³ 80 ³ 5.5 ³ 750
0.2 ³ 0 ³ 0 ³ 5.0 ³ 1070
0.2 ³ 27 ³ 0 ³ 10.0 ³ 1175
0.2 ³ 27 ³ 80 ³ 18.5 ³ 360

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

the composition, the strength of the gel increases to
6 kPa, and the water absorption decreases to 350 g g31

[9].

Glass fillers have a spherical shape (103200mm and
more in diameter), low density, reasonable strength,
and high adhesion to the majority of polymers, which
make them widely applicable. Among the most im-
portant application fields for hollow glass spheres are
preparation of polymer materials for various purpous,
filling of varnishes and paints, and preparation of
composite polymeric spackles, polymer compositions
for electronics, and abrasives.

In this study, we prepared composites based on
vinyl tetrazole3acrylate copolymers and hollow
glass spheres and examined their physicochemical
properties.

EXPERIMENTAL

Tetrazole-containing acrylic films filled with hol-
low glass spheres in the preparation stage were
synthesized by copolymerization at 30oC. The glass
spheres were introduced in an amount of 80 wt %
with respect to acrylic acid (AA) into the prepared
reaction mixture after adding the initiator, ammonium
persulfate (APS).

Sodium acrylate and 2-methyl-5-vinyltetrazole
(MVT) served as reagents, andN,N `-methylenebis-
acrylamide, as cross-linking agent. The degree of neu-
tralization of acrylic acid with sodium hydroxide was
0.9. The fraction of monomers in the monomer mix-
ture was 30 wt %; served as initiator the redox system
constituted by ammonium persulfate and tetramethyl-
ethylenediamine. The MVT and APS concentrations
were 10350 and 0.8 wt %, respectively. Before poly-
merization, 2-methyl-5-vinyltetrazole was purified by
recrystallization. The characteristics and methods of
purification of other reagents, as well as the copoly-
merization procedure, were presented in [10].

The resulting films were dried at room temperature
to constant weight. The moisture content of the films
was 30%.

The degree of equilibrium swelling was measured
by a standard gravimetric method and calculated by
the formula

Q = ÄÄÄÄÄÄÄÄÄÄ .
m 3 m0(1 3 g)

m0(1 3 g)
Q = ÄÄÄÄÄÄÄÄÄÄ .

m 3 m0(1 3 g)

m0(1 3 g)

Here,Q is the degree of swelling of the hydrogel,
g g31; m0, initial mass of the gel sample, g;m, mass
of the swollen sample, g; andg, moisture content of
the gel sample, weight fraction.

The degrees of swelling calculated for five analo-
gous samples were averaged.

The rate and degree of swelling of hydrogels de-
pend on the method and formulation of the reaction
mixture of their synthesis, as well as on the medium
in which the swelling occurs, and the swelling tem-
perature and time. For the absorbents studied by us,
the equilibrium swelling was reached within 6313 h
(for large pieces characterized similarly to films,
within 24 h).

The tensile strength of the films was tested on an
RMI-5 tensile machine. We prepared 131.5-mm-thick
films, dried them at room temperature, cured, and
cut into strips 6 cm long and 1 cm wide. The meas-
urements followed GOST (State Standard) 270375.

Table 1 lists the deformation and strength char-
acteristics of the films based on vinyl tetrazole3ac-
rylate gel and hollow glass spheres.

Table 1 shows that the acrylate films modified with
glass spheres exhibit high deformation and strength
characteristics. Upon introduction of glass spheres, the
tensile strength of the film increases, but its relative
elongation decreases twofold. The mutual influence of
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Table 2. Characteristics of acrylic hydrogel-based films modified with glass spheres
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Formulation ³ Equilibrium swelling degreeQ, g g31, at 16oC
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

MBAA, wt % relative
³

MVT, wt % relative
³

glass spheres, wt %
³ in water ³

³ ³ ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ´³ ³ ³ ³ in 0.9% NaCl, rod
to [MVT + AA]

³
to [MVT + AA]

³
relative to AA

³ film ³ rod ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

0.2 ³ 0 ³ 80 ³ 240 ³ 270 ³ 50
0.2 ³ 0 ³ 0 ³ 300 ³ 600 ³ 65
0.2 ³ 27 ³ 0 ³ 320 ³ 640 ³ 85
0.2 ³ 27 ³ 80 ³ 285 ³ 480 ³ 80

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

the glass spheres, solvent, and cross-linked acrylate
copolymer during synthesis of the composite is so
specific that the results obtained can only be under-
stood in terms of the polymer adsorption theory.

The low relative elongation of vinyl tetrazole3ac-
rylate films is due to a strong intermolecular interac-
tion of the carboxylate groups and tetrazole ring [11]
with the hydrophilic groups of the glass spheres, as
well as to dipole3dipole hydrophobic interaction be-
tween the glass sphere surface and the corresponding
groups in the copolymer.

The improved strength characteristics may be due
to the presence of additional[cross-links.] Also, ag-
gregation of the glass spheres in a strongly polar sol-
vent (water in our case) cannot be ruled out, which
additionally increases the strength.

The chemical properties of the composites are
strongly dependent on the chemical composition of
the surface of hollow glass spheres. The surface of

Formation of a strengthened structure of acrylic copoly-
mers with hollow glass spheres: (1) a hollow glass sphere
(2) adsorption-solvation layer (3) cross-linked acrylate
copolymer.

hollow glass spheres has pH 839, and its alkalinity
does not exceed 0.430.5 mg-equiv.g31. At a suffi-
ciently high water concentration in the hydrogel,
the surface can be neutralized by free carboxy groups,
forming a strengthening adsorption-hydration layer,
and the adjacent adsorption-hydration layers may
overlap, which significantly strengthens new com-
posites (see figure).

The swelling rate of the films filled with hollow
glass spheres exceeds by a factor of 1.5 that of the
films without modifiers. Also, the film with glass
spheres preserves its shape in the swollen state, which
can be of great practical significance.

Table 2 presents the equilibrium degrees of swell-
ing of the composites as dependent on their composi-
tion.

Table 2 suggests that the degree of equilibrium
swelling of analogous cylindrically shaped hydrogel
samples with a diameter of 2 mm, synthesized at
60oC, exceeds by a factor of 1.532 that of the film
samples.

The degree of equilibrium swelling of the modified
hydrogel samples is only slightly smaller than that of
unfilled samples.

CONCLUSIONS

(1) Composites based on vinyl tetrazole3acrylate
copolymers with hollow glass spheres were prepared
for the first time.

(2) Introduction of glass spheres into tetrazole-con-
taining acrylic hydrogels gives films with high de-
formation and strength characteristics, namely, ten-
sile strengths = 18.5 MPa and relative elongation
e = 350%.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

COMPOSITES BASED ON VINYL TETRAZOLE3ACRYLATE COPOLYMERS 1707

REFERENCES

1. Kruglova, V.A., Annenkov, V.V., Saraev, V.V.,et al.,
Vysokomol. Soedin., Ser. B, 1997, vol. 39, no. 7,
pp. 125731259.

2. Budtova, N.V., Suleimenov, I.E., and Frenkel, S.Ya.,
Zh. Prikl. Khim., 1997, vol. 70, no. 4, pp. 5293539.

3. Annenkov, V.V., Kruglova, V.A., Kazimirovs-
kaya, V.B., et al., Khim.-Farm. Zh., 1995, no. 1,
pp. 38340.

4. Kruglova, V.A., Annenkov, V.V., Vereshchagin, L.I.,
et al., Khim.-Farm. Zh., 1987, vol. 21, no. 2,
pp. 1593163.

5. Kizhnyaev, V.N. and Kruglova, V.A.,Zh. Prikl. Khim.,
1992, vol. 65, no. 8, pp. 187931884.

6. Samchenko, Yu.M., Baranova, A.I., and Ul’berg, Z.R.,

Kolloidn. Zh., 1992, vol. 54, no. 1, pp. 1343138.

7. Jpn Patent 43 606,Chem. Abstr., 1986, vol. 105,
no. 10, 79 549.

8. Shvareva, G.N., Ryabova, E.N., and Shatskii, O.V.,
Plast. Massy, 1996, no. 3, pp. 32335.

9. Jpn Patent 1 103 615,Chem. Abstr., 1989, vol. 111,
no. 24, 215 103g.

10. Igrunova,, A.V., Sirotinkin, N.V., and Uspens-
kaya, M.V., Zh. Prikl. Khim., 2001, vol. 74, no. 7,
pp. 117031174.

11. Kurmaz, S.V. and Roshchupkin, V.P., Abstracts of
Papers,5-ya konferentsiya po khimii i fizikokhimii
oligomerov (5th Conf. on Chemistry and Physico-
chemistry of Oilgomers), Chernogolovka, October 43

6, 1994, p. 163.



1070-4272/04/7710-1708C 2004 MAIK [Nauka/Interperiodica]

Russian Journal of Applied Chemistry,Vol. 77, No. 10,2004, pp. 170831710. Translated from Zhurnal PrikladnoiKhimii, Vol. 77, No. 10,2004,
pp. 172231724.
Original Russian Text CopyrightC 2004 by Zaikov, Klyuchnikov, Makarov, Deberdeev.

MACROMOLECULAR CHEMISTRY
ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ ÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ

AND POLYMERIC MATERIALS

Specific Features of Vulcanization of Unsaturated
Rubbers with Polymeric p-Dinitrosobenzene

G. E. Zaikov, O. R. Klyuchnikov, T. V. Makarov, and R. Ya. Deberdeev

Kazan State Technological University, Kazan, Tatarstan, Russia

Emanuel’ Institute of Biochemical Physics, Russian Academy of Sciences, Moscow, Russia

Received June 1, 2004

Abstract-Conditions of vulcanization of unsaturated rubbers were studied.

p-Dinitrosobenzene (DNB), an agent for low-
temperature vulcanization of rubbers and rubber3
metal adhesives [1, 2], is produced in industry
by oxidation of p-benzoquinone dioxime.p-Di-

nitrosobenzene is a straw-yellow finely dispersed
polymeric substance [3] with the poly(trans-azo-
N, N `-dioxy-1,4-phenylene) structure (poly-DNB)
[437]:

ÄÄÄÄÄÄÄÄÄÄ

7BHnHON= =NOH 76
3H2O

[O]
n 3ONÄ ÄNO 64 Ä3ÄN=NÄ

8

2

O

O� � � �

� � � �

9 9
9 9 9 9

9 9
9 99 9

n
7BHnHON= =NOH 76

3H2O

[O]
n 3ONÄ ÄNO 64 Ä3ÄN=NÄ

8

2

O

O� � � �
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9 9
9 9 9 9

9 9
9 99 9

n

ÄÄÄÄÄÄÄÄÄÄ

Poly-DNB is virtually insoluble in organic solvents
under ordinary conditions [335], which complicates
elucidation of its structure. Monomeric DNB is pre-
pared by fast heating in xylene [3] or vacuum subli-
mation onto a surface cooled with liquid nitrogen; the
resulting dark green monomeric DNB rapidly trans-
forms at room temperature into straw-yellow poly-
DNB [6].

Therefore, it was assumed that the molecular
weight of poly-DNB should grow, and its vulcanizing
activity change, in the course of storage. Indeed, we
found that the vulcanizing activity of poly-DNB at
low temperatures (20360oC) is largely influenced by
the time of its storage.

We compared the vulcanizing activity of poly-
DNB produced in 1986 (Shostka Plant of Chemicals)
and stored in dark glass bottles in a cold storehouse
(DNB-sh) with that of freshly prepared DNB (DNB-fp)
(for synthesis protocol, see [3]). Thetime elapsedfrom
the synthesis of DNB-fp to its tests did not exceed 5 h.
The analytical data for both samples were identical
and consistent with the empirical formula C6H4N2O2.

The IR spectra (Bruker Vector-22 IR Fourier spec-
trometer, KBr pellets) of both samples were, on the
whole, similar; in particular, a characteristic strong
band of trans-azo-N,N `-dioxy group was observed at
about 1264 cm31. The difference was observed only
in the region of 1533 cm31 (stretching vibrations of
monomeric nitroso groups [5]). In the spectrum of
DNB-fp, the absorption in this region is approximate-
ly two times that in the spectrum of DNB-sh, which
suggests for DNB-fp a higher concentration of mono-
meric nitroso groups, lower degree of polymerization,

Rate constants of vulcanization of NR solution
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

T, oC
³ k, s31

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ DNB-fp ³ DNB-sh

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
20 ³ 5.70 1035 ³ 3
30 ³ 1.30 1034 ³ 3
40 ³ 3.90 1034 ³ 1.40 1035

50 ³ 3 ³ 5.40 1035

60 ³ 3 ³ 2.10 1034

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Fig. 1. Kinetic curves of NR vulcanization with (a) DNB-fp and (b) DNB-sh. (h) Viscosity and (t) time. Temperature,oC:
(a) (1) 20, (2) 30, and (3) 40; (b) (1) 40, (2) 50, and (3) 60.

and accordingly higher vulcanizing activity (or higher
vulcanization rate constant).

The kinetic studies of vulcanization were per-
formed with a 10% toluene solution of natural rubber
(NR) preliminarily rolled out for 334 min. Poly-DNB
was added to the solution in an amount of 1 wt %
relative to the rubber. The growth of the solution vis-
cosity with time was monitored on a Rheotron Bra-
bender rotary viscometer at a cylinder rotation rate of
5 rpm. The kinetic curves were satisfactorily described
by a first-order equation; the semilog plots were linear.
The apparent rate constants of vulcanizationk (s31)
were calculated by the formula

k = Ä ln ÄÄÄÄÄÄÄ,
hmax 3 h0
hmax 3 ht

1
t (1)

wheret is time (s), andhmax, h0, andh
t

are the max-
imum, initial, and running viscosities of the reaction
mixture (Pa s).

The initial portions of the kinetic curves for vulca-
nization of NR with DNB-fp and DNB-sh are shown
in Figs. 1a and 1b, and the rate constants of vulcaniza-
tion are listed in the table.

The temperature dependences of the apparent rate
constants of vulcanization are as follows:

kDNB-fp = 108.7exp(372.8 kJ/RT),

kDNB-sh = 1014.3exp(3114.6 kJ/RT).

As a quantity characterizing the reactivity of poly-
DNB samples, we chose the temperatureTr (oC) at
which the apparent rate constantk = 1 0 1036 s31:

Tr = ÄÄÄÄÄÄÄÄÄÄÄÄ _ 273.15,
E

19.142(6 + logA)
(2)

whereE is the activation energy, kJ.Tr is 315.1 and
22.6oC for DNB-fp and DNB-sh, respectively.

The quantity Tr also characterizes the thermal
stability of the systems [8], in our case, the limiting
temperature of storage of the system to be vulcanized,
at which scorching leads to an approximately 2% rise
in viscosity in 6 h.

DNB-fp appeared to be more active than DNB-sh
also with respect to toluene solutions of other unsatu-
rated rubbers: SKDK, SKN-3, and SKEPT-ENB.

The differentTr can be attributed to different de-
grees of polymerization of poly-DNB samples, which
grow in storage, with the corresponding decrease
in the relative concentration of monomeric terminal
nitroso groups and in the apparent rate constant of
vulcanization:
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The vulcanizing activity of DNB-fp and DNB-sh
at 1003130oC was studied with a Monsanto-100S
rheometer. Samples were introduced into SKI-3 poly-
isoprene rubbers on cold rollers. The time of mixing
on the rollers was 334 min.

In so doing, the major problem was to choose the
optimal rolling time to ensure an effective mixing of
the vulcanizing agent with the rubber and, at the same
time, to avoid any appreciable scorching.

The kinetic curves were satisfactorily described by
a first-order equation; the semilog plots were linear.

The apparent rate constants of vulcanization (s31)
were calculated by the formula

k = ÄÄÄÄ ln ÄÄÄÄÄÄÄÄÄ ,t90%

1 Mmax 3 Mmin
Mmax 3 M90%

Ä (3)

where t90% is the time in which the vulcanization
optimum (90%) is attained, s;Mmax, Mmin, andM90%
are the torque values: maximum, minimum, and that in
vulcanization optimum (90% of the maximum), dN m.

Our study shows that, at relatively high tempera-
tures (1003130oC), the apparent rate constants of
vulcanization of SKI-3 with DNB-fp and DNB-sh do
not differ appreciably: in both cases,k130oC = 6.40
1033 s31.

The temperature dependence of the vulcanization
rate constant (s31) with DNB-fp and DNB-sh is

k = 105.8+1exp(36.2+ 8 kJ/RT),

with Tr = 0 + 10oC.

According to previous data, DNB-fp, DNB-sh, and
poly-DNB stored for 30 years show about the same
activity in vulcanization of butyl rubber stocks in

a mold at 100oC. The resulting vulcanizates had com-
paratively close values of the nominal tensile strength,
s = 14+ 0.8 MPa [9].

Apparently, under conditions of hot vulcanization,
poly-DNB undergoes fast depolymerization, with the
reaction of monomeric DNB with unsaturated rubber
macromolecules being the limiting step.
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Abstract-The influence of latex formulations and a filler, Vulkasil, on the processing and physicochemical
properties of urea3formaldehyde resins was studied.

Urea3formaldehyde resins (UFSs) are widely used
for gluing of wood and wood materials in furniture
and wood-working industry [1]. In world’s production
of chip boards and plywood, the consumption of these
resins reaches 90% [2]. Despite the relatively high
strength, UFRs have significant drawbacks: presence
of cancerogenic free formaldehyde and low moisture
and water resistance, especially under conditions of
varying humidity and high temperatures. Numerous
studies show that these drawbacks can be eliminated
both in the synthesis stage [3] and by modification of
the ready urea3formaldehyde oligomer [4]. The sec-
ond alternative seems to be more promising, as it
allows a comprehensive control over the properties of
the resin and resin-containing wood materials depend-
ing on the conditions of service of ready items.

In this study we examined how a latex system
based on butadiene3styrene copolymeraffects the UFR
properties.

EXPERIMENTAL

Latexes are colloidal systems [5]; the most readily
available are butadiene3styrene latexes widely used

Fig. 1. Influence of CMC concentrationc in the latex on
(1) s and (2) q.

in production of composite materials. However, in
contrast to functional polymers, latexes require addi-
tional stabilization to enhance the stability of latex
systems in contact with fillers and UFRs. The formu-
la of an adhesive latex composition (ALC) based on
a butadiene3styrene latex can include the follow-
ing ingredients: thickener (protective colloid); agent
that enhanced the adhesiveness; stabilizing emulsifier
OP-10; trisodium phosphate (TSP, 20% solution); and
active filler (Aerosil, Vulkasil). The stabilization of
butadiene3 styrene latexes is provided by introducing
water-soluble polymers (polyvinyl alcohol; carboxy-
methyl cellulose, CMC; casein; etc.). In particular,
it was shown for BS-65A latex (Fig. 1) that the sta-
bilization of the colloidal system with 10% CMC
solution is accompanied by changes in the surface
tensions and wetting angleq. At CMC concentra-
tions of 2 to 6%, these quantities pass through a max-
imum and a minimum, respectively. The thermody-
namic work quantities pass in this range of CMC con-
centrations through maxima (Fig. 2), reaching the
values that exceed those for the initial latex by a fac-
tor of 233. Acting as a protective colloid, CMC mol-
ecules link, via their polar (hydroxy) groups, the col-

Fig. 2. Influence of CMC concentration c on the main kinds
of thermodynamic works: (1) Wc, (2) Wa, and (3) Ww.
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Table 1. Physicochemical properties of UFRs
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ ALC content, wt %
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ 0 ³ 0.05 ³ 0.1 ³ 0.2 ³ 0.3 ³ 0.5 ³ 1.5 ³ 3.0 ³ 6.0 ³ 12.0

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
Time of outflow from VZ-4 ³ 83 ³ 65 ³ 45 ³ 43 ³ 42 ³ 40 ³ 37 ³ 36 ³ 34 ³ 27
viscometer, s ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
Content of free formaldehyde, %³ 1.10³ 0.75³ 0.60³ 0.55³ 0.85³ 0.85³ 0.90³ 0.95³ 1.00³ 1.05
Content of methylol groups, %³ 2.8 ³ 4.8 ³ 5.1 ³ 5.2 ³ 4.6 ³ 2.4 ³ 3.8 ³ 4.4 ³ 4.1 ³ 4.4
Gelation time at 100oC in ³ 78 ³ 76 ³ 69 ³ 58 ³ 62 ³ 65 ³ 66 ³ 68 ³ 70 ³ 82
the presence of 1.0 wt % NH4Cl, s³ ³ ³ ³ ³ ³ ³ ³ ³ ³
Wetting angle, deg ³ 76 ³ 72 ³ 67 ³ 65 ³ 70 ³ 69 ³ 68 ³ 65 ³ 62 ³ 60
Ultimate shear strength, MPa ³ 3.5 ³ 5.5 ³ 6.2 ³ 6.3 ³ 6.5 ³ 5.7 ³ 5.2 ³ 4.7 ³ 4.2 ³ 3.1
(after boiling in water for 2 h)³ ³ ³ ³ ³ ³ ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

loidal particles of a latex into coarser agglomerates.
The introduction of a polar compound and structural
processes account for the shape of the curves for
the works of cohesionWc, adhesionWa, and wet-
ting Ww.

The sizes of wood capillaries (20340 to 1003
200 nm, depending on the kind of wood), interfibrillar
pores (7310 nm), and oligomer molecules (7340 nm)
are comparable [6]. Latex particles are coarser (100
to 1000 nm, depending on the kind of latex).

Thus, introduction of latexes into UFR-based bind-
ers will (1) of the the surface tension, wetting angle,
and viscosity, which will favor better wetting and
more uniform coverage of the external surface of the
wood filler with the binder, and (2) retard penetration
of the binder into the capillary-porous structure of
wood particles, ensuring more uniform thickness of
the adhesive layer.

According to the modern adsorption theory, the for-
mation of a glue joint is a multistep process. Wetting
of the substrate surface with the adhesive and the
spill of the adhesive over the surface are accompanied
by diffusion of polymer molecules and establishment
of an adsorption equilibrium. Introduction of small
amounts of latex compositions with the particle size
reaching 3003400 nm (in synthetic latexes) should
decrease the adsorption. Latex globules act as an ac-
tive filler deposit on the substrate surface and plug
the porous structure of the adsorbent, thus increasing
the number of contact points. Acting as a peculiar
[lock,] latex particles favor an increase in the thick-
ness of the adhesive layer and decrease the risk of
formation of a discontinuous glue joint.

The specific adsorption (amount of the polymeric
substance taken up by the wood filler) is at a maximum
(0.17 g g31) for the straight resin. With the modified

resin (KFZh brand), the specific adsorption steadily
decreases as the latex content increases, amounting to
0.09, 0.058, and 0.042 g g31 at a latex content of
0.05, 0.1, and 15.0 wt %, respectively. With straight
latex, the specific adsorption is at a minimum: 1.50

1032 g g31.

Latex formulations decrease the UFR viscosity
(Table 1) and improve the wetting of the wood sur-
face. The decrease in the wetting angle is apparently
due to the effect of the emulsifier present in the latex.

Latex particles, being thermodynamically unstable,
possibly initiate polycondensation processes. This is
suggested by the shortening of the gelation time, i.e.,
by an increase in the UFR reactivity at low latex con-
centrations (Table 1). The modifying effect of the latex
system is manifested in an enhanced strength of the
glue joint (Table 1). The ultimate shear strength with
the modified binder increases by 50380% at the ALC
content of up to 334%.

An examination of photomicrographs (Fig. 3) con-
firmed the assumed mechanism of the ALC effect on
formation of a glue joint. In contrast to the initial UFR
(Fig. 3a), which gives of discontinuous glue joint with
large thickness and large penetration depth, the mod-
ified UFR (Fig. 3b) ensures a thinner and more uni-
form glue joint without apparent discontinuities.

The binder composition was optimized using the
Statgraphics for Windows software.

As follows from Fig. 4, there exists an optimal
latex content, determined primarily by the existence of
extrema in the glue joint strength,free formaldehyde
content, and gelation time. The influence of the filler
(Vulkasil) content on the first two parameters is about
the same but less pronounced, and the gelation time
steadily increases with increasing filler content. Pre-
sumably, formaldehyde can by physically bound to
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Fig. 3. Photomicrographs (080) of glue joints obtained with (a) initialKFZh and (b) KFZh containing 4.0 wt % ALC.

Fig. 4. Properties of the composite binder, plotted vs. the content of components in the pseudo-coordinates: (a) gelation timet,
(b) content of free formaldehydec, (c) viscosity parameterh (time of outflow from VZ-4 viscometer), and (d) ultimate shear
strength g. (X1, X2, X3) Contents of the latex composition, KFZh, and Vulkasil, respectively (wt %). Variation ranges:
0.5 < X1 < 8.0, 91.5 < X2 < 99.0, and 0.5< X3 < 0.8.

with the surface of the latex particle. This is indirectly
suggested by the fact that the content of the dispersed
component (Fig. 4b,X1) strongly affects that of free
formaldehyde (decrease by almost a factor of 2, com-
pared to the initial UFR). Figure 4b shows that this
effect is similar in magnitude to that exerted by the
filler, Vulkasil (X3).

The optimal binder formulation was used in pro-
duction of chip boards with various kinds of wood
fillers (Table 2). At the optimal content of the latex
system in the binder, the resulting boards based on
secondary raw materials exhibit satisfactory chemical
and physicomechanical characteristics and have de-
creased content of free formaldehyde.
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Table 2. Physicomechanical and chemical properties of chip boards
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Parameter
³ Filler
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ sawdust ³ buckwheat husk ³ sunflower-seed husk

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
ALC content, wt % ³ 0 ³ 2.5 ³ 5.0 ³ 0 ³ 2.5 ³ 5.0 ³ 0 ³ 2.5 ³ 5.0
Density of boards, kg m33 ³833 ³920 ³930 ³806 ³740 ³678 ³521 ³568 ³619
Water absorption, wt %, during a time, h:³ ³ ³ ³ ³ ³ ³ ³ ³

2 ³ 46.9 ³ 45.2 ³ 43.5 ³ 69.4 ³ 66.6 ³ 70.3 ³ 93.7 ³ 84.5 ³ 79.3
24 ³ 57.4 ³ 55.3 ³ 52.7 ³ 86.7 ³ 81.8 ³ 85.4 ³107.3 ³ 91.7 ³ 83.1

Swelling across the board, %, ³ ³ ³ ³ ³ ³ ³ ³ ³
during a time, h: ³ ³ ³ ³ ³ ³ ³ ³ ³

2 ³ 14.3 ³ 13.7 ³ 13.1 ³ 30.0 ³ 21.5 ³ 8.3 ³ 30.0 ³ 25.1 ³ 22.4
24 ³ 27.0 ³ 26.4 ³ 25.2 ³ 43.3 ³ 32.5 ³ 19.4 ³ 31.7 ³ 26.3 ³ 23.8

Ultimate bending strength, MPa ³ 14.1 ³ 15.6 ³ 16.3 ³ 3.5 ³ 4.3 ³ 5.4 ³ 15.3 ³ 16.2 ³ 16.5
Ultimate tensile strength in the direction³ 0.26³ 0.31³ 0.33³ 0.06³ 0.08³ 0.09³ 0.20³ 0.25³ 0.27
perpendicular to the surface, MPa ³ ³ ³ ³ ³ ³ ³ ³ ³
Formaldehyde emission, mg/100 g ³ 40.1 ³ 9.8 ³ 8.7 ³ 63.4 ³ 13.2 ³ 10.7 ³ 38.7 ³ 15.6 ³ 12.1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

CONCLUSIONS

(1) Introduction of the latex system based on BS-
65A latex into urea3formaldehyde resin improves the
processing and physicochemical parameters of the
binder and of the composite as a whole.

(2) As the content of the adhesive latex composi-
tion in the urea3formaldehyde oligomer increases, the
penetration of the oligomer into the wood substrate
decreases, and thereby the distribution of the binder
over the glue joint surface becomes more uniform.

(3) The vulkasil filler makes lower the residual
formaldehyde content in the urea3formaldehyde olig-
omer and in finished chip boards.
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Abstract-Polyurethanes were prepared from diphenylmethane-4,4`-diisocyanate, poly(tetramethylene ether)
glycol, andB,P-containing polyols. The structure and properties of these polyurethanes were studied in rela-
tion to the synthesis conditions, including the functional group ratio and temperature. The heat resistance
of the polyurethanes was evaluated.

Preparation of polymers containing boron atoms in
the macromolecule was discussed in an analytical re-
view [1]; in particular, methods for preparing polyure-
thanes containing carborane and borinane structures
were considered. Such polymers are synthesized from
low-molecular-weight carborane-containing ethers and
esters and aliphatic diisocyanates, or from carboranyl-
ene diisocyanates and various diols.

However, factors that control the lengthening of the
polymeric chain and properties of the polymers pre-
pared using oligomeric chain-lengthening organometal-
lic agents were not analyzed comprehensively in [1].

Our goal was to reveal a relationship between the
molecular parameters of the starting polyols contain-
ing borate and phosphonate groups, on the one hand,
and the properties of polyurethanes prepared from
these polyols, on the other.

EXPERIMENTAL

Polyurethanes were prepared by a two-step proce-
dure. The reaction of a twofold excess of diphenyl-

methane-4,4`-diisocyanate (DMI) with poly(tetra-
methylene ether) glycol (PTMEG) yielded a macro-
molecular diisocyanate (MDC). The resulting MDC
was brought into the reaction with aB,P-containing
polyol (BPP) as a chain-lengthening agent.

Polyurethanes and MDC were prepared in a high-
speed (1400 rpm) temperature-controlled mixer in an
argon flow in dimethylformamide (DMF).

B,P-Containing polyols BPP-1, BPP-2, BPP-3, and
BPP-4 were prepared according to [2] by reactions of
glycols (ethylene glycol, diethylene glycol, glycerol,
and 1,4-butanediol, respectively) with the phosphorus-
containing oligomer [3]. The reaction occurs on heat-
ing of the equimolar amounts of the reactants under
Ar at 4533463 K without a catalyst for 5+1 h.
The reaction products are viscous liquids with the
color varying from light yellow to brown. The main
physicochemical parameters ofBPPs are listed in
Table 1.

The structure of the BPPs obtained was confirmed
by 1H and 31P NMR and by IR spectroscopy. The

Table 1. Physicochemical properties ofB,P-containing polyols*
ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
B,P-Con- ³ ³ ³ ³ ³ Content ³ P content, %

³ ³ ³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄtaining ³ nD
20 ³ n, St ³ r4

20, g cm33 ³ MW ³ of OH groups, ³
polyol ³ ³ ³ ³ ³ % ³ found ³ calculated

ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄ
BPP-1 ³ 1.4748 ³ 32.7 ³ 1.2573 ³ 820 ³ 6.6 ³ 29.4 ³ 28.9
BPP-2 ³ 1.4730 ³ 30.1 ³ 1.8839 ³ 910 ³ 6.2 ³ 26.8 ³ 26.2
BPP-3 ³ 1.4842 ³ 33.8 ³ 1.4486 ³ 890 ³ 8.2 ³ 27.8 ³ 27.3
BPP-4 ³ 1.4797 ³ 31.3 ³ 1.6243 ³ 880 ³ 6.6 ³ 28.1 ³ 28.7

ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
* (n) Viscosity.
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NMR spectra were recorded on a Bruker AC-200
spectrometer (working frequency for1H 200 MHz).
The IR spectra ofBPPs and polyurethanes were re-
corded on a Specord-M82 spectrometer.

Oligomer samples were dried at 353 K/0.66 kPa;
the moisture content in BPPs did not exceed0.02 wt%.
Their molecular weight (MW) was determined cryo-
scopically in cyclohexanone. The molecular weight of
polyurethanes was evaluated by the change in the vis-
cosity of their solutions. The viscosity was measured
with a Rheotest-2 cone3plate rheoviscometer in the
shear rate range 5.634860 s31.

Diphenylmethane-4,4`-diisocyanate was distilled in
a vacuum at 3233328 K/0.66 kPa and stored in sealed
glass ampules. The urethane formation kinetics was
monitored chemically (by consumption of isocyanate
groups) and IR spectroscopically [by variation of the
optical density at the wave numbers corresponding to
the characteristic bands of the isocyanate (3N=C=O,
2275 cm31) and 3NH (3400 cm31) groups]. The sol
and gel fractions of the polyurethanes were separated
in a Soxhlet apparatus.

Samples for tests were prepared as free films by
casting from 65% DMF solutions according to GOST
(State Standard) 14243378. The mean film thickness
was about 200mm. Before tests, the films were heat-
treated at 393 K for 6 h. The tensile characteristics of
the materials were determined according to GOST
18299372 at a loading rate of 20 mm min31. Each
experimental point was obtained with no less than ten
samples; the variance coefficients did not exceed 9%
for the tensile strengths and 15% for relative elonga-
tion at break,e.

The heat resistance of polyurethane sample was
evaluated under static (from the amount of oxygen
taken up in 180 min at 453 K) and dynamic [by ther-
mal gravimetric analysis in air, MOM derivatograph
(Hungary), atmospheric pressure, 27331273 K] condi-
tions. The thermodynamic characteristics of the degra-
dation processes were evaluated by the procedure
described in [4].

B,P-Containing polyurethanes were prepared as
follows.

ÄÄÄÄÄÄÄÄÄÄ

First step:

2O=C=N3R3N=C=O + H3[3O(3CH23)4]n3OH 6 O=C=N3R3NH3C(O)3[O3(CH23)4]n3O3C(O)3NH3R3N=C=O,

Second step:

O=C=N3R3NH3C(O)3[O3(CH23)4]n3O3C(O)3NH3R3N=C=O + HO3R1-OH

6 O=C=N3[3R3NH3C(O)3[O3(CH23)4]n3O3C(O)3NH3R3NH3C(O)3O3R13O3]m3H,

1R = Ä ÄCH2Ä ;1

R1 = OHÄ[ÄR2ÄOÄPÄ[ÄOÄBÄOÄPÄ] p[ÄOÄBÄOÄPÄ]q OÄBÄOÄPÄOÄ]h R2ÄOH;ÄÄ Ä
ggggO ggggO
gggggggg

HHO OHgg
R2ÄOH

R2 = ÄCH2ÄCH2Ä, ÄCH2ÄCH2ÄOÄCH2ÄCH2Ä, ÄCH2ÄCH2ÄCH2ÄCH2Ä, ÄCH2ÄCHÄCH2Ä;gg
OH

where n ; 26, m ; 10, p + q = 435, h = 132.
ÄÄÄÄÄÄÄÄÄÄ

The B,P-containing polyols used as chain-
lengthening agents in the second step of polyure-
thane synthesis have close molecular weights and
about the same content of terminal hydroxy groups.
BPP-3 contains, along with primary hydroxy
groups, also secondary groups; therefore, formation

of a cross-linked polymer in the initial step of
the synthesis can be expected, with a steeper rise
in the viscosity of the reaction mixture. BPP-2 has
a lower viscosity, which may be due to a higher
mobility of oligomeric molecules containing ether
fragments [5].
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The reactions of MDC with BPPswere performed
in DMF. The degree of conversion was evaluated
from the consumption of NCO groups. With all the
BPPs studied, the consumption of the isocyanate
groups is determned by the amount of the BPP added
and by the content of hydroxy groups in it (Figs. 1a,
1b). The higher rate of MDC consumption in the reac-
tion with BPP-3 is apparently due to a higher content
of hydroxy groups in this polyol.

The maximum molecular weight of polyurethanes
prepared under conditions of migration polymerization
is obtained at the [NCO]/[OH] molar ratio of 1 : 1.
When the isocyanate groups are in deficiency, the
MW of the polyurethanes is about 104 (left part of
the curves, Fig. 2). Excess isocyanate groups, as
shown in [6, 7], cause formation of allophanate frag-
ments and give rise to branched structures.

The reaction temperature was varied within 3333
363 K. The upper temperature limit was determined
by the onset of side cross-linking reactions due to
formation of allophanate branching sites, and also by
the possibility of cyclization. The lower limit was
determined by the polyaddition rate, which apprecia-
bly decreased below 333 K.

The variation of the concentration of NCO groups
in the reaction mixture is shown in Fig. 3. Since the
viscosity of the reaction mixture decreases with in-
creasing temperature, the hydroxy groups are accessi-
ble in any position in the first step of the reaction.
The gel fraction starts to be formed from the exam-
ined BPPs starts onlyafter the residual content of
NCO groups decreases to 0.6 wt % and less.

The intensity of consumption of NCO groups
appreciably depends on the temperature and amount
of BPP. Even at 363 K, the gel fraction content in-
creases slowly, and the polyol preserves the weakly
branched structure. Since the isocyanate groups cannot
be determined by the chemical method in the final
step of the polyaddition (residual content of NCO
groups<0.6 wt %) because of the formation of a three-
dimensional cross-linked structure, the completeness
of consumption of the NCO groups was judged from
the IR spectra of the polyurethanes.

The concentration of NCO groups was determined
from the intensity of the absorption band at 2275 cm31

[6, 8]. According to [9], the concentration of residual
isocyanate groups in polyurethane does not exceed
0.130.12 wt %. The absorption bands at about 3400
and 3440 cm31, corresponding to the NH groups in-
volved in hydrogen bonding and free NH groups, re-
spectively, simultaneously grow in intensity. Accord-

Fig. 1. Isocyanate number of the reaction mixture,A, vs.
time t of polyurethane synthesis.T = 343 K; cMDC =
0.04 M. B,P-Containing polyol: (a) BPP-1, concentra-
tion, M: (1) 0.012, (2) 0.028, (3) 0.04, and (4) 0.08;
(b) (1) BPP-1, (2) BPP-2, (3) BPP-3, and (4) BPP-4, all
0.04 M.

Fig. 2. MW of polyurethanes vs. the [NCO]/[OH] molar
ratio. B,P-Containing polyol: (1) BPP-1, (2) BPP-2,
(3) BPP-3, and (4) BPP-4; the same for Fig. 4.

Fig. 3. Variation of the isocyanate number of the reaction
mixture, A, with time t. BPP-1 (0.04 M);cMDC 0.04 M;
temperature, K: (1) 333, (2) 343, (3) 353, and (4) 363.
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Table 2. Thermodynamic parameters of polyaddition of the prepolymer to BPP
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄ

B,P-Contain-
³ Ea ³ DH# ³

DS#,
³

DG#,
º

B,P-Contain-
³ Ea ³ DH# ³

DS#,
³

DG#,
ÃÄÄÄÄÄÄÁÄÄÄÄÄÄ´ ³ º ÃÄÄÄÄÄÄÁÄÄÄÄÄÄ´ ³

ing polyol
³ kJ mol31 ³

J mol31K31
³

kJ mol31
º

ing polyol
³ kJ mol31 ³

J mol31K31
³

kJ mol31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄ
BPP-1 ³ 32.92 ³ 30.03 ³ 3152.4 ³ 109.58 º BPP-3 ³ 28.61 ³ 25.71 ³ 3240.9 ³ 109.80
BPP-2 ³ 49.37 ³ 46.48 ³ 3124.5 ³ 94.90 º BPP-4 ³ 30.82 ³ 27.93 ³ 3187.9 ³ 109.83

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄ

Table 3. Properties of polyurethanes based on BPPs
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

B,P-Contain-
³

[MDC]/[BPP]
³

Gel fraction,
³

st , MPa
³ erel ³ eres ³

stear, MPa³ ³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ´
ing polyol

³
molar ratio

³
%

³ ³ % ³
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

BPP-1 ³ 1.4 : 1 ³ 77.4 ³ 55.2 ³ 582.1 ³ 10.8 ³ 3

³ 1.25 : 1 ³ 67.8 ³ 55.1 ³ 593.4 ³ 11.2 ³ 44.2
³ 1 : 1 ³ 57.7 ³ 50.2 ³ 610.1 ³ 13.1 ³ 3

BPP-2 ³ 1.4 : 1 ³ 78.5 ³ 50.4 ³ 527.2 ³ 15.2 ³ 3

³ 1.25 : 1 ³ 71.7 ³ 52.1 ³ 540.1 ³ 17.2 ³ 54.2
³ 1 : 1 ³ 63.5 ³ 47.3 ³ 590.2 ³ 21.4 ³ 3

BPP-3 ³ 1.4 : 1 ³ 88.4 ³ 61.7 ³ 536.4 ³ 9.2 ³ 3

³ 1.25 : 1 ³ 84.6 ³ 62.4 ³ 550.3 ³ 9.8 ³ 57.4
³ 1 : 1 ³ 72.4 ³ 57.3 ³ 600.1 ³ 10.3 ³ 3

BPP-4 ³ 1.4 : 1 ³ 78.1 ³ 52.8 ³ 495.5 ³ 8.2 ³ 3

³ 1.25 : 1 ³ 70.2 ³ 52.4 ³ 520.2 ³ 9.4 ³ 50.4
³ 1 : 1 ³ 66.4 ³ 50.3 ³ 580.4 ³ 10.2 ³ 3

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

ing to the IR data, the accumulation of NH groups
corresponds to consumption of NCO groups, indicat-
ing that formation of allophanate and biuret structures
is insignificant.

The temperature dependences of the reaction rate
constants are linear in the Arrhenius coordinates
(Fig. 4). From these data, we determined the thermo-
dynamic parameters of the reaction (Table 2). The re-
action rate constants were determined using a system
of differential equations that describe the variation of
the reactant concentrations in the initial period.

Fig. 4. Plot of 3lnKav vs. 1/T (cBPP = 0.04 M).

The activation energies obtained show that the
BPPs derived from 1,4-butanediol and ethylene glycol
have close activities. The higher activity of the BPP
derived from glycerol is apparently due to the higher
content of hydroxy groups.

The IR spectra of polyurethanes derived fromBPPs
contain absorption bands at about 1730 (C=O), 14103
1480 (CH2), and 340033500 cm31 (3NH, both free
and hydrogen-bonded with OH groups). Also present
are the absorption bands belonging to the P=O
(1230 cm31) and P3O3C (1008 cm31) groups; a medi-
um-intensity band at about 2460 cm31 is due to P3H
stretching vibrations, and the band at 1456 cm31 is
assignable to B(III)3O stretching vibrations [10].
These bands somewhat differ in intensity and posi-
tion, depending on the steric structure of BPP and
the conformation of the chain fragments.

The differences in the properties of polyurethanes
(Table 3) can be accounted for by structural features
of the oligomers and polymers derived from them.

Table 3 shows that changing of the [MDC]/[BPP]
molar ratio from 1 : 1 to 1.4 : 1 is accompanied by
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Table 4. Parameters of thermal oxidative degradation of polyurethanes derived fromBPPs and of acommercial
polyurethane sample (PU)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ

Parameter ³ PU ³ BPP-1 ³ BPP-2 ³ BPP-3 ³ BPP-4
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
Activation energy, kJ mol31 ³ 112.0 ³ 166.9 ³ 170.8 ³ 181.4 ³ 175.4
Temperature of decomposition onset, K³ 493 ³ 553 ³ 553 ³ 583 ³ 573
Temperature of weight loss, K: ³ ³ ³ ³ ³

10% ³ 513 ³ 583 ³ 573 ³ 593 ³ 583
20% ³ 533 ³ 613 ³ 603 ³ 613 ³ 608
50% ³ 558 ³ 653 ³ 643 ³ 663 ³ 663

Coke residue at 873 K, % ³ 2 ³ 10 ³ 9 ³ 12 ³ 11
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

an increase in the gel fraction content; the tensile
strength of the samples,st, accordingly increases,
and the relative elongationerel decreases. Thus, at
decreased content of BPP in the reaction mixture,
MDC reacts with OH groups situated in different posi-
tions, which results in an increased cross-linking. At
increased content ofBPP, the gelfraction content
decreases, which results in a decreased tensile strength
and an increased relative elongation; consistent results
were obtained in measuring the residual elongation
eres (Table 3). The polyurethane derived from BPP-3
has a higher tensile and tearing strength, which is
attributable to the more rigid three-dimensional struc-
ture of the polymer (maximum content of the gel frac-
tion), due to the possibility of reaction of MDC with
secondary OH groups of the glycerol moiety; this is
also confirmed by the low residual elongation.

The resistance of the polymers to thermal oxidative
degradation was studied under static and dynamic
conditions. Figure 5 shows data on thermal oxidative
degradation of BPP-based polyurethanes under static
conditions; data for a commercial PU sample contain-
ing no BPP fragments are given for comparison. It is

Fig. 5. Oxygen uptakeDP vs. time t at T = 453 K.
Polyurethane derived from (1) BPP-1, (2) BPP-2, (3) BPP-3,
and (4) BPP-4; (5) commercial PU.

seen that the commercial sample (curve5) actively
degrades after a short induction period. Thermal oxi-
dative degradation of BPP-containing polyurethanes
under these conditions is considerably slower (cur-
ves 134).

The results of dynamic (TGA) experiments are
given in Table 4. The BPP-based polyurethanes pre-
pared at the [MDC] : [BPP] molar ratio of 1.2 : 1 have
increased values of activation energy of thermal oxi-
dative degradation, higher temperatures of decomposi-
tion onset and intense decomposition, and higher yield
of the coke residue.

The oxygen index is 28.0327.6% for polyurethane
samples prepared at [MDC]/[BPP] ranging from 1 : 1
to 1 : 1.4 and 18% for the commercial PU sample.

CONCLUSIONS

(1) A macromolecular diisocyanate was prepared
by the reaction of diphenylmethane-4,4`-diisocyanate
with poly(tetramethylene ether) glycol and was then
brought into reactions withB,P-containing polyols
(chain-lengthening agents) to obtain elastic polyure-
thanes. The thermodynamic parameters of the polyad-
dition were determined.

(2) The polyurethanes synthesized exhibit im-
proved physicomechanical properties and decreased
combustibility.
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Abstract-The influence of conditions of a two-stage treatment of deciduous and coniferous kraft cellulose
(by the ClO23H2O2 scheme) on the degree of its delignification and bleaching was studied. The optimum
ratio of reagents in each stage of the treatment was elucidated.

According to published data [133], the action of
bleaching reagents on lignin involves parallel or suc-
cessive attack of electrophilic and nucleophilic agents.
It has been shown previously that the most efficient
and selective processes of cellulose bleaching meet
two conditions: first, alternation of the action of elec-
trophilic and nucleophilic agents on the residual lignin
in the successive stages of treatment; second, treat-
ment with an electrophilic reagent in an acidic medi-
um (acid catalysis), and with a nucleophilic reagent,
in an alkaline medium (base catalysis) [4]. Along with
alternation of the stages and catalysis conditions,
the quantitative ratios of electrophic and nucleophilic
agents in stages of treatment are very important for
attaining the best whiteness and the highest degree of
delignification with the minimum degradation of cel-
lulose. In industry, the expenditure of reagents is com-
monly chosen empirically without considering their
nature. Most of bleaching reagents-oxidants and, in
particular, hydrogen peroxide in an alkaline medium,
form numerous reactive species in oxidation of lignin.
These include free radicals, singlet oxygen (.OH,
..OOH, 1O2), and hydroperoxide anion HOO3. Free
radicals induce cellulose degradation. To hamper the
reactions of free radicals and to perform delignifica-
tion of kraft cellulose in the stage of treatment with
hydrogen peroxide by the ionic (nucleophilic) me-
chanism, H2O2 is stabilized with sodium silicate.
The use of H2O2 for bleaching of kraft cellulose by
this procedure offers some advantages over other in-
dustrially used procedures: it results in a 10330%
weaker degradation of cellulose and in a higher degree
of delignification, allowing attainment of better white-
ness [5, 6].

This study is aimed at examined the influence of
the reagent ratio used in the successive stages of treat-
ment (ClO2 and H2O2) on the whiteness, degree of
delignification, and selectivity of bleaching of conif-
erous and deciduous kraft cellulose.

EXPERIMENTAL

The conditions of the first stage were as follows:
expenditure of chlorine dioxide 2% relative to the
weight of absolutely dry cellulose, concentration of
cellulose suspension 10 wt %, duration 120 min, and
temperature 60oC.

The conditions of the second stage were as follows:
expenditure of hydrogen peroxide 2.13, NaOH1.3,
and sodium silicate (Na2SiO3 . 9H2O) 5% relative
to the weight of absolutely dry cellulose; concentra-
tion of a coniferous cellulose suspension 20 wt %
(deciduous, 15 wt %); duration 120 min; and tem-
perature 100oC. In the second mode of treatment, we
used, along with H2O2, NaOH with the same expen-
diture (4% relative to the weight of absolutely dry
cellulose); no sodium silicate was added.

The whiteness of the resulting samples was de-
termined on an FKTsSh-M color comparator. In
the standard methods, the reflectivity in blue light
(457 nm) is taken as the degree of cellulose whiteness.
A MgSO4 plate whose whiteness was taken as 100%
[GOST (State Standard) 30113394] was used as a
reference. The hardness of cellulose, which charac-
terized the content of residual lignin in the sample,
was determined by the method based on oxidation



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

1722 SHCHERBAKOVA, DEMIN

Table 1. Quality characteristics of cellulose, in relation to depending on the conditions of bleaching with ClO23HO2
3

and ClO23(H2O26O2)
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Step I, ClO2 ³ Step II, expenditure of reagents,* % ³ Cellulose

ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄexpenditure, ³ ³
% ³ H2O2 ³ NaOH ³ Na2SiO3 .9H2O ³ whiteness ³ DP ³ hardness, p.u.³ yield

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Initial coniferous cellulose (121 p.u.) ³ 28.0 ³ 1260 ³ 103 ³ 3

2.0 ³ 2.1 ³ 1.2 ³ 5.0 ³ 85.9 ³ 960 ³ 2.6 ³ 95.3
2.0 ³ 2.1 ³ 4.0 ³ 3 ³ 77.5 ³ 850 ³ 4.0 ³ 94.0

Initial deciduous cellulose (75 p.u.) ³ 33.0 ³ 1170 ³ 75.0 ³ 3

1.6 ³ 2.0 ³ 1.2 ³ 5.0 ³ 85.0 ³ 950 ³ 2.2 ³ 98.1
1.6 ³ 2.0 ³ 4.0 ³ 3 ³ 78.1 ³ 870 ³ 2.4 ³ 96.5

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
* Expenditure of oxidants relative to the weight of absolutely dry cellulose.

Table 2. Influence of ClO2 expenditure and treatment duration on the whiteness and hardness of coniferous cellulose*

ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
ClO2 expendi-³

t, min
³ Whiteness,³ Hardness,º ClO2 expendi-³

t, min
³ Whiteness,³ Hardness,

ture, % ³ ³ % ³ p.u. º ture, % ³ ³ % ³ p.u.
ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

0.00 ³ 0 ³ 28.0 ³ 103 º 2.00 ³ 60 ³ 47.0 ³ 24.0
1.00 ³ 60 ³ 3 ³ 38.1 º 2.50 ³ 80 ³ 50.1 ³ 16.3
1.54 ³ 60 ³ 3 ³ 28.4 º 2.75 ³ 90 ³ 53.2 ³ 12.5
1.75 ³ 60 ³ 42.9 ³ 26.2 º 3.12 ³ 120 ³ 57.8 ³ 9.8

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
* Temperature 60oC; treatment duration at high ClO2 expenditure was increased to make complete the absorption of chlorine dioxide.

of the residual lignin in the cellulose material with
KMnO4 in an acidic medium, according to GOST
10070374 (permanganate units, p.u.) [7]. The degree
of polymerization of cellulose (DP) was evaluated
from the viscosity of its solution in Cadoxene [8].

Here, we compare the results of treatment of non-
whitened kraft cellulose with H2O2 by the ionic (pH
~10, in the presence of a stabilizing agent) and rad-
ical (pH > 12) mechanisms in the two-stage scheme.
The results are presented in Table 1.

Fig. 1. Influence of ClO2 expenditure on (1) whitenessB
and (2) hardnessA.

As can be seen from Table 1, the maximum white-
ness is reaches 85% for deciduous cellulose and al-
most 86% for coniferous cellulose (here, coniferous
cellulose was treated at a higher concentration of
pulp).

Then, we studied the characteristics of cellulose
after the first step of treatment and the dependence of
the whiteness on the ClO2 expenditure in the range
1.033.1% ClO2 relative to the weight of absolutely
dry cellulose (Table 2, Fig. 1).

Fig. 2. Hardness of deciduous kraft celluloseA vs. ClO2
expenditure for treatment (60oC, 1.5 h).
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Table 3. Influence of ClO2 expenditure on the whiteness and hardness of deciduous cellulose
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
ClO2 expen-³ T, ³ t, ³ Whiteness,³ Hardness,º ClO2 expen-³ T, ³ t, ³ Whiteness,³ Hardness,

diture, % ³ oC ³ min ³ % ³ p.u. º diture, % ³ oC ³ min ³ % ³ p.u.
ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ

1.00 ³ 60 ³ 60 ³ 55.5 ³ 28.0 º
1.50 ³ 60 ³ 120 ³ 57.2 ³ 21.5 º
1.75 ³ 60 ³ 120 ³ 59.8 ³ 19.0 º
2.00 ³ 60 ³ 120 ³ 61.3 ³ 16.8
2.50 ³ 60 ³ 120 ³ 67.9 ³ 13.4
3.12 ³ 60 ³ 120 ³ 71.6 ³ 9.8
1.50 ³ 70 ³ 120 ³ 65.5 ³ 19.3
2.00 ³ 70 ³ 120 ³ 67.8 ³ 12.5
2.50 ³ 70 ³ 120 ³ 69.6 ³ 10.7
3.12 ³ 70 ³ 120 ³ 73.1 ³ 7.5

³ ³ ³ ³ º 1.50 ³ 80 ³ 120 ³ 61.7 ³ 18.0³ ³ ³ ³ º ³ ³ ³ ³
³ ³ ³ ³ º 2.00 ³ 80 ³ 120 ³ 65.9 ³ 14.7³ ³ ³ ³ º ³ ³ ³ ³
³ ³ ³ ³ º 2.50 ³ 80 ³ 120 ³ 69.1 ³ 10.1³ ³ ³ ³ º ³ ³ ³ ³
³ ³ ³ ³ º 3.12 ³ 80 ³ 120 ³ 72.0 ³ 7.7³ ³ ³ ³ º ³ ³ ³ ³
³ ³ ³ ³ º 1.50 ³ 80 ³ 120 ³ 52.3 ³ 22.0³ ³ ³ ³ º ³ ³ ³ ³
³ ³ ³ ³ º 2.00 ³ 80 ³ 120 ³ 58.0 ³ 17.9³ ³ ³ ³ º ³ ³ ³ ³
³ ³ ³ ³ º 2.50 ³ 80 ³ 120 ³ 66.4 ³ 12.3³ ³ ³ ³ º ³ ³ ³ ³
³ ³ ³ ³ º 3.12 ³ 80 ³ 120 ³ 68.7 ³ 9.2

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

Table 4. Conditions and quality characteristics of coniferous kraft cellulose whitened by the scheme ClO23HO2
3*

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
Stage I ³ Stage II ³ Cellulose

ÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄ
specific expendi-³ ClO2 expen- ³ ClO2

** ex- ³ H2O2 ex- ³ H2O2
** ex-³Whiteness,³ ³Hardness,³ Yield,

ture of ClO2
*** ³ diture, % ³ penditure³ penditure, %³ penditure³ % ³ DP ³ p.u. ³ %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
0.067 ³ 1.75 ³ 4.60 ³ 2.44 ³ 5.09 ³ 83.2 ³ 890 ³ 4.3 ³ 95.0
0.077 ³ 2.00 ³ 5.26 ³ 2.13 ³ 4.45 ³ 85.9 ³ 960 ³ 2.6 ³ 95.3
0.096 ³ 2.50 ³ 6.58 ³ 1.50 ³ 3.13 ³ 84.0 ³ 1000 ³ 2.3 ³ 95.3
0.106 ³ 2.75 ³ 7.23 ³ 1.18 ³ 2.46 ³ 83.8 ³ 1040 ³ 2.3 ³ 95.3
0.120 ³ 3.12 ³ 8.21 ³ 0.72 ³ 1.50 ³ 81.4 ³ 1110 ³ 2.2 ³ 95.7

ÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* Bleaching at a constant total expenditure of oxidants equivalent to 9.7% active chlorine relative to the weight of absolutely

dry cellulose.
** Expressed in equivalent amounts of active chlorine.

*** Expressed in Kapp units.

Similar dependences were obtained for two sam-
ples of deciduous cellulose: at 60oC for the sample
with a hardness of 75 p.u. (Fig. 2) and in the range
60390oC for cellulose with a hardness of 84 p.u.
(Table 3).

The results obtained suggest that there is no
reason to raise the temperature of treatment with
ClO2 above 70oC. The minimum hardness of cel-
lulose at this temperature is 7.5 p.u., and the max-
imum whiteness, 73.1%. In this case, the expendi-
ture of ClO2 is 3.120 2.63 = 8.21% active chlo-
rine relative to the weight of absolutely dry cel-
lulose.

It can be concluded from Fig. 2 that, in treatment
of deciduous kraft cellulose with a hardness of ap-
proximately 75 p.u. with ClO2, an increase in the
ClO2 expenditure above 1.5% does not result in any
noticeable intensification of delignification.

The ClO2 expenditure for the first delignification
stage in treatment of kraft cellulose (both coniferous
and deciduous) was estimated in the specific expen-
ditures per unit degree of cooking by the Kapp meth-
od. The results of bleaching of kraft cellulose are
presented in Table 4.

The index of cellulose whiteness has a maximum
at the equivalent dose of ClO2 equal to 55% of
the total expenditure of oxidants. The maximum
whiteness is 85.9%. An increase in the fraction of
ClO2 causes a noticeable increase in the degree of
polymerization of cellulose (89031110) and an in-
significant increase in the yield of whitened cel-
lulose, from 95.0 to 95.7%. Varying the fraction of
ClO2 in the total expenditure of oxidizing agents
insignificantly affects the hardness of cellulose
(4.332.2 p.u.), since virtually no lignin remains in
cellulose.
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Fig. 3. Influence of the equivalent fraction of ClO2, a, in
the total expenditure of reagents on the whiteness of conif-
erous cellulose,B.

Fig. 4. DP of coniferous whitened cellulose vs. ClO2
fraction a in the total expenditure of oxidizing agents.

The dependence of the whiteness of coniferous
cellulose on the fraction of ClO2 in the total expen-
diture of oxidants in two-stage bleaching is shown
in Fig. 3.

The dependence of DP of the whitened coniferous
kraft cellulose on the fraction of ClO2 in the expen-
diture of oxidants is shown in Fig. 4. Thedegree of
polymerization of cellulose increases in direct pro-
portion to the fraction of ClO2 in the total expenditure
of reagents for bleaching. This confirms the well-
known fact that, among bleaching reagents, ClO2 is
the most selective oxidant for lignin [9].

CONCLUSIONS

(1) Treatment of kraft cellulose with hydrogen per-
oxide in the presence of a stabilizing agent, sodium
silicate, providing predominance of the ionic mech-
anism of delignification, results in a 738% higher
whiteness of kraft cellulose, compared to that obtained
under conditions favoring radical decomposition of
hydrogen peroxide.

(2) The dependence of the whiteness of coniferous
kraft cellulose on the fraction of chlorine dioxide in
the total expenditure of reagents has a maximum. To
reach the maximum whiteness, the fraction of ClO2
should be approximately 0.530.6 (with respect to ox-
idation equivalents).

(3) The scheme of bleaching of kraft cellulose in
two stages ClO23H2O2 (stabilizing agent), ensuring
the whiteness index of 84% (deciduous cellulose) and
86% (coniferous cellulose), was developed.
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Abstract-The kinetics of oxidative delignification of coniferous kraft cellulose with hydrogen peroxide in
the temperature range 603100oC was studied.

A study of kinetic features of oxidative delignifica-
tion of kraft cellulose is of interest for improve-
ment of the cellulose production process, in particular,
cellulose bleaching, in which molecular chlorine, a
source of dangerous pollution of the environment with
toxic chlorophenols and polychlorodibenzodioxins, is
still used in the Russian Federation.

New approaches based on the methods of poly-
chromous kinetics, which take into account the dy-
namics of molecular motion and structural micro- and
nanoheterogeneity of a matrix, have been developed
recently [133] for kinetic studies of processes in solid
and viscous media, among them polymeric materials.
As applied to the kinetics of delignification of wood
(cooking) and industrial cellulose (bleaching), the
methods of polychromous kinetics have been devel-
oped for description of procedures of nitric acidic,
soda, and kraft cooking andbleaching [437]. As chem-
ical bonds and reaction centers in lignin (component
of such a polymer composite as unbleached cellulose),
are widely diverse, the formulation and correct solu-
tion of the direct kinetic problem for oxidative delig-
nification is difficult. Therefore, it is appropriate to
use in this stage of the study a phenomenological for-
malistic kinetic approach. The results obtained in
studying the kinetics of oxidative delignification of
deciduous kraft cellulose with hydroxoperoxide anions
have been published previously [8]. Here, we studied
the oxidative delignification of coniferous kraft cel-
lulose produced by the Neusiedler Syktyvkar Joint-
Stock Company.

Depending on the treatment conditions in alkaline
medium, H2O2 reacts with the residual lignin localized
in a cellulose fiber by two mechanisms: free-radical
(in the absence of stabilizing agents) and ionic [9]:

H2O2 + OH3 6 HO2
3 + H2O. (1)

For lignin to be oxidized by the second mechanism,
free-radical decomposition of H2O2 is suppressed by
adding Na2SiO3. In this case, as shown previously
[10], delignification of kraft cellulose under condi-
tions of bleaching proceeds with a higher degree and
selectivity and minimum degradation of cellulose.

Oxidative delignification of coniferous kraft cel-
lulose with a hardness of 103 permanganate units
(by Bjerkman) was carried out in an 88 mM H2O2
solution at pH 10.2+ 2 in the presence of a stabilizing
agent (Na2SiO3 . 9H2O in the form of a solution with
an expenditure of 5% relative to absolutely dry cel-
lulose) with the liquor ratio of 200 : 1. We used a 20-
fold excess of H2O2 with respect to lignin. Order of
adding reagents: NaOH solutions (before thermostat),
Na2SiO3, and H2O2. The temperature range was from
333 K to 373 K. A flask filled with cellulose and
calculated amounts of water and alkali was placed in
a temperature-controlled water bath. The bath was
heated to the working temperature, Na2SiO3 and H2O2
were added and vigorously stirred to be mixed with
the pulp; simultaneously with their addition, a stop-
watch was switched on. The samples were with-drawn
at certain intervals, rapidly washed on a porous glass
filter, and dried. Then, the content of residual lignin
in the resulting samples was determined on a KFK-3
photometer [11]. The experimental data were nor-
malized to the initial content of lignin in kraft cel-
lulose (Table 1).

The kinetic curves of delignification of kraft co-
niferous cellulose in bleaching with stabilized H2O2
are shown in Fig. 1.
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Table 1. Relative content of residual lignin in cellulose in relation to the treatment time and temperature
ÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Time,³ Relative content of lignin in cellulose at indicated temperatures,oC (K)
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

s ³ 60 (333) ³ 70 (343) ³ 80 (353) ³ 90 (363) ³ 100 (373)
ÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

0 ³ 1.00 ³ 1.00 ³ 1.00 ³ 1.00 ³ 1.00
60 ³ 0.95 ³ 0.89 ³ 0.89 ³ 0.86 ³ 0.80

300³ 0.90 ³ 0.88 ³ 0.86 ³ 0.80 ³ 0.80
900³ 0.84 ³ 0.78 ³ 0.79 ³ 0.75 ³ 0.68

1800³ 0.76 ³ 0.72 ³ 0.70 ³ 0.65 ³ 0.54
3600³ 0.69 ³ 0.64 ³ 0.60 ³ 0.52 ³ 0.36
7200³ 0.65 ³ 0.57 ³ 0.50 ³ 0.39 ³ 0.24

10 800³ 0.65 ³ 0.50 ³ 0.45 ³ 0.29 ³ 0.18
14 400³ 0.64 ³ 0.46 ³ 0.40 ³ 0.26 ³ 0.15
18 000³ 0.61 ³ 0.45 ³ 0.37 ³ 0.24 ³ 0.14
ÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

As can be seen from Fig. 1, in delignification of
coniferous kraft cellulose, the reaction does not go to
completion (kinetic termination).

Fig. 1. Kinetic curves of delignification of kraft coniferous
cellulose in bleaching with stabilized hydrogen peroxide.
Temperature, K: (1) 333, (2) 343, (3) 353, (4) 363, and
(5) 373; the same for Fig. 3.C0 = 103 permanganate units;
(t) time.

Fig. 2. Limiting degree of conversionq
i

= 1 3 C/C0 vs.
the process temperatureT.

The reaction termination under isothermal condi-
tions and the linear dependence of the limiting de-
gree of conversion on temperature (defrosting curve,
Fig. 2) allow a kinetic analysis of cellulose delig-
nification by the polychronous kinetics method.
The main concepts of the relevant theory, derivation
of Eq. (2), and equations for calculations are given in
[136].

n(t, T ) = n0{}
ln Kmin

ln Kmax

f (ln K )G(K, t)d ln K ; n0{}
ln Kmin

ln K *

f (ln K )d ln K, (2)

wheren(t, T ) is the amount of particles that mainly
enter into the reaction within timet at a tempera-
ture T; f (lnK ), the distribution function;G(K, t),
function describing the process kinetics in the iso-
kinetic area, whereK ; const; E, activation energy;
K0, preexponential factor; andK(E ) = K0exp(3E/RT),
rate constant. In the simplest case,G has the form
G1 = exp(3K1 t) and K * = 1/t.

The dependenceq = (1 3 C/C0)3T is close to linear,
which suggests a uniform (rectangular) distribution of
ensembles of lignin macromolecules with respect to
lnK.

If the dependencef (lnK ) has an almost rectangular
shape in the range (lnKmin, lnKmax), then, under the
condition of[strong polychronousness] (when t << 1,
tKmax >> 1, and the parameter of nonequivalence
S = ln (Kmax/Kmin) > 1 [2, 6]), we have

(3)C(t,T)/C0 = [ln (Kmin/Kmax)]
31 ln Kmin t.
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Fig. 3. Linearization of the kinetic curves of delignification
of coniferous kraft cellulose in bleaching with hydrogen
peroxide in the coordinates of the equation of poly-
chromous kinetics.

The semilog plots of the delignification kinet-
ics are shown in Fig. 3. It can be seen that most
of experimental points are satisfactorily fitted by
a straight line in the coordinatesC/C03ln t.

With a horizontal section of the family of semilog
plots in the coordinatesC/C03ln t through the points
corresponding toC(t, T )/C0 = q, whereq is the lignin
content corresponding to the considered portion of
the kinetic curve, we obtain the temperature depen-
dence lnt031/T (Table 2).

Here, t0 is a characteristic time of the process in
the given elementary group at a given degree of com-
ponent removalq; it is determined as an instant of
time at which the kinetic curve for temperatureTi in-
tercepts the axisC/C0 = q.

A set of values of the characteristic timet
q
, plotted

in the Arrhenius coordinates lnt
q
31/T, allows us to

obtain a set of activation energiesE(q) and preex-
ponential factorsK0(q) (Fig. 4, Table 2) for the spec-
trum of the rate constants of the process. FromE(q)
and K0(q), we can obtain the inverse functionsq (E )
and q (lnK ), which are in fact joint integral distri-
bution functions for the spectrum of kinetic constants
of the process (Table 3).

The resulting spectra of effective activation en-
ergies Eeff and preexponential factors lnK0

eff for de-
lignification of coniferous kraft cellulose in bleaching
with stabilized H2O2 are distributed in a wide range
of values, which reflect a number of chemical and
physical factors contributing to delignification and
characterize the heterogeneity of properties of the
lignocellulose matrix.

Fig. 4. Arrhenius plot of the characteristic timet
q

for
delignification of coniferous kraft cellulose with hydrogen
peroxide atq = 0.130.9.

As shown previously [436], delignification is
typically limited by the diffusion removal of the reac-
tion products from the lignocellulose matrix. In this
case, strongly overestimated values ofEeff and K0

eff
with the linear compensation dependence lnK0

eff3Eeff

Table 2. Values of characteristic time of conversiont
q

ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

103/T, K31
³ ln t

q
at q

ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄ
³ 0.1 ³ 0.2 ³ 0.3 ³ 0.4 ³ 0.5

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄ
3.00 ³ 5.6 ³ 5.6 ³ 8.4 ³ 9.8 ³ 12.4
2.91 ³ 5.7 ³ 6.6 ³ 7.5 ³ 8.4 ³ 9.4
2.83 ³ 5.8 ³ 6.6 ³ 7.4 ³ 8.2 ³ 9.0
2.75 ³ 5.6 ³ 6.2 ³ 6.9 ³ 7.4 ³ 8.2
2.68 ³ 5.3 ³ 5.9 ³ 6.4 ³ 7.0 ³ 7.6

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄ

Table 3. Distribution of ensembles of residual lignin
macromolecules with respect to activation energies and
preexponential factors
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

q ³ Eeff, kJ mol31 ³ ln K0
eff, s31

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
0.1 ³ 8.2+ 5 ³ 32.8+ 2
0.2 ³ 28.7+ 4 ³ 3.3+ 1
0.3 ³ 48.9+ 10 ³ 9.3+ 2
0.4 ³ 70.3+ 9 ³ 15.8+ 3
0.5 ³ 89.8+ 13 ³ 21.6+ 4
0.6 ³ 110.1+ 17 ³ 27.6+ 6
0.7 ³ 130.6+ 21 ³ 33.7+ 7
0.8 ³ 154.6+ 24 ³ 39.8+ 8
0.9 ³ 171.2+ 28 ³ 45.8+ 10

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
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Fig. 5. Compensation dependence: (K0
eff) preexponential

factor and (Eeff ) effective activation energy.

(Fig. 5) commonly originate from the so-called com-
pensation effect in polymers at temperatures close to
the softening point of the matrix [5], in particular, in
transition of the lignocellulose matrix into the visco-
elastic state, when the true values of activation energy
E, governing the potential barriers for diffusion, begin
to decrease with heating [§E(T )/§T < 0]. In this case,
E and K0 are determined according to the generalized
Arrhenius3Voevodskii equation [12]:

Eeff = E 3 T(dE/dT ),

log K0
eff = log K0 3 (1/R)(dE/dT ). (4)

Thus, we made an adequate kinetic description of
the process in wide time (60318000 s) and tempera-
ture (603100oC) intervals in oxidative delignifica-
tion of coniferous kraft cellulose with bleaching with
stabilized H2O2 as bleaching agent. The experimental
kinetic data and polychronous kinetic approaches
allow a description and a forecast of delignification
processes in microheterogeneous lignocellulose ma-
trix. As can be seen from Fig. 1, the kinetic points
evaluated from Eq. (3) are in good agreement with
the experimental data.

CONCLUSIONS

(1) It was established in a study of oxidative de-
lignification of kraft coniferous cellulose with hydro-
gen peroxide at 603100oC that the process is poly-
chronous and does not go to completion. Residual lig-
nin macromolecules are kinetically nonuniform; they
are characterized by a spectrum of activation energies

and rate constants in the range from lnKmin (s31)
equal to 48.33171 to lnKmax (s31) equal to 4.63
8 (kJ mol)/RT. It was shown that lnK0

eff and Eeff are
related by a linear compensation dependence.

(2) It was foun that the kinetic nonequivalence
of active centers, estimated from the parameterS =
ln (Kmax/Kmin) and Eeff value for all the ensembles
of lignin macromolecules, decreases with increasing
temperature. This suggests that there occurs a tem-
perature rearrangement (defrosting) of the polymer
lignocellulose matrix, accompanied by increase in
the maximum degree of conversion, corresponding to
kinetic termination of delignification of coniferous
kraft cellulose in bleaching with hydrogen peroxide.
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Abstract-Conditions were found for separating concomitant substances from cellulose in short flax fibers by
treatment with surfactant and enzyme solutions. The chemical composition of the treated fibers was analyzed,
and their structural organization was studied by IR Fourier spectroscopy.

The rise in production of linen textiles, observed
in recent years, is accompanied by accumulation of
wastes, such as short flax fibers and hardwood part
of flax pedicels (boon). Short flax fibers can be used
in textile industry instead of cotton fibers and in
chemical industry as a raw material alternative to
cotton linter.

There are two approaches to use of flax fibers in
textile industry. The first approach is to develop ap-
propriate equipment, which is very expensive. The
second approach is to modify the properties of flax
fibers (thickness, length, etc.) with the aim to process
them on the existing equipment developed for cotton
fibers.

One of the main problems that arises in utilization
of flax fibers in chemical industry is their treatment
to remove concomitant substances. Flax fibers differ
from cotton fibers in the geometric parameters and
chemical composition. Flax fibers, compared to cotton
fibers, contain a considerably greater amount of fats,
pectins, hemicelluloses, and lignin [1]. The concom-
itant substances can be removed by chemical, bio-
chemical, and physicochemical methods.

Lignin can be removed from flax fibers by alkali
treatment (by analogy with production of cellulose
from wood). Pectin substances can be removed or re-
covered with aqueous solutions of mineral and organic
acids, or of alkalis [2]. Fats and waxy substances are
removed by treatment of fibers with organic solvents
(ethanol, ethanol3benzene mixture) [3]. These com-
pounds can also be removed by treatment of fibers

with enzyme solutions. The latter procedure is prefer-
able from the environmental viewpoint.

It is of scientific and practical interest to develop
processes for treatment of bast fibers with the mini-
mum use of organic solvents. In this study, we made
a comparative analysis of biochemical and physico-
chemical procedures for removal of lignin, fats, and
pectin substances from flax fibers with the aim to
obtain purified fibers suitable for use in textile and
chemical industries.

EXPERIMENTAL

As starting material we used short flax fibers with
the degree of polymerization (DP) of cellulose equal to
1700, as determined viscometrically from the intrin-
sic viscosity [h] of cellulose in Cadoxen: [h] = 7.00
1033(DP)0.9 [4].

To separate concomitant substances from cellulose,
we used Stearox nonionic surfactant and Celloviridin
G2kh complex preparation (Promferment Ltd., prep-
aration no. 1-67.2). Celloviridin is an ultraconcentrate
of the culture medium ofTrichoderma reeseifungus
producing a complex of carbohydrases: cellullases,
b-glucanases, xylanases, and pectinases. The CMC-
ase (cellulase) activity of the preparation was
3000 units ml31; b-glucanase activity, 4100 units g31;
xylanase activity, 2900 units g31; and polygalacturon-
ase (pectinase) activity, 500 units g31. The activities
were determined from the initial rate of hydrolysis of
carboxymethyl cellulose (CMC), barleyb-glucan,
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Composition of the initial flax fibers before and after treatment with surfactant and Celloviridin G2kh solutions
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Treatment

³ Component composition of fiber, wt %
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
³ ³ ³ ³ other ³³ cellulose ³ pectins ³ fats, waxes³ ³ lignin³ ³ ³ ³ hemicelluloses³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
No treatment ³ 68.8 ³ 5.4 ³ 5.2 ³ 11.1 ³ 9.5
0.1 M acetate buffer, pH 5.0 ³ 68.2 ³ 4.9 ³ 4.9 ³ 12.7 ³ 9.3
Celloviridin G2kh (1 ml / 100 ml buffer)³ 67.8 ³ 3.5 ³ 4.6 ³ 15.5 ³ 8.6
Celloviridin G2kh (2 ml / 100 ml buffer)³ 67.7 ³ 3.4 ³ 4.1 ³ 16.2 ³ 8.5
Celloviridin G2kh (4 ml / 100 ml buffer)³ 66.9 ³ 3.2 ³ 4.3 ³ 17.3 ³ 8.3
Stearox surfactant ³ 70.4 ³ 4.3 ³ 3.7 ³ 12.8 ³ 8.8
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

birch xylan, and polygalacturonic acid, respectively
(according to the procedures described in [5]). The
fibers with Celloviridin G2kh were treated at 50oC
and pH 5.0 (0.1 M acetate buffer) for 1 h. Celloviridin
G2kh was used as 1, 2, or 4 vol % aqueous solutions.
The fibers were treated with a surfactant solution at
the boiling point for 1 h.

The short fibers were preliminarily analyzed to
determine the component composition (see table).
The cellulose content was determined by the K1ursch-
ner3Hoffer method; lignin content, by the Komarov
method [3]; fat and moisture content, according to
[2, 3]; and pectin content, by the calcium pectate
method [2]. After treatment of the fibers with surfact-
ant and Celloviridin solutions, the fibers were washed
with distilled water and dried at 105oC, and then the
content of cellulose and residual impurities (lignin,
pectins, fats, hemicelluloses) was determined.

The structural changes occurring in flax fibers upon
treatment with surfactant and enzyme solutions were
monitored by IR Fourier spectroscopy. The spectra of
cotton fibers pelletized with KBr were recorded on
a Bruker FS-88 spectrometer.

The chemical compositions of fibers after vari-
ous treatments are listed in the table. Since Cellovi-
ridin G2kh was taken in a buffer solution, we also
checked in a blank experiment whether treatment with
a straight buffer solution (0.1 M acetate buffer) affects
the component composition of the fibers; no signif-
icant changes were revealed upon such a treatment.

Treatment of the flax substrate with Celloviridin
G2kh solutions makes higher the content of hemicellu-
loses, which is due to the capability of enzymes to
break down not only components characteristic of
the given enzyme but also cellulose and concomitant
compounds. Treatment with a surfactant solution
involves a minimum degradation of cellulose. Trea-
tment of flax fibers with enzyme solutions results in
a partial removal of lignins, pectins, and waxes. With

increasing concentration of Celloviridin G2kh work-
ing solutions, the lignin content decreases insignifi-
cantly, whereas the content of hemicelluloses grows
from 11.1 to 17.3 wt %. After treatment of the fibers
with the 4 vol % enzyme solution, the DP of cellulose
decreased from 1700 to 1320. The Celloviridin G2kh
solutions are more effective in removal of pectins.

Treatment with a surfactant solution results in
the most complete removal of fats; lignin and pectins
are removed partially. The content of hemicelluloses
slightly increases. The results of chemical analysis,
indicating that treatment with the enzyme and surfact-
ant solutions results in a partial removal of fats and
pectins, are confirmed by IR spectroscopy.

Figure 1a shows the IR Fourier spectra of the ini-
tial flax fibers and those treated with Celloviridin
G2kh solutions. The IR spectrum of purified (whit-
ened) cotton linter is shown for comparison.

Purified cotton cellulose exhibits a broad absorp-
tion band in the range 300033700 cm31 (free OH
groups of the polymer and those involved in intra-
and intermolecular hydrogen bonds) and a band at
2900 cm31, which belongs to the CH2 and CH groups
of the oligomers; in the spectrum of pure cellulose,
the latter band is symmetrical [6].

The IR spectra of crude wood cellulose and cel-
lulose from flax pedicels contain characteristic lig-
nin absorption bands at 1600, 1500, and 850 cm31

[6]. In the samples of flax fibers, only the band at
8203830 cm31 is well defined. The absence of bands
at 1600 and 1500 cm31 may be caused by considera-
bly lower content of lignin in flax fibers, compared to
the hardwood part (boon), and also by differences in
the chemical composition of lignin in wood celluloses
of different origins. The IR spectra allow qualitative
detection of impurities in cellulose.

The characteristic bands of pectins are those at
1740 (free COOH groups of polygalacturonic acid),
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1615, and 1410 cm31 (symmetric and antisymmetric
stretching vibrations of ionized COO3 groups). In the
range 285032950 cm31, pectins exhibit one or two
broad bands associated with CH2 and CH groups [7].
Figure 1b shows on the enlarged scale the character-
istic fragments of the IR spectra (150031800 and
280033000 cm31).

The IR spectrum of crude flax fibers contains
an absorption band at 1740 cm31, which suggests the
presence of pectins, and bands at 2920 and 2850 cm31,
assignable to pectins and fatty acids. The presence of
lignins may be judged by comparison of the IR spec-
tra of crude flax fibers and whitened cotton cellulose.
In contrast to cotton, all samples of flax fibers have IR
spectra that contain a band at 8203850 cm31, which
suggests the presence of lignin.

Treatment of fibers with a surfactant solution
(Figs. 1a, 1b, spectrum3) affects the shape of the
band at 2900 cm31 (it becomes more symmetrical);
the bands at 1740 and 820 cm31 are preserved, which
suggests that pectins and lignin are removed incom-
pletely. Pectin substances are present not only in in-
tercellular laminas but also in the primary wall of
a single fiber. Therefore, more severe conditions are
required to remove pectins binding single fibers of
flax into bundles. Such a treatment, however, may
cause appreciable degradation of cellulose.

The IR spectra of fibers treated with Celloviridin
G2kh solutions of various concentrations only slightly
differ from that of the initial flax fibers. The decreased
intensity of bands characteristic of lignin, pectins, and
fats is due to partial removal of these substances.
The increased content of cellulose in the fibers is
suggested by a more symmetrical shape of the band at
2900 cm31 (for purified cellulose, this band is almost
symmetrical [6]).

From the IR data, we can calculate the so-called
crystallinity index of celluloseIcr as the intensity ratio
of the bands at 1372 and 2900 cm31, I1372/ I2900 [8].
This ratio correlates with the degree of ordering (or
cristallinity) evaluated by X-ray diffraction. Since the
cellulose samples were prepared for IR measurements
under standard conditions (pelletization with KBr),
this procedure can be used to reveal changes in the
structural ordering of cellulose macromolecules after
treatment of the fibers with various agents.

To evaluate the contribution of pectin substances to
the absorption at 2900 cm31, used for calculatingIcr,
we measured the IR spectra of milled purified cotton
cellulose, pectin, and a model blend of cotton cellu-
lose with 5 wt % pectin (Fig. 2). The bands at 2915

Fig. 1. IR Fourier spectra of (1) cotton linter fibers,
(2) crude flax fibers, (3) flax fibers treated with Stearox
surfactant, and (436) flax fibers treated with a solution
of 1, 2, and 4 ml of Celloviridin G2kh, respectively, in
100 ml of 0.1 M acetate buffer (pH 5.0). (a) Total spectrum
and (b) characteristic fragments (enlarged). (A) Absorption
and (n) wave number; the same for Fig. 2.

Fig. 2. IR Fourier spectra of (1) purified pectin, (2) cotton
linter, and (3) a model blend of cotton linter with 5 wt %
pectin.
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and 2950 cm31 observed in the IR spectrum of pectin
do not make an appreciable contribution to the ab-
sorption at 2900 cm31 in the spectrum of the blend.
Indeed, theIcr values calculated from the IR spectra
of pure cellulose (0.44) and its blend with pectin
(0.43) virtually coincide.

The crystallinity index of whitened cotton cellulose
and crude flax fibers (Fig. 1a) is 0.64 and 0.54, res-
pectively. After a treatment of the fibers with a sur-
factant solution,Icr increased to 0.71. A treatment of
the fibers with the enzyme solution (1 ml/100 ml buff-
er) increasedIcr to 0.83. However, as the enzyme con-
centration was raised further (2 and 4 ml/100 ml buf-
fer), Icr decreased to 0.64 and 0.60, respectively. The
increase inIcr upon treatment of flax fibers with sur-
factant and 1 vol % Celloviridin G2kh solutions and
the decrease inIcr upon treatment of the fibers with
more concentrated enzyme solutions suggest that two
processes occur. Partial removal of fats, pectins, and
lignin results in thatIcr increases. However, further
increase in the enzyme concentration accelerates the
degradation of cellulose, which leads to disordering of
the polymer macromolecules and formation of hemi-
celluloses having mainly amorphous structure. Thus,
in treatment of flax fibers with surfactant and Cellovi-
ridin 2Kh solutions, it is necessary to find the optimal
conditions under which the concomitant substances
are partly removed from the fiber surface with mini-
mum degradation and disordering of the cellulose
macromolecules.

CONCLUSION

Treatment of short flax fibers with solutions of
Stearox surfactant and Celloviridin G2kh complex
enzyme preparation causes partial removal of concom-

itant substances (fats, pectins, lignin) from cellulose.
However, treatment of fibers with Celloviridin G2kh
solutions also causes an increase in the content of
hemicelluloses and disordering of cellulose macromol-
ecules.
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Abstract-The activities and activity coefficients of the components of the system NaNO23NaNO3, obtained
from experimental saturated vapor pressures measured at 798, 823, and 848 K, were used to calculate the total
and excess partial molar Gibbs energiesDGi

3

, DGi
ex33

, entropiesDSi
3

, DSi
ex33

, and total relative and excess
thermodynamic propertiesDG, DGex, DS, DSex of the system.

Formation of a melt from pure components is ac-
companied by a change in the thermodynamic func-
tions that characterize the given system. Of particular
interest are changes in the Gibbs energy (DG), enthal-
py (DH ), and entropy of mixing (DS). If these quan-
tities are known, the structure of the system and forces
of ion3ion interaction between the components can be
characterized.

The activities ai and activity coefficientsgi of
the components of the system, determined by measur-
ing the saturated vapor pressures [133], were used to
calculate the total partial molar and excess partial mo-
lar Gibbs energies [4] for sodium nitrite and nitrate.

DGi
3

= 2.3RT log ai,

DGi
ex33

= 2.3RT log gi.

The results of the calculation are listed in Table 1.

Table 1. Total and excess partial molar Gibbs energies and entropies of NaNO2 and NaNO3 in melts withNaNO3
and NaNO2, respectively
ÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ DGi
3

³ DGi
ex33

³ DSi
3

³ DSi
ex33

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
x, mol %³ kJ mol31, at indicated temperature, K ³ J mol31 K31, at indicated temperature, K

ÃÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ 798 ³ 823 ³ 848 ³ 798 ³ 823 ³ 848 ³ 798 ³ 823 ³ 848 ³ 798 ³ 823 ³ 848

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
NaNO2: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³

10 ³ 20.55 ³ 19.58 ³ 19.46 ³ 5.30 ³ 3.84 ³ 3.26 ³ 25.75³ 23.79³ 22.95³ 6.64³ 4.67 ³ 3.84
20 ³ 14.63 ³ 14.49 ³ 14.37 ³ 4.09 ³ 3.38 ³ 2.93 ³ 18.33³ 17.61³ 16.95³ 5.13³ 4.11 ³ 3.46
40 ³ 9.19 ³ 8.70 ³ 8.48 ³ 3.07 ³ 2.53 ³ 2.03 ³ 11.52³ 10.57³ 10.00³ 3.85³ 3.07 ³ 2.39
50 ³ 7.14 ³ 6.80 ³ 6.63 ³ 2.55 ³ 2.16 ³ 1.75 ³ 8.95³ 8.26³ 7.82³ 3.20³ 2.62 ³ 2.06
60 ³ 5.43 ³ 5.16 ³ 5.03 ³ 2.09 ³ 1.70 ³ 1.49 ³ 6.80³ 6.27³ 5.93³ 2.62³ 2.06 ³ 1.75
80 ³ 2.66 ³ 2.44 ³ 2.41 ³ 1.16 ³ 0.96 ³ 0.83 ³ 3.33³ 2.96³ 2.84³ 1.45³ 1.17 ³ 0.98
90 ³ 1.16 ³ 1.12 ³ 1.05 ³ 0.49 ³ 0.43 ³ 0.29 ³ 1.45³ 1.36³ 1.24³ 0.61³ 0.52 ³ 0.34

NaNO3: ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³ ³
90 ³ 1.31 ³ 1.27 ³ 1.15 ³ 0.63 ³ 0.57 ³ 0.36 ³ 1.64³ 1.54³ 1.36³ 0.79³ 0.69 ³ 0.42
80 ³ 2.76 ³ 2.55 ³ 2.32 ³ 1.24 ³ 1.02 ³ 0.75 ³ 3.46³ 3.10³ 2.74³ 1.55³ 1.24 ³ 0.88
60 ³ 7.14 ³ 6.61 ³ 5.77 ³ 3.72 ³ 3.05 ³ 2.12 ³ 8.95³ 3.16³ 6.80³ 4.66³ 3.71 ³ 2.50
50 ³ 9.19 ³ 8.95 ³ 7.59 ³ 4.59 ³ 4.09 ³ 2.82 ³ 11.52³ 10.87³ 8.95³ 5.75³ 4.97 ³ 3.33
40 ³ 11.37 ³ 11.35 ³ 10.05 ³ 5.45 ³ 5.02 ³ 3.60 ³ 14.25³ 13.79³ 11.85³ 6.83³ 6.10 ³ 4.25
20 ³ 17.81 ³ 16.70 ³ 16.36 ³ 7.16 ³ 5.78 ³ 5.03 ³ 22.32³ 20.29³ 19.29³ 8.97³ 7.02 ³ 5.93
10 ³ 23.47 ³ 23.32 ³ 21.84 ³ 8.21 ³ 7.59 ³ 5.63 ³ 29.41³ 28.33³ 25.75³ 10.29³ 9.22 ³ 6.64

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ
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Table 2. Total and excess integral molar Gibbs energies and entropies of the system NaNO23NaNO3
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ 3DG ³ 3DGex ³ DS ³ DSex

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ
xNaNO2

, mol %³ kJ mol31, at indicated temperature, K ³ J mol31 K31, at indicated temperature, K
ÃÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ
³ 798 ³ 823 ³ 848 ³ 798 ³ 823 ³ 848 ³ 798 ³ 823 ³ 848 ³ 798 ³ 823 ³ 848

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ
10 ³ 3.73 ³ 3.10 ³ 2.98 ³ 1.10 ³ 0.90 ³ 0.65 ³ 4.05 ³ 3.47 ³ 3.52 ³ 1.38 ³ 1.09 ³ 0.76
20 ³ 5.13 ³ 4.94 ³ 4.73 ³ 1.81 ³ 1.49 ³ 1.19 ³ 6.43 ³ 6.00 ³ 5.58 ³ 2.27 ³ 1.81 ³ 1.40
40 ³ 7.96 ³ 7.45 ³ 6.85 ³ 3.46 ³ 2.84 ³ 2.08 ³ 9.98 ³ 6.12 ³ 8.08 ³ 4.34 ³ 3.45 ³ 2.46
50 ³ 8.17 ³ 7.88 ³ 7.11 ³ 3.57 ³ 3.13 ³ 2.29 ³ 10.24 ³ 9.57 ³ 8.39 ³ 4.48 ³ 3.80 ³ 2.71
60 ³ 7.81 ³ 7.64 ³ 7.04 ³ 3.43 ³ 2.01 ³ 2.33 ³ 9.78 ³ 9.28 ³ 8.31 ³ 4.30 ³ 3.68 ³ 2.74
80 ³ 5.69 ³ 5.29 ³ 5.20 ³ 2.36 ³ 1.92 ³ 1.67 ³ 7.13 ³ 6.23 ³ 6.13 ³ 5.95 ³ 2.34 ³ 1.97
90 ³ 3.39 ³ 3.34 ³ 3.13 ³ 1.26 ³ 1.15 ³ 0.82 ³ 4.25 ³ 4.06 ³ 3.69 ³ 1.58 ³ 1.39 ³ 0.97

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

The resulting total and excess partial molar Gibbs
energies were used to calculate the corresponding in-
tegral values

DG = x1DG1
3

+ x2DG2
3

,

DGex = x1DG1
ex33

+ x2DG2
ex33

,

where x1 and x2 are the mole fractions of NaNO2
and NaNO3 in the binary system.

The results of this calculation are listed in Table 2
and shown in Fig. 1a. The dashed line in Fig. 1a
(curve 5) represents the change in the integral molar
Gibbs energy of the ideal system at a temperature of
798 K.

The partial molar total and excess entropies of
mixing of NaNO2 and NaNO3 in their binary system
were calculated [5]

DSi
3

= 32.3Rlog ai,

DSi
ex33

= 32.3Rlog gi.

The results of this calculation are listed in Table 1.

These values ofDSi
3

and DSi
ex33

were used to cal-
culate the integral molar total and excess entropies [5]
for the system NaNO23NaNO3

DS = x1DS1
3

+ x2DS2
3

,

DSex = x1DS1
ex33

+ x2DS2
ex33

.

The results of this calculation are listed in Table 2.

Figure 1b shows the integral molar total and excess
entropies for the system NaNO23NaNO3. The dashed
curve 5 shows how the integral entropy of mixing of
the ideal system [5] varies at a temperature of 798 K.

Fig. 1. (a) (1, 2) Total and (3, 4) excess integral molar Gibbs energiesDG, DGex and (b) entropies of mixingDS, DSex for
the systemNaNO23NaNO3. Curve5: (a) integral molar Gibbs energy and (b) entropy of mixing for the ideal system at 798 K.
Temperature (K): (1, 3) 798 and (2, 4) 848.
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As can be seen from Fig. 1a, the curves that re-
present the integral total and excess molar Gibbs
energy exhibit negative deviations from the ideal be-
havior and a minimum at 50 mol %. The integral
curves of the relative and excess molar entropies of
mixing (Fig. 1b) exhibit positive deviations from
the properties characteristic of the ideal system and
a maximum at the same composition.

Such a behavior of the integral thermodynamic sys-
tems indicates that the arrangement of component
species in the system under study is ordered to a cer-
tain extent.

The system NaNO23NaNO3 shows larger negative
deviations from ideality, compared with the previous-
ly studied system NaNO23KNO3 [6]. Probably, this
circumstance can be accounted for by the fact that
the components NaNO2 and NaNO3 form a continuous
series of solid solutions and a chemical compound,
2NaNO2 .3NaNO3 [7], which does not decompose
completely upon melting, but still exists in the form
of complex ions [8].
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Abstract-The hydrophilicity and hydrophobicity of surfaces was studied after their treatment with solu-
tions of NaOH and polyethylene.

The initial stage in design of medicinal composite
materials consists in solving the problem associated
with ensuring the adhesion compatibility of their con-
stituent ingredients having different structures and sur-
face properties,e.g., polymer3polymer, polymer3car-
bon, polymer3metal [1, 2].

The aim of this study was to solve the problem
of adhesion compatibility between the hydrophobic
surface of the composite based on polysiloxane of
medical purity (PDMSmed) and bulk-modified with
graphite of S-1 brand [3] and the hydrophilic poly-
vinyl alcohol (PVC) film coating deposited on the
surface of the composite in an electric field [4].

EXPERIMENTAL

In order to enhance the biocompatibility of the
composite [3], a hydrogel PVC coating was formed
on its surface in an ac electric field with ultralow
frequency (meander-type signal) [4, 5]. A polyvinyl
alcohol of medical purity [TU (Technical Specifica-
tion) 605-05-26375) was used for this purpose. As
cross-linking agent served glutaric aldehyde (GA)
and boric acid. Glycerol was introduced to ensure
plasticity.

The coating was formed in an electric field with
the simultaneous immobilization of biologically active
(trypsin, a proteolytic enzyme), medicinal (heparin,
an anticoagulant; various antibiotics), and other sub-
stances, which made it possible to extend considerably
the range of medical-biological properties of the start-
ing material [4, 5].

To improve the adhesion of the hydrophilic poly-
mer film coating to the hydrophobic surface of the
composite, it was preliminarily treated with 5 and
10 M aqueous solutions of NaOH (special-purity
grade) at 60370oC for 2 h or with a 0.130.5% aque-
ous solution of polyethylene imine (PEI). Then the
samples were washed with distilled water and dried
at room temperature for 24 h.

X-ray photoelectric spectra (XPS) of the composite
were measured on an ESCA LAB-5 spectrophotome-
ter with excitation by AlK

a

radiation (Mekhanobr
Research-and-Production Association). The accuracy
with which the peak positions were determined was
+ 0.1 eV. The accuracy of quantitative analysis
was 10%.

The adhesion of the hydrogel polymeric film coat-
ing to the surface of the composite was evaluated by
the method of lattice cuts [6] [GOST (State Standard)
15140378].

As revealed in a study of the adhesion, raising
the concentration of the NaOH solution used to
treat the surface of the composite to more than 5 M
has no essential effect on the adhesion compatibil-
ity of the materials in question, even though this
leads to a considerable increase in the number
of reactive hydroxy groups on the surface and in
their penetration into the material. In addition,
use of a 10 M NaOH solution causes changes in
the microprofile of the surface of the composite,
i.e., makes more pronounced its roughness, which
adversely affects the hemocompatibility of the ma-
terial.
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Table 1. Properties of the composite upon treatment of its
surface with NaOH and PEI solutions (content of graphite
50 wt parts)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

³ Contact ³ Electrical
Material ³ wetting, ³ resistance,

³angle, deg³ W m
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
Initial ³ 72 + 2 ³ 107

After treatment: ³ ³
with a 5 M NaOH solution³ 65 + 2 ³ 106

with 0.5% PEI solution ³ 70 + 2 ³ 108

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

A preliminary treatment of the surface of the com-
posite with PEI or NaOH solutions markedly raises
the adhesion of the PVC film coating to the surface
of the composite to 1 point.

The changes in some surface properties of the com-
posite upon its treatment with NaOH or PEI solu-
tions are illustrated by the data in Table 1. It can
be seen that the electrical conductivity of the ma-
terial increases by an order of magnitude upon its
treatment with a 5 M NaOH solution, the wettabil-
ity of the surface of the composite also grows. At
the same time, treatment with a PEI solution makes
higher its electrical resistance and changes its hy-
drophobicity only slightly. In this case, the adhe-
sion of the hydrogel polymeric coating to the hy-
drophobic surface of the composite increases because
of the hydrogen bonding and action of van der Waals
forces [7, 8].

To reveal the reasons for the adhesion compatibil-
ity of the hydrophobic and hydrophilic surfaces, sam-
ples of the material were studied by XPS spectroscopy.
XPS spectra of the surface of the composite, treated
with a 5 M NaOH solution, are shown in the figure.
For all of the samples, a peak atE = 532 eV is ob-
served, which is related to the=Si3O3Si= bond (Fig-
ure, spectra133). Treatment with a NaOH solution
gives rise to new peaks atE = 533 and 531 eV, which
are associated with the=Si3OH and=Si3O3Na groups,
respectively (see figure, spectrum2). In the course
of a 2-h treatment of the composite, the following re-
actions occur on its surface [1]:

=Si3O3Si= + NaOH 6 =Si3OH + =Si3O3Na, (1)

=Si3O3Na + H2O 6 =Si3OH + NaOH. (2)

The decrease in the intensity of the peak (E =
533 eV) associated with the=Si3OH group, observed

upon deposition of a hydrogel layer on the surface
of the composite (figure, spectrum3), suggests that
polyvinyl alcohol chemically interacts, in the presence
of glutaric anhydride, with hydroxy groups on the sur-
face of the material, which appear upon treatment with
a NaOH solution [9, 10].

The thus formed material was tested, as also were
the starting components (composite and PVC film),
for thromboresistance inin vitro experiments. The
hemocompatibility of the surface of the materials ob-
tained was evaluated by the method of activated par-
tial thromboplastin time (APTT) [11]. A study of the
thromboresistance of the resulting material by measur-
ing the rate of coagulation of a plasma containing the
basic coagulating proteins, brought in contact with
various surfaces, demonstrated that materials with a
hydrogel coating on a hydrophobic substrate do not
activate thrombus formation (Table 2). The PMDSmed
shows an insignificant coagulation. The composite has
better parameters, and the presence of a hydrophilic
surface-type polymeric structure that is compatible
with the hydrophobic surface of the composite makes
this effect less pronounced,i.e., improves the hemo-
compatibility. This fact indicates that polymeric struc-
tures based on water-soluble polymers exert a positive
influence on the interaction of blood with a foreign
material. The hemocompatibility of the material can
be considerably improved by introducing trypsin into

XPS spectra of composites. (E) Binding energy. (1) Before
treatment, (2) after treatment withNaOH, and (3) with
a PVC coating.
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Table 2. Results of a study of a polysiloxane caoutchouc and the composite in combination with a hydrogel film coating
(content of graphite 50 wt parts)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

³ APTT parameters, s
ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Material
³ before incubation³ after
³ with the material³ incubation

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄ
PDMSmed, initial composite: ³ 45 ³ 35

initial ³ 45 ³ 44
treated with PEI, with a PVC+H3BO3 coating containing trypsin ³ 45 ³ 55
treated with 5 M NaOH ³ 45 ³ >600
solution, with PVC coating containing heparin ³ ³

PVC film with heparin, formed in the electric field of a silicon wafer³ 45 ³ >600
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

film coatings, and the effect exerted by the pres-
ence of heparin, an anticoagulanting agent, is ap-
parent.

CONCLUSIONS

(1) It was established that the appearance of re-
active hydroxy groups on the surface of the compo-
site upon its preliminary treatment with a NaOH
solution, and the resulting increase in hydrophilicity
and electrical conductivity, make it possible to en-
sure the adhesion compatibility of the constituent
ingredients of the composite obtained, which have
different structural and surface properties, without
changing the physicomechanical properties of the ma-
terial.

(2) The compatibility of the hydrophilic and hy-
drophobic surfaces is provided by chemical bond-
ing in the case of treatment of the latter with a
NaOH solution in the presence of glutaric aldehyde
in the polymeric coating and by van der Waals
forces in treatment with a polyethylene imine so-
lution.

(3) The materials obtained were tested inin vitro
experiments and demonstrated a high level of throm-
boresistance.
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Kozin, L.F. and Volkov, S.V., Khimiya i tekhnologiya
vysokochistykh metallov i metalloidov(Chemistry and

Technology of High-Purity Metals and Metalloids), in 2 vols.:
vol. 1, Khimicheskie i elektrokhimicheskie metody

glubokoi ochistki (Chemical and Electrochemical Methods for
Deep Purification, Kiev, Naukova dumka, 2002, 540 pp.;

vol. 2, Fiziko-khimicheskie i kristallizatsionnye metody glubokoi
ochistki (Physicochemical and Crystallization Methods for Deep

Purification), Kiev: Naukova dumka, 2003, 350 pp.

The two-volume monograph devoted to methods
for obtaining high-purity metals was written by pro-
fessor L.F. Kozin and S.V. Volkov, anacademician
of the National Academy of Sciences of the Ukraine,
who are well-known Ukrainia specialists in this field.
High-purity metals and metalloids largely determine
the development of quite a number of new fields of
science and technology and branches of industry. The
world’s technological practice has produced a vast
body of evidence concerning methods for obtaining
high-purity metals and metalloids (with total impurity
content of less than 10 1035 wt %.

The first volume of the monograph comprises a
foreword, introduction, three chapters, bibliographic
list, and subject index. The foreword written bycor-
responding members of the National Academy of
Sciences of the Ukraine, A.G. Belous and O.G. Zaru-
bitskii, points to the importance of the problem under
discussion. Rather stringent requirements to the purity
of materials are imposed by nuclear and semiconductor
industries: the total content of impurities should be on
the order of 1035

31036 and 1037
31039 wt %, respec-

tively. Of particular importance is the purity of metals
for nanotechnologies, which are being developed all
over the world. The brief introduction (pp. 5 and 6)
outline the variety of elements whose deep purifica-
tion is discussed in the first and second volumes of
the monograph.

The first chapter of the first volume (pp. 7333)
presents a general information. It considers the main
application fields of high-purity metals and metal-
loids, requirements imposed on their purity, accepted
classifications of high-purity materials, and methods
for analytical determination of their impurity content.

Inversion voltammetry, whose theoretical foundations
are being successfully developed in our country by
A.G. Stromberg and his school, neutron-activation
analysis, various spectral methods, and mass-spectro-
metry are discussed in the chapter. The second chapter
(pp. 343161) describes chemical methods for deep
purification of metals and metalloids. These methods
are based on chemical reactions in which substances
are converted, with the accompanying impurities sepa-
rated to give a high-purity main substance. A high sep-
arating capacity is characteristic of processes in which
nonvolatile and volatile hydrides are formed, reactions
of formation of organometallic compounds, and car-
bonyl processes. A considerable attention is given to
halide processes; a hydrochemical technique for puri-
fication of simple and compound substances is con-
sidered. The theoretical foundations of all these meth-
ods are presented and particular examples are given.

The third chapter of the first volume (pp. 1623492)
occupies in it the central position and contains evi-
dence about the electrochemical methods for deep pu-
rification of metals and metalloids. The efficiency of
deep purification by methods of this group primarily
depends on the difference in the electrode potentials
between the main component and the accompanying
impurities. The same factor strongly affects the choice
of an appropriate electrochemical refining technique.
The authors analyze in detail the standard electrode
potentials in aqueous solutions for a great number of
electrochemical systems and discuss the influence
exerted by various factors on the potentials. The ki-
netics of processes involving many-electron electrode
reactions is described for specific examples. Anodic
and cathodic processes involving bismuth, indium,



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 10 2004

1740 MORACHEVSKII

gallium, tin, and iron and their ions in various states
of oxidation are discussed in ample detail. The authors
are mostly based on the results of their own studies.
The fundamental aspects of electrodeposition and
anodic dissolution of lead in various electrolytes and
the electrochemical behavior of mercury have been de-
scribed previously in special monographs [Kozin, L.F.
and Morachevskii, A.G.,Fiziko-khimiya i metallurgiya
vysokochistogo svintsa(Physical Chemistry and Met-
allurgy of High-Purity Zinc), Moscow: Metallurgiya,
1991, 224 pp.; Kozin, L.F.,Fiziko-khimiya i metal-
lurgiya vysokochistoi rtuti i ee splabvov(Physical
Chemistry and Metallurgy of High-Purity Mercury and
Its Alloys), Kiev: Naukova dumka, 1992, 564 pp.]
and are virtually not discussed in the book under con-
sideration. The available published data on the kinet-
ics and mechanism of discharge and ionization of zinc
and on the electrochemical behavior of copper, silver,
cadmium, palladium, rhodium, and gold are analyzed.
It should be noted that the electrodeposition and dis-
solution of metals forming ions in various oxidation
states have been the subject of a special monograph
written by Kozin [Kozin, L.F., Electroosazhdenie i
rastvorenie mnogovalentnykh metallov(Electrodeposi-
tion and dissolution of Polyvalent Metals), Kiev:
Naukova dumka, 1989, 464 pp.]. The third chapter
contains evidence about the kinetics and mechanism
of the cathodic dissolution of metalloids: selenium,
tellurium, arsenic, germanium, and antimony. In ca-
thodic polarization of these elements in aqueous solu-
tions, they are mostly reduced to hydrides. For exam-
ple, selenium and its compounds can be reduced at
the cathode in acid and alkaline media to give sele-
nide ions Se23. The process of cathodic dissolution is
strongly affected by the pH of the medium, material
of the electrode, and potential of the cathode.

The same chapter (vol. 1, chapter 3) discusses the
separation coefficients in purification of metals by
electrochemical methods and, in particular, purifica-
tion of metals by single-stage electrolysis with solid
electrodes (zinc, cadmium, indium, thallium, silver,
gold, palladium). To purify some metals, it is advis-
able to use singlestage electrolysis with liquid elec-
trodes. Mercury is the most frequently used as a sol-
vent for producing a liquid anode. This is a basis of
the so-called[amalgam metallurgy.] Also possible is
use of gallium or low-melting formulations composed
of a number of metals. Methods of the amalgam met-
allurgy can be used to purify zinc, cadmium, gallium,
indium, and thallium to a rather high extent. In refin-
ing of tin, it is advisable to use the Wood alloy as
a solvent for producing a liquid anode. The final part
of the chapter is devoted to many-stage processes of

deep purifica-tion of metals by electrolysis with liquid
bipolar electrodes (zinc, cadmium, mercury, gallium,
indium, thallium, tin, lead, bismuth). A special section
of the chapter is concerned with deep purification
of metals by reactive electrolysis. This technique is
based on binding of impurities into electrochemically
inactive compounds upon addition of some elements,
as a rule, nonmetals. For example, introduction of
sulfur, selenium, tellurium, or silicon into a metal
being purified (lead, bismuth, cadmium, tin, indium,
etc.) results in that the impurities contained in the
metal form chalcogenides or silicides, being thus con-
verted into an electrochemically inactive state. The
impurities bound into chemical compounds are virtu-
ally not involved in the transfer of a metal being re-
fined from the anode to the cathode.

Application of hydride electrochemical methods
is discussed for the case of selenium, arsenic, and
germanium.

The bibliographic lists (pp. 4933533) are composed
separately for each of the three chapters. The total
number of references in the first volume of the mono-
graph is 1707. The volume ends with a subject index.

The second volume of the monograph has the same
structure as the first volume: it comprises an introduc-
tion, two chapters, conclusion, bibliographic list, and
subject index. The introduction (pp. 3 and 4) notes
that the authors were the first to generalize and sys-
tematize the evidence concerning the theory and prac-
tice of deep refining of metals and metalloids by dis-
tillation, rectification, sublimation, and crystallization
methods. In view of the involvement of metal sys-
tems in a liquid state in these processes, the authors
found it appropriate to pay a considerable attention
to a thermodynamic description of liquid alloys based
on lead, cadmium, zinc, indium, tin, and antimony.
The first chapter (pp. 53210) is named[Physical meth-
ods for deep purification of metals and metalloids.]

Taking into account the existence of quite a number
of monographs and spacious reviews devoted to the
subject, Kozin and Volkov chose for consideration,
among a great number of physicochemical methods,
only techniques based on distillation, rectification,
and sublimation. They described in detail the theory
and technology of deep purification of zinc, cadmium,
selenium, and tellurium by distillation and rectifica-
tion; deep purification of arsenic by sublimation, dis-
tillation, and rectification; and purification of scan-
dium, yttrium, and rare-earth metals by sublimation
and distillation.

The second chapter of the second volume (pp. 2113

320) is devoted to crystallization methods for separa-
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tion and purification. These techniques are based on
recrystallization of the starting component from melts
(melt3solid) in a certain (optimal) temperature mode.
The crystallization methods are mostly applied to
metals and metalloids in the final stage of purification
(finishing purification). The authors describe the the-
oretical and technological aspects of the crystallization
purification; purification of lead, aluminum, gallium,
indium, and noble metals; and crystallization purifica-
tion of metalloids: sulfur, selenium, tellurium, arsenic,
and antimony.

In the conclusion (pp. 3213323), the authors once
again call attention to the complexity of processes
used for obtaining high-purity metals and metalloids.
It is commonly accepted that every subsequent de-
crease in the content of impurities in a high-purity
material by an order of magnitude leads to an increase
in its production cost by a factor of 235. The conclu-
sion is also given in English (pp. 3243326). The bib-
liographic list for chapters of the second volume con-
taines 808 references.

The monograph by Kozin and Volkov presents
a detailed analysis of a wide variety of methods for
obtaining high-purity metals and metalloids. In most
detail are described the electrochemical behavior of
metals in aqueous media and electrochemical refining

techniques. At the same time, an impression iscre-
ated, when reading the book, that part of the mate-
rial presented could be excluded from the monograph
without any noticeable sacrifice of understanding of
the processes under consideration. Taking into ac-
count the earlier review and monographic publications
of the authors, it would be appropriate to present in
a considerably more concise form the section devoted
to the kinetics and mechanism of electrode processes
involving polyvalent metals (pp. 1733298) in the first
volume. In the second volume, the thermodynamic
evidence (pp. 7393) given without any authors’ con-
cept are virtually unused in the subsequent presen-
tation. These and some other curtailments would make
the monograph more concise and closer to the tech-
nological practice.

After the year of 1991, the science experiences
severe difficulties in all countries of the former Soviet
Union, including the Ukraine. The major contribution
by the authors in these not simple conditions deserves
a deep appreciation. The book is of interest for a wide
audience of specialists who deal with electrochemistry
of aqueous solutions and production of high-purity
metals and metalloids by various methods.

A. G. Morachevskii
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Abstract�A method for processing of secondary tungsten- and cobalt-containing materials is suggested.
The optimal parameters of the processes involved and the consumption of chemicals are determined.

Processing of secondary tungsten-containing raw
materials, and primarily the recovery of tungsten and
cobalt from worn-out drilling and cutting tools, is
an urgent problem.

Hydrometalurgical, pyrometallurgical, physical,
and electrochemical methods for processing of tung-
sten�cobalt alloys of the VK type are known [1�5].
These processes are low-intensive, have low selectiv-
ity, and involve discharge of noxious substances (ni-
trogen oxides, hydrogen fluoride) into the atmosphere.
The existing techniques are mainly applicable to proc-
essing of lump scrap of cutting tools, but show low
efficiency in recovery of tungsten and cobalt from
worn-out roller drill bits used in mining and geo-
logical prospecting. Chemical and electrochemical
methods performed in melts based on alkali metal
hydroxides show promise for processing of raw mate-
rials of this kind [6�12].

Of particular interest is recovery of tungsten from a
tungsten-containing alloy by oxidative calcination. It
has been suggested to perform this procedure at 780�

820�C with subsequent leaching-out of tungsten com-
pounds [13]. A technique for recovery of tungsten
from lumps of high-alloy materials has been patented
[14]. This technique consists in heating of the starting
product in air at 800�900�C for 48 h followed by
treatment of the oxidized products with a solution of
an alkali metal hydroxide in an autoclave at 140�

195�C for 6�10 h. The total duration of the process is
54�64 h.

EXPERIMENTAL

The method suggested for processing of worn-out
roller drill bits (drilling tools) is based on oxidation

of a hard composite alloy (tungsten carbide with a
cobalt binder) in an air flow, mechanical disintegra-
tion of the brittle oxidized product, and removal of its
residual amounts from sockets in an alkali melt.

Samples of the same type, 200�250-g fragments of
roller drill bits, were used in the experiments. Each
sample contained two picks made of a WC�Co hard-
alloy formulation. Part of the samples contained picks
12 mm in diameter, embedded to a depth of 10 mm,
and part, picks 8 mm in diameter, embedded to a
depth of 5 mm. The roller drill bit from which the
samples were cut was completely worn out: the picks
were completely worn virtually to the level of the
steel base. The samples were treated in a muffle fur-
nace with apertures for in- and outflow of air. Air was
pumped with a compressor through the aperture in the
furnace at a flow rate of 10�30 l h�1. The hydroxide
melt was fused in a corundum crucible.

Worn-out roller drill bits were heated to 950�

1050�C and kept in the furnace for a time sufficient
for oxidation of the hard-alloy picks. The components
of the hard alloy are oxidized by the reactions

WC + 2.5O2 = WO3 + CO2, (1)

CO2 + Co = CoO + CO. (2)

The oxidation product is formed as a kind of
�columns� or �flowers� growing from the sockets and
occupies a volume exceeding by a factor of 6 that of
the initial hard alloy (Fig. 1). The above temperature
interval is the optimal. At lower temperatures, the
oxidation rate markedly decreases. The same occurs as
the temperature is raised from 1050 to 1100�C, and
upon further increase in temperature, the oxidation of
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(a)

(b)

Fig. 1. Roller drill bit (a) before and (b) after oxidative
calcination at 1000�C.

T, K
Fig. 2. Oxidation rate v of compact samples of the WC�Co
alloy vs. temperature T.

the hard alloy is inhibited at all (Fig. 2). This is due to
the formation on the pick surface of a thin dense layer
of cobalt tungstate, preventing penetration of oxygen
to the hard alloy. The tungstate is formed at ap-
proximately 1000�C by the reaction of tungsten(VI)

and cobalt(II) oxides:

CoO + WO3 � CoWO4

It was established experimentally that the rate of
oxidation of VK alloys in air decreases at 1200�C by
more than an order of magnitude, compared to 950�

1050�C, with the reaction surface shielded by a layer
of CoWO4 (the salt was identified by X-ray phase
analysis), in which the content of WO3 is virtually
zero.

The amount of oxygen theoretically necessary for
oxidation of 1 kg of VK4, VK6, VK12, and VK15
alloys is 281, 279, 273, and 270 l, respectively. In
terms of air, this amounts to 1.34�1.29 m3. To ensure
a high oxidation rate in practice, air is to be delivered
at a 4�5-fold excess. For example, if oxygen is sup-
plied at a fivefold excess, the volume V (m3) of air,
necessary for oxidation of hard-alloy picks in the
roller drill bits, can be calculated by the formula

V = 66mc, (4)

where m is the mass of roller drill bits (tons), and
c is the average content of a hard alloy in the bits (%).

The rate of air delivery into the furnace, W
(m3 h�1), is given by

W = 66mc/�, (5)

where � is the duration of the stage of oxidation of
hard-alloy picks (h).

The value of � depends on the type of bits. In par-
ticular, picks inserted to a depth of 5 mm are com-
pletely oxidized in 4�5 h, and for those with insertion
depth of 10 mm, the oxidation takes about 20 h.

Taking into account the consumption of atmospher-
ic oxygen for oxidation of the hard alloy and, in part,
for oxidation of the metal in the base of the roller
drilling bits, it is desirable to maintain the content of
O2 in the outflowing air at about 12�16 vol %.

The mass of the oxidized product increases relative
to that of the initial hard alloy by (%): 18.65 for VK4,
18.83 for VK6, 19.35 for VK12, and 19.63 for VK15.
In calculating the heat balance of the furnace, it is
necessary to take into account the fact that 5710�

5950 kJ kg�1 is released as a result of chemical oxida-
tion of the hard alloy alone.

After the oxidation of the hard-alloy picks is com-
plete, the resulting oxidized product is disintegrated
mechanically, for which purpose the roller drill bits
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are subjected to one of the following types of treat-
ment: barrel grinding, shot blasting, or water-jet
treatment. The last two are preferable to barrel grind-
ing. No less than 5/6 of the total mass of the oxidized
product is disintegrated. The rest remains in the
sockets.

The crushed mixture of tungsten and cobalt oxides
with scale is subjected to magnetic separation. To
diminish the capture of the oxides by the scale being
separated, it is advisable to perform separation in an
aqueous medium bubbled with air. This requires the
subsequent settling, decanting, and drying of the
finished product.

The oxidized product remaining in the sockets of
roller drill bits is removed in a melt based on sodium
hydroxide. To make lower the viscosity of the alkali
melt, 4�8 wt % NaNO3 and 1�3 wt % NaCl are intro-
duced into the melt, so that it has the following com-
position (wt %): NaOH 89�95, NaNO3 4�8, and NaCl
1�3.

The drill bits are melt-treated at 450�550�C for 5�
10 min. Tungsten(VI) vigorously reacts with the alkali
by the reaction

WO3 + 2NaOH = Na2WO4 + H2O�. (6)

The forming sodium tungstate has a high solubility
in the melt. In processing of roller drill bits, the con-
tent of Na2WO4 is brought to 50�60 wt %, and after
that the melt is discharged (cast into molds or iron
drums). The solidified melt, which is an alkaline con-
centrate of sodium tungstate, is subjected to further
processing [6]. In contrast to tungstic anhydride,
cobalt oxide is only sparingly soluble in the alkali
melt. Therefore, CoO precipitates in bath operation in
the form of a slime, which is removed at regular inter-
bals, together with the slime collector (pan), and
directed to hydrometallurgical processing to give pure
cobalt oxide [6].

CONCLUSIONS

(1) A method for processing of tungsten- and
cobalt-containing secondary raw materials (roller drill
bits) was suggested. This method includes the follow-
ing main procedures: oxidative calcination at 950�

1050�C and treatment in a NaOH�NaNO3�NaCl melt
at 450�550�C.

(2) An unusual effect of temperature on the oxida-
tion rate of a hard-alloy formulation of the VK type
(WC�Co) was observed. On heating the initial sub-
stance to 950�1050�C, the intensity of the process
increases, but, on raising the temperature further, it
falls dramatically because of formation on the sample
surface of a dense layer of cobalt tungstate, which
markedly hinders penetration of oxygen into the reac-
tion zone.

REFERENCES

1. Shapiro, K.Ya., Kuz’micheva, K.I., and Evstigne-
eva, E.D., Tsvetn. Met., 1970, no. 8, pp. 52�54.

2. Abrasheva, B., Chavdarov, G., Chavdarova, T., and
Georgiev, G., God. Inst. Tsvetn. Met. (Plovdiv), 1984,
vol. 22, pp. 92�104.

3. US Patent 4 385 972.
4. Satyvaldiev, A. and Asanov, U.A., Zh. Prikl. Khim.,

1995, vol. 68, no. 1, pp. 123�126.
5. Nikitina, L.S., Tsvetn. Met., 1989, no. 9, pp. 84�89.
6. Orel, V.P., Dmitruk, B.F., Zarubitskii, O.G., and

Kushkhov, Kh.B., Ekotekhnol. Resursosberezh., 1994,
no. 3, pp. 37�42.

7. Dmitruk, B.F., Zarubits’kii, O.G., and Dyachen-
ko, N.M., Vikorist. Vidkhod. Virobn., 1999, no. 4,
pp. 98�101.

8. Ukrainian Patent 20 016.
9. Ukrainian Patent 45 189.

10. RF Patent 2 102 317.
11. Dyachenko, N.M., Zarubits’kii, O.G., and Dmit-

ruk, B.F., Viluchennya kol’orovikh, ridkisnikh ta
dorogotsinnikh metaliv z vidkhodiv promislovikh ta
yuvelirnikh virobnitstv Ukraini, Yalta, 25�27 veresnya
1988 (Recovery of Nonferrous, Rare, and Precious
Metals from Wastes of Industrial and Jewelry Enter-
prises of Ukraine, Yalta, September 25�27, 1988),
Kiev, 1988, pp. 10�12.

12. Zarubitskii, O.G., Dmitruk, B.F., Orel, V.P., and
Dyachenko, N.M., Joint Int. Meet. 192 ES USA and
48 ISE Paris, Paris, September 5, 1997, vol. 97-2,
p. 775.

13. USSR Inventor’s Certificate no. 46 045.
14. US Patent 3 887 680.



1070-4272/04/7711-1746�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 11, 2004, pp. 1746 �1749. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 11,
2004, pp. 1764 �1767.
Original Russian Text Copyright � 2004 by Zarubitskii, Dmitruk, Dyachenko.

INORGANIC SYNTHESIS
����������������� �����������������

AND INDUSTRIAL INORGANIC CHEMISTRY

Processing of Wastes from Manufacture of Cut Diamonds

O. G. Zarubitskii, B. F. Dmitruk, and N. M. Dyachenko

Vernadsky Institute of General and Inorganic Chemistry, National Academy of Sciences of Ukraine,
Kiev, Ukraine

Received June 23, 2004

Abstract�Test experiments on recovery and purification of diamonds in melts based on alkali metal hydrox-
ides and ammonium hydrofluoride were carried out. A method for processing of diamond-containing materials
is suggested and apparatus for implementing this technology is described.

Manufacture of cut diamonds from natural dia-
monds mainly involves their physical and mechanical
treatments: cutting, grinding, and faceting. In the
process, a significant part of the starting material is
transformed into a waste in the form of fragments,
chips, and dust. The existing process for recovery
of diamonds from industrial waste consists in the
following. Wastes collected from working places
together with contaminants are subjected to magnetic
separation and manual sorting. After that, the waste is
burnt in special furnaces. The heavy and light frac-
tions of the resulting ash are separated in bromoform
(CHBr3). The heavy fraction is processed in boiling
solutions of acids: hydrochloric (1 : 1), nitric (1 : 1),
and concentrated sulfuric. The total duration of such a
treatment is 5�7 h. A dried residue is leached by
fusing it with sodium hydroxide at 600�C and dissolv-
ing the fusion cake in hot water. The solid residue is
again treated with HCl, washed, and dried, with undis-
solved impurities removed and diamonds divided into
fractions manually. Thus, the existing process is low-
intense and multistage and involves the use of boiling
concentrated solutions of strong acids; moreover,
more than 10% of the diamond material is lost through
etching.

In this context, it seems appropriate to develop
effective chemical solvents that would ensure dissolu-
tion of all foreign substances in the diamond-contain-
ing waste without etching of the diamonds them-
selves. Solvents of this kind were sought-for taking
into account the properties of diamonds and the com-
position of industrial wastes from manufacture of
cut diamonds.

It should be noted that the most difficultly soluble
substances among the foreign impurities contained in
the waste in question are carbon (graphite), corundum,

carbides (e.g., SiC), quartz sand, and minerals [1].
Removal of metallic and organic components presents
no special problems. Of certain interest in this context
are data on purification of synthetic diamonds. Com-
monly, an agglomerate containing firmly bound
graphite, diamonds, catalyst, carbides, and the materi-
al of the high-pressure container (aragonite, silicon
dioxide, silicates) is removed from the reaction mix-
ture in synthesis of diamonds [2]. The first stage of
purification consists in dissolution of the catalyst and
the carbide phase with acids or mixtures of these. In
the second stage, graphite is selectively oxidized with
various reagents. In the third stage, compounds that
are insoluble in water, solutions of acids (with the
exception of hydrofluoric acid), and alkalis are re-
moved, if the content of these compounds exceeds 1%
of the total mass [3].

It is known that acid solutions, suspensions, and
melts of alkali metal hydroxides, nitrates, and carbo-
nates can be used to separate graphite from diamonds
[3, 4]. According to the available data, etching of
diamonds in alkaline solutions becomes noticeable at
about 600�C, although in some papers lower tempera-
tures are indicated [5, 6]. Of the other molten media
used for purification of diamonds, mention should be
made of molten mixtures based on sodium tetrafluoro-
borate, sodium peroxide, and halides of alkali and
alkaline-earth metals. The first of these melts ensures
removal of silicates and alumina-containing wastes at
700�1000�C. However, the strength of diamonds
decreases and their cracking is observed because of
the high working temperature in this case. The second
of the above melts is used to recover diamonds from
diamond-containing wastes at glass works. Unfor-
tunately, the quality of diamonds is also impaired
upon a purification of this kind [7].
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Table 1. Results obtained in purification of diamonds in alkali and alkali-salt melts
������������������������������������������������������������������������������������

Run
� Melt composition, wt % �

T, �C
�

�,
� Sample mass, g �

Weight������������������������������� � ����������������������������
no.* � NaOH � KCl � NaNO3 � K2S2O7 � � min �before experiment�after experiment� loss, %

������������������������������������������������������������������������������������
1 � 100 � � � � 600 � 120 � 35.751 � 8.743 � 76.3
2 � 100 � � � � 650 � 120 � 36.512 � 6.755 � 81.5
3 � 100 � � � � 750 � 120 � 35.976 � 3.490 � 90.3
4 � 60 � � 40 � � 480 � 200 � 26.000 � 3.588 � 86.2
5 � 50 � 10 � 40 � � 500 � 30 � 19.009 � 5.722 � 69.9
6 � 40 � � 40 � 20 � 450 � 120 � 22.600 � 7.413 � 67.2
7 � 40 � � 40 � 20 � 500 � 120 � 22.763 � 4.530 � 80.1
8 � 35 � � 35 � 30 � 500 � 120 � 33.763 � 4.634 � 86.3
9 � 80 � � � 20 � 480 � 120 � 30.119 � 21.655 � 28.1

������������������������������������������������������������������������������������
* In run nos. 1 and 2, the purification of diamonds is incomplete; in nos. 4�9, diamonds are etched; and in no. 3, diamonds are etched

at incomplete purification.

EXPERIMENTAL

With account of the known data on the composi-
tion of solvents for processing of diamonds and
diamond-containing mixtures, an attempt was made to
use alkali and salt�alkali melts for recovery of dia-
monds from industrial wastes formed in manufacture
of cut diamonds.

As additives to alkalis were used strong oxidizing
agents: sodium and potassium nitrates, potassium per-
sulfate and chromate, and sodium peroxide, as well
as KCl and NaF. The range of working temperatures
was 400�750�C. The results of selected experiments
and conditions in which they were carried out are
listed in Table 1. Similar results were obtained with
molten potassium hydroxide and mixtures based on
this compound. The treatment in melts was combined
with that in an acid, hydrochloric or nitric. However,
in no case could be simultaneously achieved the
desired efficiency and quality of purification: at low
temperatures, the process is insufficiently intensive,
whereas at high temperatures and in the presence of
an oxidizing agent, the quality of diamonds is im-
paired by their etching.

Having analyzed the possible solutions of the prob-
lem, we came to a conclusion that a low-temperature
reaction medium is to be used in recovery of dia-
monds from wastes of jewel factories. As versatile
solvent-reagent was taken ammonium hydrofluoride.
The reactivities of aqueous solutions of NH4HF2
and of its melts were studied experimentally. It was
established that ammonium hydrofluoride can vigor-
ously react with metal oxides, including quartz,
corundum, silicates, aluminosilicates, and, at elevated
temperatures, even with carbon. The parameters of

procedures used for treatment of diamond-containing
wastes were chosen in solutions and melt of NH4HF2
at 100�200�C. Selected data are listed in Table 2. It
can be seen that the intensity of impurity removal in
a molten ammonium hydrofluoride grows as the tem-
perature is raised. However, the volatility of the melt
becomes noticeable at 175�180�C. Therefore, to pre-
clude evaporation of NH4HF2, a new procedure was
applied: its surface was covered with a layer of molten
paraffin. It was established experimentally that effec-
tive purification of diamonds to remove foreign in-
clusions (impurities) should be performed at 140�

200�C in the course of 1.5�3 h. No etching of the
diamond surface occurs in this case.

Complete purification of diamonds also required an
acid treatment in a boiling concentrated solution of
HNO3. The strongest effect was obtained upon direct
dilution of the NH4HF2 melt (after the waste proces-
sing in this melt was complete) with hot (80�90�C)
water taken in a 1 : 1 ratio. It was found that effective
purification of diamonds is only achieved upon a com-
bined treatment with the melt and the acid (Table 3).
In this case, the duration of treatment in a solution of
HNO3 should be 1�1.5 h. The working capacity of the
ammonium hydrofluoride melt was also determined
experimentally. It was established that, for the process
to be effective, the mass ratio of the melt and the raw
material of process origin should be no less than 5 : 1.

The process developed in this study comprises the
following steps: burning of the waste, separation of
light fractions of the ash in bromobenzene, treatment
of heavy fractions of the ash with molten ammonium
hydrofluoride at 140�200�C for 1�3 h, dilution of the
melt (fusion cake) with hot water taken in a 1 : 1 ratio,
treatment of the dry residue with a boiling concen-
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Table 2. Results obtained in purification of diamonds in ammonium hydrofluoride
������������������������������������������������������������������������������������
Composition of reaction mixture, wt % �

T, �C
�

�, min
� Sample mass, g �

Weight loss,����������������������������� � ����������������������������
NH4HF2 � H2O � � � before experiment� after experiment� %

������������������������������������������������������������������������������������
50 � 50 � 100 � 60 � 25.150 � 17.555 � 30.2
50 � 50 � 100 � 180 � 17.553 � 8.497 � 51.6
50 � 50 � 115 � 60 � 25.009 � 12.705 � 49.2
50 � 50 � 115 � 120 � 12.705 � 5.298 � 58.3
87 � 13 � 130 � 120 � 5.003 � 3.060 � 61.2
87 � 13 � 150 � 120 � 31.939 � 8.686 � 72.8
87 � 13 � 150 � 120 � 8.686 � 2.962 � 65.9

100 � � � 130 � 60 � 25.021 � 15.413 � 38.4
100 � � � 130 � 60 � 25.000 � 14.702 � 41.2
100 � � � 150 � 60 � 25.000 � 13.906 � 44.4
100 � � � 150 � 60 � 25.105 � 12.452 � 50.4
100 � � � 150 � 60 � 12.452 � 5.915 � 52.5
100 � � � 150 � 60 � 5.915 � 3.117 � 47.3
100 � � � 150 � 60 � 3.115 � 1.786 � 42.7
100 � � � 175 � 120 � 25.363 � 2.688 � 89.4

������������������������������������������������������������������������������������

Table 3. Results obtained in purification of diamonds by melt�acid treatment
������������������������������������������������������������������������������������

Weighed portion � Treatment in molten ammonium hydrofluoride � Duration of treat- � Dry �
Purification������������������������������������ � �of heavy fractions

� T, �C � �, min �
ment with boiling

�
residue,

� quality
of the waste, g � � � HNO3, h � g �

������������������������������������������������������������������������������������
25.02 � 125 � 4.0 � 1.5 � 4.12 �Incomplete
25.30 � 140 � 2.0 � 1.5 � 3.57 ��
25.05 � 140 � 3.0 � 1.5 � 2.60 �Pure diamonds
25.16 � 140 � 4.0 � 1.5 � 2.64 ��
25.08 � 140 � 3.0 � 1.0 � 3.18 �Incomplete
25.10 � 140 � 3.0 � 2.0 � 2.62 �Pure diamonds
25.00 � 175 � 2.0 � 1.25 � 2.58 ��
25.12 � 200 � 1.0 � 1.0 � 3.39 �Incomplete
24.97 � 200 � 1.5 � 1.0 � 2.43 �Pure diamonds
25.05 � 200 � 1.5 � 0.5 � 3.25 �Incomplete

������������������������������������������������������������������������������������

trated solution of HNO3 for 1�1.5 h, washing, drying,
and separation of diamonds into fractions.

The apparatus for performing this process includes
a purification bath (electric furnace with a container
for the melt and a unit for monitoring and maintaining
the prescribed temperature) and baths with an acid and
warm flowing water. To improve the purification
efficiency, the bath with the melt is equipped with a
device for rocking the wire basket in which the raw
material to be processed is placed. The rocking is
carried out at a frequency of 20�40 min�1 in the ver-
tical direction. To collect slime, a pan with perforated
side walls covered on the inside with a fine nickel
mesh is placed on the bath bottom.

The process developed for recovery of diamonds
from the waste formed in manufacture of cut dia-
monds is efficient, with virtually zero loss of the
diamond material. This technique can be used to re-
cover, together with other diamond fractions, diamond
dust. In addition, the full process cycle is shortened,
compared to that presently used in the industry, by
a factor of approximately 2.

CONCLUSIONS

(1) An effective low-temperature melt based on
ammonium hydrofluoride is suggested. This melt
ensures removal of the most part of foreign inclusions
present in diamond-containing wastes from manufac-
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ture of cut diamonds. A procedure precluding evapora-
tion of NH4HF2 from the melt surface was developed.

(2) A technique for obtaining pure diamonds from
secondary raw materials, waste from manufacture of
cut diamonds, was developed. The method suggested
rules out any loss of the valuable material being re-
covered, with the duration of the process decreasing
by a factor of approximately 2, compared to the exist-
ing industrial technique. An apparatus for performing
the procedure is suggested.
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Abstract�Distribution of phenol between aqueous and organic phases at maximal dilution in the range
283�328 K was studied chromatographically. Ten systems containing saturated and aromatic hydrocarbons
were examined.

The distribution coefficients of organic compounds
in liquid�liquid systems are required for many pur-
poses including development of extraction processes
with organic solvents of various types and recovery,
concentration, separation, and identification of sub-
stances. Distribution of a substance between im-
miscible solvents is determined by the difference in
intermolecular interactions of this substance with the
solvents. These interactions are studied by the solu-
tion theory. Ionization, hydration, and association
constants [1�3] and activity coefficients [4] can be
calculated form the distribution coefficients. Distri-
bution coefficients in combination with gas chroma-
tographic retention indices can be used to classify
unknown organic compounds [5, 6]. Features of inter-
phase distribution are extensively studied [7, 8].
The distribution coefficients are published in special
handbooks [9, 10].

Phenol distribution in water�organic systems was
extensively studied [11]. However, most of the distri-
bution constants were measured at 20�2�C. Data of
different authors are sometimes inconsistent with each
other. Many experiments were performed in acidified
solutions and in solutions containing salt additives.

Improvement of procedures for determining distri-
bution coefficients is also an urgent problem. Chroma-
tographic analysis gives additional information on
the presence of impurities, mutual solubility of the
solvents, and occurrence of hydrolysis and other
chemical reactions in the system [12].

The aim of this work was to develop a relatively
simple and reliable chromatographic procedure for
studying distribution of a low-volatile component
between two phases and to determine the distribution
coefficient of phenol between water and organic

solvents at different temperatures. Saturated hydrocar-
bons (n-hexane, n-heptane, n-octane, and cyclohexane)
and aromatic hydrocarbons (benzene, toluene, ethyl-
benzene, o-xylene, p-xylene, and m-xylene) were used
as organic solvents. The distribution coefficients of
phenol in 10 systems were measured at 10, 25, 40,
and 55�C.

EXPERIMENTAL

The aqueous and organic phases were analyzed on
a Multifract F-45 gas chromatograph (Perkin�Elmer,
Germany) equipped with a flame ionization detector
(FID). The samples were taken and injected in the
chromatograph manually with the aid of a 10-�l Ham-
ilton microsyringe. To keep the volume of injected
liquid samples constant (2 �l), a special metal stop
was fixed on the syringe rod.

The gas chromatographic analysis was performed
under the following conditions: a 2-m metal column
3 mm in diameter was packed with Porapak P (50�
80 mesh); flow rate of carrier gas (helium), hydrogen,
and air was 25, 40, and 400 ml min�1, respectively;
the temperature of the column, detector, and injector
was 200, 220, and 220�C, respectively; the detector
sensitivity was 5�10�11 A; the analysis duration was
20 min. Under these conditions, the retention time of
phenol is 13 min and its chromatographic peak is
highly symmetrical. Each experiment was repeated at
least four times. The electrical signal was treated with
the aid of MultiChrom 1.5 for Windows software
(Russia). The determination error of the peak area for
the aqueous and organic samples was, on the average,
2 and 1.5%, respectively, and did not exceed 3%.

All organic solvents were distilled on a rotary
distillation column with the 20 TP performance. The
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solvent purity was determined chromatographically.
If the purity was insufficient, the solvent was distilled
again. The main requirement to the solvent purity
was low concentration of low-boiling impurities and
the absence of compounds with the retention time
close to that of phenol. Water was double-distilled
from KMnO4 on a 30-cm distillation column. Phenol
was purchased from Merck (Germany) and used as
received. The content of the main compound was
99.5%.

To determine the equilibrium distribution coef-
ficients of phenol between the aqueous and organic
phase at different temperatures, the phenol concen-
tration in these phases was measured by gas chroma-
tography [13]. The experiments were performed in
a 100-ml glass cell (Fig. 1) whose temperature was
controlled with a U-7c thermostat (Poland). The pipes
were hermetically sealed with Teflon-coated silicon
rubber seals and with screw stoppers. The cell had
central and bottom lateral pipes to take upper (organic)
and lower (aqueous) phases, respectively. The cell
was equipped with a magnetic stirrer. To prevent
emulsification, only the aqueous phase was vigorously
stirred.

A stock 1% aqueous solution of phenol was pre-
pared as follows. Solid phenol was melted (mp =
41�C). Liquid phenol (0.2 ml) was transferred with
an automatic pipet into a 22.3-ml glass vessel and
weighed. Double-distilled water (20 ml) was added,
and the vessel was weighed again on an Ohaus Ex-
plorer electronic balance with an accuracy of 0.1 mg.

Double-distilled water (43 ml) was added into the
cell with the aid of an automatic pipet. Then a 1%
aqueous solution of phenol (2 ml) was added with
a pipet, and the cell was loaded with organic solvent
(45 ml). The resulting volume ratio of the phases was
1 : 1. The initial phenol concentration in the aqueous
phase was about 5 �10�3 M. At this concentration,
phenol does not associate in the solution. The distri-
bution coefficient of phenol between benzene and
water at 25�C is almost independent of the phenol
concentration up to 10�2 M [11]. In our experiments,
the phenol concentration in the aqueous and organic
phases was about 10�3 M. In this concentration range,
the distribution coefficient is virtually constant and its
determination error is lower than that in more dilute
solutions.

The distribution coefficients were measured at 10,
25, 40, and 55�C. To attain the equilibrium, the sys-
tem was kept for no less than 1 h. The cell was ther-
mostatically controlled with an accuracy of �0.05�C.

Fig. 1. Cell for study of (I) phenol distribution between
(II) aqueous and (III) organic phases.

After the equilibrium was attained, the samples were
taken with a microsyringe. Four to six samples of
aqueous and then organic phases were analyzed chro-
matographically.

The phenol concentration in the aqueous and
organic phases was determined from the peak area.
Since the detector signal is proportional to the amount
of the substance passed through the detector, the
detector signal is proportional to the molar concentra-
tion of phenol in the sample. The ratio of the peak
areas in the chromatograms of aqueous and organic
phases will be equal to the distribution coefficient, if
the detector works in the linear range and the sample
volumes are the same:

S = k Vd c,

where S is the chromatographic peak area, Vd is the
injected volume (ml), k is the coefficient, and c is the
equilibrium concentration.

The molar distribution coefficient of phenol is cal-
culated by the equation

corg Sorg
Kd = ���� � ����, (1)

caq Saq

where corg and caq are the equilibrium phenol concen-
trations in the organic and aqueous phases (M); Sorg
and Saq are the peak areas of phenol in the chromato-
grams of the organic and aqueous phases.

The volume of injected samples was kept constant
with the aid of a special metal stop fixed on the
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Distribution coefficients of phenol between aqueous and organic phases
������������������������������������������������������������������������������������

Solvent
� 2Kd��Kd at indicated temperature, �C
���������������������������������������������������������������������
� 10 � 25 � 40 � 55

������������������������������������������������������������������������������������
n-Hexane � 0.099�0.004 � 0.148�0.007 � 0.195�0.006 � 0.244�0.016
n-Heptane � 0.098�0.005 � 0.137�0.005 � 0.186�0.002 � 0.231�0.007
n-Octane � 0.091�0.004 � 0.133�0.006 � 0.169�0.006 � 0.208�0.010
Cyclohexane � 0.119�0.005 � 0.180�0.007 � 0.241�0.010 � 0.311�0.008
Benzene � 1.74�0.07 � 2.06�0.03 � 2.38�0.09 � 2.64�0.08
Toluene � 1.10�0.04 � 1.36�0.02 � 1.63�0.07 � 1.87�0.06
o-Xylene � 1.23�0.02 � 1.47�0.04 � 1.66�0.03 � 1.85�0.06
p-Xylene � 1.11�0.02 � 1.29�0.03 � 1.46�0.04 � 1.62�0.05
m-Xylene � � � 1.32�0.02 � 1.47�0.06 � �

Ethylbenzene � 0.89�0.02 � 1.17�0.02 � 1.34�0.06 � 1.48�0.02
������������������������������������������������������������������������������������

syringe rod. The linearity of the concentration depen-
dence of the detector signal in the range from 0.002 to
0.025 wt % was experimentally checked with five
reference aqueous solutions of phenol.

It should be noted that, in this case, the distribution
coefficient of phenol was determined without addi-
tional calibration of the chromatograph with external
references and without taking the volume of the aque-
ous and organic phases into account, which made the
determination more accurate [13].

The temperature dependence of the distribution
coefficient of phenol in a water�benzene system is
shown in Fig. 2 in comparison with the similar depen-
dence determined in the aqueous HCl (pH 2)�benzene
system by the photometric procedure. The phenol
concentration ranged from 1 �10�2 to 5 �10�4 M.
We used double-distilled water as the aqueous phase.
The aqueous phenol solution was neutral. Since

Kd

1000/T, K�1

Fig. 2. Distribution coefficients of phenol in the benzene�
water system, measured (1) in this work and (2) in [14].
(T) Temperature; the same for Fig. 3.

phenol is a weak acid (K = 1.3 �10�3), its distribution
coefficient should depend on the pH of the aqueous
phase. However, calculations and the experimental
data [11] show that only 0.1% of phenol molecules
are dissociated at the phenol concentration of about

1000/T, K�1

Kd (a)

Kd (b)

1000/T, K�1

Fig. 3. Phenol distribution coefficient between aqueous
phase and (a) alkanes [(1) hexane, (2) heptane, (3) octane,
and (4) cyclohexane] and (b) aromatic hydrocarbons
[(1) benzene, (2) toluene, and (3) ethylbenzene].
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10�3 M and pH 7, which has virtually no effect on
the distribution coefficient. Negligible discrepancy
(7�8%) with the published data is likely due to the
determination error and salting-out effect of hydro-
chloric acid.

The distribution coefficient of phenol in 10 systems
at 10�55�C are summarized in the table.

The dependences of the distribution coefficient of
phenol in water�alkane system and in water�aromatic
hydrocarbon systems on the reciprocal temperature are
shown in Fig. 3a and 3b, respectively. As seen from
Fig. 3, the distribution coefficient decreases with
an increase in the molecular weight or molar volume
of the homologs.

It is known that the extracting power is determined
by certain functional groups of the solvent. In the
case of phenol extraction, this group is the aromatic
ring. The distribution coefficients of phenol between
saturated hydrocarbons and water are lower than 1
and decrease with an increase in the length of the hy-
drocarbon chain. In this case, the extraction depends
on packing of phenol molecules in the solvent. The
fact that the distribution coefficient of phenol in the
cyclohexane-water system is higher than that in the
n-hexane-water system is caused by this factor.
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Abstract�Sorption of gold ions by aminated shungite from chloride solutions was studied. The effects of
the solution pH and process duration on the degree of recovery were considered.

Sorption methods of concentrating precious metals
(PM) using various materials occupy a prominent
place in their analytical chemistry [1�3]. The use of
known organopolymer sorbents with good sorption
characteristics for PM recovery involves certain prob-
lems associated with their swelling, low rate of the
process, and insufficient desorption of metal ions [1].
Widely used activated carbons are able to sorb quanti-
tatively microamounts of platinum metal and gold
ions from solutions; however, the equilibrium is at-
tained within a rather long time, and the carbon re-
generation involves problems [4].

Recently we initiated studies of the sorption of PM
ions by modified shungites, which appeared to be
effective sorbents [4�6].

The sorption technology involving expensive
AM-2B anion exchanger is in wide use at enterprises
of gold mining industry of the Kazakhstan Republic
and CIS countries. Therefore, along with the problem
of increasing gold mining, the search for new avail-
able and cheap sorbents is necessary. We developed
anion exchangers based on modified epoxy and amino
derivatives of shungites abundant in our region [4�6].
The results of recovering silver and platinum ions by
aminated natural sorbents showed that surface-modi-
fied shungite rocks quantitatively recover precious
metal ions within a short time [5, 6].

The study of sorption parameters of the new sor-
bent based on aminated shungite containing poly-
vinylpyridine in granules showed that functional
groups with nitrogen donor atoms determine its
chemical and analytical properties and its ability to
extract precious metal ions.

The aim of this work was a study of the properties
of aminated shungite as a sorbent for gold(III) ions

from standard solutions and the subsequent analytical
determination of these ions.

A shungite concentrate containing 80% carbon was
prepared by demineralizing natural shungite (20%
carbon) with subsequent granulation [6]. Aminated
shungite was obtained by the polymerization of
2-methyl-5-vinylpyridine in shungite granules. Ac-
cording to the elemental analysis, the content of ni-
trogen in the aminated product was 27.16%; the
weight gain of the sorbent after polymerization was
2.51%.

We prepared the starting solution of gold(III) by
dissolving gold metal in a mixture of hydrochloric and
nitric acids (3 : 1) with subsequent boiling down with
concentrated HCl. Working solutions of gold(III) were
prepared by dilution of the starting H[AuCl4] solution.
The required acidity was created by adding HCl and
NaOH and was monitored by an EV-74 pH-meter
with an ESL-43-07 glass electrode. The sorption of
gold(III) ions was studied under static conditions.
To study the process kinetics, we brought 0.5 g of the
sorbent into contact with 50 ml of Au(III) solution
(cAu = 10 mg l�1). The mixture was stirred with a
magnetic stirrer at a rate of 400�500 min�1 at room
temperature. At certain time intervals, we took sam-
ples and determined the metal ion concentration by
the atomic adsorption method on an AAS-3 spectrom-
eter in a propane�butane�air flame. The analytical
signal of gold was measured by the resonance line at
242.8 nm at the spectral aperture width of 0.25 nm
and the current of a lamp with a hollow cathode of
5 mA. The degree of gold(III) recovery was deter-
mined from the difference between the starting metal
ion concentration and its residual concentration in
the solution after sorption.
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We studied the process kinetics at room tempera-
ture with the aim to find the optimal conditions for
the recovery of gold(III) ions with aminated shungite.
The study of the dependence of the degree of gold(III)
recovery on the process duration showed that the
nature of the surface groups on the samples deter-
mines distinctions between the kinetic parameters of
the process. An equilibrium in the distribution of
Au(III) ions between the sorbent and the solution
under the suggested conditions (cAu = 10 mg l�1, ms =
0.5 g, Vl = 50 ml) is attained in 4 h with the starting
nonmodified shungite, the recovery of gold(III) ions
being 80%. At the same time, with the aminated sam-
ple Au(III) is recovered from the solution almost
completely within 2 h (Fig. 1). Its high kinetic param-
eters are determined by the presence of chemically
active groups and by the selectivity to precious metal
ions. We emphasize that the time of half-saturation
with the natural shungite is about 2 h, and with the
modified sample it is 15 min. We have found that
a high degree of recovery R (99%) of gold(III) ions
from chloride solutions with the Au concentration of
10 mg l�1 is achieved on the aminated shungite.
Therefore, this material shows promise for recovering
traces of precious metal ions.

The proportion of various forms of gold(III) ions in
the solution is predominantly affected by its acidity.
In chloride media, gold(III) ions are known to exist as
[AuCl4]�, [AuCl3OH]�, and [AuCl2(OH)2]� anions
[7], which can react with functional groups of the
sorbent. At pH > 3, Au(III) chloride complexes are
hydrolyzed, the content of Au(III) hydroxochloride
complexes increases, and the absorption of gold(III)
ions decreases. Therefore, we studied their sorption
behavior in the range of pH 1�3 (Fig. 2). We found
that the optimal pH of the solution lies in the range
0.5�2.0. The examination of the dependence of the
degree of gold(III) extraction by aminated shungite on
the HCl concentration (0.5�4.0 M) confirms high
efficiency and completeness of the extraction (99.8%).

The study of the sorption activity of gold(III) ions
as a function of the solution acidity suggests that they
pass into the solid phase owing to the complexation
with functional groups (carbonyl and pyridine), and
the acidity of the medium does not affect the process.
This fact suggests that in this case the nitrogen atom
of the heterocycle takes part in the sorption, which
makes the ion-exchange mechanism of the process
improbable. The Au(III) ions are recovered owing to
complexation with the pyridine groups of the macro-
molecular ligand. Thus, gold(III) ions are recovered
by the modified shungite predominantly owing to

R, %

�, h
Fig. 1. Degree of Au(III) recovery R by shungites as a
function of the process duration �. cAu = 10 mg l�1, Vl =
50 ml, ms = 0.5 g; the same for Fig. 4. Shungite: (1) natural
and (2) modified.

R, %

cHCl, M
Fig. 2. Influence of the aqueous phase acidity on the degree
of Au(III) extraction R by aminated shungite. cAu =
10 mg l�1, ms = 0.5 g, � = 24 h. cHCl is the concentration
of HCl solution (M).

�, %

cThio, wt %
Fig. 3. Degree of Au(III) desorption � vs. thiourea concen-
tration cThio. Vel = 50 ml, ms = 0.5 g.

their coordination by the nitrogen atom of the pyridine
ring and by the active surface centers of the natural
sorbent.

We examined the possibility of regeneration of
aminated shungite for its multiple use and found that
the sorbed gold(III) ions can be desorbed with a solu-
tion of thiourea in HCl. We have found that Au(III) is
90% desorbed with a thiourea solution (7 wt %) in
1 M HCl at room temperature (Fig. 3). An increase in
the eluent volume by a factor of 2�3 results in com-
plete desorption of gold ions (96�100%).

The pyridine group tends to form complex com-
pounds via its nitrogen atom and shows a selectivity
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R, %

�, h

Fig. 4. Degree of Au(III) recovery R by aminated shungite
vs. the process duration � in the presence of concomitant
metal ions: (1) Au(III), (2) Cu(II), (3) Co(II), and (4) Ni(II).

to transition metal ions. To determine the possibility
of selectively recovering gold(III) ions on aminated
shungite, we studied the kinetics of this process in the
presence of copper(II), cobalt(II), and nickel(II) ions
(the concentration of each metal ion was 10 mg l�1)
(Fig. 4). The comparison of the sorption curves shows
that the selectivity of the sorbent under study varies in
the order Au(III) > Cu(II) > Co(II) > Ni(II). Au(III)
could be recovered completely, and the recovery of
Cu(II), Co(II), and Ni(II) comprised 87, 56, and 38%,
respectively. The sorbent is saturated with metal ions
within 4�5 h.

It was shown in [3] that gold(III) ions can be quan-
titatively separated from transition metal ions [M(II)]
in 0.5 M solution of HCl. Under the conditions of our

Sorption of Au(III) on aminated shungite in the presence
of concomitant metals. cAu = 10 mg l�1, ms = 0.5 g, Vel =
50 ml, 0.5 M HCl
����������������������������������������

M(II) � M/Au � R(Au), %
����������������������������������������

Cu(II) � 10 � 98.9�1.1
� 50 � 98.8�1.2

Co(II) � 10 � 98.9�1.3
� 50 � 98.9�1.2

Ni(II) � 10 � 98.9�1.4
� 50 � 98.9�1.2

����������������������������������������

experiments, the differences in the degree and rate of
their sorption on the sorbent under study allow Au(III)
to be determined in the presence of 10- and 50-fold
amounts of M(II) (the table). The selectivity of the
sorbent under study to the precious metal ions can be
caused by the formation of an additional �-dative
bond between Au(III) atoms and a � orbital of the
pyridine ring. It has a positive effect on the recovery
of Au(III) and allows us to separate the main body of
the ions of concomitant elements.

CONCLUSION

A shungite concentrate containing polyvinylpyri-
dine in its granules efficiently sorbs gold(III) ions
from chloride solutions. Its high selectivity makes it
possible to concentrate gold(III) ions and to separate
them from the concomitant elements Cu(II), Co(II),
and Ni(II), even present in excess.
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Abstract�The selectivity of sorption of cerium-group rare-earth elements on acid- and base-treated fibrous
complexing PAN�FOSPAN ampholyte from aqueous solutions containing acetate and butyrate anions was
studied as influenced by pH. The possibility of separating Nd3+ from Eu3+ by eluent chromatography on
PAN�FOSPAN was studied. The conditions for concentrating the sum of rare-earth elements on the resin were
found.

The separation and preconcentration of rare-earth
elements (REE) is an important analytical problem
which, as a rule, is solved by chromatographic and
extraction techniques. The growing interest in ion-
exchange chromatography is stimulated both by the
simplicity of regenerating the sorbents and possibility
of performing sorption separation under dynamic con-
ditions. The most efficient ion-exchange separation
and preconcentration of lanthanides is reached using
fibrous oxygen-containing complexing sorbents.
These sorbents are characterized by high selectivity to
REE and fast attainment of the sorption equilibrium.

The advantage of using the fibrous PAN�FOSPAN
ampholyte for separation and preconcentration of
Nd3+ and Yb3+ was shown in [1, 2]. We found that,
on treatment of this sorbent with aqueous acid, its
selectivity to REE ions at pH 3.5�4.5 strongly in-
creases due to favorable modification of the sorbing
sites (Table 1). It was found that, on treatment with
acid, the amino groups in the resin remain unproto-
nated. The IR studies showed that sorption of REE on
PAN�FOSPAN is caused by coordination of its func-
tional groups with REE ions. In this work we con-
tinued our studies on sorption of REE on PAN�

FOSPAN fibrous ampholyte. The aim of our experi-
ments was to elucidate the possibility of separating
cerium-group REEs.

The selectivity of ion-exchange separation of metal
ions can be optimized by varying the chemical com-
position of the aqueous phase. This procedure allows
variation of both the metal ion speciation in solution
and composition and complexing power of the ionic
sorbing sites in the sorbent. To improve the selectivity
of sorption separation of metals, new approaches are

being developed, based on competing complexing
reactions in the sorption system [3]. It was found that
the sorption selectivity of the resin is improved after
adding appropriate complexing agents in the aqueous
phase and varying pH. In this work, the selectivity
of fibrous PAN�FOSPAN ampholyte to REE was
studied as influenced by low-molecular-weight com-
peting ligands (acetate and butyrate) added into solu-
tion, pretreatment of the initial sorbent with acid
or alkali, and pH of solution [4]. The acetate and
butyrate competing ligands were used as their buffer
solutions. The physicochemical characteristics of
PAN�FOSPAN fibrous ampholyte and chemical com-
position of its sorbing sites before and after treatment
of the sorbent with acid and alkali are presented in
Table 1.

EXPERIMENTAL

The initial fibrous sorbent PAN�FOSPAN was
converted to the acid form by treatment with 0.1 M

Table 1. Physicochemical characteristics of PAN�
FOSPAN* ampholyte
����������������������������������������

Functional groups �
TEC,

�
pKa���������������������� �

acid form � base form � mmol g�1
�

����������������������������������������
�C=N�OH ��C=N�OH � 3.50 � 4.8�0.2
� � � � �
NH2 � NH2 � �
�CONHOH, ��CONHOH, � � 8.4�0.5
�PO(OH)2 ��PO(ONa)2 � �
����������������������������������������
* PAN�FOSPAN was prepared at the St. Petersburg University

of Technology and Design.
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Table 2. Influence of acetate anions on the selectivity of REE sorption on PAN�FOSPAN ampholyte in the acid and base
forms
������������������������������������������������������������������������������������

REE ion

� Acid form � Base form
����������������������������������������������������������������������������
� DM �10�3, ml g�1 (without � DM �10�4, ml g�1 � DM � 10�4, ml g�1 (without � DM � 10�3, ml g�1

� adding acetate) � (on adding acetate) � adding acetate) � (on adding acetate)
������������������������������������������������������������������������������������
Pr3+ � 9.2�0.3 � 4.10�0.10 � 3.85�0.20 � 4.9�0.3
Nd3+ � 9.9�0.5 � 4.30�0.15 � 3.40�0.20 � 4.6�0.4
Sm3+ � 9.4�0.4 � 3.20�0.20 � 2.30�0.16 � 5.0�0.2
Eu3+ � 9.5�0.3 � 2.15�0.12 � 2.10�0.15 � 4.7�0.2
������������������������������������������������������������������������������������

HCl and then washed with 10�3 M HCl to pH 3. To
convert the sorbent to the base form, the initial PAN�

FOSPAN was treated with 0.1 M NaOH and then
washed with distilled water to decolorization of
phenolphthalein.

To elucidate the separation power of the fibrous
sorbent with respect to REEs, the distribution factor
of these metals between the sorbent and aqueous
phase was determined under static conditions. In these
experiments, a weighed portion of PAN�FOSPAN
(0.05 g) was equilibrated with a 5 �10�4 M aqueous
REE chloride (10 ml) at pH 4.5. In studies of the ef-
fect of acetate and butyrate anions on REE sorption
separation, the REE chloride solutions in the acetate
and butyrate buffers were used. The content of acetic
and butyric acids and their salts in the buffer solutions
was 0.1 and 0.25 M, respectively. The resin sample
suspended in an REE-containing buffer solution was
kept until the sorption equilibrium was attained. The
REE content in the equilibrium liquid phase was
determined spectrophotometrically with Arsenazo III.
The REE amount sorbed on the fibrous sorbent was
determined as the difference between the initial and
equilibrium REE concentrations in the aqueous phase.
The REE distribution factor was calculated by the
equation DM = [

�
M]/[M], where [

�
M] and [M] are the

equilibrium REE contents in the sorbent (mmol g�1)
and aqueous phase (M), respectively. The REE sepa-
ration factors K were calculated from the correspond-
ing distribution coefficients.

In our sorption experiments, a weighed portion of
the sorbent preliminarily saturated with REE under
static conditions was packed in a temperature-con-
trolled glass column (10 cm high and 0.8 cm in diam-
eter) and washed with distilled water. The elution rate
of 1.5 ml min�1 was maintained with a peristaltic
pump. The REE content in the eluate was monitored
spectrophotometrically. The elution curves were proc-
essed with the Statistica 5.0 computer program (Basic
Statistics language), and the REE distribution factors

were calculated. The sorption preconcentration of
REEs was carried out on a microcolumn (15 mm high
and 0.3�0.4 mm in diameter) packed with PAN�

FOSPAN fibrous sorbent (50 mg). In these experi-
ments, 10 ml of the initial aqueous REE solution
(2 � 10�4 M) was pumped through the column at the
required velocity. REEs were desorbed from the
column with 0.1 M HCl.

The effect of acetate anions on the selectivity of
sorption of cerium-group REEs on fibrous PAN�

FOSPAN ampholyte in the acid and base forms is
demonstrated in Table 2.

This table shows that, on adding acetate anions to
the aqueous phase, the selectivity of fibrous resin in
the acid form to REEs is improved. On the contrary,
the selectivity of the resin in the base form is deterio-
rated under these conditions. The improvement of the
selectivity of the resin in the acid form to REEs can be
caused by the following competing reactions: (1) dis-
sociation of the hydrogen phosphate functional groups
of the sorbent, (2) protonation of acetate anions, and
(3) coordination of acetate anions with REE3+:

�H2R �
�

�H+ + �HR�, (1)

L� + H+ �
� HL, (2)

M3+ + 2L� �
� [ML2]+. (3)

These reactions show that the protonation of ace-
tate anions by equilibrium (2) shifts equilibrium
(1) towards formation of deprotonated hydrohen phos-
phate groups in the ampholyte, and also destroys
metal acetate complexes. As a result, the acetate
anions favor the sorption of REE on the ampholyte.
The selectivity of REE sorption on the resin was
found to decrease in the order Pr3+ = Nd3+ > Sm3+>
Eu3+. It should be noted that the stability of acetate
complexes of these metals increases in the same
sequence. The sorption power of the resin in the base
form decreases in the presence of acetate anions.
This effect can be caused by the shift of reaction (3)
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toward formation of weakly sorbable bis(acetate)
complexes. The maximal selectivity of the resin in the
acid form to REEs in the presence of acetate anions
was observed in separation of Nd3+ from Eu3+.

Reactions (1)�(3) show that pH affects the ion-
exchange sorption of REEs by affecting both the free
ligand concentration in the solution and protonation
of the sorbing sites. Figure 1 shows how pH of the
acetate and butyrate buffer solutions influences the
selectivity of PAN�FOSPAN in the acid form to Nd3+

and Eu3+.

The low sensitivity of the distribution factor
DM to acidity of solutions in the pH range 3.0�4.0 is
caused by protonation of both the weakly acidic func-
tional groups of the sorbent and complexing anions
in the buffer solution. The most efficient separation of
neodymium from europium (separation factor 2.0) is
reached in their sorption from acetate buffer solution
with pH 4.5.

The comparison of the kinetic curves of Eu3+ sorp-
tion on PAN�FOSPAN ampholyte in the acid and
base forms (Fig. 2) shows that the resin in the base
form predominantly sorbs Eu3+ by the ion-exchange
mechanism (sorption equilibrium is attained in
30 min), whereas sorption of europium on the resin in
the acid form is complicated by complexation (sorp-
tion equilibrium is attained in 6 h).

The efficiency of separation of Nd3+ from Eu3+ by
eluent chromatography on PAN�FOSPAN was esti-
mated from the elution curves. In elution experiments,
the acetate and butyrate buffer solutions (pH 4.5)
and dilute aqueous HCl (0.01�0.1 M) were used as
eluents. The elution of REE with buffer solutions was
found to be inefficient due to high REE distribution
factor between the sorbent and the buffer solutions
(DM = n�104). The resolution of the elution bands
of Nd3+ and Eu3+ was reached in eluting REEs with
aqueous HCl of various concentrations (Fig. 3). We
found that, although the sorption selectivity slightly
increases with decreasing HCl concentration, the
column performance noticeably decreases. As seen
from Fig. 3e, in flowing 0.01 M HCl through the
column at 20�C, REEs are not eluted. Although the
REE distribution factors calculated by us from the
elution curves (6�20) are considerably lower than
those determined from the static sorption experiments
(n �104), their values remain too large to ensure the
efficient elution of the metals. Upon heating the
column to 80�C (Figs. 3b, 3d, 3f), the efficiency of
eluting Eu and Nd noticeably increases, but the
separation factor, as before, remains too low to reach
the good resolution of the Eu and Nd elution bands.

cL, M

DM � 10�4, mg l�1

Fig. 1. Distribution factor DM of (1, 3) neodymium and
(2, 4) europium between PAN�FOSPAN in the acid form
and buffer solution as functions of pH of (1, 2) butyrate and
(3, 4) acetate buffer solutions and the butyrate and acetate
concentration cL.

R, %

�, h
Fig. 2. Degree of europium sorption R on fibrous PAN�
FOSPAN in the (1) base and (2) acid forms as a function of
sorption time �.

In order to improve resolution of chromatographic
bands, we increased the sorbent bed height to 20 cm
(Fig. 4). Under these conditions, the separation factor
K increased to 2, which, however, was still insufficient
for obtaining the resolution suitable for quantitative
separation of Eu from Nd. From our experimental data,
we calculated by the theory of the theoretical plates
the resin bed height ensuring the acceptable degree of
recovery of individual REE. For example, 99% of
target REE can be recovered on a 60-cm column. To
increase the degree of REE recovery to 99.95% , the
resin bed height must be increased to 110 cm.

Table 2 shows that REEs can be concentrated by
their sorption from acetate buffer solutions on PAN�

FOSPAN ampholyte in both the base and acid forms.
Figure 5 shows the degree of europium recovery vs.
the filtration rate of europium-containing acetate
buffer solution through the microcolumn packed with
PAN�FOSPAN ampholyte. It is seen that the degree
of europium recovery on the resin in the acid form is
small even at very slow filtration. The inefficient
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(a)

V, ml

(b)

V, ml

(c)

V, ml

V, ml

c � 105, M

(d)

(e)

V, ml

(f)

V, ml

c � 105, M

c � 105, M c � 105, M c � 105, M

c � 105, M

Fig. 3. Elution bands of (1) europium(III) and (2) neodymium(III) from PAN�FOSPAN ampholyte at (a, c, e) 20 and (b, d,
f) 80�C with aqueous HCl. Column size 10 �0.8 cm; the same for Fig. 4. (c) Metal ion concentration; (V) HCl volume; the same
for Fig. 4. cHCl (M): (a, b) 0.05; (c, d) 0.025, and (e, f) 0.01.

V, ml

c � 105, M

Fig. 4. Elution of Eu(III) and Nd(III) from PAN�FOSPAN
ampholyte with 0.01 HCl at 80�C.

F, ml min�1

R, %

Fig. 5. Degree of europium(III) sorption recovery R vs.
filtration rate of europium-containing solution F through
PAN�FOSPAN in the (1) acid and (2) base forms.

recovery of europium can be caused by slow europi-
um sorption due to its complexation with acetate
anions. On the contrary, the efficient preconcentration
of REEs on the resin in the base form can be reached
at relatively slow filtration.

CONCLUSIONS

The fibrous PAN�FOSPAN ampholyte in the acid
form is a promising sorbent for separating cerium-
group REEs in acetate buffer.solution. Nd3+ can be
separated from Eu3+ by eluting them from the resin
with 0.01 M HCl at 80�C. The fibrous ampholyte in
the base form can be used for efficient preconcentra-
tion of the sum of rare-earth elements.
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Abstract�Distribution in strength of the acid centers in sulfonic cation in the form of exchanger granules and
fibers was studied by the novel modification of the thermal desorption method.

Previously [1�3], we studied the activity of sul-
fonic cation exchanger granules and fibers in the
synthesis of methyl tert-alkyl ethers and found that
FIBAN K-1 surpasses in the activity KU2-8 (gel
structure) in the synthesis of methyl tert-butyl ether
(MTBE) and Dowex msm 31 (macroporous structure)
in the synthesis of methyl tert-amyl ether (MTAE).

The main advantage of fibrous sulfonic cation
exchanger FIBAN K-1 is that the fiber diameter is
by approximately an order of magnitude smaller than
the diameter of KU-2-8 and Dowex msm 31 granules.
This decreases intradiffusion inhibition and intensifies
mass exchange.

The diameter of the Carbopon fiber can be es-
timated as 5�10 �m, which is substantially smaller
than FIBAN K-1 fiber diameter. Hence, sulfonic
cation exchanger supported on Carbopon, when used
as a catalyst of acid�base reactions, can provide more
intense mass exchange than FIBAN K-1.

The performance of sulfonic cation exchanger sub-
stantially depends on its acidity, i.e., concentration
and strength of acid centers. The literature survey [4�
6] shows that the most adequate method of its deter-
mination is ammonia thermal desorption. However,
for organic ion exchangers with a low thermal sta-
bility, ammonia is acceptable only for determination
of weak acid centers. To determine strong acid centers,
another thermal desorption method is required.

In this work, we studied sorption and acid proper-
ties and catalytic activity (by an example of MTAE
synthesis) of two samples of sulfonic cation exchanger
supported on Carbopon (sample I with gel structure
and sample II with macroporous structure) in com-
parison with their structural analogs, fibrous (FIBAN

K-1) and granular (Dowex msm 31) sulfonic cation
exchangers.

EXPERIMENTAL

The sorption of various liquids with the initial
Carbopon, synthesized samples of the supported sul-
fonic cation exchanger, FIBAN K-1 fibrous sulfonic
cation exchanger with gel structure, and Dowex msm
31 granular sulfonic cation exchanger with macropor-
ous structure was evaluated gravimetrically. A cation
exchanger sample (�0.5 g) dried to the constant
weight at 90�C was introduced into a test tube, 10 ml
of a liquid was added, and the mixture was stored for
3 h. The sample was centrifuged (4000 rpm) for
15 min, weighed, and dried to the constant weight at
90�C. The sorption value, Gl (gl g�1), was calculated
as the ratio of the liquid weight to the weight of dry
sample:

m1 � m2
G = �������,

m2

where m1 is the sample weight after centrifuging and
m2, sample weight after drying at 90�C.

The average value of three parallel experiments
was used in calculations. Along with Gl, the volume
sorption Vl (cml

3 g�1) was also calculated.

As seen from Table 1, sorption of water with Car-
bopon is 0.64 gl g�1, which is substantially larger than
sorption of methanol and the other components of the
reaction mixture of the MTAE synthesis, and of
n-octane taken as a nonpolar liquid. The Vl values
show a clear correlation with the molecular size of
liquids [i.e., molecular-sieve effect characteristic for
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Table 1. Sorption of liquids of various types with Carbopon and sulfonic cation exchangers
������������������������������������������������������������������������������������

Liquid
� Initial Carbopon� Sample I � Sample II � FIBAN K-1 � Dowex msm 31
������������������������������������������������������������
� Gl, gl g�1/Vl, cml

3 g�1

������������������������������������������������������������������������������������
Water � 0.64/0.64 � 0.95/0.95 � 0.44/0.44 � 1.04/1.04 � 0.96/0.96
Methanol � 0.34/0.44 � 0.47/0.60 � 0.20/0.25 � 0.67/0.85 � 0.59/0.75
Methylbutenes � 0.19/0.29 � 0.22/0.34 � 0.14/0.21 � 0.26/0.40 � 0.23/0.35
Methanol : methylbutenes (1 : 1) � 0.23/0.33 � 0.33/0.48 � 0.16/0.22 � 0.70/0.97 � 0.62/0.86
MTAE � 0.19/0.24 � 0.27/0.34 � 0.14/0.18 � 0.42/0.53 � 0.41/0.52
n-Octane � 0.19/0.27 � 0.16/0.23 � 0.15/0.21 � 0.14/0.20 � 0.08/0.11
������������������������������������������������������������������������������������

finely porous sorbents (activated carbons, zeolites,
silica gels) appears].

The effect of molecular size of liquid is preserved
in samples of the sulfonic cation exchanger supported
on Carbopon, and, in addition, the effect of the struc-
ture of the grafted copolymer can be observed.

Sample 1 (2% DVB, gel structure) sorbs more
water (0.95 gl g�1) and the other polar components
than does Carbopon. However, as expected, sample I
sorbs nonpolar n-octane more weakly than does Car-
bopon. The fact that sample I is a weaker sorbent than
its structural analog, fibrous FIBAN K-1, can be
explained by lower exchange capacity (EC).

As compared to sample I and Carbopon, sample II
(25% DVB, macroporous structure) sorbs water
(0.44 gl g�1) and the other liquids substantially more
weakly, probably due to a rigid cellular structure of
the cation exchanger caused by the high degree of
cross-linking of the polymer chains. The difference
between the sorption properties of this sample and
Dowex msm 31 can also be explained by differences
in their EC (1.3 and 4.4 mg-equiv g�1, respectively).

The novelty of the suggested method of the thermal
desorption of bases consists in using a weak base,
diethyl ether, as a desorbate to determine the concen-
tration of strong acid centers. It is desorbed from
the strongest acid centers of the dehydrated sulfonic
cation exchangers at 120�C, i.e., under conditions of
their thermal stability. In addition, diethyl ether is
characterized by low adsorption power, due to small
size of its molecule and low boiling point. Therefore,
the sorbed ether is readily eliminated from the cation
exchanger, which is important for obtaining correct
results.

The concentration of weak acid centers is deter-
mined performed as follows. A cation exchanger (ap-
proximately 0.2 g) is charged into a glass reactor
(70 mm long, 8 mm in diameter), and the reactor is

attached to a carrier gas line in a chromatograph
thermostat. Then the thermostat heating is switched
on, and a sample is conditioned in a helium flow
(30 ml min�1) at 120�C for 2 h, cooled, and saturated
with ammonia for 30 min at room temperature. Phys-
ically adsorbed ammonia is eliminated from the cation
exchanger at room temperature in the helium flow.
The course of desorption and its completion were
monitored with a recorder. Then the stage of the ther-
mal desorption of the chemisorbed ammonia begins.
The temperature of the reactor is increased to 120�C,
and the sample is kept for 1 h in a helium flow. The
desorbed ammonia is trapped in a U-shaped glass
condenser cooled with liquid nitrogen and, after heat-
ing at 90�95�C with hot water, is transported with
helium flow to the katharometer, where it is moni-
tored as a chromatographic peak. Using a calibration
plot ammonia content�peak area, we determined the
amount of ammonia desorbed and calculated from
the weight of the ion exchanger sample and its EC the
concentration (mmol g�1) and percentage of weak acid
centers in the sample.

To determine the concentration of strong acid cen-
ters, a cation exchanger sample is charged into a
reactor arranged in the thermostat of a chromatograph,
and the reactor is attached to an empty column func-
tioning as a preheater of the carrier gas. After sample
training in a dried helium flow (30 ml mim�1) at
120�C for 2 h, the reactor is cooled to room tempera-
ture and detached from the column, and diethyl ether
is added. After 1-h storage, excess ether is poured off,
the reactor is attached to the column and flame-ioniza-
tion detector, and the thermostat temperature is set at
75�C; the sample is kept in a helium flow until the
recorder pen returns to the zero level, which indicates
completion of ether desorption at this temperature.
Then the temperature is sharply elevated to 100�C, and
the peak of desorbed ether is recorded. After stabiliza-
tion of the baseline, the temperature of the thermostat
is elevated to 120�C, and the second desorption peak
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Table 2. Acid properties of sulfonic cation exchangers
������������������������������������������������������������������������������������

Sulfonic cation exchanger � Concentration and strength of acid centers
������������������������������������������������������������������������������������

sample
�

DVB,
�

EC,
� weak � medium � strong � very strong

� � �������������������������������������������������������
�

%
�

mg-equiv g�1
� mmol g�1 � % � mmol g�1 � % � mmol g�1 � % � mmol g�1� %

������������������������������������������������������������������������������������
I � 2 � 1.7 � 0.27 � 16.3 � 1.16 � 69.2 � 0.16 � 9.4 � 0.09 � 5.1
II � 25 � 1.3 � 0.17 � 13.3 � 0.97 � 74.8 � 0.10 � 7.9 � 0.05 � 4.0
FIBAN K-1 � 2 � 3.1 � 0.40 � 12.9 � 2.35 � 75.6 � 0.27 � 8.8 � 0.08 � 2.7
Dowex msm 31 � 25 � 4.4 � 0.86 � 19.5 � 3.32 � 75.4 � 0.18 � 4.1 � 0.04 � 1.0
������������������������������������������������������������������������������������

is recorded. Then, using a calibration plot ether
content�peak area, the amount of ether desorbed with-
in the 75�100�C range is determined and the concen-
tration and percentage of the strong acid centers in
the sample are calculated from the sample weight and
ion exchanger EC. Similarly, the amount of ether
desorbed within the 100�120�C range is determined
and the concentration of the very strong acid centers is
calculated.

In accordance with the conventional classification,
centers characterized by NH3 desorption at tempera-
tures of up to 120�C are weak acid centers, those
characterized by diethyl ether desorption within the
75�100 and 100�120�C ranges are strong and very
strong acid centers, respectively. The concentration of
medium-strength acid centers was determined as the
difference between the total amount the acid centers
in the sulfonic cation exchanger (numerically equal to
EC) and the sum of weak, strong, and very strong
centers. It follows from Table 2 that the sum of the
strong and very strong acid centers (strongly acidic
centers) in sample I amounts to 0.25 and in sample II,
to 0.15 mmol g�1. In sulfonic cation exchangers
FIBAN K-1 (gel structure) and Dowex msm 31
(macroporous structure), which are structural analogs
of samples I and II, the concentration of strongly
acidic centers responsible for the catalytic activity of
the cation exchanger in the etherification reactions
amounts to 0.35 and 0.22 mmol g�1, respectively.
Thus, the concentration of strong acid centers in sam-
ples with gel structure is higher than in macroporous
samples. The content of strongly acidic centers in
the cation exchangers considered decreases in the
order FIBAN K-1 > sample I > Dowex msm 31 >
sample II.

It is interesting to compare the acid characteristics
of the sulfonic cation exchanger samples prepared
with their catalytic activity. The experiments on
MTAE synthesis were performed on a laboratory

device of the flow type. The reaction unit of the
device consisted of a catalytic reactor placed in a
thermostat, a vessel for the starting compounds, a
cooling system, and a product collector [2]. 1 g of
fibrous sulfonic cation exchanger was loaded into the
reactor, and the synthesis was performed under a pres-
sure of 0.8 MPa to ensure the liquid state of the reac-
tion system. In the case of granular sulfonic cation
exchanger, the resin sample was mixed with ground
glass of the same grain size to reach the volume of the
compacted fibrous sample (1.4 ml). In the experi-
ments, the process temperature was varied at a con-
stant rate of raw material feeding, 4 g gce

�1 h�1, and
CH3OH : i-C5H10 molar ratio of 1 : 1.

Methylbutenes were prepared by dehydration of
isoamyl alcohol on �-Al2O3 at 330�C. The mixture
of isomers contained (%) 3-methyl-1-butene 45.8,
2-methyl-1-butene 19.4, and 2-methyl-2-butene 34.8.

The data on MTAE synthesis in the presence of
sulfonic cation exchangers studied are listed in
Table 3. The comparison of the sulfonic cation ex-
changers supported on Carbopon shows that sample I
is more active: the maximal content of MTAE in the
catalyzate reaches 42.4% at 80�C, while sample II
gives 35.4% MTAE at 100�C. These results coincide
with both the sorption properties of the samples and
the concentration of strongly acidic centers. The de-
crease in the MTAE content as a result of the higher
rate of the reverse reaction relative to the direct reac-
tion rate on sample I is observed at 90�C. For FIBAN
K-1 and Dowex msm 31, this decrease is observed
at 100�C, and for sample II still higher temperature is
required.

When the MTAE content in the catalyzate at 80�C
is taken as a measure of the sulfonic cation exchanger
activity, the following activity order is observed:
sample I > FIBAN K-1 > Dowex msm 31 > sample II.
As seen, the position of Dowex msm 31 and sample II
in the catalytic activity series coincides with that in
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Table 3. Synthesis of MTAE on sulfonic cation ex-
changers. Rate of raw material feeding 4 g gce

�1 h�1, molar
ratio CH3OH : i-C5H10 = 1 : 1
����������������������������������������

Component

� Content in catalyzate, wt %,
� at indicated T, �C
����������������������������
� 70 � 80 � 90 � 100

����������������������������������������
Sample I

Methylbutenes � 43.5 � 39.6 � 42.3 � 42.7
Methanol � 19.9 � 18.0 � 19.3 � 19.6
MTAE � 36.6 � 42.4 � 38.4 � 37.7

FIBAN K-1

Methylbutenes � 48.6 � 41.5 � 39.2 � 46.0
Methanol � 22.2 � 19.0 � 17.9 � 21.0
MTAE � 29.4 � 39.5 � 42.9 � 33.0

Sample II

Methylbutenes � 57.1 � 50.2 � 45.1 � 44.3
Methanol � 26.0 � 22.9 � 20.7 � 20.3
MTAE � 16.9 � 26.9 � 34.2 � 35.4

Dowex msm 31

Methylbutenes � 45.1 � 42.2 � 41.5 � 44.9
Methanol � 20.0 � 18.8 � 18.7 � 19.9
MTAE � 34.9 � 39.0 � 39.8 � 35.2
����������������������������������������

the series of acid properties. FIBAN K-1 suprasses all
the other cation exchangers studied in the content of
strongly acidic centers; however, it is inferior in the
activity to sample I. Probably, in this case a size
factor (the diameter of the Carbonpon fibers is by an
order of magnitude smaller than that of FIBAN K-1
fibers), and the nature of sulfonic cation exchanger
support (carbon or polypropylene fiber), which can
affect the structure of the matrix formed, can contri-
bute to the catalyst activity.

Thus, sulfonic cation exchangers supported on
Carbopon show much promise, opening prospects for
development of the theory and practice of the catalysis
with cation exchangers.

CONCLUSIONS

(1) Sorption properties of sulfonic cation ex-
changers supported on carbon fiber depend on the
degree of cross-linking of the styrene�divinylbenzene
matrix: sample I (gel structure) substantially better
sorbs polar liquids than does sample II (macroporous
structure), whereas sorption of a nonpolar liquid
(n-octane) with these sorbents is virtually the same.

(2) The study of the acid properties of samples I
and II by the modified method of the thermal desorp-
tion of bases showed that the concentration of strong-
ly acidic centers in sample I is substantially higher
than in sample II.

(3) By an example of the synthesis of methyl
tert-amyl ether, it was shown that the catalytic activity
of sulfonic cation exchangers in acid�base reactions
depends on both the resin acid properties and the dif-
fusion factors affecting the intensity of the mass
exchange.
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Abstract�Fundamental aspects of the chromatomembrane mass exchange in the liquid�gas system are
considered for the case of saturation with oxygen (oxygenation) of a physiological solution. The influence
exerted by the geometrical dimensions and macroporous structure of a biporous matrix on the process
efficiency is revealed.

At present, the membrane scheme of gas exchange
is regarded as virtually the only possible way to re-
move gases from aqueous solutions and to saturate
these solutions with gaseous components in flow-
through analytical techniques [1] and as a unique
principle of operation of blood oxygenators in medical
practice [2�4]. However, this scheme has a common
physicochemical disadvantage in all these cases, as-
sociated with the relatively low rate of molecular dif-
fusion of oxygen across membranes. It is the limited
rate of gas exchange across membranes that is re-
sponsible for the slow response of systems employed
to monitor the composition of gases dissolved in
water, for the need to use gas mixtures enriched in
oxygen (compared with air) to saturate blood with
oxygen, and for the insufficiently complete removal
of carbon dioxide from blood in the course of oxyge-
nation [4].

A scheme of mass-exchange processes in liquid�
gas and liquid�liquid systems was suggested in the
early 1990s as an alternative to diffusion membrane
processes. This scheme was named the chromato-
membrane mass-exchange (CMM) process [5]. It was
demonstrated, already in the initial stage of investiga-
tions, that CMM can be, in principle, used for blood
oxygenation [6, 7]. However, the problems associated
with the efficiency of chromatomembrane oxygena-
tion (CMO) and with the choice of optimal conditions
of this process remained, on the whole, unsolved.

This study is concerned with fundamental aspects
of the CMO process in model physiological solutions.
Its goal is to determine the optimal porous structure of

the mass-exchange bed and its geometrical dimensions
and the best ratio of the flow rates of the liquid and
gas phases.

EXPERIMENTAL

The scheme of the CMO process is shown in
Fig. 1. The mass exchange between liquid and gas
flows, which leads to saturation of the liquid with
oxygen, occurs in a hydrophobic porous medium hav-
ing the form of particles of porous polytetrafluoro-
ethylene (PTFE), bound together in the course of
repeated thermal annealing. Porous PTFE is formed in
sintering of a PTFE powder formed in polymerization.
Spaces between these particles constitute a system of
open macropores along which moves an aqueous solu-
tion or, in the real oxygenation process, blood. The
dimensions of these macropores can be arbitrarily
varied by fractionation of particles of the porous
PTFE obtained in the primary sintering. These par-
ticles contain open micro- and submicrometer pores
comparable in size with particles of the polymeriza-
tion powder. The micropores ensure the permeability
of biporous matrices to air or gas mixtures. Biporous
matrices are confined between the upper and lower
microporous PTFE membranes impermeable to the
liquid. The gas flow is fed into, and removed from,
the microporous space of the matrices across these
membranes.

The supply of the liquid into the micropores of the
membranes and matrices is hindered by the capillary
pressure arising because of the nonwettability of
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Fig. 1. Schematic of the chromatomembrane oxygenation
process: (1, 2) inlet and outlet of blood, (3, 4) inlet and
outlet of the air flow, (5) mass-exchange matrix, and
(6) hydrophobic microporous membranes. (I) Microporous
medium and (II) macropores.

PTFE with aqueous solutions and, in particular, with
blood. In turn, the supply of the gas phase into macro-
pores, in which the capillary pressure is negligible, is
hindered by the pressure of the aqueous solution or
blood filling the macropores. This pressure is main-
tained, according to the experimental conditions, at a
higher level than the gas pressure. A more detailed
information about the physicochemical principles and
conditions under which chromatomembrane processes
are performed can be found in [8].

The optimal conditions of the process, which
would ensure the most effective saturation of the
liquid phase with oxygen in CMM, were determined
using the following physiological solution: 1 wt %
NaCl + 4.5 wt % glucose. The physiological solution
was passed through three in-series connected chroma-
tomembrane cells (CMCs) with an independent feed
of flows of the gas phase into each cell. The first
CMC served for removing oxygen dissolved in the
physiological solution with a flow of helium in order
to determine the efficiency of the subsequent satura-
tion of the solution with oxygen in the second CMC.
It has been found previously that the CMO is more
efficient than the conventional membrane scheme [6].
With account of these data, the physiological solution
in the second cell was saturated with oxygen from the
atmosphere, without its additional enrichment with
oxygen. The third CMC was introduced into the
hydraulic scheme to determine the degree of satura-
tion of the physiological solution with oxygen in the
second cell. For this purpose, a flow of helium was
delivered into the third CMC through the line used to
feed-in the gas phase. The flow of helium extracted
dissolved oxygen from the physiological solution

and then was directed into a gas chromatograph for
analysis.

The results of a gas-chromatographic analysis were
used to calculate, taking into account the fundamental
aspects of CMM, the concentration c (mg l�1) of
oxygen dissolved in the physiological solution at the
outlet of the CMC under study, using the formula

c = cGWLWG0
, (1)

where cG is the concentration of oxygen in the flow of
the extracting gas at the outlet of the third CMC ac-
cording to gas-chromatographic data (mg l�1); WL,
flow rate of the physiological solution through the
chromatomembrane cells (ml min�1); and WG0

, flow
rate of the extracting gas through the third CMC
(ml min�1).

The rates of gas flows through all the CMCs were
varied with flow controllers and monitored using
soap-film flow meters. The relative flow rate measure-
ment error was �1%. The flow rate of the physiologi-
cal solution and blood through the CMC, WL, was
controlled with a peristaltic pump and measured with
a measuring vessel and a stopwatch. The relative error
in WL measurements was �1%.

The degree R of saturation of the liquid phase with
atmospheric oxygen in the CMC under study was cal-
culated by the formula

R = c/c0, (2)

where c0 is the concentration of oxygen in water in
equilibrium with air at a given temperature, known
from reference data [9].

The biporous matrices of the CMC used in the
study were in the form of parallelepipeds. The in-
fluence exerted on the efficiency of saturation with
atmospheric oxygen by the ratio of the flow rates of
the physiological solution and air through the CMC,
by the dimensions of macropores in the biporous
mass-exchange matrix, and by the length and height
of this matrix was analyzed. The dimensions of the
mass-exchange matrix in the directions of motion of
the liquid phase and air and in that perpendicular to
the first two were taken as length L, height H, and
width, respectively.

The length and height of the matrices in the CMC
under study, which are prototypes of chromatomem-
brane oxygenators, were varied from 20 to 100 mm
and 10 to 30 mm, respectively, whereas the width
remained constant (10 mm). The size of porous PTFE
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particles constituting the matrix, which was taken as
the macropore diameter, was varied in the range 0.25�
1.5 mm.

The influence exerted by the ratio of the flow rates
of air and physiological solution through the CMC on
the degree of saturation of the latter with atmospheric
oxygen is shown in Fig. 2. As expected, raising the
flow rate of air through the CMC leads to an increase
in the degree of saturation. In this case, the absolute
values of the flow rates of air and the solution are
unimportant and the degree of saturation depends only
on their ratio. These data suggest that the maximum
throughput of the CMC will be achieved at the maxi-
mum possible flow rates of the phases through the
CMS, which are, in turn, determined by parameters of
the porous structure of the biporous matrix. Degrees
of saturation of the aqueous phase with atmospheric
oxygen, equal to 95% and more, are easily obtained at
a ratio of the flow rates of air and solution equal to
1 : 1 (and more).

The influence exerted by the length of the mass-
exchange matrix on the efficiency of saturation of the
aqueous solution with oxygen is illustrated by Fig. 3a.
It can be seen that making the matrix and, according-
ly, the CMC itself longer than 5 cm is virtually un-
feasible because the degree of solution saturation
changes in this case only slightly. The influence
exerted by the height of the matrix is manifested in
close association with that of its length. It was es-
tablished that the height-to-length ratio of the mass-
exchange bed, rather than the absolute value of the
height, is of fundamental importance (Fig. 3b). It can
be seen that the degree of saturation starts to decrease
especially strongly when this ratio exceeds 0.5.

The size of macropores in the matrix affects the
efficiency of saturation of the solution with oxygen
only slightly (Fig. 4). By analogy with gas�liquid
chromatography [10], this can be understood as fol-
lows: diffusion in the gas phase is the rate-determin-
ing stage of mass exchange. This circumstance makes
reasonable use of CMC with coarse pores in chroma-
tomembrane oxygenation to ensure high permeability
of the mass-exchange bed to the liquid phase at mini-
mum possible pressures, which rules out any damage
to blood.

Thus, the optimal ratio of the flow rates of air and
the liquid phase through the CMC is within the range
0.5�2. The height-to-length ratio of the matrix should
not exceed 0.5; the sufficient length of the matrix is
50 mm; and, as shown previously [7], the width of
the matrix affects the efficiency of mass exchange
only slightly, and making it larger leads to a propor-

R, %

Fig. 2. Degree R of saturation of the physiological solution
with atmospheric oxygen vs. the ratio of the flow rates
of air and solution, WG /WL, through the CMC. Dimensions
of the mass-exchange bed 30 � 10 � 10 mm. Flow rate of
the physiological solution (ml min�1): (1) 5.0 and (2) 15.0.

R, % (a)

L, cm
R, %

(b)

Fig. 3. Degree R of saturation of the physiological solution
with atmospheric oxygen vs. (a) length L of the mass-
exchange matrix of CMO and (b) matrix height to length
ratio H /L. Height of the mass-exchange matrix (cm):
(1) 1.0, (2) 2.0, and (3) 3.0.
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R, %

d, �m
Fig. 4. Degree R of saturation of the physiological solution
with atmospheric oxygen vs. size d of macropores in the
matrix. Flow rate of air and solution 5 ml min�1; length
and height of the mass-exchange matrix 3.0 and 1.0 cm,
respectively.

tional increase in the output capacity of the CMM
process.

The results of experiments performed with donor
blood on the same CMC and at the same flow rate
ratios of blood and atmospheric air confirmed that, as
in the case of physiological solutions, the prototype
chromatomembrane oxygenators ensure higher effi-
ciency of oxygenation than that obtained with their
membrane analogues.

CONCLUSION

The size of macropores in the biporous mass-
exchange matrix has virtually no effect on the effi-
ciency of chromatomembrane oxygenation. The
optimal ratio of the flow rates of air and the liquid
phase being oxygenated across the mass-exchange bed
is within the range 0.5�2. The aqueous phase is satu-
rated with oxygen to virtually the equilibrium extent if
the dimension of the mass-exchange bed in the direc-
tion of its flow exceeds by a factor of at least 2 that
in the direction of flow of the gas phase.
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Abstract�The suitability of mixed solubilization compositions for template synthesis of mesoporous molecu-
lar sieves of various designations was demonstrated by analysis of published data and by the authors’
experimental results.

Scientific approach and experimental methods in
physical and colloid chemistry of surfactants are
developed and improved mostly for individual sub-
stances, idealized models, and simple systems. In
practice, it is more expedient, however, to use sur-
factant-based compositions, as, e.g., in production of
detergents, flotation reagents, defoliants, emulsifiers,
pharmaceuticals, and cosmetics [1�7].

The use of individual micelle-forming surfactants
in template synthesis of mesoporous sorbents has been
studied since 1992 [8, 9]. Beck et al. [8] and Huo
et al. [9] suggested a number of basic schemes of
interaction between a skeleton-forming inorganic
reagent (I) and a micelle-forming surfactant (S), tem-
plate. These authors assumed that the assembly (self-
assembly) is controlled by electrostatic interaction
of the ions in solution, namely, between charged polar
groups of the surfactant and inorganic counterions.
This interaction is the most efficient in the case of
long-chain surfactants based on quaternary ammonium
cations (S+) and anionic silicate precursors (I�), yield-
ing hexagonal, cubic, of lamellar mesostructures.
More recently, this concept was extended to include
the views on the synthesis routes involving inversely
charged reagents (S�I+), anionic surfactants such as
sulfonates and phosphonates, as well as carboxylates
and cations of inorganic precursors, buffer ions
(S+X�I+, S�M+I�, where X is halogen, and M+, alkali
metal cation).

Irrespective of the scheme chosen, mesoporous sor-
bents are synthesized using insoluble/poorly soluble
organic substances as auxiliary forming reagents. For
example, Beck et al. [8] used trimethylbenzene (TMB)
exerting a swelling (expanding) effect when added to

a freshly synthesized template-containing mesophase:
The diameter of the mesoporous molecular sieves
(MMSs) increased from 4.0 to 6.5 nm. There is a
good reason to assume that TMB is incorporated into
the oil core of the micelle of the cationic surfactant.

Nonpolar aliphatic and aromatic hydrocarbons, for
the most part, efficiently promote structure formation
when introduced into freshly synthesized materials.
Hydrocarbons with linear and branched radicals (C5�
C12) yield an M41S phase mixture and/or cause the
pore size to increase. At the same time, polar organic
substances, in particular, alcohols, aldehydes, ketones,
ethers, and esters, generally did not efficiently in-
crease the pore size of the MCM-41 mesophase and,
moreover, often yielded amorphous materials [10].

Kleitz et al. [11] prepared heat-resistant mesopor-
ous oxides of transition metals (Ti and Zr) using
binary organic additives, namely, 1-octanol as cosur-
factant and toluene or TMB as swelling reagent. Both
additives were introduced simultaneously with all
the components (cetyltrimethylammonium bromide,
CTMABr, acted as the basic template) into an acidic
reaction mixture (RM). The ratio of the additives
was varied and, since each additive was fixed at its
specific place (cosurfactant was sorbed along the
perimeter of the polar groups of the micelle, and
TMB, codissolved in the CTMABr micelle core),
these authors obtained composite mesostructures of Ti
and Zr oxides with the pore diameter increased to
8.0 nm, while the degree of ordering of the hexagonal
mesophase was not decreased. It was found that TMB
increases the pore size more efficiently than toluene.

Kovalenko et al. [12] used organic hydrophobic
cocondensing compounds in template synthesis for
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Fig. 1. X-ray diffraction pattern of the monotemplate mesophases prepared from (1) octyl-, (2) decyl-, (3) dodecyl-, (4) tetracyl-,
(5) hexadecyl-, and (6) octadecylpyridinium halides. (A) Intensity and (2�) Bragg angle; the same for Figs. 2 and 3. Diffraction
pattern nos. correspond to those of the reaction compositions in Table 1 for even sample nos.

preparing a diversity of functionalized MCM-41 ma-
terials. In hydrolysis of the ether groups of vinyl- or
allyltriethoxysilane, the radicals formed were localized
for the most part in the surface layer of the CTMABr
micellar structures. This allowed preparation of a ma-
terial with enhanced catalytic activity by sulfonation
of the vinyl (or allyl) groups.

Miyake et al. [13] solubilzied phenol and some
other organic compounds in an aqueous CTMABr
solution to synthesize spherical mesoporous silica
with the external diameter of particles of ca. 500 �m.
The maximal degree of solubilization of phenol corre-
sponded to the maximal specific surface area (accord-
ing to BET) of calcined spherical silica.

In our previous work [14] we used a micellar solu-
bilization solution (solubilized were monoethanol-
amides of medium and higher n-aliphatic acids EACm
with m = 10, 12, 14, 16) to increase the degree of
ordering of the spatial organization of the substance
rather that the mesopore diameter. This proved to be
feasible under mixed solubilization conditions.

We analyzed published data and found that only
a few authors used preliminarily prepared solubiliza-
tion solution in template synthesis. By now, extensive
information has been accumulated about template syn-

thesis of MMSs, which allows changing to a mean-
ingful search for and use of solubilization template
compositions both for laboratory purposes and for
development of an accessible method (technology) of
commercial production of nanoporous sorbents. This
constitutes the long-term goal of our work.

EXPERIMENTAL

The synthesis conditions and properties were
studied most comprehensively for siliceous MMSs,
primary mesophases (and further, mesoporous mate-
rials) formed by the S+I� mechanism, owing to ef-
ficient interaction between the cationic surfactants
and anionic silicon-containing reagent. As surfactants
served alkylpyridinium halide homologs (CnPyHal)
with an even number of carbon atoms in the hydro-
phobic radical (n = 8�18). In C18PyHal, the counterion
was bromide, and in all other homologs, chloride.

The critical micellization concentrations (CMC) of
aqueous and aqueous-salt solutions of the surfactants
were determined conductometrically.

The synthesis (to be regarded as bitemplate synthe-
sis) differed from that known for the S+I� scheme [8,
9] in that a preliminarily prepared micellar solubiliza-
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Fig. 2. X-ray diffraction patterns of the calcined samples synthesized from (1, 2) C16PyCl and (3, 4) C18PyBr monotemplates.
HT treatment in (1, 3) water and (2, 4) mother liquor.
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Fig. 3. X-ray diffraction patterns of the sample prepared from C10PyCl solubilization composition and EAC10�12 fraction.
(1) Initial mesophase, (2) HT-treated sample, (3) HT-treated and calcined sample, and (4) sample prepared from a C10PyCl
monotemplate after similar HT and heat treatment runs.

tion solution was introduced into a dilute aqueous so-
lution of sodium silicate. As solubilizate served mono-
ethanolamides of saturated n-aliphatic acids (EACm)
with the number of carbon atoms m within 10�16.
We described the synthesis in detail in [14, 15].

The X-ray diffraction patterns of the freshly syn-
thesized air-dry samples after hydrothermal (HT) and
heat treatment were recorded on a DRON-3M diffrac-
tometer using monochromatized CuK� radiation
(Figs. 1�3). We assessed the perfection of the spatial
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Table 1. Characterization of freshly synthesized alkylpyridinium-containing mesophases MCM-41*
������������������������������������������������������������������������������������

Sam-
�

Surfactant
�

Surfactant : silicate : water
�Initial solution concentration, mM�

d100, nm
�

a0, nm
�

A/W� � �������������������������� � �
ple no. � � molar ratio � surfactant � Na2SiO3 � � �
������������������������������������������������������������������������������������

1 �C8PyCl � 1 : 1 : 1720 � 666 � 80 � 2.68 � 3.09 � 6
2 � � 1.3 : 1 : 1720 � 3200 � 34 � 2.68 � 3.09 � �

3 �C10PyCl � 1 : 1 : 1720 � 333 � 80 � 3.15 � 3.64 � 29
4 � � 1 : 1 : 1720 � 1800 � 34 � 3.05 � 3.52 � �

5 �C12P-Cl � 1 : 4 : 4000 � 14 � 1230 � 3.33 � 3.85 � 29
6 � � 1 : 2 : 3000 � 1500 � 38 � 3.40 � 3.93 � �

7 �C14PyCl � 1 : 4 : 5000 � 12 � 432 � 3.68 � 4.25 � 32
8 � � 1 : 4 : 5000 � 1000 � 44 � 3.68 � 4.25 � �

9 �C16PyCl � 1 : 4.3 : 3600 � 14 � 1230 � 3.84 � 4.44 � 160
10 � � 1 : 4 : 8000 � 200 � 28 � 4.02 � 4.64 � �

11 �C18PyBr � 1 : 4 : 7430 � 7 � 120 � 4.21 � 4.86 � 31
12 � � 1 : 6 : 8000 � 25 � 60 � 4.42 � 5.10 � �

������������������������������������������������������������������������������������
* a0 is the hexagonal unit cell parameter of MCM-41.

organization of the initial mesophases and derivatives
of MMSs from not only the number, intensity, and
resolution of the main reflections, but also from the
A /W parameter [16], i.e., the ratio of the intensity to
full width at half maximum of the first diffraction
line (corresponding to the interplanar spacing d000)
(Table 1). Notably, structure formation of the meso-
phases continues when the samples are being dried.
Figure 1 and Table 1 (samples with even numbers)
present the X-ray diffraction patterns and selected
X-ray phase analysis (XPA) results for the monotem-
plate-containing materials after keeping (aging) air-dry
for 2 months.

Naturally, it could be suggested that creative inter-
action is possible under specific (in the limit, optimal)
ratio between the inorganic reagent, each subsequent
surfactant homolog, and water, whose role in template
synthesis is not restricted to that of a solvent. Though
the overwhelming majority of the publications is con-
cerned with synthesis of MMSs specifically by the
S+I� scheme [8, 9, 17], there are no clear concept and
methodology of synthesis of mesophases and, conse-
quently, MMSs, to determine the nature of the corre-
sponding changes in the RM composition on going
from one surfactant (template) homolog to another,
which afford the optimal structure and sorption and
other characteristics of the intermediate and end
materials.

One of the approaches, partially implemented in
[18], consists in introduction (preferentially dropwise)
with stirring of a concentrated [in the region of stable
existence of platelike micelles (concentration c >
CMC3)], solution of the surfactant into a dilute aque-

ous solution of Na2SiO3 (density �1.02�1.03 g cm�3).
This affords optimal charge localization and distribu-
tion and size and shape of the complex anionic moie-
ties. In a dilute Na2SiO3 solution, the surfactant
concentration decreases to that intermediate bet-
ween CMC2 and CMC3 (CMC2 refers to cylindrical
micelles), which results in spontaneous formation and
packing of the hexagonal micellar structure. Table 2
shows that CMC3 of aqueous AlkPyHal solutions sig-
nificantly (15�20-fold) exceeds CMC1. Evidently, this
can be helpful for extrapolation of the initial concen-
tration of the surfactant solutions, if CMC2 and CMC3
data for the given ionic strength of solution are lack-
ing. Beck et al. [8] and Romannikov [17] took
alkyl(C12�C18)trimethylammonium bromides at a
fixed molar ratio of the components for preparing
mesophase materials with a hexagonal unit cell param-
eter a0 varying from 3.53 to 4.61 nm, and HT-treated
materials with a0 varying from 3.95 to 4.82 nm.
These authors concluded that, under these specific
conditions, the main stages and the entire mechanism
of formation of silica-micellar mesophases are weakly
dependent on the alkyl chain length and are governed
by polycondensation during the HT and thermal treat-
ments.

Successive lengthening of the linear alkyl radical
by two methylene groups (2.6 �) implies a certain
interrelation between the d000 and a0 parameters of
the mesophase materials. For example, a proportional
increase in these parameters is observed for the major
axis of the spheroidal micelles of individual sur-
factants with lengthening hydrocarbon radical, as well
as with changing other parameters.
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Table 2. Critical micellization concentrations c* of aqueous and aqueous-salt solutions of N-alkylpyridinium halides
������������������������������������������������������������������������������������

System
� c, mM �

Ionic strength of solution������������������������������������
� CMC1 � CMC2 � CMC3 � at CMC1

������������������������������������������������������������������������������������
C8PyCl�water � 184.2 � ** � 0.1842
C8PyCl�0.2 M NaCl � 184.2 � ** � 0.3842
C10PyCl�water � 78.12 � ** � 0.07812
C10PyCl�0.2 M NaCl � 23.44 � ** � 0.22344
C12PyCl�water � 16.40 � 90.0 � 130.3 � 0.0164
C12PyCl�0.2 M NaCl � 4.93 � 14.1 � 61.6 � 0.20493
C14PyCl�water � 3.53 � 13.5 � 70.5 � 0.00353
C14PyCl�0.2 M NaCl � 0.96 � 8.0 � 48.1 � 0.20096
C16PyCl�water � 1.47 � 9.7 � 48.1 � 0.00147
C16PyCl�0.2 M NaCl � 0.21 � ** � 0.20021
C18PyBr�water � 0.18 � ** � 0.00018
C18PyBr�0.2 M NaCl � 0.03 � ** � 0.20003
������������������������������������������������������������������������������������
* At the actual ionic strength of solution.

** Micelles with more complex structure are not formed.

Table 1 summarizes the results of the syntheses of
a number of mesophases with the hexagonal structure,
attempted by us to further develop the synthesis con-
cept suggested. Samples with odd numbers (1�11)
are characterized by a maximum possible number of
reflections for each homolog. Samples with even
numbers (2�12) exhibit a proportionality between the
first reflection intensity A, d000, and a0, but, unfor-
tunately, they give a smaller number of reflections in
the X-ray diffraction patterns. Notably, for both
sample series the increment in d000 of the mesophases
in going from the Cn to Cn+2 template is much
smaller than the length of two methylene groups of
the two radicals whose ends meet at the center of
the hydrophobic core (0.26 � 2 = 0.52 nm). Probably,
the hydrocarbon radicals get compressed in the oil
core of the micelle and also undergo cross penetration
and compaction.

Table 1 also shows that, upon lengthening of the
template radical by two methylene groups, samples
with odd numbers exhibit widely scattering differ-
ences between d000 (from 0.47 to 0.16 nm with an
average of 0.30 nm) and, correspondingly, a0 (from
0.55 to 0.19 nm, with an average of 0.36 nm). For the
even sample series this scatter is much smaller, due,
evidently, to a more perfect spatial organization of
the substance (mesophase components).

We demonstrated earlier [14] that the perfection of
alkylpyridinium-containing mesophases depends on
the surfactant radical length. Materials with fairly
perfect spatial organization can be prepared by tem-
plating C16,18Py halides. After HT treatment for 72 h

and calcination, the samples clearly exhibit four
intense reflections in the X-day diffraction patterns
(Fig. 2). Changes in the formation conditions, in par-
ticular, in the time of (co)mature, medium, and the
HT and heat treatment temperature, markedly affect
the perfection of the template-containing mesophases.
We found that, for homologs with lower molecular
weights, an efficient pathway lies in bitemplate syn-
thesis based on mixed solubilization, when an in-
soluble/poorly soluble organic compound is solubi-
lized in a solution of a typical micelle-forming sur-
factant. We listed the properties of the solubilizate and
solubilizer, which afford mixed solubilization yielding
mesophases with a fairly perfect three-dimensional
structure.

To further develop this approach, we studied in
more detail how the organoelemental solubilizate
affects the perfection of the three-dimensional struc-
ture of the primary mesophases and MMSs thereof
(Table 3). As organoelemental compounds served tri-
alkylphosphine oxides (H2n+1Cn)PO with n = 8, 10,
12, 16. Their characteristic features affording mixed
solubilization are as follows: a long linear radical; low
water solubility (8�2 mg l�1 at 50�C for C10�C16);
and a dipole moment of 2.66 D [19], which is re-
sponsible for dipole induction and formation of a
stable polar shell of the micelle in interaction with the
surfactant cation; the lack of substituents in the polar
group and in hydrocarbon radicals, which could steri-
cally hinder intermolecular interaction in the micelle;
and the capability for hydrogen bonding with oxygen
and hydroxy groups of the inorganic reagent. Trialkyl-
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Table 3. Formulations of the bitemplate reaction mixtures and characterization of the structure of the nanoporous samples
synthesized using insoluble/poorly soluble solubilizates. Calcination temperature 580�C
������������������������������������������������������������������������������������

Sample no.
�

Reaction mixture formulation,
�

HT treatment
� Structure characterization

� � ���������������������
� AlkPyHal : (Cm)3P : Na2SiO3 : H2O, mol � medium, 80�C � d100, � � A /W

������������������������������������������������������������������������������������
1 �C14Py, (C10)3P; 1 : 0.05 : 5 : 3780 � Mother liquor � 38.81 � 43
2 �C12Py, (C8)3P; 1 : 0.09 : 2 : 1722 � H2O � 35.40 � 48
3 �C16Py, (C12)3P; 1 : 0.07 : 2 : 2556 � Mother liquor � 42.50 � 45
4 �C16Py, (C10)3P; 1 : 0.09 : 4 : 5000 � Mother liquor � 44.35 � 40
5 �C14P-, EAC10; 1 : 0.25 : 4 : 3333 [14] � H2O � 36.81 � 15

������������������������������������������������������������������������������������

phosphine oxides also differ advantageously from
aliphatic acid ethanolamides in enhanced thermal
stability (because the C�P bond formed is stronger
than C�C, and all the more than C�N) and in the
specific stereochemical structure resembling a small
shuttlecock, which favors expansion (increase in the
volume) of the oil core of the micelle.

The organoelemental solubilizates with such prop-
erties, combined with a thermally stable surfactant
(e.g., long-chain alkyltrimethylammonium bromide)
as solubilizer, allow the temperature of HT treatment
to be widely varied so as to reduce its time to 5�18 h.
Table 3 shows that an organoelemental solubilizate
with a relatively lower content in the micellar solubili-
zation solution yields a mesoporous sorbent with
improved structural characteristics.

The solubilization power and, thereby, the proper-
ties of the micellar structure, its interaction with
inorganic reagents in the initial, ion-molecular stage
of the mesophase formation can be controlled, in par-
ticular, by varying the composition of the medium and
temperature. It is known that, with increasing solubili-
zate concentration in a solution of a neutral electro-
lyte, the specific solubilization Ssp of hydrocarbons
and polar substances varies differently: With increas-
ing concentration of a micellar surfactant Ssp tends to
increase for hydrocarbons and decrease for polar
solubilizates; with increasing amount of the neutral
electrolyte Ssp also tends to decrease for polar solu-
bilizates and increase for hydrocarbons [7]. In systems
described by the relationships characteristic of mixed
solubization, both trends in variation of the solubiza-
tion power and several intermediate (transition) trends
are observed, depending on the electrolyte and surfac-
tant concentrations, the length of the hydrocarbon
radical of the solubilizate and solubilizer, and some
other factors [20].

Another approach to formulating solubilization
compositions suitable for template synthesis of nano-

sorbents implies the use of close-cut surfactant frac-
tions as both solubilizer and solubilizate. It should be
noted that the use of wide fractions inevitably entails
polytemplation and solubilization effect. Figure 3 illu-
strates how the solubilizate, with the example of
monoethanolamide based on a low-molecular-weight
fraction of C10�C12 aliphatic acids, affects the struc-
tural characteristics of the end mesoporous sorbent,
with decylpyridinium chloride serving as solubilizer.
It is seen that, in the case of the solubilization bitem-
plate composition, the first reflection of the calcined
sample grows in intensity manyfold compared to the
freshly prepared sample. Compared to the calcined
sample synthesized from the C10PyCl monotemplate,
the reflection in the case of the solubilization bitem-
plate composition gets much more symmetrical and
also grows in intensity (at the reagent molar ratio
C10PyCl : EAC10�12 : Na2SiO3 : H2O = 1 : 0.5 : 1 :
1700; the mesophase was subjected to HT treat-
ment in an aqueous medium at 80�C and calcined
at 580�C).

The advantage of close-cut fractions of the solubi-
lizate and solubilizer consists in that they form
micelles with a more uniform surface (chemical na-
ture, relief features, and curvature), characterized by a
denser packing of the hydrocarbon radicals in the
micelle core. Kryukova et al. [21] found that a sig-
nificant portion of the radicals of an individual
micelle-forming surfactant (40�60%, depending on
its length) adjoins the polar group and contacts water.
In the case of formation of a mixed two-component
micelle (C10PyCl + EAC10�12), the basic micelle-
forming surfactant interacts with the surfactant frac-
tions with shorter chains, i.e., water molecules are
forced out of the hydrocarbon space. As a con-
sequence, the micelle gets more �ideal.� Once the
optimal Ssp for several close-cut fractions of a specific
solubilizate�solubilizer pair is determined, it is pos-
sible to formulate a series of solubilization composi-
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tions for template synthesis of nanosorbents of various
designations.

Thus, published data concerning the use of two-
and multicomponent templates (mixtures of two
micelle-forming surfactants and other versions) for
synthesis of MMSs suggest the following. Cases of
using preliminarily prepared and specially formulated
solubilization solutions in the MMS synthesis were
only few. The other researchers took advantage of one
of the alternatives: codissolution of a hydrocarbon
in the micellar core of the freshly formed mesophase
[8, 10], introduction of a multicomponent template
directly into the reaction [11], or utilization of cocon-
densing organic hydrophobic compounds in the syn-
thesis [12]. In the latter case, localization of the hy-
drophobic�hydrophilic radicals in the surface layer of
the micellar structures can be characterized as ad-
solubilization. By this is meant, according to Esumi
[22], formation of layers, adsorbed by surfactants,
on hydrophobic particles, which favors incorporation
of water-insoluble compounds into surfactant layers.
The above-mentioned factors affecting the nature of
ad-solubilization (surfactant structure, type of water-
insoluble compounds, particle type) are generally
close to those affording efficient solubilization, i.e.,
formation of a thermodynamically stable micellar
solution of compounds insoluble in the given solvent.
The suggested term �adsolubilization� implies cosorp-
tion of micelle-forming surfactants and water-in-
soluble compounds on the surface of hydrophobic
particles.

On the whole, the use of solubilization composi-
tions as templates seems to be an efficient and tech-
nologically sound method of preparation and, prob-
ably, production of a homologous series of organo�
inorganic mesophases, micro- (template-containing)
and mesoporous sorbents with regularly varying
parameters of the spatial organization and pore struc-
ture, differing in the topography and nature of the
sorption space surface, as well as of inclusion com-
pounds and nanocomposites of various functional
designations thereof.

CONCLUSIONS

(1) Solutions of micelle-forming surfactants in
a specific for a certain homolog concentration range,
corresponding to stable existence of plate-like mi-
celles, are suitable for template synthesis of sorbents.
The molar ratio of the reagents (surfactant : inorganic
component) tends to increase on successively chang-
ing to a homolog with a higher molecular weight.

(2) The concept of bitemplate synthesis by mixed
solubilization using solubilization solutions was
further developed by studying how organoelemental
solubilizate [trialkylphosphine oxide (H2n +1Cn)PO
with n = 8, 10, 12, 16] affects the perfection of the
structure of nanoporous silica sorbents.

(3) The close-cut fraction of carboxylic acid C10�
C12 monoethanolamides was tested as solubilizate
for a bitemplate composition, and its influence on
the structure formation of a low-molecular-weight
(C10PyCl) surfactant homolog and nanoporous materi-
als thereof was elucidated.

(4) A technology of production of nanosorbents
from bitemplate compositions comprised of a close-
cut fraction of surfactants as solubilizer and a close-
cut fraction of solubilizate was suggested and sub-
stantiated.
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Abstract�The conditions of the joint electrolytic deposition of vanadium(V) and chromium(III) oxides from
mixed sulfate solutions at different concentration ratios of the main components were studied.

Vanadium(V) oxide deposited on the anode from
oxovanadium(IV) sulfate solutions in the presence of
Mn(II) and Ni(II) ions has the higher specific char-
acteristics compared to the bulk oxide [1, 2]. This is
due to the formation of complex nonstoichiometric
oxide systems having high electrochemical activity.
Therefore, the oxide system formed by the joint elec-
trolytic deposition of V2O5 and chromium(III) oxide
from mixed salt solutions is of interest. Cr2O3 has
the positive effect on the specific discharge character-
istics of the complex oxide systems based on man-
ganese oxide and other systems [3, 4]. The oxide sys-
tem under consideration is also of interest, since, as
a rule, Cr2O3 is not spontaneously deposited in elec-
trolysis of aqueous solution. Data concerning the
given problem are lacking.

We studied two-component solutions of oxovana-
dium(IV) and chromium(III) sulfates with a total con-
centration of 0.20�0.25 M and the ratio of component
concentrations (hereinafter, V : Cr) varied from 15 : 1
to 3 : 1. To prepare the solutions, we used pure grade
and analytically pure grade chemicals and distilled
water. The electrolysis was performed in a 200-ml
temperature-controlled glass cell. The temperature was
similar in all the experiments, 85�3�C, and the
pH was varied within 1.8�2.0. These conditions were
chosen on the basis of the preliminary study [5].
Compact coatings were deposited onto both sides of
smooth platelike anodes (10�10�0.3 mm). The
cathodes were smooth plates of VT-1 technical-grade
titanium with the ratio Sa : Sc = 1 : 5. The efficiency
of the anodic process was estimated from the conven-
tional current efficiency CEcon (wt %) assuming that
in the total anodic process all the efficient current is
spent for V2O5 formation. This assumption was made
because determination of the electrochemical equiv-
alent q [g (A h)�1] of the anodic deposits studied was

virtually impossible. The phase composition of the
deposits was studied by X-ray diffraction (DRON-2
diffractometer, CoK� radiation). These data were used
to calculate CEcon by vanadium(V) oxide in the total
anodic process at various ratios of the VOSO4 and
Cr2(SO4)3 concentrations in the solution. The volt�
ampere characteristics of the total anodic processes
were taken with a 12Cr18Ni9Ti steel anode (S =
1 cm2) finished to V 7�8 class and cathodes made of
VT-1 titanium at the above parameters of the elec-
trolysis within ia = 0.5�50 mA cm�2. The potentials
were measured relative to a silver chloride reference
electrode (E = +0.225 V) using a Shch-4315 digital
device. The CEcon values were also used for construct-
ing partial polarization curves.

The conventional current efficiencies CEcon by the
double V�Cr oxide as functions of the current density
ia at various concentration ratios of oxovanadium(IV)
to chromium(III) sulfates (under equal other condi-
tions) are presented in Fig. 1. The dependences have
a steep ascending branch and a nearly symmetric
descending branch in the range ia = 5�12.5 mA cm�2.
At higher current densities, the right branch shifts
regularly to a certain minimum. At V : Cr from 1 : 0
to 4 : 1, the curves pass through a well-defined maxi-
mum at ia = 7.5 mA cm�2 (curves 1�3), and at
V : Cr = 3 : 1, at ia = 10 mA cm�2 (curve 4). Com-
parison of the dependences (Fig. 1) shows that Cr(III)
ions strongly affect the character of the anodic proc-
esses. This is revealed as change in the rate of forma-
tion of the anodic deposit in the solution on adding
Cr(III) ions. At relatively low Cr2(SO4)3 concentra-
tion in the solution (V : Cr = 8 : 1), CEcon by the
anodic deposit (Fig. 1, curve 1) is considerably higher
than in the solution without Cr(III) ions (Fig. 1,
curve 2). However, as the Cr(III) concentration is in-
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ia, mA cm�2

CEcon, wt %

Fig. 1. Conventional current efficiency CEcon by the anodic
deposit vs. the anodic current density ia. Total concentra-
tion of the solutions 0.2�0.25 M, 85�C, pH 2.0; the same
for Figs. 2�4. Concentration ratio of oxovanadium(IV) and
chromium(III) sulfates (V : Cr): (1) 8 : 1, (2) 1 : 0, (3) 4 : 1,
and (4) 3 : 1.

Fig. 2. Conventional current efficiency CEcon by (1) V�Cr
double oxide and (2) vanadium(V) oxide, and (3) Cr2O3
content in the anodic deposit c vs. the V : Cr concentration
ratio in the solution.

Conventional current efficiency by the anodic deposit
V�Cr and relative and specific contents of Cr2O3 in the
deposit at various V : Cr ratios in the solution and a pre-
scribed conventional mass of the deposit*
����������������������������������������

V : Cr
�
CEcon,

�Conventional�Amount of Cr2O3 in deposit
� � ��������������������
�wt % �

mass of de-
� wt % � mg� � posit, mg � �

����������������������������������������
1 : 0 � 35 � 3.5 � � � �

8 : 1 � 37.5 � 3.75 � 20 � 0.75
6 : 1 � 35 � 3.5 � 33 � 1.15
4 : 1 � 32 � 3.2 � 37 � 1.18
3 : 1 � 28 � 2.8 � 40 � 1.13
����������������������������������������
* Data at ia = 10 mA cm�2 and equal other electrolysis con-

ditions.

creased further, CEcon considerably decreases and
attains the critical value at V : Cr � 3 : 1 (Fig. 1,
curve 4). This value agrees with the limiting content
of Cr2O3 in the anodic deposit (Fig. 2, curve 3). This
trend is clearly seen when comparing CEcon by the
anodic deposit and V2O5 as a function of the V : Cr
ratio in the solution (Fig. 2, curves 1, 2). At V : Cr =
3 : 1, the corresponding values of CEcon are similar,
which indicates that the total deposition rate and rate
of V2O5 deposition become equal. Comparison of the
CEcon values for various V : Cr ratios with the Cr2O3
content in the deposits (Fig. 2) shows that the specific
mass of the doping component in the deposits remains
virtually the same (see table).

The data presented (Fig. 1, 2) show that the V : Cr
concentration ratio in the solution exerts a decisive
effect on the kinetics of the anodic processes. This
ratio determines the relative rate of the parallel reac-
tions proceeding simultaneously at the anode: forma-
tion of the anodic deposit and O2 evolution on the
surface whose properties vary depending on the elec-
trolysis conditions. The mutual influence of these
reactions is complicated by redox processes of
Cr(III) � Cr(VI) anodic oxidation and Cr(VI) �
Cr(III) chemical reduction, which proceed simultane-
ously at the anode. The occurrence of these reactions
is suggested, in particular, by the fact that the doping
component in the anodic deposit is Cr2O3.

This conclusion is confirmed by the volt�ampere
characteristics of the processes studied (Fig. 3). Their
comparison shows that the curves of the total process
and the partial curves of O2 evolution are similar and
have two ascending branches with a transition plateau
between them (Fig. 3, curves 1, 1�, and 4, 4�). Hence,
it follows that the rate-determining reaction in the
total process is O2 evolution. The polarization is the
lowest for the joint process of O2 evolution and V2O5
deposition, and then it increases with decreasing
Cr(III) content in a solution. For the curves of the
total process and those of partial oxygen evolution,
the current densities at the transition plateau decrease
in the same order. On the surface with a preliminarily
deposited layer, the polarization at the same V : Cr
ratio in the solution is lower (Fig. 3, curve 4"). In this
case, clearly resolved inflections on the corresponding
dependence are absent.

The partial curves of separation of the anodic de-
posit itself (Fig. 3, curves 1", 3�, 4�") have sections
which steeply ascend to certain limiting value and
then pass a plateau. The limiting current densities de-
crease with increasing Cr(III) concentration in a solu-
tion. The exception is the partial curve of the V2O5
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deposition with a steeper descending branch. The
positions of extrema on the potential axis of the par-
tial curves coincide with the analogous extrema in
the total curves, which confirms similarity of the
processes in each their section.

Analysis of the ia�Ea curves presented here (Fig. 3)
shows that their character is mainly determined by
the relative rate of the joint anodic processes, which
involves the formation of the anodic deposit, oxy-
gen evolution, and probable redox reaction by the
equations

2VO2+ + 3H2O � 2e � V2O5 + 6H+, E0 = 1.1 V; (1)

2Cr3+ + 7H2O � 6e � Cr2O7
2� + 14H+, E0 = 1.3 V; (2)

2H2O + 2e � O2 + 4H+, E0 = 1.23 V; (3)

18VO2+ + 2Cr2O7
2� + 19H2O � 6e � 9V2O5

+ 2Cr2O3 + 38H+. (4)

The kinetic features of the anodic process consist-
ing in that the anodic polarization in a solution con-
taining small content of Cr(III) is lower than that in
a pure oxovanadium(IV) solution are not fully under-
stood. The same phenomenon was observed in anodic
deposition of V2O5 from oxovanadium(IV) solution
in the presence of Mn(II) ions [6]. This suggests that,
at low concentration of Cr(III) ions (V : Cr = 8 : 1),
the reaction (4) precedes reaction (2). Therefore, the
forming Cr2O3 can block the anode surface and
drastically decelerate the O2 evolution; as a con-
sequence, it can increase the anodic polarization. This
corresponds to the extreme right position of the corre-
sponding curves, i.e., total curve and partial curve of
O2 evolution (Fig. 3, curves 4, 4�). In the given case,
the high O2 overvoltage facilitates formation of the
anodic deposit and exhaustion of the near-electrode
space. For this reason, the limiting current density in
the total curve is the lowest, and, on the contrary, that
in the partial curve, the highest (Fig. 3, curves 4, 4�").
Apparently, this result is responsible for the fact that
the limiting rate of formation of the anodic deposit is
independent of Ea and that the relative rates of the
anodic reactions, established correspondingly at each
Ea value, are similar. Because the anode with a pre-
liminarily deposited layer has the more developed sur-
face, the blocking effect on it is lower and O2 evolu-
tion occurs at lower polarization (Fig. 3, curve 4").

At higher concentrations of Cr(III) ions in a solu-
tion, consumption of dichromate ions by reaction (4)
is delayed, and their excess amount appears in the

ia, mA cm�2

Ea, V
Fig. 3. ia�Ea dependences taken in anodic deposition of
(1) V2O5 and (2) V�Cr double oxide at different concen-
trations of the salts in a solution. V : Cr: (2) 3 : 1, (3) 4 : 1,
(4) 8 : 1, and (4") 8 : 1 (deposition onto the preliminarily
formed film of the deposit). (1�, 4�) Partial curves of the O2
evolution with, respectively, vanadium(V) oxide and V�Cr
double oxide (V : Cr = 8 : 1); (1", 3�, 4�") partial curves
of the anodic deposit formation at V : Cr 1 : 0, 3 : 1, and
8 : 1, respectively.

near-surface layer of the anode. This may favor a
decrease of the O2 overvoltage by analogy with the
effect observed in the course of the electrolysis of
water [7]. Apparently, it can explain why with in-
creasing Cr(III) concentration the limiting current
densities increase and the total and partial curves shift
to lower anode potentials (Fig. 3).

The outward appearance and structure of the
deposits studied directly depend on the electrolysis
conditions. At the optimal values of the current densi-
ties (7.5�12.5 mA cm�2) and V : Cr from 10 : 1 to
6 : 1, the deposits are characterized by the developed
specific surface area having black color and amor-
phous structure typical of �pure� anodic deposits of
V2O5.

At higher relative concentration of Cr(III) in the
solution, the deposits become more compact and have
clear crystalline structure. Increasing the current
density above the limiting value makes the deposit
surface nonuniform (i.e., results in appearance of
regions of different color and roughness). This is
manifested most clearly at V : Cr from 4 : 1 to 2 : 1
and is evidently associated with the increased concen-
tration of Cr2O3 in the deposits. Also, this is mani-
fested in the increased intensities of the reflections
corresponding to the 	-Cr2O3 phase in the diffraction
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(a)

2�, deg

(b)

2�, deg

I, arb. units

I, arb. units

Fig. 4. Diffraction patterns of the V�Cr double deposits
obtained at the V : Cr ratio in the solution of (a) 8 : 1 and
(b) 4 : 1. (I) Relative intensity and (2�) Bragg angle.

patterns of the precipitates obtained at higher concen-
tration of Cr(III) ions in the solution (Fig. 4). Accord-
ing to the X-ray diffraction analysis, the deposits
obtained under the conditions studied are two-phase
systems V2O5�	-Cr2O3, whose structure and phase
composition are reasonably uniform for the given
conditions of the electrolysis (Fig. 4). These data
allow the materials studied to be classed with crystal-
line conglomerates whose constituting components
enter into molecular interphase interaction.

CONCLUSIONS

The conditions for the formation of V�Cr double
oxide materials from mixed sulfate solutions of the
jointly deposited metals at the ratio of their concentra-
tions V : Cr from 1 : 0 to 2 : 1 were studied. Reason-
ably compact coatings with the uniform structure can
be deposited from the corresponding anode systems
onto gauze and smooth platelike anodes made of
12Cr18Ni9Ti steel or aluminum with a current effi-
ciency of 40�45 wt % in the course of the electrolysis
from the above solutions at a total concentration of
0.2�0.25 M, concentration ratio V : Cr from 8 : 1 to
3 : 1, 80�85�C, pH 1.9�2.2, and the anodic current
density of 7.5�12.5 mA cm�2.
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Abstract�The elecrodeposition of tin from a sulfate solution containing SnSO4, H2SO4, Syntanol, formal-
dehyde, and allyl alcohol was studied.

Organic substances ensuring formation of lustrous
tin coatings can be chosen taking into account their
first ionization potentials I [1]. It was established that
obtaining lustrous tin coatings requires the presence
of organic substances, luster-producing additives
(LA), with I = 7.25 or 8.95�10.50 eV in an electrolyte
containing Syntanol DS-10 and formaldehyde (37%
solution).

We studied the influence exerted by allyl alcohol
having I = 10.17 eV on the tin electrodeposition from
a sulfate solution containing Syntanol and formal-
dehyde.

The study was performed in an electrolyte contain-
ing (g l�1) SnSO4 10�50 and H2SO4 90�100. Organic
substances were added into the electrolyte in the fol-
lowing amount: Syntanol DS-10 1�4 g l�1, formal-
dehyde (37% solution) 1�10, and allyl alcohol 1�
20 ml l�1.

A 9�12-�m-thick tin layer was deposited onto
copper samples. The polarization curves were taken
with a P-5828 potentiostat. The degree of the coating
luster was determined on an FB-2 photoelectric bright-
ness-measuring device. The leveling power P of the
electrolytes was determined by a direct method in-
volving a profilographic measurement of the sample
surface with a sine-shaped microprofile and calcula-
tion by the formula [2]

P = 2.3a/2�hav log (H0/Hi),

where a is the amplitude of the wave of the sine-
shaped microprofile; hav, average thickness of the
coatings (10 �m); H0 and Hi, initial and final wave
amplitudes of the sine-shaped profile, respectively.

The capacitance of an electrical double layer was
measured in the course of electrolysis with a P-5021

ac bridge at a frequency of 30 kHz in a series equiv-
alent chain.

The electrodeposition was performed at 18�25�C
with and without agitation of electrolytes with a
magnetic stirrer.

The influence exerted by organic additives on the
outward appearance of the coatings was studied in an
electrolyte containing (g l�1) SnSO4 50 and H2SO4
100. It was found that the addition of Syntanol (1�
4 g l�1) to the electrolyte results in dull coatings. In
the presence of formaldehyde (1�10 ml l�1) or allyl
alcohol (1�20 ml l�1), or of both simultaneously, poor
coatings are formed. The coatings with a considerably
better outward appearance are formed in an electrolyte
containing Syntanol (2�3 g l�1), formaldehyde (6�
8 ml l�1), and allyl alcohol as additive. The influence
of allyl alcohol is demonstrated in the table.

Influence of the allyl alcohol concentration c on the
outward appearance of the tin coatings at various current
densities. Electrolyte composition, g l�1: SnSO4 30, H2SO4
100, Syntanol DS-10 2, formaldehyde (37% solution)
6 ml l�1. Mechanical agitation
����������������������������������������
c, ml l�1 �jc, A dm�2 �Outward appearance of coatings
����������������������������������������

1�5 � 1�2 �Dull
� 3�5 �Semilustrous
� 6�10 �Dark gray

10�15 � 1�3 �Dull
� 4 �Semilustrous
� 5�10 �Lustrous
� 11�12 �Lustrous with burn-on

20 � 1�4 �Dull
� 5�7 �Lustrous
� 8�10 �Lustrous with burn-on

����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 11 2004

1782 MEDVEDEV, MAKRUSHIN

jc, A dm�2 C, �F cm�2

�Ec, V

Fig. 1. (1�6) Cathodic polarization curves taken on a rotat-
ing Sn disk electrode and (7, 8) dependences of the elec-
trical double layer capacitance C on the electrode potential
relative to a standard hydrogen electrode Ec in the tin-plat-
ing electrolytes. (jc) Current density. Electrolyte (g l�1):
SnSO4 30 and H2SO4 100. (1, 7) Electrolyte, (2, 8) 1 +
2 g l�1 Syntanol, 6 ml l�1 formaldehyde (37% solution),
and 10 ml l�1 allyl alcohol; (3, 4, 5, 6) 2 at a rotation rate
of the disk electrode (rpm) of 200, 500, 1000, and 2000,
respectively.

Fig. 2. Structure of Syntanol molecule according to
quantum-chemical calculation. Hydrogen, carbon, and oxy-
gen atoms are colored white, gray, and dark, respectively.

As seen, lustrous coatings can be obtained in the
presence of allyl alcohol in certain modes of the elec-
trolysis. The widest range (5�10 A dm�2) of the
current densities jc ensuring formation of lustrous
deposits is observed at an allyl alcohol concentration
of 10�15 ml l�1.

Deviations of the formaldehyde concentration from
the above limit result in silvery coatings. At a Syn-
tanol concentration below 1�2 g l�1, the working
interval ensuring formation of lustrous coatings is
considerably narrower. At a Syntanol concentration
above 3�4 g l�1, the current density range in which
lustrous coatings are obtained is the same, but foam
formation in the electrolyte increases considerably,
which complicates electrodeposition in the agitated
electrolyte.

We studied the influence of the SnSO4 concentra-

tion on the current density range ensuring formation of
lustrous coatings. The study was performed in an elec-
trolyte containing 2 g l�1 Syntanol, 6 ml l�1 formal-
dehyde, and 10 ml l�1 allyl alcohol. It was found that
decreasing the SnSO4 concentration makes jc range
ensuring formation of lustrous coatings narrower. For
example, at a SnSO4 concentration of 10�20 g l�1

lustrous coatings were formed in the current density
range 2�4 A dm�2, whereas at 30�60 g l�1, they were
formed in the 5�10 A dm�2 range. The H2SO4 con-
centration in the electrolyte must be within 90�
100 g l�1. Below 90 g l�1, the electrolyte operation is
instable, and the jc range ensuring formation of lus-
trous coatings is narrower. At the H2SO4 concentra-
tion above 100 g l�1, the range of the current densities
ensuring formation of lustrous coatings does not vary.

It should be noted that high-quality lustrous coat-
ings are obtained solely in an agitated electrolyte, and
dull coatings are formed without agitation.

The current efficiency (CE) by tin in the electro-
lytes ensuring obtaining lustrous coatings decreases
with increasing jc and increases with increasing
SnSO4 concentration. At a SnSO4 concentration
varied within 10�20 g l�1 and at jc = 2�4 A dm�2,
CE = 95�75%, and at the SnSO4 concentration within
30�50 g l�1 and jc = 5�10 A dm�2 CE = 95�90%.

The cathodic polarization curves on a rotating-disc
electrode were obtained. As seen from Fig. 1, in
the presence of organic substances, the cathodic
polarization increases and the plateau of the limiting
current appears on the cathodic polarization curve
(curves 2, 3). As the rate of rotation of the disc elec-
trode increases, the limiting current density increases,
whereas the cathodic polarization decreases (curves 2�
6). The limiting current in the polarization curves is
due to adsorption of organic substances and formation
of an adsorption layer on the cathode surface. This
suggestion is confirmed by the results of measuring
the capacitance of the electrical double layer. As seen
from Fig. 1, curves 7 and 8, the introduction of
organic substances into the electrolyte results in the
decrease of the double layer capacitance. In the poten-
tial range E from �0.3 to �0.4 V, the capacitance
decreases from 32 to 11 �F cm�2. At higher cathodic
potentials, the organic substances desorb from the
electrode surface, which makes the adsorption layer
nonuniform and results in increased double layer
capacitance.

To ascertain the nature of the adsorption layer
formed on the cathode surface in electrochemical tin
plating, we calculated the optimal structure of the
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Syntanol molecule by the PM3 semiempirical quan-
tum-chemical method [3, 4].

As seen from Fig. 2, the molecule consists of fibril-
lar hydrophobic nonpolar moiety (hydrocarbon radical
C10H21) and hydrophilic moiety [globular oxy-
ethylated fragment (C2H4O)10OH]. The maximum
size of the molecule lies within 2000 � 900 � 500 pm.

The surface of tin electrode was simulated by a
rectangular cluster consisting of 48 tin atoms. The
cluster was chosen as recommended in [5].

It was established that an adsorption layer on the
tin surface is formed with planar orientation of the
Syntanol molecule. In the process, formaldehyde, allyl
alcohol, and Sn2+ ions are distributed in its globular
moiety (Fig. 3). The calculation results show that,
with the system Syntanol + allyl alcohol + Sn2+, the
interaction with the cluster surface is the strongest
(E = 1009 kJ mol�1). With formaldehyde introduced
into this system, the interaction energy decreased by
a factor of approximately 3 (E = 384 kJ mol�1).

As known [6], formation of lustrous coatings is
associated with the adsorption of organic substances
on the electrode surface and with the complex physi-
cochemical processes occurring in the near-cathode
layer. The diffusion-hydrodynamic mode of delivery
(removal) of ions changing the structure and proper-
ties of an adsorption layer on the cathode surface is
also important [7]. The possibility of the electro-
chemical transformation of organic molecules must
also be taken into account. In such a case, the pro-
ducts of transformation of the additive on the elec-
trode, rather than the additive itself, can exert a luster-
producing effect. Taking into account the experimental
data obtained, the luster production in electrochemical
tin plating can be explained by the adsorption�diffu-
sion mechanism.

Unequal accessibility of different regions of the
submicroprofile to LA is due to the adsorption film on
the cathode [8]. The thickness of this film must be
comparable with the size of ridges and pits, typical of
lustrous surface.

As already noted, in a tin-plating electrolyte, the
adsorption layer on the cathode is formed by Syn-
tanol, formaldehyde, LA, and Sn2+. Without agitation
of the electrolyte, the thickness of the adsorption layer
is large owing to polymolecular adsorption of organic
substances (Fig. 4a). The layer formed in an agitated
electrolyte has a smaller thickness, comparable with
the size of ridges and pits (Fig. 4b). In this case, the
adsorption layer plays the role of a diffusion layer in
which a gradient of LA concentration is created. After

Fig. 3. System of (1) Sn2+, (2) Syntanol, (3) formaldehyde,
(4) allyl alcohol, and (5) Sn48 cluster. Planar orientation of
the Syntanol molecule with respect to the cluster plane.

(a) (b)

Electrolyte Electrolyte

LA

LA

LA

LA

LA

LA

LA

LA

LA

LA

Fig. 4. Scheme of (1) ridges and pits of the submicroprofile
in the presence of (2) adsorption layer (a) with and (b) with-
out agitation of the electrolyte. Diffusion flow of LA is
indicated by the arrows.
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B, %

jc, A dm�2

Fig. 5. (1) Degree of luster B and (2) leveling power P of
the coatings vs. the cathodic current density jc. Electrolyte:
SnSO4 30 g l�1, H2SO4 100 g l�1, Syntanol 2 g l�1,
formaldehyde (37% solution) 6 ml l�1, and allyl alcohol
7 ml l�1; mechanical agitation.

the certain agitation rate is attained, the diffusion to
the cathode will result in stronger adsorption of LA on
ridges than in pits. As in adsorption�diffusion leveling
theory [2], unequal accessibility of different regions of
the microprofile is provided by consumption of LA in
the diffusion-limited process, i.e., when the rate of
LA consumption is equal to the limiting rate of its
delivery to the cathode, with the consumption mech-
anism (incorporation of molecules into the deposit or
their electrochemical reduction) insignificant. Since
with increasing rotation rate of the disk electrode (and
rate of the electrolyte agitation) the limiting current
increases and the cathodic polarization decreases, it
appears that inhibition on the ridges occurs to a lesser
extent than in pits.

At the same time, despite the presence of the ad-
sorption layer in them, a larger amount of tin will be
deposited in pits than onto ridges (Fig. 4b). This is
due to incorporation of tin ions Sn2+ into the adsorp-
tion film. Such redistribution of the metal makes the
submicroprofile relief smoother and hence makes the
surface lustrous.

We studied the leveling power of tin-plating elec-
trolytes for obtaining lustrous coatings. It was found
that they have the positive leveling power. The degree
of luster and degree of leveling were studied in rela-
tion to the cathodic current density. Comparison of
these parameters revealed their interrelation, i.e., the
higher the degree of leveling, the higher the degree of
luster (Fig. 5).

The phenomenon of leveling is associated with the
luster of electrolytic coatings, since the luster produc-
tion is also the process of the surface leveling. In the
course of leveling, coarse microroughnesses, from 0.2
to 100 �m and larger, are removed. In the course of
the formation of lustrous surface, very small sub-
microroughnesses, about 0.15 �m and smaller, are
removed [9]. Thus, in a tin-plating electrolyte contain-
ing Syntanol, formaldehyde, and allyl alcohol, in the
course of the tin electrodeposition the submicro-
and microroughnesses of the cathode surface are
smoothed.

Thus, we have developed a sulfuric acid tin-plating
electrolyte of simple composition for obtaining lus-
trous coatings with a leveled surface. The electrolyte
contains SnSO4 10�50 g l�1, H2SO4 90�100 g l�1,
Syntanol (DS-10) 2�3 g l�1, formaldehyde (37% solu-
tion) 6�8 ml l�1, and allyl alcohol 10�15 ml l�1. The
process is performed with mechanic agitation of the
electrolyte at the current density jc = 2�10 A dm�2.
The current efficiency is 75�95% and the electrolyte
temperature, 18�25�C. Above 25�C, the operation
region of jc in which lustrous coatings are obtained is
narrower, the electrolyte becomes turbid wihtin a
short time, and the deposit appears on the bath bot-
tom. All the above impairs the quality of the coatings
obtained. Anodes must be made of pure tin. To pre-
vent the contamination of the electrolyte with sludge,
it is necessary to place the anodes into jackets made of
a polyvinyl chloride or polypropylene fabric.

The electrolyte should be adjusted with respect to
SnSO4, H2SO4, and formaldehyde on the basis of
chemical analysis data [10]. The Syntanol amount in
the electrolyte must be corrected after the amount of
electricity of 100 A g�1 l�1 is passed; 1 g l�1 of Syn-
tanol is added to the bath. The consumption of allyl
alcohol is 0.02 ml A�1 h�1.

CONCLUSIONS

(1) The study of the electrodeposition of tin from a
sulfuric acid electrolyte containing organic additives
showed that, when Syntanol, formaldehyde, and allyl
alcohol are present simultaneously, the current densi-
ties at which lustrous coatings are formed vary within
2�10 A dm�2, depending on the SnSO4 concentration
in the electrolyte.

(2) Lustrous coatings in tin electrodeposition are
formed by the adsorption�diffusion mechanism.

(3) The leveling power of the sulfuric acid electro-
lyte containing organic additives was studied. It was
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found that a tin-plating electrolyte containing Syn-
tanol, formaldehyde, and allyl alcohol has the positive
leveling power depending on jc. It was shown that
the degree of luster correlates with the leveling power:
the higher the degree of luster, the higher the leveling
power.
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Abstract�Formation of copper �-diketonates in electrolysis of a solution of acetylacetone in acetonitrile in
the presence of oxygen, with tetraethylammonium bromide as supporting electrolyte, was studied.

In [1�3], we reported on electrochemical synthesis
of copper(II) �-diketonates in acetonitrile solutions of
�-diketones. When the electrolysis was performed in
an inert atmosphere (Ar, He), the copper anode dis-
solved but copper �-diketonates were not formed in
noticeable amounts. The major process was copper
transfer from the anode to the cathode. Since copper(I)
�-diketonates are unstable, it was suggested that the
transfer of Cu(I) ions to the cathode and their reduc-
tion to metal occur faster than their anodic oxidation
to the double-charged state. Therefore, it seems nec-
essary to use an oxidizing atmosphere. Passage of a
moderate flow of dry air through the electrochemical
cell in the course of electrolysis resulted in the suc-
cessful synthesis. The yield of copper(II) �-diketo-
nates as a function of current in most cases exceeded
100% [1�3], reaching in some cases 130%. This fact
suggests [2] that a considerable amount of �-diketo-
nates is formed not electrochemically but by the direct
reaction of copper with the �-diketone under oxidative
conditions. With low-active compact copper anode,
the reaction is weak [2, 3], but formation of relatively
active refined copper at the cathode and powdered
copper in the near-anode space [due to disproportiona-
tion of Cu(I) ions] promotes the reaction [5]. This is
indirectly confirmed by the fact that the excessive
(over 100%) yield of copper chelates as a function of
current increases in going to more acidic �-diketones
[1] and by the possibility of electrochemical prepara-
tion of active Cu powders [6, 7].

The above data give certain insight into reactions
involved in synthesis of copper(II) �-diketonates. It is
unclear, however, how the oxidative atmosphere of air
favors an increase in the yield of copper(II) chelates,
can the mechanism of anodic oxidation of copper in
aqueous solutions [5, 8, 1]] be applied to aprotic
solvents [1�3] (taking into account the fact that an

important role in electrochemical processes is played
by intermediate metastable compounds, specific for
aqueous and nonaqueous electrolytes [8, 9, 11]), and
what chemical equations describe the processes occur-
ring in the electrochemical cell.

EXPERIMENTAL

The electrolysis conditions, chemicals, and proce-
dures for their preparation are described in [2]. The
IR spectra of acetonitrile solutions of the electrolyte
[1 M solution of acetylacetone (HAA) in acetonitrile,
supporting electrolyte 0.1 M tetraethylammonium
bromide], taken in various steps of the electrochem-
ical synthesis, were recorded on a Specord IR-75
spectrophotometer using liquid cells with NaCl win-
dows and 0.126 mm layer thickness. The X-ray phase
analysis of powders was performed on a DRON-2
diffractometer (Mo radiation).

On applying the electric current, the steady state of
the electrochemical system changes. New phases are
formed on the electrode surface, and sometimes also
in the bulk of solution [8]. In the case of electrolysis
of aqueous solutions, a metastable compound contain-
ing hydroxide is formed at the anode [8]. The proc-
esses occurring with a copper anode are described in
detail in [9]. The sequence of transformations can be
schematically represented as follows:

Cu � (CuOH)ads � (CuOH+)ads � (Cu2+)ads

� [(Cu2+)aq]0 � Cuaq
2+. (I)

The first two transformations are electrode reac-
tions, and their rates depend on the electrode potential.
Scheme (1) involves oxidation of Cu to the Cu(II)
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state directly on the electrode surface, followed by
migration of the Cu2+ ion into the solution. If copper
is also oxidized by another pathway, along with
scheme (1), the current density should increase with
formation of a brown-red deposit on the anode surface
[9], suggesting formation of various copper oxides:

Cu(CuOH)ads � (Cu2O)ads � Cu(CuO)ads

and (CuOH+)ads � (CuO)ads. (II)

In earlier papers [5, 10], a somewhat different
mechanism of anodic dissolution of copper was
suggested:

Cu � Cu+ + e (fast) and Cu+ � Cu2+ + e (slow). (III)

In anodic polarization, the fast step of formation of
Cu+ is followed by the slow step of oxidation to Cu2+.
Stable Cu+ ions can partially diffuse into the bulk of
solution from the anode surface. Beyond the layer
surface, their concentration increases, and the dispro-
portionation 2Cu+ � Cu + Cu2+ starts near the anode,
yielding a copper powder [5].

The electrolysis of an acetylacetone solution with
a copper anode under oxidative conditions results in
precipitation of Cu(AA)2 as blue crystals. After the
electrolysis completion, an equal volume of water was
added to the electrolyte, and the blue precipitate was
filtered off, dried in air, and recrystallized from chlo-
roform [1, 2]. In recrystallization of large amounts of
copper(II) acetylacetonate (products from several
experiments were combined), formation of a black
powder on the beaker bottom was observed; this pre-
cipitate was filtered off, washed successively with
chloroform and acetonitrile, and dried in air at room
temperature. According to X-ray phase analysis, the
isolated black precipitate is CuO. No traces of Cu2O
were detected. The electrolysis in an inert atmosphere
resulted in copper refining and formation of a small
amount of a finely dispersed copper precipitate [1�3].

These facts are better consistent with mechan-
ism (III) of anodic dissolution of copper. Apparently,
bubbling of dry air results in copper oxidation:

2Cu + O2 = 2CuO and 4Cu+ + O2 = 2CuO + 2Cu2+.

Simultaneously, a brownish red film formed on the
anode surface, suggesting the occurrence of some
reactions in accordance with mechanism (II), which
is possible only in the presence of water. Since the
starting chemicals were thoroughly dried and the cell
was protected from atmospheric moisture, the only

� � 102, cm�1

Fragments of the IR spectra of the acetonitrile electrolyte.
(�) Wave number. (1) Initial solution (sample 1), (2) after
electrolysis for 15 min (sample 2), (3) after electrolysis for
30 min (sample 3), (4) subtraction of the spectrum of sam-
ple 1 (reference channel) from that of sample 2, (5) sub-
traction of the spectrum of sample 2 (reference channel)
from that of sample 3, and (6) subtraction of the spectrum
of sample 1 (reference channel) from that of sample 3.

source of H2O could be a chemical reaction in the
course of electrolysis.

The release of water during the electrolysis was
confirmed by the IR spectra of the electrolyte. Sam-
ples were taken from the initial solution (sample 1)
and in 15 (sample 2) and 30 min (sample 3) after the
start of the electrolysis. The figure shows the frag-
ments of the IR spectra of the samples in the ranges
of stretching vibrations of hydroxy groups (3700�
3300 cm�1) and bending vibrations of water (1700�
1500 cm�1). In the IR spectrum of the initial elec-
trolyte solution (sample 1), there is fairly strong ab-
sorption in the range of stretching vibrations of OH
groups. Since the electrolyte solution was prepared
with thorough protection from atmospheric moisture,
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this absorption should be assigned to the enol form of
acetylacetone [12�14].

The absorption in the range 3700�3000 cm�1 no-
ticeably increases in going from sample 1 to sample 2,
suggesting generation of OH groups. Simultaneously,
a shoulder belonging to bending vibrations of water
appears at 1700�1500 cm�1 [13�15]. The manifesta-
tion of the bending vibrations of water confirms its
generation in the course of electrolysis and indicates
that the increased absorption in the IR spectrum of
sample 2 in the range 3700�3300 cm�1 is not due to
keto�enol transformations of acetylacetone (the OH
groups of the enol form do not absorb in this range)
[12�15]. Longer electrolysis (30 min) results in a
further increase in the absorption in the range of water
stretching vibrations, though less pronounced than in
the first 15 min. The generation of water in the course
of electrolysis is demonstrated more clearly by sub-
traction of the spectrum of the initial electrolyte (sam-
ple 1) from the spectrum of the electrolyte subjected
to 15-min electrolysis (sample 2). To obtain the differ-
ential spectrum, we recorded the spectrum of sample 2
with sample 1 placed in the reference channel. The
resulting spectrum (curve 4) is due to stretching vibra-
tions of water generated in the first 15 min of the
electrolysis. By recording the spectrum of sample 3
(solution after electrolysis for 30 min) with sample 2
placed in the reference channel, we obtained the spec-
trum of the stretching vibrations of water formed in
the last 15 min of the electrolysis. The intensity of
this spectrum is appreciably lower. This fact is con-
sistent with a decrease in the current density in the
potentiostatic mode of the electrolysis and the corre-
sponding deceleration of the synthesis in the second
15 min [1]. The total amount of water generated in
30 min is reflected by fragment 6 (sample 1 in the
reference channel, sample 3 in the sample channel).
The IR spectra in the range 3700�3300 cm�1 well
correlate with the spectra in the range of bending
vibrations of water, 1700�1500 cm�1. In going from
the initial sample 1 to samples 2 and 3, first a should-
er (fragment 2) and than a band at 1610 cm�1 (frag-
ment 3), belonging to �(H2O) [13�15], appear in the
IR spectrum.

Since generation of water under conditions of dry
air bubbling is possible only in the presence of hydro-
gen, it should be associated with the cathodic elimina-
tion of proton from the �-position of acetylacetone.
Actually, this reaction is reduction of dissolved oxy-
gen [5].

Summing up, we can conclude that electrochemical
preparation of copper(II) acetylacetonate in an aceto-

nitrile solution is a complex process described by the
following sum of electrochemical and chemical trans-
formations:

Anode:

Cu = Cu+ + e (fast), (1)

Cu+ = Cu2+ + e (slow), (2)

Cu(CuOH)ads � (Cu2O)ads � Cu(CuO)ads (3)

(CuOH+)ads � (CuO)ads. (4)

Reaction (2) makes no appreciable contribution to
the yield of the target product [1�3]. The direct reac-
tion of the compact anode material with acetylacetone
does not occur either, as follows from data of [2, 3]
and from the thermodynamic data: In the electrochem-
ical series of metals, copper stands to the right of
hydrogen. Reactions (3) and (4) occur at the anode
surface as water is accumulated [9] and are also weak-
ly pronounced, although in some cases they can cause
passivation of the anode.

Cathode:

O2 + 4HAA + 4e = 4AA� + 2H2O. (5)

This cathodic reaction corresponds to that sug-
gested in [5].

Solution:

Cu2+ + 2AA� = Cu(AA)2, (6)

Cudisp + 2HAA = Cu(AA)2 + H2, (7)

4H + O2 = 2H2O, (8)

2Cu + O2 = 2CuO, (9)

4Cu+ + O2 = 2CuO + 2Cu2+. (10)

Reactions (6) and (10) are, apparently, the main
final reactions yielding the target product. Reaction (7)
of finely dispersed copper with acetylacetone may
make approximately 30% contribution to formation of
Cu(AA)2, as judged from the current efficiency reach-
ing 130%, and its contribution will significantly de-
pend on the �-diketone acidity. With fine particles
having a strong curvature, the direct reaction of Cu
with an acid, thermodynamically forbidden with com-
pact metal, may become allowed [16], as a new term
related to the particle curvature radius appears in the
expression for the Gibbs energy:

�G(r) = �G � �g, �g = 2�M/�r,
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where � is the surface energy; M, molecular weight;
�, density; and r, curvature radius.

Thus, at low r, the Gibbs energy decreases. Reac-
tion (2) will make a noticeable contribution to the
generation of water, in addition to the cathodic reduc-
tion of oxygen. Reactions (9) and (10) occur in the
near-anode space [5].

CONCLUSIONS

(1) A pattern of electrochemical and chemical
reactions involved in electrochemical synthesis of
copper(II) chelates was suggested on the basis of
published data on anodic oxidation of copper, features
of electrochemical synthesis of copper(II) �-diketo-
nates, IR spectra of the acetonitrile electrolyte solu-
tions taken in the course of electrolysis, and analysis
of the by-products formed.

(2) The overall process can be described by ten
reaction equations.
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Abstract�Electrochemical chlorination and bromination of 4-hydroximino-2,2,6,6-tetramethylpiperidine
were studied.

Halogenation of amines attracts researchers’ atten-
tion as a route to the corresponding halo derivatives
and products of their further transformations. Numer-
ous papers concern this reaction [1�3]. N-Halo deriva-
tives of aliphatic amines are widely used in organic
synthesis [2]; therefore, search for new halogenating
agents is an important problem of applied organic
chemistry. It was shown previously that electrochem-
ical halogenation of 2,2,6,6-tetramethylpiperidine and
its derivatives at pH 5�10 yields N-halo compounds
of this series [4, 5], which are relatively stable and can
be used as oxidants and halogenating agents [6, 7].

We studied electrochemical halogenation of 4-hy-
droximino-2,2,6,6-tetramethylpiperidine I. We found
that electrochemical chlorination of I in acidic solu-
tion yields 4-nitroso-4-chloro-2,2,6,6-tetramethylpipe-
ridine hydrochloride II, which is readily oxidized to
4-nitro-4-chloro-2,2,6,6-tetramethylpiperidine hydro-
chloride III. Compound III on treatment with a satu-
rated sodium carbonate solution transforms into the
corresponding amine IV:
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The electrolysis was performed at pH 4�5 at a plat-
inum anode in a diaphragm electrolyzer in the pres-
ence of an organic solvent. After passing 2 F mol�1 of
electricity, we isolated from the blue aqueous layer
4-nitroso-4-chloro-2,2,6,6-tetramethylpiperidine hy-
drochloride II in 70% yield based on I.

Apparently, the chlorinating agent in chlorination
of I is 1-chloro-4-hydroximino-2,2,6,6-tetramethyl-
piperidine V formed by chlorination of I with molec-
ular chlorine generated at the anode. Compound V is
insoluble in water and passes into the organic phase.
In the organic phase, apparently, compound V under-
goes intramolecular chlorination or acts as a chlorinat-
ing agent with respect to substrate I. The resulting
amine II passes into the aqueous phase from which
it can be isolated as a salt. This reaction sequence is
indirectly confirmed by cyclic voltammetry (CVA).

Chlorination of I in HCl solution could not be
studied by CVA, because the process occurs in the
potential range of discharge of the supporting electro-
lyte (1.0 V vs. silver chloride reference electrode).
To study the process, we recorded the cyclic voltam-
mograms of I in 1.5 M HClO4. In this electrolyte, the
oxidation wave of I was not observed (Fig. 1a). The
background curve changed on adding a small amount
of NaCl to the supporting electrolyte. In this case, the
anodic current at 1.4 V increased, which is caused by
the discharge of chloride ions (this peak grew with
increasing concentration of Cl� in the electrolyte), and
a current wave appeared at 2 V. This wave is presum-
ably related to oxidation of compound V formed by
the reaction of chlorine with compound I added to the
electrolyte earlier. Figure 1b shows the cyclic voltam-
mograms of the solutions of I and 1-chloro-2,2,6,6-
tetramethylpiperidine in the supporting electrolyte.
Curve 2 in Fig. 1b, starting from 1.6 V, fully coin-
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cides with curve 2 in Fig. 1a, which counts in favor of
formation of V as an intermediate.

To prepare compound III, the blue acidic aqueous
solution of II was evaporated to dryness on a water
bath. In the process, compound II was oxidized with
atmospheric oxygen to III. On treatment of II with
hydrogen peroxide in alkaline solution, 4-nitro-4-
chloro-2,2,6,6-tetramethylpiperidine IV formed imme-
diately. The structures of II and III were confirmed
by elemental analysis and 1H NMR spectroscopy.

The electrochemical chlorination of I in neutral and
weakly alkaline solutions in the two-phase system
probably occurs with the formation of 1,4-dichloro-
4-nitroso-2,2,6,6-tetramethylpiperidine, which, being
a practically neutral compound, passes to the organic
phase. 1,4-Dichloro-4-nitroso-2,2,6,6-tetramethylpipe-
ridine appeared to be unstable, and we failed to isolate
it pure.

Attempted electrochemical bromination of I, simi-
lar to chlorination in acidic solution, failed. In alkaline
solution, bromination did not occur either. In both
cases, the hydrolysis of I, yielding 4-oxo-2,2,6,6-
tetramethylpiperidine (triacetonamine), prevailed.

We were able to perform bromination of I in a
neutral solution at a constant pH of the electrolyte in
a diaphragmless electrolyzer. As electrolyte we used a
two-phase system consisting of an aqueous solution of
hydrobromide of I, potassium bromide, and methylene
chloride.

Similarly to chlorination in a neutral solution, bro-
mination of I involves intermediate formation of 1,4-
dibromo-4-nitroso-2,2,6,6-tetramethylpiperidine VI.
This compound dissolves in the organic layer of the
electrolyte, imparting to it green color; then, accord-
ing to TLC, compound VI transforms into 4-bromo-4-
nitroso-2,2,6,6-tetramethylpiperidine VII. We failed to
isolate VII because of its rapid oxidation to 4-bromo-
4-nitro-2,2,6,6-tetramethylpiperidine VIII with atmos-
pheric oxygen. The structure of VIII was confirmed
by elemental analysis and 1H NMR spectroscopy.

EXPERIMENTAL

4-Nitroso-4-chloro-2,2,6,6-tetramethylpiperidine
hydrochloride II. The electrolysis was performed in
a 150-ml diaphragm electrolyzer with platinum elec-
trodes (anode and cathode, 10 and 6 cm2 plates, re-
spectively) and a power-driven stirrer.

The anode compartment was charged with 1.7 g
(0.01 mol) of I, 0.5 ml of HCl (� = 1.19 g ml�1),
70 ml of water, and 30 ml of methylene chloride. The
cathode compartment was charged with 30 ml of 10%

(a)

0.5 mA

E, V

(b)

0.5 mA

E, V

Fig. 1. Cyclic voltammograms of oxidation of I. (E) Poten-
tial. Pt anode; 20�C; potential sweep rate 0.2 V s�1. (1) Sup-
porting electrolyte (100 ml of 1.5 M HClO4) + 2 � 10�4 M
I; (2) the same + (a) 1 � 10�5 M NaCl and (b) 1 � 10�3 M
1-chloro-2,2,6,6-tetramethylpiperidine.

HCl. The electrolysis was performed with vigorous
stirring at 20�C, current density 0.05 A cm�2 (current
0.5 A), and completed after passing 2 F mol�1

(0.52 A h) of electricity. After the electrolysis comple-
tion, the organic layer was separated, and the aqueous
layer was evaporated in a vacuum to 1/3 of the initial
volume, until blue crystals precipitated; the crystals
were filtered off. Yield of hydrochloride II 1.68 g
(70%), mp >250�C (dec.). The compound was iden-
tified by IR, UV, and 1H NMR spectroscopy (compar-
ison with an authentic sample [8]).

4-Nitro-4-chloro-2,2,6,6-tetramethylpiperidine
hydrochloride III. An aqueous acidic solution (pH 4)
of the electrolyte (70 ml), containing hydrochloride II
(prepared as described above), was evaporated on a
water bath to dryness; compound III was obtained as
white crystals, yield 1.75 g (95%), mp 235�C (from
ethanol). Mixing with an authentic sample gives no
depression of the melting point [8].

4-Nitro-4-chloro-2,2,6,6-tetramethylpiperidine
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IV. A suspension of 2.56 g (0.01 mol) of III in 30 ml
of CH2Cl2 was treated with a concentrated Na2CO3
solution to pH 8�9. The organic layer was separated,
and 40 ml of 30% H2O2 was added to it dropwise.
After the blue color disappeared, the organic layer was
separated, and the solvent was evaporated in a rotary
evaporator; 2 g (94%) of IV was obtained, mp 45�
46�C (from hexane). The 1H NMR spectrum of the
product coincides with that of an authentic sample [8].

4-Bromo-4-nitro-2,2,6,6-tetramethylpiperidine
VIII. The electrolysis was performed in a 150-ml
diaphragmless electrolyzer equipped with platinum
electrodes (anode and cathode, 10 and 6 cm2 plates,
respectively) and a power-driven stirrer.

The electrolyzer was charged with 1.7 g (0.01 mol)
of I, 1.5 ml of HBr (� = 1.39 g ml�1), 2.4 g (0.02 mol)
of KBr, 70 ml of water, and 30 ml of methylene chlo-
ride. The electrolysis was performed with vigorous
stirring at 20�C, current density 0.05 A cm�2 (current
0.5 A), and completed after passing 2.5 F mol�1

(0.75 A h) of electricity. After the electrolysis comple-
tion, the organic layer was separated, washed with
water (2 � 30 ml), and dried over sodium sulfate; the
solvent was removed on a rotary evaporator. Com-
pound VIII was obtained as white crystals; yield
1.35 g (60%), mp 106�108�C (from methanol).

Found, %: C 40.43; H 6.85; N 10.78.
C9H17BrNO2. Calculated, %: C 40.8; H 6.45, N 10.55.

1H NMR spectrum (CCl4), �, ppm: 1.09 s and
1.29 s (12H, MeC), 2.22 and 3.05 (4H, CH2, AB pat-
tern, Jgem 15 Hz, �� 63 Hz).

CONCLUSIONS

(1) Electrochemical chlorination of 4-hydroximi-
no-2,2,6,6-tetramethylpiperidine in acidic solution
(pH 4�5) yields 4-nitro-4-chloro-2,2,6,6-tetramethyl-
piperidine hydrochloride in 70% yield.

(2) 4-Nitroso-4-chloro-2,2,6,6-tetramethylpiperi-
dine hydrochloride is oxidized with atmospheric oxy-
gen to 4-nitro-4-chloro-2,2,6,6-tetramethylpiperidine
hydrochloride; treatment of the latter with hydrogen
peroxide in alkaline solution yields 4-nitro-4-chloro-
2,2,6,6-tetramethylpiperidine.

(3) Electrochemical bromination of 4-hydroximi-
no-2,2,6,6-tetramethylpiperidine in neutral solution
yields 4-bromo-4-nitro-2,2,6,6-tetramethylpiperidine
in 60% yield.
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Abstract�The influence exerted by the porous structure of fibrous and granulated carbon materials on
the nature of the charging process and depth of penetration of the electrochemical process was studied.

Fibrous carbon materials have a unique porous
structure and find wide application in widely diverse
processes of chemical technology [1]. Use of carbon
materials as sorbents makes it possible to intensify
and improve the efficiency of the separation and con-
centration of mixtures by sorption and the recovery
of impurities in utilization of industrial solutions.
Rather promising is application of carbon fibers as
electrodes in power cells and high-sensitivity electro-
chemical methods of analysis [2]. Use of carbon fibers
as sorbents in the adsorption recovery of organic
compounds, noble metals, and other inorganic com-
pounds from aqueous solutions has been reported
[3, 4]. In this case, the efficiency of fibrous carbon
materials is due not only to their large surface area
and high rate of adsorption, but also to the possibility
of carrying out the process at a prescribed surface
potential.

The possibility of implementation of the liquid-
phase adsorption technology using carbon materials
under conditions of electrochemical polarization
largely depends on the efficiency of the process of
charging of porous carbon electrodes. This study is
devoted to comparative analysis of the electrochemi-
cal properties of granulated activated carbon (GAC)
and activated carbon fibers (ACF).

EXPERIMENTAL

The electrochemical properties of carbon materials
were studied by measuring charging curves and poten-
tiodynamic curves in a standard three-electrode elec-
trochemical cell. As electrolyte served a deaerated
0.1 N solution of potassium sulfate. The samples
studied were placed on a gold grid serving as an inert

current lead. A saturated silver chloride electrode was
used as reference, and a porous carbon rod, as an
auxiliary electrode. The compartments for the working
and auxiliary electrodes were separated by an MB-2
biporous membrane. The electrochemical parameters
were set and recorded with a PI-50 potentiostat.

As carbon materials to be studied served ACF of
varied texture: bundle (Aktilen of brands A and B:
AUV-A and AUV-B, respectively), felt (AUV-2),
fabric (AUV-7), and GAC with a uniform porous
structure.1 The GAC samples were composed of uni-
formly porous carbon materials obtained by treatment
of transition metal carbides with chlorine at elevated
temperatures. Removal of volatile reaction products
yields a carbon matrix whose uniform porous structure
is determined by the crystal lattice of the starting
carbide [5]. The uniformity of the porous structure
makes it possible to interpret more unambiguously the
effect of the porous structure on the electrochemical
properties of carbon materials.

The structural parameters of the carbon materials
under study are listed in the table. It can be seen that
the porous structure of the samples changes from
mostly mesoporous (granulated carbon GAU-2,
GAU-3) to pronouncedly microporous (granulated
carbon GAU-7 and GAU-6, carbon fibers).

The course of charging of the surface of GAC and
ACF can be judged from galvanostatic charging
curves �E = f (Q) obtained in the double-layer region,
������������
1 The GAC samples were fabricated at St. Petersburg Tech-

nological Institute. Carbon fibers AUV-A and AUV-B are
semicommercial samples supplied by Khimvolokno Produc-
tion Association (St. Petersburg); the carbon felt AUV-2 and
fabric AUV-7 are fibrous materials manufactured at the Insti-
tute of General and Inorganic Chemistry (Minsk, Belarus).
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Parameters of the pore structure and electrochemical characteristics of carbon materials*
������������������������������������������������������������������������������������

Material
�

reff, nm
� Pore volume, cm3 g�1 �

R, �
�

�, s
�

��, � cm
�

�, cm� ������������������� � � �
� � Vmicro � Vmeso � � � �

������������������������������������������������������������������������������������
GAU-7 � 1.10 � 0.19 � 0.01 � 960 � 2200 � 2100 � 0.04
GAU-6 � 1.30 � 0.44 � 0.06 � 760 � 1500 � 2000 � 0.04
GAU-2 � 3.00 � 0.02 � 1.08 � 245 � 320 � 640 � 0.20
GAU-3 � 5.00 � 0.09 � 0.51 � 80 � 45 � 210 � 0.41
AUV-2 � 0.57 � 0.36 � 0.05 � 990 � 1530 � 520 � 1.30
AUV-7 � 0.60 � 0.15 � 0.02 � 510 � 950 � 270 � 1.57
AUV-A � 0.80 � 0.40 � � � 230 � 640 � 120 � 1.62
AUV-B � 0.40 � 0.60 � 0.02 � 201 � 280 � 110 � 1.84
������������������������������������������������������������������������������������
* Vmicro, Vmeso is the volume of micro- and mesopores, respectively; reff, effective pore radius; �, characteristic charging time;

and ��, effective resistivity of the electrolyte in pores.

where Q is the quantity of electricity, and �E is
the shift of the potential from the steady-state value
(Fig. 1).

The nonlinear run of the dependence in the initial
part of the curves corresponds to occurrence of transi-
ent processes and propagation of the �charging wave�
across the thickness of the porous electrode [6]. The
occurrence of pronounced transient processes in por-
ous electrodes made of carbon sorbents results from
nonuniform charging and is associated with the finite
time of formation of an electrical double layer (EDL)
in the pore space of the electrode. As a quantitative
indication of the duration of these transient processes
serves the characteristic charging time �. The values
of � for the samples under study are listed in the table.
At small radii of pores in the electrode, the hindrance
to transport of ions in the interstitial space is sig-
nificant, which makes the transient processes longer.

�E, mV

Q, C g�1

Fig. 1. Charging curves obtained on carbon fibers and
activated carbon in 0.1 N K2SO4. (Q) Quantity of elec-
tricity and (�E) shift of the potential from the steady-state
value. (1) GAU-3, (2) AUV-7, (3) AUV-2, and (4) GAU-7.

It can be seen from Fig. 1 that the dependence
�E�Q is linear from virtually the very beginning for
the mesoporous carbon GAU-3 (curve 1) and carbon
fiber AUV-3 (curve 2). This indicates that the charg-
ing of the whole internal surface of the carbon sam-
ples is uniform, i.e., the rate at which the potential
changes at any part of the internal surface of the por-
ous electrode is comparable with the rate of EDL for-
mation. The values of � listed in the table for the
given samples are comparatively short, as in the case
of AUV-A and AUV-B fibers. Somewhat longer are
transient processes on AUV-2 (Fig. 1, curve 3). The
nonlinear portion of the charging curve is very long
for the microprous carbon GAU-7 (curve 4), the small
size of whose pores (reff = 1.1 nm) markedly limits
the rate of transport of ions within the pore space and
makes lower the rate at which the polarization is
established across the thickness of the porous elec-
trode.

The observed transient processes in charging of
porous carbon materials are primarily due to the in-
fluence exerted by the porous structure on the rate and
uniformity of the process of EDL charging and are
independent of the degree of electrode impregnation
with the electrolyte solution. The impregnation of the
electrodes under study was complete because the elec-
trodes were preliminarily kept in the electrolyte solu-
tion for a long time, and measurements were carried
out 24 h after the electrodes were submerged in the
electrolyte solution and a constant value of the station-
ary electrode potential was attained. After keeping the
electrodes in the solution, the degree of impregnation
reached a constant value and remained unchanged in
the course of the experiment because the capacitance
of EDL, determined for an electrode in different days,
was the same.
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All the carbon fibers under study have pores with
small radii and would seemingly show a considerably
longer duration of transient processes, comparable
with that for a microporous sample GAU-7. However,
this is not the case, which may be due to specific
features of the pore structure of carbon fibers. Despite
that the radius of micropores in carbon fibers is con-
siderably smaller than that in activated carbon, the
charging of fibers occurs more uniformly. This is
favored by texture properties of ACF and, in particu-
lar, by the small thickness of threads and by the
lability of the system of fibrils in the carbon fiber [6].
The effect of lability of the carbon fiber consists in
that its porous structure changes in polarization
because of the separation displacement of likely
charged fibrils of the fiber and an increase in the
dimensions of the transport pores. The manifestation
of this effect favors a significant decrease in the
hindering effect of the porous medium on the process
of EDL formation and thereby leads to a faster estab-
lishment of a uniform polarization of the carbon fiber.

The relationship between the structure and nature
of charging of ACF and GAC can be judged from the
change in the capacitance of EDL in the electrode on
raising the potential sweep rate. The capacitance of
the EDL of the samples was determined by the meth-
od of potentiodynamic curves. Because of the in-
creased ohmic resistance of the electrolyte in the
pores, the rates of charging of the internal and external
surfaces of the porous electrodes may differ. Beginn-
ing from certain small potential sweep rates, when
the rate of EDL formation within the pore space
starts to exceed the rate of polarization, the apparent
capacitance of the carbon electrode corresponds to its
whole internal surface area. As the polarization rate
increases, the capacitance of the porous electrode
decreases because the measured capacitance corre-
sponds to only that part of the working surface which
is involved in the electrochemical process and has
enough time to be charged during the time of the
potentiodynamic cycle.

Figure 2 shows that the capacitance of the EDL of
the granulated carbon GAU-2 falls steeply and reaches
rather small values as the polarization rate increases.
This indicates that the charging process is displaced to
the external surface. A considerably less pronounced
decrease in the capacitance of the EDL is observed for
AUV-7 and AUV-B, despite that the effective radius
of pores in the fibers is severalfold smaller than that
in carbon. The fact that high values of the capacitance
of ACF are preserved in the whole range of potential
sweep rates is a consequence of the lability of the

C, F g�1

V, mV s�1

Fig. 2. Dependences of the capacitance C of the electrical
double layer on the potential sweep rate V, obtained on
carbon fibers (1) AUV-B and (2) AUV-A and (3) on
activated carbon GAU-2.

structure of the fiber under polarization. The separa-
tion displacement of fibrils of a polarized carbon fiber
and expansion of transport pores makes weaker the
hindering influence of the porous medium and thus
results in that rather high rates of current transport
and mass exchange are preserved in polarized carbon
fibers.

We calculated the parameters that make it possible
to evaluate the efficiency of utilization of carbon ma-
terials under polarization. To these parameters belong
the total resistance R and the effective resistivity �� of
the electrolyte in the pores, the electrode capacitance
C (F g�1), and the characteristic time of charging
(� = RC). The calculation was performed using a
software that minimizes the deviation of experimental
points from the theoretical curve describing the poten-
tio-dynamic charging of a porous electrode in the
double-layer range of potentials (range of ideal polari-
zability) [7]:

t� 	� �
I = Cv	1 � 2
�2

� (k + 0.5)�2 exp��
2(k + 0.5)�����,
RCk =1 
 �� 


where I is the current (A g�1); v, potential sweep rate
(V s�1); t, time; and k, summation index.

On calculating the values of C and R for each
sample, �� was found by comparing the resistances Ri
of the electrodes studied and that (R0) of a model car-
bon adsorbent having sufficiently wide pores, which
do not hinder the current transport and mass exchange.
In this case, it can be assumed that �� of the model
sample virtually coincides with the resistivity �0 of
the electrolyte in the solution bulk (found conduc-
tometrically). Then �� of the samples can be found
using the relation

Ri /R0 = �� li S0/(�0 l0 Si),
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where l and S are the thickness and cross-sectional
area of the structural unit of the electrode (grains or
fibers).

The calculated values of �, R, and �� of the samples
are listed in the table. It can be seen that the charging
parameters found for the granulated carbons directly
depend on the predominant pore radius. A decrease
in the pore radius in carbons GAU-6, GAU-7, and
GAU-1 leads to a steep increase in the effective resis-
tivity �� of the solution in pores and in the character-
istic time of EDL charging. At the same time, carbon
fibers AUV-2, AUV-7, and AUV-B, which are sor-
bents with a clearly pronounced microporous structure
in accordance with the values of the predominant pore
radius, do not show so high values of ��, which is
presumably due to an increase in the size of transport
pores in polarization of the fiber. Consequently, the
structural lability of the fiber obviates ohmic limita-
tions and allows a more uniform distribution of the
polarization across the thickness of the porous elec-
trode.

At strong polarizations (>0.1 V), at which Faraday
processes occur in addition to the charging process,
the effective depth � of penetration of the electro-
chemical process was calculated for all the samples.
This parameter characterizes the uniformity of distri-
bution of the polarization across the thickness of the
porous electrode [8]:

� = (b/2��S i0)1/2,

where b is the slope of the Tafel portion of the polari-
zation curve (V); S, specific surface area of the elec-
trode (cm2 cm�3); and i0, exchange current density
(A cm�2).

The value of � and, consequently, the efficiency of
polarization are determined by the size of structural
units of the porous electrode and by the characteristics
of the electrochemical process. The values of b and i0
were found from cathodic polarization curves meas-
ured in a 0.1 N aqueous solution of K2SO4. Under the
given conditions, the Faraday process is associated
with discharge of water molecules. Comparison of the
resulting values of � (see table) shows that AFC are
polarized considerably more efficiently than GAC.
The better uniformity of AFC polarization in aqueous
solutions, which is independent of the texture of
fibers, is determined primarily by the very small

thickness of carbon fibrils in the fibers, lability of
their structure, and low exchange current densities,
i.e., by the slow rate of water discharge on an ener-
getically more uniform surface of carbon fibers.

Thus, fibrous carbon materials are rather promising
for use as electrodes in various electrochemical proc-
esses, because they differ from granulated carbons in
faster attainment of a prescribed polarization and
in more uniform distribution of the polarization across
the thickness of the carbon electrode.

CONCLUSIONS

(1) Comparison of the galvanostatic curves of
charging of granulated carbons and carbon fibers
shows that the time in which the equilibrium polariza-
tion is attained is shorter for carbon fibers.

(2) Analysis of the potentiodynamic curves reveals
smaller hindrance to current transport and mass trans-
fer in carbon fibers, compared to activated carbons.

(3) The calculated resistivity of the electrolyte
in pores and the depth of penetration of the electro-
chemical process suggest that carbon fibers show
more uniform distribution of the polarization across
the thickness.
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Abstract�The effect of zirconium, calcium, and barium on corrosion-electrochemical properties of aluminum
was studied. A positive effect of alloying aluminum by these metals was revealed.

The dissolution of aluminum in neutral media is
described by the following equations [1, 2]:

Al + 3OH� = Al(OH)3 + 3e, (1)

Al(OH)3 + OH� = Al(OH)�4. (2)

The process is limited by the transport rate of OH�

ions to an electrode surface. Oxygen is a depolarizer
in neutral aerated solutions. Its reduction at the
metal|solution interface follows the equation

O2 + 2H2O + 4e = 4OH�. (3)

The process is limited by the diffusion of oxygen
dissolved in an electrolyte, which finally determines
the metal corrosion rate. The intermediate product of
the reaction of aluminum with OH� ions is hydrated
oxide of the general formula Al2O3 �nH2O. Various
modifications of aluminum oxides and hydroxides are
readily soluble in alkaline and acid media, but they
are practically insoluble in neutral solutions. There-
fore, aluminum and its alloys can be used only in
near-neutral media. In such solutions, oxide films on
aluminum show high protective properties, and the
corrosion of aluminum and its alloys, as a rule, is
minor and occurs at separate defects of oxide films
[1, 2]. The pitting corrosion is the most dangerous
type of corrosion degradation of aluminum and its
alloys.

According to [3, 4], a corrosion process proceeds
on aluminum in alkaline media at rather negative
potentials (�1.5 to �1.75 V), and the corrosion mech-
anism can be expressed as a system of two conjugated
stages:

Al + 2OH�
� Al(OH)2+ + 3e, (4)

H2O + e � OH� + 1/2H2. (5)

In alkaline solutions, corrosion occurs virtually
fully under the conditions of hydrogen depolarization.
The addition of the first electron to a water molecule
is the slowest stage.

Thus, the corrosion of aluminum in various media
has been extensively studied, but this is not true for its
alloys, especially for low alloys. This makes difficult
the choice of alloying components and alloy composi-
tions.

This problem is complicated by the lack of the
theory for basic principles of corrosion-proof doping
of metals and alloys. The existing assumptions consist
in an increase in the thermodynamic stability of the
system and a decrease in cathode or anode areas on
the alloy surface [5].

The most efficient way of increasing the corrosion
resistance of aluminum alloys is the retardation of
anode processes, i.e., the passivation. From the view-
point of corrosion, it is preferable that the strengthen-
ing structural phase of alloys should be anodic with
respect to the main (cathodic) bulk of the alloy. In
such cases, the alloys must have the smallest possible
relative surface area of the anodic component. The
reduction of the surface area of anodes is attained
by obtaining an alloy with narrower uniform grain
boundaries, for example, by increase in the alloy
purity or by an appropriate thermal treatment. Doping
of a metal or an alloy with a stronger inhibiting alloy-
ing element also enhances the capability of the alloy
for anodic passivation [5, 6]. For this purpose, anodic
dopants are often used. In this work we chose calcium
and barium, and also zirconium as anodic dopants
because of their lower electronegativity [7] and high
oxygen affinity [8] compared to aluminum. They were
chosen owing to the fact that zirconium as a transition
metal positively affects the strength, plasticity, and
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Table 1. Variation in time of the free corrosion potential of aluminum alloys with zirconium, calcium, and barium in
0.1 N NaOH
������������������������������������������������������������������������������������

Content, wt % � Efc, V, in indicated time, min
������������������������������������������������������������������������������������

Zr � Ca � Ba � 0 � 5 � 30 � 60 � 120 � steady-state value
������������������������������������������������������������������������������������

0.01 � 0.03 � � � 1.510 � 1.380 � 1.352 � 1.342 � 1.320 � 1.312
0.01 � 0.05 � � � 1.510 � 1.385 � 1.356 � 1.346 � 1.323 � 1.318
0.01 � 0.02 � � � 1.480 � 1.345 � 1.225 � 1.183 � 1.160 � 1.145
0.01 � � � 0.04 � 1.515 � 1.485 � 1.465 � 1.455 � 1.453 � 1.453
0.01 � � � 0.04 � 1.500 � 1.428 � 1.388 � 1.383 � 1.383 � 1.383
0.01 � � � 0.04 � 1.510 � 1.442 � 1.405 � 1.394 � 1.386 � 1.383
0.01 � � � 0.06 � 1.500 � 1.420 � 1.400 � 1.397 � 1.395 � 1.395

Al (A5)� � � � � 1.520 � 1.485 � 1.465 � 1.455 � 1.453 � 1.453
������������������������������������������������������������������������������������

Table 2. Variation in time of the free corrosion potential of aluminum and its alloys in various media
������������������������������������������������������������������������������������

Medium
�

Material
� �Efc, V, in indicated time, min

� ������������������������������������������������������������
� � 0 � 5 � 30 � 60 � 120 � steady-state value

������������������������������������������������������������������������������������
0.01 N NaOH �Al (A6) � 1.450 � 1.375 � 1.342 � 1.358 � 1.335 � 1.335
0.01 N HCl �Al + dopant* � 0.790 � 0.722 � 0.643 � 0.605 � 0.585 � 0.563

�Al (A6) � 0.940 � 0.800 � 0.770 � 0.735 � 0.700 � 0.692
0.5 N NaCl �Al + dopant* � 1.200 � 1.020 � 0.825 � 0.775 � 0.755 � 0.745

�Al (A6) � 1.095 � 0.935 � 0.840 � 0.815 � 0.795 � 0.785
������������������������������������������������������������������������������������
* Dopant content, wt %: Zr 0.05, Ba 0.03.

heat resistance of aluminum, whereas alkaline-earth
metals act as refining and modifying agents and there-
fore positively affect physicomechanical properties
and corrosion resistance of aluminum [9�12].

EXPERIMENTAL

The corrosion-electrochemical behavior of the syn-
thesized aluminum alloys was studied according to
[10, 11] in 0.01 and 0.1 N NaOH, 3% NaCl, and
0.01 N HCl using a PI-50�1 potentiostat operating at
potential scan rates of 2 and 10 mV s�1. A silver
chloride electrode was used as a reference electrode,
and all potential values were referenced to it. The cor-
rosion rates of alloys were determined gravimetrically.
The experimental data are shown in Tables 1 and 2.

It is known that the corrosion behavior of metals
and alloys can be judged from various electrochemical
parameters. The time dependence and steady-state
value of the free corrosion potential can provide
important data on the behavior of a metal in a corro-
sive medium. As a rule, a large shift of the corrosion
potential to the positive region suggests that the

anodic reaction rate can decrease owing to passiva-
tion. Such materials can be expected to be more cor-
rosion-resistant under natural service conditions [13].

To select a corrosion medium, we first studied
the behavior of Al in NaOH solutions of various
concentrations.

Reduction of the NaOH concentration from 0.5 to
0.05 N results in decreasing corrosion current density,
which suggests a decrease in the rate of aluminum
corrosion. The sharpest decrease in the corrosion rate
is observed in 0.05 N NaOH. If the sodium hydroxide
concentration is less than 0.05 N, aluminum changes
from an active state to a passive state owing to the
accumulation of a film of aluminum hydroxide on the
metal surface. These experimental data are in good
agreement with the published data on aluminum
behavior in KOH solutions [14, 15]. Taking these
results into account, we carried out the further experi-
ments in 0.1 N NaOH and in 3% NaCl.

The dynamics of free corrosion potential variation
for low-alloyed aluminum alloys in 0.1 N NaOH solu-
tion (Table 1) indicates that a protective film on
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Table 3. Electrochemical parameters of aluminum alloys with zirconium, calcium, and barium in 3% NaCl. Potential scan
rate 10 mV s�1

������������������������������������������������������������������������������������
Content, wt % � �Efc � �Epo � �Ecp � �Epf � ipo � icp

������������������������������������������������������������������������������������
Zr � Ca � Ba � V � mA cm�2

������������������������������������������������������������������������������������
0.01 � 0.05 � � � 0.750 � 1.450 � 1.320 � 0.680 � 1.50 � 0.10
0.05 � 0.05 � � � 0.760 � 1.460 � 1.370 � 0.670 � 1.10 � 0.10
0.10 � 0.05 � � � 0.775 � 1.450 � 1.380 � 0.650 � 1.65 � 0.11
0.30 � 0.05 � � � 0.780 � 1.450 � 1.310 � 0.650 � 1.70 � 0.14
0.50 � 0.05 � � � 0.820 � 1.450 � 1.250 � 0.640 � 2.10 � 0.15
0.01 � � � 0.05 � 0.770 � 1.400 � 1.320 � 0.670 � 1.70 � 0.11
0.05 � � � 0.05 � 0.795 � 1.420 � 1.320 � 0.650 � 1.40 � 0.10
0.10 � � � 0.05 � 0.800 � 1.440 � 1.380 � 0.670 � 1.50 � 0.11
0.30 � � � 0.05 � 0.815 � 1.440 � 1.380 � 0.680 � 1.60 � 0.13
0.50 � � � 0.05 � 0.825 � 1.450 � 1.380 � 0.680 � 2.00 � 0.13

Al (A5) � � � � � 0.760 � 1.420 � 1.320 � 0.680 � 2.10 � 0.15
������������������������������������������������������������������������������������

their surface is formed slowly and the process is
complete within 2�4 h and sometimes within a day.
The alloys under study have a more positive free
corrosion potential than the starting aluminum.
The greatest positive shift of the potenial is observed
within 5�30 min of the test in the corrosion medium.

Similar experiments were carried out in 0.01 N
NaOH, 0.01 N HCl, and 0.5 N NaCl. In these media,
free corrosion potentials of the alloys are also shifted
to the positive region, the alloys showing more posi-
tive potential values than the pure metal (Table 2).

According to the experimental data, in particular,
to the value of the steady-state free corrosion potential
(Table 2), aluminum and its alloys have lower corro-
sion resistance in alkaline media than in acid media.

The results of the electrochemical study of alumi-
num alloys with various zirconium contents and con-
stant barium and calcium contents in 3% NaCl are
summarized in Table 3. The corrosion potentials of
the alloys are shifted to the negative region as the zir-
conium content increases. Small amounts of zirconi-
um scarcely affect the pitting formation potential Epf,
whereas the complete passivation potential Ecp some-
what decreases. With alloys, the passivation range is
not reduced compared to aluminum. The alloys doped
predominantly with 0.01�0.1% Zr have lower current
densities of passivation onset ipo and of complete
passivation icp than pure aluminum. Therefore, doping
of aluminum with zirconium enhances the corrosion
resistance of the alloys.

The modifying agents zirconium, calcium, and
barium make alloy structures more finely dispersed

and react with gases dissolved in aluminum. In the
case of modified alloys, in contrast to nonmodified
alloys, the intercrystallite corrosion is limited to the
near-surface layer of the metal and is not developed
significantly even after prolonged corrosion tests [16].

The role of zirconium as a dopant for aluminum
alloys is not limited to its modifying action. It also
sharply increases the recrystallization temperature of
aluminum and its alloys after both hot and cold defor-
mations, making it possible to obtain a non-recrys-
tallized or partially non-recrystallized structure after
thermal treatment and hence to enhance the corrosion
resistance and mechanical properties. For example, the
corrosion rate of the alloys of optimal composition
under study after pressing (80% deformation) de-
creased from 0.0136 (initial state) to 0.0094 g m�2 h�1

after deformation.
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Abstract�The corrosion-electrochemical behavior of steels and metals in sulfuric, hydrochloric, and acetic
acids in the presence of ozone was studied.

In recent decades, one of directions of synthesis of
oxygen-containing derivatives, oxidation of hydrocar-
bons and other organic compounds with ozone, which
does not contaminate the products and the environ-
ment and makes it possible to improve the yield and
quality of target products, has been developing suc-
cessfully [1�3]. This poses an acute problem of the
choice of structural materials and apparatus for organ-
ic synthesis in the presence of ozone. To fabricate the
required equipment, it is necessary to use structural
materials that would ensure prolonged and safe opera-
tion of the apparatus in chemical industries employing
exceedingly corrosive media (sulfuric, hydrochloric,
nitric, and acetic acids). Commonly, high-alloyed
stainless steels (12Cr18Ni10Ti, 08Cr22Ni6Ti, and
06CrNi28MoCuTi), VT1-0 titanium and its alloys,
and ADO aluminum and its alloys are used for this
purpose. It is necessary to determine how such a
strong oxidizing agent as ozone affects the corrosion
resistance of these materials at different acid concen-
trations and temperatures and varied content of organ-
ic compounds, which may act both as corrosion
inhibitors and as corrosion activators.

It should be noted that the materials mentioned
above show different passivation mechanisms. The
passivity of stainless steels is mostly due to chemi-
sorption of the oxidizing agent on those parts of the
surface which are enriched in chromium, whereas Ti
and Al are passivated because of the formation of the
oxides TiO2 and Al2O3. The main factor that deter-
mines the rate of corrosion of the metals in nonoxidiz-
ing acids (H2SO4, HCl) is the hydrogen overvoltage
on the cathodic areas of the metal. Ozone, which is an
effective cathodic depolarizer, shifts the corrosion
potential Ecor in the positive direction, with the result
that the corrosion rate of a metal may increase if the
metal remains in the region of active dissolution. At
the same time, the facilitation of the cathodic process

results in that the polarization of the anodic areas
increases and may reach the critical current density
and transfer the metal to the passive region.

The aim of this study was to determine how O3, an
exceedingly strong oxidizing agent, affects the corro-
sion-electrochemical behavior of steels, alloys, and
metals in a corrosive acid medium.

EXPERIMENTAL

The following steels: 09Mn2Si, 08Cr17Ti, 12Cr �
18Ni10Ti, 10Cr17Ni13Mo2Ti, and 06CrNi28MoCuTi,
and metals: Ti, Ni, Cr, and Mo, were studied. As the
acid media served hydrochloric, sulfuric, and acetic
acids at 20�60�C. Polarization measurements were
carried out in a three-electrode glass cell. The working
electrodes were prepared using the standard procedure.
The potential sweep rate was 1.44 V h�1. Potentio-
metric and potentiodynamic curves were measured
after the stationary corrosion potential Ecor was at-
tained (10�15 min). The potentials are given relative
to the standard hydrogen electrode. An ozone�air mix-
ture was obtained in a laboratory glass ozonizer with
a cooling water jacket from compressed cleaned and
dried air. The concentration of O3 in the mixture was
varied by changing the feeding voltage with a labora-
tory one-coil transformer. The solutions were ozonized
by bubbling with the ozone�air mixture at a rate of
0.07 m3 h�1 during the entire time of experiment. The
concentration of O3 in the gas phase was 0.1 mol m�3.
The corrosion rate was found from the weight loss by
samples kept in the solutions for 100 h.

The 06CrNi28MoCuTi alloy is corrosion-resistant
in a 30% solution of H2SO4 at 80�C and an 80% solu-
tion of the same acid at 60�C. On the whole, introduc-
tion of O3 into H2SO4 solutions improves the corro-
sion-electrochemical behavior of the alloy. However,
the corrosion rate in a 70% solution of H2SO4 at 60�C
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Fig. 1. Polarization curves for 12Cr18Ni10Ti steel in a 20%
H2SO4 solution at 20�C. (ic, ia) Cathodic and anodic
current densities and (E) potential; the same for Figs. 2�4.
(a) H2SO4 solution: (1) subjected to aeration, (2) subjected
to ozonation with agitation, and (3) subjected to ozonation.
(b) Ozone concentration c0 �10�5 (M): (1) 1, (2) 4.8,
(3) 25, and (4) 36.

increases from 0.07 to 0.49 g m�2 h�1 in the presence
of O3. The polarization curves show a noticeable in-
crease in the width of the region of active dissolution,
but the corrosion and repassivation potentials remain
unchanged upon introduction of O3 (Ecor = 0.4 V,
Ep = 1.0 V) [4].

A study of the corrosion-electrochemical behavior
of stainless steels in the medium subjected to ozona-
tion revealed an ambiguous nature of the influence
exerted by O3. On the one hand, O3, which is a strong
depolarizer, transfers steels to the passive state; on
the other hand, changes in the concentration of O3,

temperature, and pH of the medium can transfer the
metal to the region of active dissolution, in which the
rate of corrosion considerably exceeds that in an uno-
zonized medium. For example, the 12Cr18Ni10Ti
steel is in the region of active dissolution at 20�C in
a 20% solution of H2SO4 and undergoes corrosion
at a rate of 4.3 g m�2 h�1 (Fig. 1a, curve 1). In a solu-
tion subjected to ozonation, the corrosion potential is
shifted in the positive direction. However, a �cathodic
loop� appears in the anodic curve, which is indicative
of a state of unstable passivity (Fig. 1a, curve 3).
Agitation of a solution subjected to ozonation makes
the cathodic reaction faster (the region of active dis-
solution disappears) and leads to a shift of Ecor into
the passive region, but to a somewhat more negative
value than that in an unagitated solution, with the rate
of corrosion decreasing from 0.06 to 0.03 g m�2 h�1

(Fig. 1a, curve 2). Agitation of solutions subjected to
ozonation leads to an increase in the rate of cathodic
processes; in the case of the 12Cr18Ni10Ti steel
not only the cathodic, but also the anodic reactions
become faster, with the rate of the anodic reaction
increasing to a greater extent (Fig. 1a, curves 2, 3).
However, as the current densities are low, the solution
agitation affects the rate of corrosion significantly
[5]. Raising the concentration of H2SO4 makes the
influence exerted by O3 weaker: the rate of corrosion
in a 30% H2SO4 solution is half an order of mag-
nitude lower than that in an unozonized solution,
whereas in a 40% solution, the rates in ozonized and
unozonized solutions are equal. Interestingly, the
rate of corrosion of the 12Cr18Ni10Ti steel in a 70%
H2SO4 solution is an order of magnitude lower than
that in a 20% solution; however, the corrosion-elec-
trochemical behavior in a medium subjected to ozona-
tion is impaired.

Raising the concentration of O3 from 10�5 to 3.6 �

10�4 M in a 20% H2SO4 solution leads to a gradual
change of the anodic polarization curve (Fig. 1b). The
range of concentrations at which the 12Cr18Ni10Ti
steel is in the state of stable passivity is (0.10�3.6) �
10�4 M [5].

A study of the selectivity of dissolution of products
formed in corrosion of the 12Cr18Ni10Ti steel dem-
onstrated that the dissolution of Ni and Cr in ozonized
solutions is lower in 30�40% H2SO4 solutions, com-
pared to unozonized solutions, and that of Fe is lower
in a 30% H2SO4 solution and higher in a 40% solu-
tion. However, the pattern changes in the 70% H2SO4
solution: with the total amount of dissolved products
of corrosion of the 12Cr18Ni10Ti steel, the amount
of Ni and Cr in ozonized media exceeds that in
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unozonized solutions. In this case, the Fe : Cr : Ni
ratio remains the same for virtually all the media,
1 : 0.08 : 0.02. Raising the temperature of the solu-
tions makes the rate of steel corrosion considerably
faster, the anodic polarization curves are shifted to
higher currents.

The susceptibility of the stainless steels 12Cr18Ni �
10Ti and 06CrNi28MoCuTi and their welded joints
for intercrystallite corrosion (ICC) was studied in 20
and 40% H2SO4 solutions, respectively. Samples of
the 12Cr18Ni10Ti steel were subjected to sensitiza-
tion at 650�C for 6 h. The samples were tested for
susceptibility to ICC in accordance with GOST (State
Standard) 60-32.89. Sensitized samples exhibited no
ICC after being kept in ozonized solutions for 100 h,
but without O3 ICC was observed [6]. Welded joints
of steels did not undergo ICC in ozonized media,
either.

The main alloying additives to stainless steels are
Ni, Cr, and Mo; therefore, it was of interest to study
the behavior of these metals in a medium subjected to
ozonation.

Nickel is thermodynamically unstable in acid solu-
tions; it may dissolve with formation of the Ni2+ ion
and evolution of H2. However, Ni is only slightly
more electronegative in the electrochemical series
with respect to the H+/H2 equilibrium. This means
that the rate of dissolution of Ni in acid solutions will
be low in the absence of oxidizing agents stronger
than H+. Indeed, the rate of Ni corrosion in 2�70%
solutions of H2SO4 is low and virtually invariable,
polarization potentiodynamic curves do not exhibit
any significant differences either. As the concentration
of H2SO4 increases, Ecor of Ni becomes more nega-
tive. The specific features of the electrochemical be-
havior of Ni are the dynamic instability, i.e., periodic
oscillations of the current in a 2% solution of H2SO4
at potentials of 0.4�1.0 V, and anomalous phenomena
in the dissolution of Ni, i.e., the absence of a Faraday
correspondence between the quantity of electricity
passed through Ni and the amount of dissolved metal.
The corrosion rates calculated from the current differ
by one or two orders of magnitude from those follow-
ing from the weight loss, which can be attributed
to the occurrence of an additional anodic process.

Introduction of O3 shifts the corrosion potential in
the positive direction by 0.1�0.15 V and leads to
an increase in the density of the anodic dissolution
current to 10 A m�2. However, the rate of Ni dissolu-
tion cannot be determined from polarization curves,
either. Comparison of polarization curves for Ni in

a medium subjected to ozonation and that without O3
does not show any significant difference in dissolution
rates, whereas gravimetric analysis demonstrates that
O3 raises the corrosion rate by an order of magnitude
and more.

The main reason for the decrease in the corrosion
rate of Ni in an acid medium is adsorption of atomic
hydrogen on atoms that occupy semicrystalline posi-
tions and block �active centers� on the surface [7].
At the same time, hydrogen dissolved in the metal
partly dissociates into H+ ions and electrons, and elec-
trons can fill vacancies on the d level of Ni atoms.
As a result, the metal loses its ability to chemisorb
oxygen and hydrogenated Ni is activated in anodic
polarization.

It was shown in [8] that, in corrosion of hydro-
genated Ni with oxygen depolarization in the initial
period of time, oxygen predominantly interacts with
hydrogen that diffuses from the bulk of the electrode,
and dissolution of Ni is hindered. Then binding of
hydrogen and metal ions must occur at a higher rate in
the presence of O3, because atomic oxygen exists in
the diffusion region in addition to molecular oxygen.
The rate of variation of Ecor in solutions without O3
in the first 10 min was 1 mV s�1 in the negative direc-
tion. In the presence of O3, the rate of variation of
Ecor was zero in a 2% solution of H2SO4, reached the
highest value of 2 mV s�1 in the positive direction in
a 20% solution, and again zero in a 70% H2SO4 solu-
tion [9]. In all probability, this is due to the following:
In the 20% H2SO4 solution, the concentration of H+ is
sufficient for the reactions of O3 reduction, with H+

ions involved, and hydrogenation of the metal to
occur simultaneously and for the rate of absorption of
H+ ions to be equal to the rate of diffusion supply of
O3 to the electrode surface. Ni samples preliminarily
hydrogenated in a deaerated 5% H2SO4 solution were
placed for 24 h in 5% H2SO4 solutions subjected to
ozonation and aeration, and after that were analyzed
by the vacuum method for the content of hydrogen.
The volume of hydrogen in nickel was 20�30 cm3 per
kilogram of the metal in the presence of O3, and
100 cm3 without ozone, i.e., ozone diminishes the
hydrogenation of Ni by a factor of 3�4, thereby mak-
ing faster its dissolution [9].

Chromium belongs to metals that are easily pas-
sivated in an oxidizing medium, with the negative
potential changing to positive relative to the standard
hydrogen electrode; it has a higher electron deficiency
of the d level (fraction of vacancies 0.8) than Ni (frac-
tion of vacancies 0.6), and not only a chemisorbed
layer, but also an oxide film can be formed on its sur-
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Fig. 2. Polarization curves for Mo in H2SO4 solutions
subjected to (a) aeration and (b) ozonation at 20�C. Con-
centration of H2SO4 solutions (wt %): (1) 2, (2) 5, and
(3) 10.

face. In the presence of oxygen-containing oxidizing
agents (MnO4

�, SeO4
2�, H2O2) in a 0.05 M H2SO4

solution, the dissolution of Cr is accelerated because
of the electroreduction of the oxidizing agent on the
surface of chromium with formation of OH� ions and
discharge of H+ ions [10, 11].

The polarization curves of Cr, obtained at different
concentrations of H2SO4, exhibit a number of specific
features. As the concentration of H2SO4 increases, the
potentials of corrosion (Ecor) and repassivation (Er)
are shifted in the positive direction; the critical poten-
tial Ecr and the critical current density icr are virtually
the same for all the concentrations (�0.5 V and

100 A m�2), with the exception of the 70% H2SO4
solution: �0.35 V and i = 10 A m�2. However, the
region of active dissolution becomes in this case nar-
rower and a cathodic loop appears in 5 and 10% solu-
tions. The passive region lies within the range from
�0.3 to 1.0 V. Introduction of O3 into H2SO4 solu-
tions does not change the Ecor of chromium, whereas
icr decreases to 50 A m�2 for 2 and 5% H2SO4 solu-
tions and remains unchanged for other concentrations.
The cathodic loop becomes wider and the current den-
sities in this region increase by an order of magnitude.

The best passivation characteristics are exhibited
by Cr in a 20% H2SO4 solution subjected to ozona-
tion. The corrosion rate of Cr in the presence of O3 is
lower than that in an unozonized medium, although
Cr is stable in any of the solutions under study. The
type of variation of Ecor with time demonstrated that
the rate of electrochemical processes that occur on Cr
is the highest during the first 10 min in a 70% H2SO4
solution and decreases as the acid concentration
becomes lower. In the case of solutions subjected to
ozonation, this dependence changes and the highest
rate is observed in a 2% H2SO4 solution. The results
obtained confirm the assumption that H+ ions are
actively involved in the cathodic reduction of O3 [12].

In contrast to chromium, Mo has no region of
active dissolution in the corresponding polarization
curves. According to potentiodynamic data (Fig. 2),
introduction of O3 shifts the corrosion potential in the
positive direction by 0.1�0.4 V. As the pH value is
varied, Ecor remains virtually constant in the course of
time for solutions subjected to ozonation (�0.2 V),
being close to �0.5 V for solutions subjected to aera-
tion. On introduction of O3 into a solution (Fig. 2b),
anomalous phenomena are manifested to a greater
extent: the dissolution rate of the metal is independent
of the potential in the region in which, obeying the
laws of electrochemistry, the process would have been
accelerated upon a shift of E in the positive direction
(in accordance with the Tafel equation). For Mo in
solutions subjected to ozonation, this region is ob-
served at potentials from �0.6 to �0.3 V. It can be
seen from Fig. 2 that, on the whole, the pH value of
the solution exerts no influence on this effect. The
corrosion potential of Mo in the presence of O3 is
more positive than that in solutions subjected to aera-
tion, and the rate of the corrosion process in solutions
subjected to ozonation exceeds by an order of magni-
tude that in solutions subjected to aeration. Ozone
stimulates the corrosion process at the initial instant of
time, with its subsequent deceleration, and then
�shifts� Mo toward noble metals in the electrochemi-
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cal series, acting as an agent passivating the corrosion
process. In this case, the difference of the rates of
variation of Ecor markedly decreases as the H2SO4
concentration increases, with the rates of variation of
Ecor differing by a factor of only 2 in a 70% solution
of the acid [13].

It would be appropriate to mention the effect of
dynamic instability, observed at potentials in the range
from �0.2 to 0.2 V. The frequency and amplitude of
oscillations were different in different experiments,
depending on their conditions (variation of the solu-
tion pH, presence or absence of O3), but remained
constant during each particular experiment. The data
obtained suggest that, for solutions subjected to aera-
tion, the amplitude of these oscillations increases with
decreasing solution pH. The opposite tendency is
observed for solutions subjected to ozonation, but
ozonation makes wider the range of potentials at
which the oscillations appear. Similar phenomena of
dynamic instability, with oscillations of current or
potential, have been described for iron [14]. However,
no systematic experimental data on the conditions
in which these oscillations appear are available at
present, and no unambiguous explanation of this ef-
fect has been given, either.

According to reference data [15], Ti can be used as
structural material in HCl solutions subjected to aera-
tion at HCl concentrations of 10% at 35�C and up to
5% at 40�C. Analysis of the results obtained for stain-
less steels suggests that introduction of O3 into HCl
solutions will expand the region of the corrosion
stability of Ti and its alloys. In the electromotive
series, Ti is an active metal and is easily oxidized in
the active state to pass into solution in the form of
Ti3+ ions. The surface oxide film has properties of
a semiconductor, which is mainly due to the presence
of anionic oxygen vacancies and interstitial Ti3+ ions.
They make the oxide an n-type semiconductor and,
consequently, ensure its passive state. The disruption
of the passivity of Ti is associated, on the one hand,
with an increase in the activity of Cl� ions, which
penetrate into the chemisorbed layer through pores
and defects more easily than O2 or OH� do and are
adsorbed in competition with these ions. In this case,
Cl� ions, having reached the metal surface, favor
hydration of metal ions and facilitate their transfer
into solution, in contrast to the externally adsorbed
oxygen. On the other hand, the solubilities of both O2
and O3, which provide the formation of the protective
oxide film, decrease with increasing temperature. The
decrease in the concentration of O3 predetermines the

diffusion control over electrochemical processes at
potentials more positive than 0.1 V.

Bubbling of a 10% HCl solution with ozone at
20�C shifts the corrosion potential of VT1-0 titanium
in the positive direction by 0.67 V, and that of the
VT-5 and OT-4 alloys by 0.57 V, but all of them are
passive at this temperature. However, the rate of cor-
rosion in a 10% HCl solution at 40�C increases to
1.05 mm/year for VT1-0 and 1.85 mm/year for the
alloys. The values of Ecor are �0.68 and �0.77 V,
respectively, and the critical current densities icr,
0.76 and 2.10 A m�2. On introduction of O3 into
the solution, the corrosion rate of Ti decreases to
0.06 mm/year (Ecor = 0.03 V), and the metal reaches
the state of stable passivity. The electrochemical
behavior of the alloys upon introduction of O3 into
solution exhibits a cathodic loop, which corresponds
to the state of unstable passivity and to a lower rate of
cathodic depolarization with ozone, compared to Ti
[16]. The activity of Cl� ions and the electrical con-
ductivity of HCl reach the highest values at medium
concentrations. Raising the concentration of HCl to
15�20% leads to a decrease in the corrosion resistance
of Ti and its alloys, whereas in the presence of O3
they remain in the passive state and can be used as
structural materials. The presence of Al in Ti impairs
its corrosion characteristics in solutions not subjected
to ozonation, whereas in solutions subjected to ozona-
tion at 20�C, there are no differences in the electro-
chemical behavior. At 40�C, the corrosion rate of
VT1-0 is 2.56 mm/year, and that in the presence of
O3, 1.60 mm/year in a 15% HCl solution. A cathodic
loop appears in the polarization curves, and the critical
current densities of dissolution increase by an order of
magnitude (Fig. 3).

Thus, presence of O3 in HCl solutions favors pas-
sivation of Ti and its alloys and extends the limits of
their applicability as structural materials.

It is known that steels of the 12Cr18Ni10Ti type
are stable in acetic acid at any concentration up to
75�C; chromium stainless steels of the 08Cr17Ti type
are stable only at low temperatures (30�40�C); St.3
and 09Mn2Si steels have low stability and are un-
stable in 5�10% solutions of acetic acid.

In a 5% CH3COOH solution, the potentiodynamic
polarization curve obtained for the 08Cr17Ti steel
shows two peaks at E = �0.30 and 1.05 V at 20�C,
icr = 1.22 A m�2. Introduction of O3 into the solution
does not change the run of the polarization curve in
the active dissolution region significantly. At more
positive potentials, the anodic curve is abruptly shifted
into the region of small current densities, with a cath-
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Fig. 3. Polarization curves for Ti in (1, 2) 15% HCl solu-
tion at 40�C and (3, 4) 20% HCl solution at 20�C. HCl
solution: (1, 3) subjected to aeration and (2, 4) subjected to
ozonation.

E, V
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log ialog ic
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Fig. 4. Polarization curves of (1, 2) 08Cr17Ti and (3,
4) 09Mn2Si steels in an agitated 5% CH3COOH solution at
25�C. CH3COOH solution: (1, 3) aerated and (2, 4) ozo-
nized.

odic loop formed both at 25�C and at 40�C. Vigorous
agitation of a CH3COOH solution subjected to ozona-
tion makes it possible to eliminate the region of active
dissolution because of the enhancement of the cathod-
ic depolarization (Fig. 4). The corrosion rate of
08Cr17Ti steel in the presence of O3 (0.009 g m�2 h�1)
somewhat exceeds that without O3 at 25�C.

Low-carbon steels of the 09Mn2Si and St.3 types
(Fig. 4) show a low stability in the presence of O3,
with their corrosion rate increasing by a factor of 2�3;
consequently, they cannot be recommended for use in

weakly acidic solutions subjected to ozonation. The
differences in the corrosion rates of the 09Mn2Si and
St.3 steels (100 h) and in the current densities in the
polarization curves (1.5 h) are primarily determined
by acceleration of the dissolution of the metals in the
course of time because of the saturation of the near-
electrode layer with ions of iron and manganese,
which, being oxidized by ozone, are reduced on the
metal and thereby enhance its corrosion.

Previously, a mechanism of reduction of O3 in an
acid medium to give H2O2 and OH� ions in the near-
electrode layer has been suggested [18]:

O3 �� O + O2, (1)

O + H+ + 2e �� OH�, (2)

OH� + H+
�� H2O, (3)

O2 + 2H+ + 2e �� H2O2, (4)

H2O2 + 2e �� 2OH�. (5)

The OH� ions forming in the reaction zone favor
transfer of the metal to the region of positive poten-
tials, which leads to a decrease in the corrosion rate
for metals that can be passivated, and to an increase in
the corrosion rate for nonpassivated metals. In electro-
reduction of oxygen-containing oxidizing agents in
acid solutions, the near-electrode concentration of
H3O+ ions decreases, which leads to an increase in
the pH value of the near-electrode layer.

CONCLUSIONS

(1) The action of ozone on metals and steels is
determined by its high reactivity, as well as by the
formation of not only molecular, but also atomic oxy-
gen in the decomposition of O3.

(2) The influence exerted by O3 on the corrosion-
electrochemical behavior of metals, steels, and alloys
in an acid medium is determined by the concentration
of O3 in the medium, the pH value of the medium,
the temperature of the medium, and diffusion into the
double-layer region.
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Abstract�The kinetics of catalytic hydrosilylation of divinyltetramethyldisiloxane and 2-hydroxyethyl meth-
acrylate with SiH groups fixed on the silica surface was studied. The influence exerted by the nature of the
silica surface (initial and hydride-containing) on thermal and initiated [with a cobalt(II) acrylamide complex]
polymerization of 2-hydroxyethyl methacrylate was examined.

Chemically modified finely dispersed oxides, in
particular, those based on pyrogenic silicas containing
active groups in the surface layer, are widely used for
preparing filled polymer systems and nanocompo-
sites with improved physicomechanical characteristics
[1, 2]. Dispersed silicas with fixed �SiH groups (hy-
dridosilicas) are studied in this respect insufficiently.
At the same time, such modified silicas are of un-
doubted interest because of the possibility of hydro-
silylation of various olefins with the surface �SiH
groups under the action of catalysts, initiators, or
temperature. Such an approach was used for immobil-
ization on silicas of various functionalized olefins
with the formation of hydrolytically stable surface
compounds with a Si�C bond [3, 4]. The same type of
the reactions can be used for formation of polymer�
filler bonds (owing to direct reaction with the C=C
bonds in polymeric macromolecules, or using approp-
riate bifunctional reagents for formation of cross-
links). Participation of the �SiH groups fixed on the
surface in chain termination and in polymerization of
olefin monomers is also possible.

The behavior of silica fillers with the �SiH groups
fixed on the surface in polymerization of olefin mono-
mers is studied insufficiently. In particular, such
examples of reaction systems hydridosilica�monomer
were studied as catalytic hydrosilylation of styrene [5]
and thermal addition of acrylic acid [6]. Previously we
also initiated studies on reactions of hydridosilica
with divinyltetramethyldisiloxane (DVTMDS) and
2-hydroxyethyl methacrylate (HEMA) in the presence
of Speier catalyst [7, 8] and some reactive complexes
of olefins with metal ions [9]. We used the cobalt(II)
acrylamide complex, as it is catalytically active to-
ward vinyl monomers in thermal polymerization [10]
and tends to spontaneously polymerize by the radical
mechanism with formation of highly rigid chains [11].

Recently the interest in silica�HEMA composites
increased [12�14].

In this work we studied the kinetic features of
solid-phase catalytic hydrosilylation of DVTMDS and
HEMA. We also examined the effect exerted by sili-
con hydride groups present in the surface layer of
silicas on thermal and initiated [with cobalt(II) acryl-
amide complex] polymerization of HEMA.

EXPERIMENTAL

The hydridosilica used in this study was prepared
by chemical modification of nonporous finely dis-
persed silica (Aerosil, specific surface area 300 m2 g�1,
Oriana, Canada) with a solution of triethoxysilane
(Kremniipolimer, Zaporozh’e) in ethanol at room tem-
perature for 24 h, after which the solvent was removed
by evaporation on a water bath. The content of silicon
hydride groups grafted to the surface was controlled
by the amount of the modifier added to the reaction
medium. The concentration of the �SiH groups in the
modified silicas was determined by titration. We pre-
pared samples containing 0.25 and 0.64 mmol g�1

silicon hydride groups. The degree of substitution of
isolated silanol groups through which alkoxysilanes
are mainly chemisorbed was about 30 and 80%, re-
spectively. DVTMDS and HEMA (Fluka) were used
without additional purification. DVTMDS can be
considered as a model of bifunctional organisilicon
compound with olefin groups. HEMA containing both
hydrophilic and hydrophobic groups shows much
promise in synthesis of nanocomposites with preset
properties. The acrylamide (AAm) complex of co-
balt(II) nitrate, [Co(AAm)4](NO3)2 �2H2O, was pre-
pared in accordance with the recommendations of [11].

Catalytic hydrosilylation was performed in excess
monomer (2�3 ml per 0.3�0.5 g of hydride-containing
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silica) in the presence of Speier catalyst (0.01 M
H2PtCl6 �6H2O in isopropanol, 0.026 ml). The molar
ratio of the catalyst to the amount of silicon hydride
groups fixed on the Aerosil surface was 1 : 10000 [7].
The concentration of the �SiH groups fixed on the
surface and the content of vinyl groups in the product
were determined by bromide�bromate and iodometric
titration [15]. Both methods are based on the reaction
of an aqueous solution of a halogen with the surface
functional groups, followed by titration of the un-
changed reagent with Na2S2O3 in the presence of
starch. The choice of these methods was governed by
their good reproducibility and sufficient sensitivity,
especially in determination of low concentrations of
fixed functional groups.

The volumetric method (treatment with alcoholic
alkali and determination of the volume of the released
H2) gives less reproducible results and requires large
amounts of the sample. It was shown [7] that the
bromide�bromate method allows determination of the
content of both vinyl and silicon hydride groups, and
the iodometric method allows determination of the
concentration of silicon hydride groups in the surface
layer of modified silica at various reaction times after
washing the product with ethanol and drying at 60�C.
Since the monomer was taken in excess, the hydro-
silylation can be considered as a pseudo-first-order
reaction with respect to the concentration of the sur-
face �SiH groups. The rate constants were calculated
with the first-order equation by the least-squares
method from the curves of the content of the surface
silicon hydride groups vs. reaction time. The IR spec-
tra of the starting compounds and modified silicas
were recorded using KBr technique with a Nexus
(Nicolet) IR Fourier spectrometer (diffuse reflection
spectra) and a UR-20 spectrometer (absorption spec-
tra, pellet weight 30 mg).

Taking into account the melting point and thermal
stability limits of the cobalt(II) acrylamide complex
[11], we performed the initiated polymerization of
2-hydroxyethyl methacrylate in air at 96�116�C and
HEMA : [Co(AAm)4](NO3)2 �2H2O weight ratio of
10 : 1. At certain intervals, we took 0.3-g samples,
decanted the excess of the water-soluble monomer in
the given volume of water, and determined the con-
centration of the C=C groups in solution by the bro-
mide�bromate techniques [15]. The time of the sam-
ple setting (polymerization time) was extimated visu-
ally from the depth of indention of a glass rod into the
final product.

Thermal and initiated [with cobalt(II) acrylamide
complex] polymerization in the presence of the initial

and SiH-modified Aerosil was performed at 106�C
and 16 wt % filling. In initiated polymerization, the
content of the cobalt(II) acrylamide complex was
10 wt % relative to the monomer. Prior to the reac-
tion, the initiator and filler were thoroughly mixed in
the required ratio and then added to the monomer. The
reaction progress was monitored by determination of
the content of the C=C bonds by the bromide�bromate
method.

Catalytic hydrosilylation of olefins with the �SiH
groups fixed on the silica surface follows the general
scheme

SiH + H2C CHR �Si��� =
Cat
����
�
�
��
��H CH

��CH2

�
R

�� SiCH2CH2R.��SiH + H2C CHR �Si��� =
Cat
����
�
�
��
��H CH

��CH2

�
R

�� SiCH2CH2R.��

innvolving nucleophilic addition to the surface silicon
atom.

The IR spectrum of (H2C=CH)(CH3)2SiOSi �
(CH3)2(HC=CH2) contains characteristic absorption
bands at 3060�2968 cm�1 corresponding to the
stretching vibrations of the C�H bonds in methyl and
methylene groups of the monomer. The bands above
3000 cm�1 belong to the vinyl C�H bonds. The spec-
trum of the starting hydridosilica contains a strong
band with the absorption maximum at 2260 cm�1,
corresponding to the stretching vibrations of the sur-
face Si�H groups. In the course of hydrosilylation, the
band at 2260 cm�1 decreases in intensity, which cor-
responds to consumption of the surface SiH groups,
and new bands corresponding to the grafted monomer
molecules appear at 3060�2968 cm�1. The spectrum
of the final product after the 5-h reaction contains no
Si�H band.

According to chemical analysis, the kinetics of
variation of the concentration of the surface �SiH
groups is satisfactorily fitted by a first-order equation.
In Fig. 1, the calculated concentrations of the surface
�SiH groups are shown by solid lines. Calculation by
the empirical equation [16]

log (�2/�1) � 1
n = 1 � �����������, (1)

log a1

(a1 = c1/c0, a2 = c2/c0 are the fractions of the �SiH
groups that remained unchanged by the time �1 and
�2, respectively, with a2 = a1

2) also gives the first
order of the reaction. The data characterizing the reac-
tion kinetics are given in Table 1.
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�, s

c � 104, mol g�1

Fig. 1. Kinetic curves of hydrosilylation of DVTMDS with
surface �SiH groups at (1) 80, (2) 60, and (3) 40�C.
(c) Concentration of �SiH groups and (�) time. Points are
experimental concentrations of �SiH groups; solid lines are
calculated by the equation c = c0e�k�.

These data show that, as the reaction temperature
is increased by 40�C, the rate of hydrosilylation of
DVTMDS with the surface �SiH groups increases by
a factor of slightly more than 2.

We found that, at a 0.25 mmol g�1 concentration
of the surface �SiH groups in the initial hydridosilica,
the content of grafter vinyl groups in the final product
(the reaction for 5 h at 80�C) was also 0.25 mmol g�1.
These results, and also the IR data, indicate that all
the surface �SiH groups were involved in the reaction.
The surface immobilization of the vinyl groups in the
amount equal to the content of the �SiH groups in the
initial modified silica confirms that the hydrosilyla-
tion mainly follows the scheme

�SiH + H2C CH�Si�O�Si�CH CH2
�� �

� �

CH3 CH3

CH3CH3

�

�Si�CH2�CH2�Si�O�Si�CH CH2.�� �

� �

CH3 CH3

CH3CH3

��

�SiH + H2C CH�Si�O�Si�CH CH2
�� �

� �

CH3 CH3

CH3CH3

�

�Si�CH2�CH2�Si�O�Si�CH CH2.�� �

� �

CH3 CH3

CH3CH3

��

Table 1. Order n, rate constant k, and initial rate v0 of
hydrosilylation of DVTMDS with hydride-containing silica
����������������������������������������

T, �C

�

na*

�
k � 104,

� v0 �108, mol g�1 s�1

� � ������������������
� � s�1 � �	c	��1, � k/c0,
� � �experiment � calculation

����������������������������������������
40 �0.55�1 �0.92
0.076� 3.33 � 2.30
60 � 1�0.83�1.77
0.17 � 5.00 � 4.43
80 �1.46�1 �2.26
0.24 � 7.50 � 5.65

����������������������������������������
* The reaction order was calculated by Eq. (1) at 36 and 60%

conversion of the �SiH groups, respectively.

The activation energy of the hydrosilylation in the
examined system, calculated from the temperature
dependence (40�80�C) of the time corresponding to
20% conversion of the surface �SiH groups, is 72.2�
10.8 kJ mol�1.

Catalytic hydrosilylation of HEMA with the �SiH
groups fixed on silica is virtually complete in 0.5 h,
and this time does not appreciably depend on the reac-
tion temperature in the range 27�60�C [9]. The reac-
tion rate measured at these temperatures 2�5 min after
the start of the reaction is, on the average, (1.65�
0.18) � 10�7 mol l�1 s�1 (found from the equation
v = �c���1). At the same time, the maximal degree of
conversion of the �SiH groups under these conditions
does not exceed 90%. This is confirmed by the pres-
ence of a band at 2260 cm�1, belonging to the residual
�SiH groups, in the IR spectra of the final product.
Also, the spectra contain bands at 1636 and 1717 cm�1

corresponding, respectively, to stretching vibrations of
the C=C and C=O groups, which indirectly suggests
the presence on the surface of both chemically fixed
and physically adsorbed monomer molecules; the
physical adsorption may involve hydrogen bonding
with the residual silanol groups.

The chemical immobilization of the monomer
molecules in the surface layer may also involve the
reaction of the silanol groups with the hydroxy groups
of HEMA. However, usually such reactions on the
silica surface occur at higher temperatures or in the
presence of bases [1]. In our case, because of mild
hydrosilylation conditions, this reaction is improbable.
Furthermore, the etherification will be hindered by
relatively strong hydrogen bonds between the surface
silanol groups and carbonyl groups of HEMA, formed
in adsorption of HEMA on the silica surface. The
complex mechanism of HEMA hydrosilylation is indi-
cated by the reaction order calculated both in the
logv = f (logc) coordinates and with formula (1).
Although the monomer, as in the previous case, was
taken in excess, the reaction order n calculated by the
two procedures was close to 2 (Table 2). The initial
hydrosilylation rates given in Table 2 were determined
from the k and n values found in the logv = f (logc)
coordinates. The high reaction rate in this system,
compared to hydrosilylation of divinyltetramethyldi-
siloxane, may be due to the presence on the surface
of a large amount of the adsorbed monomer and, cor-
respondingly, to occurrence of the gel effect (increase
in the reaction rate due to increase in the density of
the medium [17]). Indeed, HEMA is adsorbed on the
silica surface considerably more strongly than divinyl-
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Table 2. Logarithm of the rate constant log k, initial rate v0, and order n of HEMA hydrosilylation
������������������������������������������������������������������������������������

T, �C
�

na*
�

n
�

log k
� v0, mol g�1 s�1

� � � ��������������������������������
� � � � �	c/	��1, experiment � kcn, calculation

������������������������������������������������������������������������������������
20 � 1.88
0.18 � 2.01
0.10 � 0.81
0.43 � 4.17�10�7 � 4.52�10�7

27 � 2.03
0.13 � 2.06
0.08 � 1.30
0.31 � 7.50�10�7 � 7.61�10�7

40 � 1.82
0.29 � 2.46
0.33 � 2.96
1.38 � 0.94�10�6 � 1.49�10�6

60 � 1.86
0.04 � 2.37
0.42 � 2.65
1.69 � 1.04�10�6 � 1.51�10�6

������������������������������������������������������������������������������������
* (na) Reaction order calculated by Eq. (1).

tetramethyldisiloxane, which may result in increased
density of the medium in the surface layer. Further-
more, the possibility of densification of the adsorption
layer due to partial polymerization of the monomer on
the surface cannot be ruled out. With increasing tem-
perature, the role of the gel effect weakens; as a result,
the reaction rate measured 2�5 min after the start of

the reaction remains virtually unchanged in the exam-
ined temperature range. The initial rate of this reac-
tion, as that of hydrosilylation of DVTMDS, increases
with temperature in the range from 20 to 40�C and
remains virtually unchanged in the range 40�60�C.
Hydrosilylation of HEMA can be represented by the
general scheme

������������

�SiH + H2C C�COOCH2CH2OH�
�Si�C�COOCH2CH2OH .

�
CH3

�
CH3

�Si�CH2�CH�COOCH2CH2OH ,
�
CH3

��

���
�

�
CH3

�SiH + H2C C�COOCH2CH2OH�
�Si�C�COOCH2CH2OH .

�
CH3

�
CH3

�Si�CH2�CH�COOCH2CH2OH ,
�
CH3

��

���
�

�
CH3

������������

Applying our results to filled polymer systems, we
can expect that, with disperse hydride-containing
silicas as fillers of olefin polymers, it will be possible
to provide additinal chemical cross-linking of the
composites by formation of hydrolytically stable Si�C
bonds between the filler surface and macromolecules.

When studying the kinetics of thermal (106�C, air)
polymerization of 2-hydroxyethyl methacrylate, we
observed a large scatter of the content of the C=C
groups (Fig. 2). By analogy with thermal polymeriza-
tion of methyl methacrylate [17], this may be due to
condensation of the monomer molecules with forma-
tion of various intermediate states, affecting the poly-
merization rate. We can distinguish in the kinetic
curve two portions characteristic of polymerization of
vinyl monomers and corresponding, respectively, to
the induction and acceleration (gel effect) periods.

Figure 3 shows the kinetic curves of HEMA poly-
merization initiated with the cobalt(II) acrylamide
complex. The scatter of the experimental points is
low, suggesting stable course of the process. On add-
ing the initiator, the initial polymerization rate appre-

ciably increases. However, as the temperature of initi-
ated polymerization is increased, a short portion cor-
responding to the induction period appears in the time
dependence of the concentration of vinyl groups
(Table 3). It is believed [17] that deceleration of the
initiated polymerization followed by an increase in the
reaction rate may be due to the �cage effect	 and con-
siderable influence of the viscosity of the medium on
the process.

The rate constant of radical polymerization (with

�, min

c, M

Fig. 2. Kinetic curves of thermal polymerization of HEMA
at 96�C: (c) concentration of vinyl groups and (�) time; the
same for Figs. 3 and 4.
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c, M

�, min
Fig. 3. Kinetic curves of initiated [with Co(II) acrylamide
complex] polymerization of HEMA at (1) 96, (2) 106, and
(3) 116�C.

c, M (a)

�, minc, M
(b)

�, min
Fig. 4. Kinetic curves of thermal polymerization of HEMA
at 106�C (a) in the presence of (1) Aerosil and (2, 3) hydri-
dosilicas containing 0.25 and 0.64 mmol g�1

�SiH groups,
respectively; (b) the same, with the cobalt(II) acrylamide
complex as initiator. Composition (wt %) of the starting
mixture: (a) monomer : filler = 6 : 1 and (b) monomer :
filler : initiator = 1 : 0.16 : 0.1.

Table 3. Induction period �ind, monomer conversion half-
time �1/2, and time of complete curing � in polymerization
of HEMA initiated with the acrylamide complex of cobalt
nitrate
����������������������������������������

T, �C
� �ind � �1/2 � �
��������������������������������
� min

����������������������������������������
96 � � � 270 � 1140

106 � 200 � 300 � 570
116 � 60 � 145 � 240

����������������������������������������

respect to the monomer) can be calculated using a
first-order kinetic equation [18]

2.303
k = ���� log (c0/c),

�

where c and c0 are the initial and final concentrations
of vinyl groups (M); � is the polymerization time (s).

The rate constant calculated by this equation is
5.55 � 10�5 s�1. When calculating the overall rate
constant of initiated polymerization without determin-
ing the rate constants of individual reactions, it is
appropriate to use the general equation [16] based on
variation of the monomer conversion (variation of the
concentration of the vinyl groups). The rate constant
of HEMA polymerization in the presence of 10 wt %
initiator, calculated by the equation

1
���� [(an � 1)�1 � 1] = k c0

n � 1 �,
1 � n

(a = c/c0 is the fraction of unchanged vinyl groups;
n = 1.5 [17, 18]), was (7.94�0.92) � 10�5 s�1.

In thermal polymerization of HEMA at 106�C in
the presence of 16 wt % Aerosil, we observed a con-
siderable weight loss (
60%), which prevented forma-
tion of a uniform material. According to [19], this
effect may be caused by strong adsorption interaction
of the polymer with the filler, decelerating curing near
the surface and preventing formation of a three-dimen-
sional network. Complete curing was attained in 14 h
(Fig. 4, curve 1). With addition of hydridosilica into
the monomer (Fig. 4, curves 2, 3), the weight loss was
insignificant. The curing time of the composite at a
0.25 mmol g�1 concentration of surface �SiH groups
was 14 h, and at their concentration of 0.64 mmol g�1

it decreased to 11 h. Thus, the �SiH groups present
on the surface of the modified silica favor thermal
polymerization of HEMA.

Published data on the effect of a filler on initiated
radical polymerization of vinyl monomers are contra-
dictory. For example, according to [20], introduction
of Aerosil does not affect the degree of radical poly-
merization of methyl methacrylate initiated with ben-
zoyl peroxide, and the presence of functional groups
(methacryloyloxypropyl, aminopropyl, mercaptoprop-
yl) grafted to the filler surface decelerates the overall
process, though increasing the percentage of the
monomer molecules grafted to the silica surface.
Different data on the effect of Aerosil on initiated
polymerization of methacrylic monomers were re-
ported by Almazova et al. [21]. It follows from their
conclusions that finely dispersed silica is an active
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Table 4. Times of attainment of 20% (�20), 50% (�50), and maximal (�) conversion of the monomer and degrees � of
thermal and initiated [with the cobalt(II) acrylamide complex] polymerization of HEMA in the presence of silica fillers
������������������������������������������������������������������������������������

Filler
�

cSiH,
� �20 � �50 � � �

�, %� ��������������������������������������
� mmol g�1

� min �
������������������������������������������������������������������������������������
Hydridosilica � 0.24 � 250 � 750 � 840 � 68

� 0.64 � 40 � 200 � 660 � 85
Aerosil + initiator � � � 90 � 325 � 390 � 71
Hydridosilica + initiator � 0.24 � 75 � 250 � 330 � 75

� 0.64 � 10 � 150 � 270 � 86
������������������������������������������������������������������������������������

filler accelerating structure formation and ensuring
more stable properties of the composite. According to
our results, in polymerization of HEMA initiated with
the cobalt(II) acrylamide complex, addition of Aerosil
decreases the time of complete curing of the samples
from 9 to 6.5 h compared to the initiated polymeriza-
tion without a filler; the monomer conversion in the
presence of Aerosil increases (Fig. 4b). Addition of
hydridosilica into the monomer, along with an in-
crease in the monomer conversion, results in a consid-
erable increase in the initial polymerization rate, i.e.,
it accelerates initiation, thus shortening the reaction
time (Table 4). Acceleration of the process in the pres-
ence of hydride-containing silicas may be caused by
formation of additional reaction centers at the surface
�SiH groups of the modified silica.

It is not improbable that the �SiH groups fixed on
the filler surface participate in formation of the Si�C
bonds directly in the course of HEMA polymerization.
However, whereas in thermal polymerization the �SiH
and C=C groups can react similarly to catalytic hydro-
silylation, in the graft polymerization initiated with
the cobalt(II) acrylamide complex the pathways of
reaction of the polymer with the filler can be different,
since the C=C bonds are present not only in the
monomer but also in the initiator. Both addition of the
cobalt(II) acrylamide complex to the hydridosilica
surface, followed by the reaction with HEMA, and the
direct addition of the monomer molecules to the filler
surface are possible.

CONCLUSIONS

(1) Catalytic hydrosilylation of divinyltetramethyl-
disiloxane is a pseudo-first-order reaction with respect
to the concentration of the �SiH groups. These groups
are fully involved in the reaction within 5 h at 80�C.

(2) Solid-phase hydrosilylation of 2-hydroxyethyl
methacrylate is satisfactorily described by a second-

order kinetic equation, suggesting a more complex
mechanism of processes in the surface layer.

(3) As compared to the unfilled systems, addition
of finely dispersed silica somewhat decelerates ther-
mal polymerization of 2-hydroxyethyl methacrylate
and, on the contrary, accelerates the process initiated
with the cobalt(II) acrylamide complex.

(4) The silicon hydride groups present on the sur-
face of the modified filler accelerate both thermal and
initiated polymerization of 2-hydroxyethyl methacry-
late.
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Abstract�The adsorption and ion-exchange properties of thermally expanded graphite with respect to
hardness cations and SO4

2� and Cl� anions were studied.

Thermally expanded graphite (TEG) is a product
formed in thermolysis of graphite intercalation com-
pounds (GICs). Modification of carbon to give GICs
makes it possible to create new materials with unique
combinations of physicochemical properties. One of
the properties of this kind is the ability of GICs to
form foamed structures having a developed surface,
which creates prerequisites for their use as sorption
materials. The bulk density dTEG of the best samples
of TEG is (1�2) �10�3 g cm�3 [1]. This value largely
depends on the preparation conditions and may widely
vary, from 1�10�3�5�10�3 to 2�10�2�1�10�1 [2�5].
The degree of thermal expansion depends on synthesis
conditions and composition of the GIC obtained, as
well as on the structure and particle size of the carbon
raw materials used [6]. The surface properties of the
starting graphite are mainly determined by its purity
and purification technique. According to the classical
concepts [7], oxygen is chemisorbed on the surface of
graphite, which ensures a positive potential when this
graphite is subsequently submerged in aqueous solu-
tions. In anodic oxidation of graphite, oxygen-contain-
ing surface functional groups (SFGs) are accumulated
on its surface. The composition and concentration of
these groups is determined by the mode in which the
anodic treatment is carried out [8]. The subsequent
washing of GIC leads to partial or total substitution of
ions and molecules of an acid contained in the interca-
late by hydroxide ions and water. Fast heating of GIC
during thermal treatment must lead to virtually com-
plete removal of SFGs and the intercalate. Thus, the
surface properties of TEG again approach those of the
starting graphite, being different only in a manyfold
increase in the surface area [9].

As is known, virtually all carbon materials have
a high adsorption capacity for numerous organic sub-

stances [10�13] and, at the same time, can retain
metal cations by the ion-exchange mechanism [14,
15]. It is known that carbon materials can be not only
adsorbents, but also anion and cation exchangers [15]:

�>C�OH + Ca2+ + 2OH�
� �>C�O�Ca�O + H2O, (1)

�COOH + Ca2+ + 2OH�
� COOCaOH + H2O, (2)

�>C�OH + Cl� � �>C�Cl + OH�. (3)

In this context, we studied the sorption and ion-
exchange properties of TEG with respect to hardness
ions and anions of mineral acids.

EXPERIMENTAL

GICs were obtained electrochemically in 13.5 M
HNO3 by anodic oxidation of a GSM-1 dispersed car-
bon material with particle size of up to 200 �m
[GOST (State Standard) 1891�78; ash content A �
0.1%, moisture content W � 1 wt %, yield of volatiles
X � 0.2%) in the potentiostatic mode at a potential of
2.1 V [16, 17]. A silver chloride electrode served as
reference in electrochemical measurements.

GIC samples were washed with distilled water at
15�18�C and dried to constant weight at 60�70�C.
Thermally expanded graphite was obtained by rapid
heating of the samples to 900�C. The bulk density of
TEG was determined by the standard procedure [OST
(Branch Standard) 16�0689.031�74]. The specific sur-
face area of the carbon materials was determined on
a Tsvet-20 chromatograph from the adsorption of
argon.

The initial composition and requirements to the
water used in the study are listed in Table 1.
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Table 1. Parameters of untreated and purified water
����������������������������������������

Parameter
� Water
������������������������
� untreated � purified

����������������������������������������
Chloride ion, mg l�1 � 38 � 26�28
Sulfate ion, mg l�1 � 115 � 45�50
Total hardness � 22.5 � 32�48
pH � 9.5�10.5 � 8.5�8.8
����������������������������������������

To purify water to remove hardness ions, a weighed
portion of TEG (0.8 g) was placed in a funnel on a
filter paper and 100 ml of water was passed. After
that, samples were taken and the concentration
of hardness ions was found complexometrically
(GOSTs 4151�72 and 4389�72). The sorption capac-
ity c was calculated by the equation [18]

c = (cin � cfin)V/m,

where cin and cfin are the initial and final concentra-
tions of a contaminant; V, volume of the solution
passed; and m, mass of the sorbent.

The degree of recovery (%) was calculated by the
formula [18]:

cin � cfin
R = �������� � 100.

cin

As follows from Table 2, passing water across a
TEG bed ensures the water treatment to the required
purity.

According to published data [14, 15], the removal
of SO4

2� and Cl� ions with TEG proceeds via substitu-
tion of OH� ions in the outer �plate� of the electrical
double layer by contaminating anions. In this case, ion
exchange undoubtedly plays an important role in
overcoming the potential barrier in electrostatic
approach of an anion to the positively charged surface

Table 2. Change in the concentration of ions and pH upon filtration of water through TEG. dTEG = 5 g dm�3, Ssp =
43 m2 g�1

������������������������������������������������������������������������������������

mTEG, g l�1� Cl� (cin = 38 mg l�1) � SO4
2� (cin = 115 mg l�1) � Total hardness (cin = 225 mg l�1) �

pH���������������������������������������������������������������������of solution � cfin, mg l�1 � R, % � cfin, mg l�1 � R, % � cfin, mg l�1 � R, % �
������������������������������������������������������������������������������������

0.4 � 34.8 � 8.5 � 85.4 � 25.7 � 189 � 16.0 � 9.1
0.8 � 29.0 � 23.7 � 44.9 � 60.9 � 126 � 44.0 � 8.9
1.6 � 22.0 � 42.1 � 18.2 � 84.2 � 45.7 � 79.7 � 8.6
2.0 � 18.5 � 51.4 � 13.2 � 88.5 � 16.7 � 92.6 � 8.2

������������������������������������������������������������������������������������

m, g

c, mg-equiv g�1

Sorption capacity c for different ions vs. mass m of TEG
in the filter bed in passing 100 ml of water under study:
(1) chloride ion, (2) sulfate ion, and (3) total hardness
(Ca2+ + Mg2+).

of graphite. In [11], direct ion-exchange interaction of
sulfate and chloride ions with the surface of graphite
was reported.

The dependences of the sorption capacity on the
mass of TEG in the filter bed and on the filtration rate
calculated in terms of the true surface area of the
carbon material in passing a constant volume of water
under study (100 ml) show that c first increases
somewhat and then steadily decreases (see figure).
Account should be taken of the fact that the filtration
rate varies with the weight of TEG. Apparently, the
recovery of contaminants and, accordingly, the value
of c decrease because of the short time of contact
between water and TEG at a small weighed portion of
the carbon material (filtration rate is the highest).
The further gradual decrease in the sorption capacity,
observed for all the components (see figure), is due to
an increase in the mass of TEG in the filter bed and to
a decrease in the degree of saturation of the carbon
surface with contaminants. Extrapolation of the linear
portions of the curves in the figure to the ordinate
axis makes it possible to approximately determine the
limiting sorption capacity of TEG for SO4

2� and Cl�

ions and hardness cations. The results of the graphical
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determination of the maximum sorption capacity for
different ions in filtration of water across a TEG bed
are presented below:

Ion Chloride Sulfate Hardness
ion ion cations

cmax, 0.033 0.23 0.42
mg-equiv g �1

According to the results obtained, the sorption
capacity of TEG for hardness cations exceeds by a
factor of more than 3 that of fibrous sorbents [19].

CONCLUSION

Thermally expanded graphite is an effective sorbent
for removal of hardness cations. The sorption capacity
for these cations is 0.42 mg-equiv g�1, which allows
use of thermally expanded graphite for practical
purposes.
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Abstract�Radiolytic gas formation under �-irradiation (104�106 Gy) of 10�2-10�4 M aqueous solutions
of oxalic acid at 25�60�C was studied.

Substantial volumes of radioactive waste solutions
containing oxalic acid are accumulated in the radio-
chemical industry, as oxalate precipitation is one of
the final steps of spent nuclear material reprocessing
[1]. In safe management of liquid radioactive wastes,
liberation of explosive radiolytic gases should be
taken into consideration. The features of radiolytic gas
formation necessary in organization of safe transporta-
tion, storage, and reprocessing of radioactive solutions
containing oxalic acid are poorly understood. In addi-
tion, a study of radiolysis of oxalic acid is of interest
for its use as a dosimetric substance.

Previously [2�4], we studied the composition and
yield of gases formed upon �-irradiation of nitrate�
acetate solutions simulating liquid radioactive wastes.

Irradiation of oxygen-free oxalic acid solutions at
comparatively large doses gives the following prod-
ucts: CO2, H2, H2O2, formic, glyoxylic, and dihy-
droxymalonic acids, formaldehyde, and glyoxal. In the
presence of oxygen and at lower doses, only CO2, H2,
and H2O2 are formed [5, 6].

In this work, we studied features of radiation-
chemical decomposition of oxalic acid in aqueous
solutions at high doses, when the radiolysis products
appear not only in the liquid, but also in gas phase,
and examined the effect of temperature on the radio-
lytic gas formation.

EXPERIMENTAL

A GUG-120 �-irradiation source with a dose rate of
9�12 kGy h�1 was used. The required doses were
accumulated for several days (4�5 h per day). The
dosimetry was performed with a bichromate dosimeter

[7]. The error in the determination of the radiation-
chemical yield did not exceed 20% at the confidence
level of 0.95.

A glass reactor connected to a reference manometer
for measuring the pressure rise due to liberated gas
was charged with 400 ml of the solution. The mixture
was purged with helium for 1 h and then irradiated
in a thermostat at 15�C. The working solutions were
prepared with chemically pure grade oxalic acid and
double-distilled water.

After the irradiation, the composition of the gas
phase was determined gas-chromatographically on
an LKh-72 chromatograph (helium as a carrier gas,
katharometer as a detector, columns with Porapak-Q
and 5A molecular sieves) and IR spectroscopically
with a Specord-80 spectrometer. The analysis sensitiv-
ity with respect to hydrogen was 10�3 vol % and rela-
tive error, �10%. The processes in the liquid phase
were simulated with an U-12F linear electron acceler-
ator at the average dose rate of 12.5 Gy s�1, which
allowed substantial shortening of the irradiation time.
The experimental method was described in detail
in [8].

The concentration of oxalic acid in the solutions
was determined by the reaction with copper benzidine
complex [9]. The pH of solutions was measured with
an EV-74 universal ion meter using standard buffer
solutions.

Radiolytic gas formation at the �-irradiation of
oxalic acid solutions was studied within the ranges of
the acid concentration 10�2�10�4 M, absorbed dose
104�106 Gy, and temperature 25�60�C. The parallel
experiments with the same solutions were performed
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Table 1. Yield and composition of radiolysis products at a total �-irradiation dose of 120 kGy and 10�C depending on
the concentration of the initial solution of oxalic acid
������������������������������������������������������������������������������������

[H2C2O4], �
Total yield

� Radiation yield G, molecules per 100 eV �Composition of reaction products
� ������������������������������������������������������������

M � of products, % � total � H2 � CO2 � H2 � CO2
������������������������������������������������������������������������������������

5.0�10�2 � 94.7 � 0.76 � 0.17 � 0.59 � 21.9 � 78.1
5.0�10�3 � 60.1 � 0.48 � 0.17 � 0.31 � 34.9 � 65.1
5.0�10�4 � 12.0 � 0.048 � 0.02 � 0.028 � 42.5 � 57.5

������������������������������������������������������������������������������������

at heating without irradiation to determine the contri-
bution of thermal decomposition of oxalic acid.

Typical curves of radiolytic gas formation under
�-irradiation of oxalic acid solutions are shown in
Fig. 1. As seen, oxalic acid decomposition increases
with increasing total absorbed dose, gradually leveling
out. CO2 and H2 are the main components of the gas
mixture. The amount of the gas liberated increases
with increasing oxalic acid concentration (Table 1).
The yield and composition of radiolysis products at
the total �-irradiation dose of 120 kGy as functions
of the concentration of the initial oxalic acid solution

G � 104, M

D, kGy
Fig. 1. Radiolytic gas formation under �-irradiation of solu-
tions of oxalic acid with various concentrations at 12�C as
a function of the irradiation dose D. (G) Radiation-chemical
yield. Oxalic acid concentration (M): (1) 5.0�10�3 and
(2) 5.0�10�4.

B, %

c, M
Fig. 3. Composition of oxalic acid radiolysis products
as a function of the initial acid concentration c at 10�C.
(B) Yield of products.

are shown in Table 1 and Fig. 2. The acid amount and
absorbed dose affect the relative content of H2 and
CO2 (Fig. 3). With increasing acid concentration,
the hydrogen fraction decreases, whereas the fraction
of CO2 in the gas phase increases. The increase in
the absorbed dose increases the CO2 fraction and
decreases the H2 fraction.

At the total dose of �-irradiation of 120 kGy, the
total radiation-chemical yield of gases increases by
a factor of almost 2 as the temperature is increased
from 10 to 60�C (Table 2, Fig. 4). This trend is due to
increase in the CO2 yield, whereas the yield of H2

B, %

c, M
Fig. 2. Total yield of the oxalic acid radiolysis products
B as a function of the initial acid concentration c in the
solution at 10�C.

G � 104, M

D, kGy
Fig. 4. Radiation-chemical yield G of decomposition of
oxalic acid (c = 5 �10�2 M) as a function of the irradiation
dose D. Radiolysis temperature (�C): (1) 10 and (2) 60.
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Table 2. Radiation-chemical yield of gases G in �-radiolysis of oxalic acid solutions at 10, 12, and 60�C and dose
of 0.06 MGy
������������������������������������������������������������������������������������

� 5�10�3 M H2C2O4 � 5�10�2 M H2C2O4
��������������������������������������������������������������������������

Gas � G12� � G60� �
G60� /G12�

� G10� � G60� �
G60� /G10����������������������������� ���������������������������

� molecules per 100 eV � � molecules per 100 eV �
������������������������������������������������������������������������������������
H2 � 0.27 � 0.203 � 0.75 � 0.17 � 0.157 � 0.03
CO2 � 0.59 � 0.751 � 1.27 � 0.59 � 1.323 � 2.24
Sum of gases� 0.86 � 0.954 � 1.11 � 0.76 � 1.480 � 1.95
������������������������������������������������������������������������������������

decreases. Here, the change in the solubility of gases
in water with temperature was not taken into account
(the content of gases in the reactor free volume was
determined).

It is known that the gas solubility decreases with
increasing temperature; in going from room tempera-
ture to 60�C, the solubilities of hydrogen and CO2
decrease by a factor 1.08 and 1.8, respectively [10].
As seen from Table 2, at the acid concentration of
5�10�2 M, the G60�/G10� ratio for CO2 is larger than
1.8, while the hydrogen yield in all the cases de-
creases with increasing temperature. In addition, the
dose used is relatively high, and therefore the amount
of gas in the solution is substantially lower than that
in the free volume over the solution. It is known that
an increase in the temperature from room temperature
to 60�C and even higher only weakly affects the yield
of the primary products of water radiolysis [11, 12],
which allows a conclusion that the main cause of the
observed change in the yield of the gaseous radiolysis
products is the radiolytic transformation of the solu-
tions studied, namely, the secondary radiolysis of
oxalic acid.

The processes occurring in the system under irra-
diation can be represented by the set of the reactions

Table 3. Yield of the products of the oxalic acid decom-
position under �-irradiation at a dose of 0.06 MGy and
under heating without irradiation
����������������������������������������

T, �C
�

�, h
� Yield of products, %

� ��������������������������
� � �-irradiation � without irradiation

����������������������������������������
10 � 30 � 94.7 � �

40 � 12 � � � 0.19
� 24 � � � 0.32

60 � 17 � 69.0 � �

� 30 � � � 0.72
����������������������������������������

written in [8, 11, 13]. In the deaerated solutions, the
hydrated electrons depending on pH convert into
H atoms or react with oxalic acid molecules. Under
these conditions, hydrated electrons, OH radicals, and
H atoms can participate in the oxalic acid decomposi-
tion. It was shown in [8] that hydroxy radicals are
substantially more active in oxalic acid decomposition
than hydrogen atoms. In addition, in some works [9,
13], the reactions with hydrogen peroxide to form
CO2 are assumed to occur during radiolysis.

Simultaneously, the thermal decomposition of
oxalic acid under the same conditions without irradia-
tion was considered. The most concentrated initial
solution of the acid (5.0 �10�2 M) was taken in order
to observe the gas liberation (Table 3). The results
obtained show that the gas liberation does not exceed
1% even at 60�C in 30 h. This amount cannot affect
the radiolysis process under consideration.

CONCLUSION

Gas formation in irradiated aqueous solutions of
oxalic acid starts at comparatively high doses, but
gradually decelerates and the gas accumulation curve
flattens out. Hydrogen formed exists as a mixture with
CO2. Therefore, hydrogen explosion in storage of
dilute solutions of oxalic acid is unlikely. The results
obtained should be taken into the consideration in
storage and reprocessing of various systems contain-
ing oxalic acid.
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Abstract�The fundamental aspects of intensification of the mass transfer in gas�liquid flows in tubular
turbulent apparatus are revealed, and dependences of the gas absorption rate on the reactor geometry and
method of reagent introduction are considered for the example of dissolution of atmospheric oxygen in water.

The chemical technology includes a large number
of processes that occur in liquid�gas systems. To
these, in particular, belong halogenation, hydrohalo-
genation, and oxidation, in which the main difficulty
is encountered in creating a reaction mixture with
a developed phase-contact surface. Taking into ac-
count the diffusion limitations in transport of reactants
across the phase boundary is particularly important at
high rates of the occurring chemical reaction. In this
case, the apparatus dimensions are to be diminished to
become comparable with those of the reaction zone
(intensive dispersion zone) to eliminate dead zones. In
addition, the process is to be carried out in the jet
mode with an as short as possible time of residence
of reactants in the apparatus in order to make lower
the probability of occurrence of slower side reactions.

These requirements are satisfied in the optimal way
by small-size tubular turbulent apparatus of diffuser�
confuser design [1], which are highly efficient in fast
chemical and mass-exchange physical processes in
liquid�gas systems and, in particular, chlorination of
butyl rubber with molecular chlorine, preparation of
a homogeneous gas�liquid mixture for obtaining
ethylene�propylene rubbers, chlorination and hydro-
chlorination of ethylene, production of nitrogen fer-
tilizers, etc. [2, 3]. An analysis of experimental data
and results of numerical calculations performed in [4]
yielded an analytical expression for calculating the
mass-transfer coefficient in the liquid phase, averaged
over the volume of the diffuser�confuser channel.
This coefficient exceeds by a factor of 1.5�2 the linear
mass-transfer coefficients in volume mixing apparatus.
At the same time, scientifically substantiated applica-
tion of tubular turbulent apparatus in gas�liquid proc-

esses requires consideration of possible ways to con-
trol the efficiency of mass transfer in liquid�gas
systems.

The aim of this study is to examine the fundament-
al aspects of intensification of the mass transfer in
gas�liquid flows in tubular turbulent apparatus and
analyze the dependence of the gas absorption rate on
the reactor geometry and method of reagent introduc-
tion for the example of oxygen dissolution in water.

The efficiency of mass transfer in gas�liquid flows
was evaluated using the sulfite technique [5] based on
catalytic oxidation of sodium sulfite with atmospheric
oxygen:

CuSO4
Na2SO3 + 1/2O2 ��� Na2SO4.

Under the experimental conditions, sodium sulfite
reacts with atmospheric oxygen under conditions of
the diffusion control, i.e., the rate of the process is
completely determined by the stage of oxygen transfer
from the gas phase into the liquid. In view of the low
solubility of oxygen in water, the mass-transfer coef-
ficient is totally determined by the mass-transfer coef-
ficient in the liquid phase (by the stage of oxygen dif-
fusion from the phase boundary into the bulk of the
liquid). As a consequence, changes in the oxidation
rate of sodium sulfite are associated with the inten-
sification of the mass transfer in the liquid phase.

The experimental setup was shown schematically
in [6], but this was done for the case of recycling of
the liquid phase, with the flow returned to the inlet of
the apparatus in preliminary separation of the gas. The
variation of the concentration of sodium sulfite in the
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reaction mixture was determined experimentally by
iodometric titration during the operation of the setup
till the instant of complete conversion of sodium sul-
fite into sulfate. As reactors were used tubular units of
diffuser�confuser (length of diffuser�confuser section
Ls = 2dd, number of sections N) and cylindrical
designs. As optimization parameters served the ratio
of diameters of the wide (diffuser) and narrow (con-
fuser) parts of the reactor, dd /dc (1�3 at dd = 24 mm),
and also the diameters of the radial tube, d2 (0.8�
7 mm), and of the coaxial tube, d1 (5�10 mm), for
supply of the liquid phase.

As a quantity characterizing the intensity of gas
dissolution in a gas�liquid reaction mixture flowing in
the apparatus, we chose the �sulfite number of the
reactor,� i.e., the amount of oxygen taken up by unit
reaction volume in unit time [5]:

�cNa2SO3
v
�

SuR = 0.127�����������,
�� vr

where vr and v� are the volumes of the reactor and the
reaction mixture, respectively; and �cNa2SO3

is the
change in the concentration of sodium sulfite in a time
��.

Simultaneously with evaluating SuR, the size of
gas bubbles was determined photographically, with
the images obtained subjected to digital processing
and the volume�surface diameter of particles of the
dispersed phase (d32) found [6].

When the ratio of the flow rates at which the gas
and liquid phases are introduced, wg /wl (gas-to-liquid
ratio of the dispersed system), in a tubular turbulent
apparatus of diffuser�confuser design is raised to
about 0.1, the sulfite number SuR of the reactor in-
creases, as also, consequently, does the efficiency of
mass transfer of oxygen from the gas phase into the
liquid (Fig. 1). This is apparently due to an increase in
the rate of oxygen supply to the reactor and to the
resulting rise in its amount in the reaction mixture,
which accelerates the oxidation process. It should be
noted that, as indicated by visual inspection, the proc-
ess occurs in this case in the bubble mode, and the
oxidation rate increases, despite that the average size
of gas bubbles, d32, grows to 1.4 mm as the wg /wl
ratio becomes larger. Further increase in the content of
gas in the reaction mixture (gas flow rate wg) does
not lead to any change in the sulfite number of the
reactor, which is due to the following: the flow of
the two-phase mixture passes into a densely packed
bubble (foam) mode, whereas the volume�surface

wg/wl

Fig. 1. Sulfite number of the reactor, SuR, vs. wg/wl in
(1) tubular turbulent reactor (wl = 170�10 cm3 s�1; N = 5;
d1 = 10, d2 = 3, and dc = 15 mm) and (2) volume mixing
apparatus at a stirrer rotation rate of 1700 rpm (wl /wg =
3.3).

diameter of dispersed inclusions remains constant,
d32 � 1.4 mm. It can be seen from the experimental
data obtained that there exists the optimal ratio wg/wl,
which apparently depends on the physical character-
istics of the reacting components of the two-phase
mixture, and there is no point in exceeding this value.
This is especially important in working with aggres-
sive gases, when the bypassing of the unreacted gas is
impossible: in particular, in chlorination of butyl
rubber with molecular chlorine in a hydrocarbon
solvent [7].

The specific rate of uptake of atmospheric oxygen
by water in a tubular turbulent reactor of the diffuser�
confuser design (Fig. 1, curve 1) exceeds by more
than an order of magnitude that in a volume apparatus
with a fast mechanical stirrer (�1700 rpm) (Fig. 1,
curve 2). This is due to the following. In gas bubbling
in a volume apparatus, including those with mechani-
cal agitation, the zone of effective dispersion, which
determines the rate of oxygen transfer, is considerably
smaller than the reaction volume. In those parts of the
apparatus which are remote from the zone of stirrer
rotation in which effective dispersion occurs, gas
bubbles coalesce and the area of the phase boundary
decreases. In addition, zones of circulation of the two-
phase mixture, which give rise to strong turbulent
pulsations in the liquid phase, are absent in this case.
As a consequence, tubular turbulent units of the dif-
fuser�confuser design are distinguished by high values
of the sulfite number of the reactor owing to the
possibility of achieving a high-intensity dispersion
throughout the reactor volume and to the presence of
circulation zones in the diffuser�confuser sections.
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�r, min

wl, cm3 s�1

Fig. 2. Sulfite number SuR of the reactor vs. (1) residence
time of the liquid in the reactor �r and (2) its flow rate wl.
wl /wg = 3.3; N = 5, d1 = 10, d2 = 3, and dc = 15 mm.

d2, mm

dd/dc

Fig. 3. Sulfite number SuR of the reactor vs. (1) diameter
d2 of the gas feed tube (dd/dc = 2) and (2) dd/dc (d2 =
3 mm). wl /wg = 3.3, wl = 140 cm3 s�1, N = 6, d1 = 10 mm.

The small size of the tubular reactor (vr � 0.1 l), com-
pared to the volume mixing apparatus (vr 4 l), allows
metal saving and yields a higher (by a factor of more
than 40) specific output capacity without a decrease in
the time necessary for the oxidation to be complete.

The significant rise in SuR is observed when the
flow rate of the reaction mixture increases at a con-
stant content of gas in it (Fig. 2, curve 2). In this case,
the influence of shear deformation on gas bubbles is
made stronger by the hydrodynamic energy of the
flow, which leads to disintegration of particles of the
dispersed phase in accordance with the exponential
dependence and to an increase in the area of the
phase-contact surface, as demonstrated for the exam-
ple of emulsion formation [6]. In addition, gas uptake
is virtually absent in the stratified mode of flow of the
reaction mixture at low flow rates (<97 cm3 s�1 in
the given case), which is the lower limit to the output
capacity of the reactor. At the same time, the maxi-
mum (plateau) in the SuR = f (wl) dependence is not
reached at high wl, i.e., there is no upper limit to the

output capacity of the reactor. A characteristic feature
of chemical and mass-exchange physical processes in
tubular turbulent apparatus is that the rate of the proc-
ess depends on the residence time of reactants in the
reactor [2]. It can also be seen, for the example of dis-
solution of atmospheric oxygen in water, that SuR
increases when the residence time of the reaction mix-
ture in the reactor becomes shorter (Fig. 2, curve 1).
In this case, the reaction zone becomes �denser� as
a result of diffusion control of the process.

As shown in [8], it is possible to effectively control
the size of dispersion inclusions in liquid�liquid sys-
tems (specific area of the phase-contact surface) and,
consequently, the efficiency of mass transfer by
changing the method of reagent introduction. When
gas�liquid flows move in tubular turbulent apparatus,
raising the diameter of the gas feed tube results in
that the sulfite number of the reactor diminishes only
slightly (Fig. 3, curve 1), which is determined by
a decrease in the phase-contact area, because d32 in-
creases by 15%. Similarly, when the diameter d1 of
the coaxial tube for supply of the liquid phase is
reduced from 10 to 5 mm, SuR changes from 13.5 to
14 g O2/(l h). Thus, the rate of oxidation of sodium
sulfite by atmospheric oxygen in an aqueous solution
is virtually independent of how the reagents are intro-
duced. This is due to the fact that changing the meth-
od of introduction of the liquid and gas phases and,
in particular, altering the diameters of feed tubes have
no effect on the mass-transfer coefficient in the liquid
phase.

In contrast to the method of reagent introduction,
the geometry of the tubular turbulent apparatus and, in
particular, the dd /dc ratio strongly affect the oxidation
rate of sodium sulfite (Fig. 3, curve 2). On passing
from a cylindrical apparatus (dd /dc = 1) to that of
a diffuser�confuser design with dd/dc = 3, the sulfite
number of the reactor grows by nearly an order of
magnitude. This is due to a rise in the mass-transfer
coefficient in the liquid phase [4], which occurs
because the coefficient of turbulent diffusion in the
circulation zones of the diffuser�confuser sections
grows as the depth of channel profile increases from
dd /dc = 1 to dd /dc = 3 [3]. In addition, the size of
dispersed inclusions decreases in this case by more
than 70%. The rise in the efficiency of oxygen dis-
solution in water on passing from a cylindrical reactor
to that of diffuser�confuser design is determined by
the increase in the hydrodynamic energy of the flow.
This is manifested in pronounced difference of the
pressures at the apparatus ends (Fig. 4), which make
higher the energy expenditure for a flow of the reac-
tion mixture at the required linear velocity. However,
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�p, atm

dd/dc

Fig. 4. Pressure difference across the ends of a tubular
turbulent apparatus, �p, vs. dd/dc (wl = 140 cm3 s�1).

the contribution of the expenditure for flow of the
reaction mixture is insignificant owing to the small
length of the tubular turbulent reactor, necessary for
a fast chemical reaction to occur in high yield in the
presence of a phase boundary, and to the high effi-
ciency of mass transfer. Apparently, the best dd /dc
ratio, from the standpoint of the efficiency of oxygen
absorption in water (Fig. 3) and the optimal pressure
difference across the ends of the apparatus (Fig. 4), is
equal to 2.

Thus, tubular turbulent apparatus of diffuser�con-
fuser design have a higher (by more than order of
magnitude) specific rate of dissolution of atmospheric
oxygen in water, compared to the volume mixing ap-
paratus. An effective way to control the rate of oxygen
absorption is to raise the flow rate of the two-phase
reaction mixture (the output capacity of the reactor)
and the depth of channel profile, expressed by the
dd /dc ratio.

The results obtained in the study make it possible
to recommend tubular turbulent apparatus for use in
wastewater treatment by oxidation with atmospheric
oxygen or ozone. In addition, the fundamental aspects
of intensification of the mass exchange in liquid�gas
systems, revealed in the study, enable effective use
of tubular turbulent apparatus of diffuser�confuser
design as reactors for fast chemical processes, as pre-
reactors and external dispersion devices in order to
make larger the area of the phase-contact surface in
a two-phase reaction mixture, as internal circulation
tubes in bubble-airlift (gas-lift) apparatus, as ab-
sorbers, etc.

CONCLUSIONS

(1) Tubular turbulent apparatus of diffuser�con-
fuser design have a higher (by more than order of
magnitude) specific rate of dissolution of atmospheric
oxygen in water, compared to the volume mixing
apparatus.

(2) Raising the flow rate of the reaction mixture
leads to an increase in the sulfite number of the
reactor, despite the decrease in the residence time
of the reactants in the reaction zone, i.e., causes
�densification� of the reaction zone.

(3) A decrease in the diameter of the radial tube
for gas input by a factor of 9 and a threefold increase
in the dd/dc ratio lead to a rise in the sulfite number
of the reactor by factors of 1.5 and 9, respectively.
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Abstract�A model of reverse osmosis apparatus of the roll type is suggested. The model makes it possible to
calculate the working area of the membrane, perform sectioning of the apparatus, determine the working
pressure in separating units, and find the energy expenditure for the separation process.

Together with the conventional methods for separa-
tion of liquid systems, such as distillation, extraction,
and evaporation, membrane processes find increasing
use [1]. This is due to a number of advantages of
membrane separation processes over the conventional
techniques. Membrane processes are less energy-inten-
sive and have a good economic feasibility; membrane
installations are simple, space-saving, reliable in
operation, and can be readily automated. The most
promising is the method of reverse osmosis with the
use of separating units of the roll type.

However, wide industrial implementation of mem-
brane separation methods is hindered by insufficient
understanding of the mechanism of the process and by
the lack of reliable engineering procedures for calcula-
tion of membrane separation apparatus. The existing
methods for calculation of processes and apparatus for
membrane separation were considered in sufficient
detail in [2�5]. An analysis of these calculation meth-
ods demonstrated that all the existing models are
mostly of strictly specialized nature. Therefore, the
aim of this study was to develop a sufficiently simple
and reliable model for calculation of reverse-osmosis
apparatus of the roll type.

The primary problem in calculating reverse-
osmosis installations of the roll type consists in deter-
mining the basic parameters of a reverse-osmosis ap-
paratus. To these parameters belong the working area
of the membrane, the working pressure in the separat-
ing unit, and energy expenditure for separation.

Roll apparatus in reverse-osmosis installations are
equipped with separating units (Fig. 1). Separating
units of the roll type comprise a permeate collector
1 (perforated solution-removing tube) with several
multilayer sheets wrapped around. Each sheet com-

prises two layers of planar semipermeable membranes
2 of rectangular shape. The surface of a permeate col-
lector 3, made of a synthetic fabric, is placed between
the membranes. A spacer 4 for the flow of the starting
solution (promoter of turbulence in the starting solu-
tion) is placed on the face surface of the membrane.
The permeate-collecting surface and the membranes
are attached at one end to the permeate collector, with
the edges of their three other sides glued together
hermetically. Each multilayer sheet wrapped around
the perforated solution-removing tube forms a spiral
channel for the flow of the solution being separated.

The main parameter in calculation of a separating
roll unit is the total working surface area of the semi-
permeable membrane. We determined the area using
the basic mass-transfer equation [1, 6]

FM = M/(�PK), (1)

where M is the mass of the substance; �P, driving
force of the reverse osmosis; and K, mass-transfer
coefficient.

Transit

Transit
Permeate

Permeate

Initial

Initial

flow

flow

flow

Fig. 1. Scheme of the roll-type separating unit: (5) adhesion
line, (6) coating, and (7) seal; for the other designations,
see text.
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We calculate the mass-transfer coefficient by the
expression [6]:

1
K = �����������, (2)

1/� + �/Pd

where � is the coefficient of mass transfer from the
solution to the membrane surface; �, membrane thick-
ness; and Pd, the diffusion permeability coefficient of
the membrane.

The diffusion permeability coefficients are calcu-
lated using approximating relations obtained in studies
carried out on an industrial reverse-osmosis installa-
tion of the roll type [7, 8].

Experiments and calculations show that the kinetic
characteristics of reverse osmosis depend on the
longitudinal flow velocity in the intermembrane
channel and on the pressure in the unit. The motion
velocity and the flow mode of the solution in the
intermembrane channel are taken into account in
these calculations as usual, by means of the Reynolds
number Re. The simplest way to take into account the
pressure is to introduce the simplex

Kd = Pwork /Pst, (3)

where Pst is the standard pressure for which the rated
throughput of the membranes is specified (Pst =
4 MPa).

More substantiated is use of the Euler number Eu

Eu = �P/�w2, (4)

because Eu determines the forced transverse flow rate
of the solvent and a number of other parameters.

However, simultaneous use of Re and Eu is incon-
venient in processing of experimental data. Therefore,
we used the following dimensionless combination
instead of Eu:

K�P = Eu Re2 = �P�L2 /�2. (5)

Processing of calculated and analytical data on
local mass-transfer coefficients made it possible to
obtain rough approximating relations for the mass
transfer coefficients averaged over the channel length.
Having refined these relations on the basis of the
experimental results, we obtained the calculation
equation (error �7%)

Nu = 1.84�10�4 Re0.33 K�P
0.18. (6)

Knowing the working area of a roll unit and taking

into account the fact that the industrial reverse-
osmosis apparatus consists of two units [9], we find
the total number of apparatus in the membrane instal-
lation by the formula

n = F/2Fu, (7)

where Fu is the working area of a single unit (m2) (for
the industrially used ERO-E-6.5/900A roll unit, this
area is 6.5 m2).

Further, we perform sectioning of the apparatus
in the installation, based on the necessity for ensuring
the same flow velocity of a solution being separated
in each apparatus of each section and a constant de-
crease in the flow rate along the apparatus [6]:

Li = (Lini
+ Lfini

)/2ni = const, (8)

q = Lini
/Lfini

, (9)

where Lini
and Lfini

are the initial and final flow rates
of the solution being separated in ith section; and ni is
the number of apparatus in ith section.

The value of q is chosen depending on the concen-
tration coefficient k:

k = cfin/cin, (10)

where cin and cfin are the initial and final concentra-
tions of the solution being separated (the optimal
value is q = 1.4).

The number of separation units in a section is cal-
culated by the formula

Lst(1 � 1/q)
ni = ����������, (11)

qi� 1Lper

where Lst and Lper are the flow rates of the starting
solution and the permeate in each apparatus.

To find the actual pressure in the reverse-osmosis
apparatus, it is also necessary to calculate the loss of
pressure for overcoming the hydraulic resistance con-
stituted by the resistance of separating units, feed
pipes, local resistances, etc. The major part of the
pressure loss is accounted for by the hydraulic resist-
ance of separating units, which can be calculated by
the formula

�P� = ��w2/2, (12)

where � is a coefficient dependent on the design of a
separating unit (type of the separating grid, drainage
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cfin, kg m�3 (a)

cin, kg m�3

cfin, kg m�3 (b)

cin, kg m�3

Fig. 2. Comparison of (1�3) calculated and (1��3�) experimental data for solutions of (a) NiCl2 and (b) NiCl2 + K2Cr2O7.
(cin, cfin) Initial and final concentrations of the solution being separated. Re: (1, 1�) 19, (2, 2�) 36, and (3, 3�) 55.

material, etc.); �, density of the solution being sepa-
rated; and w, solution flow velocity in the intermem-
brane channel.

Knowing the actual pressure in the reverse-osmosis
apparatus, we find the pump head:

H = �Pact/�stg, (13)

were �st the density of the initial solution.

The resulting data on the pressure and flow rate are
used to select a pump for the reverse-osmosis instal-
lation.

The economical efficiency of the reverse-osmosis
installation is evaluated by the total energy expendi-
ture for separation, using the formula [10]

Weff = VP/�	, (14)

where V is the volume of purified water; P, working
pressure in a roll unit; �, selectivity of retention;
and �, efficiency of the pump unit.

The adequacy of the model for calculating reverse-
osmosis apparatus of the roll type was assessed by
comparing the experimental and calculated concentra-
tion dependences used in calculating the mass-transfer
and diffusion permeability coefficients (Fig. 2). The
calculated and experimental dependences for solutions
of NiCl2 and NiCl2 + K2Cr2O7 are shown in Fig. 2.
It can be seen that the results are acceptable for
engineering calculations.
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Abstract�The influence exerted by the concentration of the binder reagent on the ratio of phase resistances
in mass exchange across a spherical phase boundary in the liquid�liquid system was studied.

As is known, the reciprocal of the mass-transfer
coefficient characterizes the resistance to mass transfer
in the phase. Hence follows that the phase resistance
is affected by such physicochemical parameters as
viscosity of interacting phases, diffusion coefficient,
hydrodynamic situation in the phases, and ratio of ini-
tial concentrations of the substance being transferred
and the binder reagent. Studies of the mass transfer in
the liquid�liquid system have shown [1] that introduc-
tion of a binder into the receiving phase leads to
redistribution of the diffusion resistance to mass trans-
fer among the phases. As the concentration of the
binder reagent increases, the reaction front is shifted
from the bulk to the phase boundary; as a result, the
diffusion resistance of the receiving phase is elimi-
nated and a change of phase resistances occurs.

Studies of the mass transfer with a chemical reac-
tion at the planar phase boundary in the liquid�liquid
system [2] have shown that the change of phase resist-
ances leads to loss of the hydrodynamic stability of
the phase boundary, and thereby conditions are created
in the system that give rise to a spontaneous inter-
phase convection (SIC) or intensify the already exist-
ing convection process.

The change of phase resistances was evaluated, as
it was done before for the case of mass transfer across
the planar phase boundary, by the parameter [3]

L = cA/cBp, (1)

where cA is the initial concentration of the substance
being transferred (kmol m�3), and cBp is the critical
concentration of the binder reagent (kmol m�3).

This study is concerned with the influence exerted
by the change of phase resistances on the conditions
of appearance and intensity of SIC in mass transfer

with a chemical reaction across a spherical phase
boundary in the liquid�liquid system.

EXPERIMENTAL

The mass transfer across the spherical phase bound-
ary on a single drop was studied in temperature-con-
trolled glass columns of diameter d = 0.055 m and
height p = 0.5 m at a temperature of 20�0.1�C. The
phase being dispersed was fed with a precision feeder
of volume 8 cm3, equipped, in order to eliminate pul-
sations, with two special bellows operating simultane-
ously, one in compression and the other in expansion.
The height of drop fall was varied with a mobile
capillary, which yielded experimental data for short
times of phase contact. A column with a discharge
pipe in its lower part (Fig. 1) was used in the experi-
ment. The drop catchers in which the dispersed phase
was collected had a diameter dc = 0.007 m (in order to
diminish the mass transfer across the planar phase
boundary at place of drop coagulation). The volume
of liquid in drop catchers was maintained constant (2�
3 drops) by continuously removing the dispersed
phase. The drop diameter was varied by selecting
capillaries of different diameters (0.19�10�3�0.32�
10�3 m). The volume of the continuous phase was
Vcp = 1100 ml; that of the phase being dispersed,
Vdp = 50 ml; and that of a sample, Ws = 2 ml.

The experiments were performed with organic
solvents and transferred substances of chemically pure
and analytically pure grades, preliminarily purified by
distillation. As binder reagent served chemically pure
grade sodium hydroxide. The purity of all the chemi-
cals was judged from their refractive indices and
boiling points.

Prior to an experiment, the organic and aqueous
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Fig. 1. Experimental setup for a study of the kinetics of
mass transfer on a single falling drop. (1) Column, (2) pre-
cision feeder, (3) constant-level vessel for the dispersed
phase, (4) capillary, (5) settler, (6) constant-level vessel for
the continuous phase, (7) vessel for the starting solution
of the dispersed phase, (8) thermostat, and (9) collector of
the dispersed phase.

phases were mutually saturated (equal volumes of an
organic solvent and distilled water were placed in
a flask and kept there for 24 h) in order to eliminate
the influence of mass exchange involving the solvents
on the kinetic features of the mass exchange of the
main substance being transferred. This substance was
dissolved in the feeding (organic) phase, and the
binder, in the aqueous phase. Before an experiment,
the phases were thermostated for 30 min to eliminate
the influence of the temperature factor.

The procedure used in the experiment on the
laboratory setup consisted in the following: a certain
height of ascent or fall of a drop (corresponding to
a certain time of contact between the drop and the
continuous medium) was set with a mobile capillary,
and then the phase being dispersed was delivered into
the capillary by a micropump, with separate drops
formed in the continuous phase. After traveling a
certain distance along the column height, the drop was
caught with a drop catcher. The phase collected in the
drop catcher was continuously discharged into the
sampling device and analyzed. To determine the next
point in the dependence of the concentration of the
substance being transferred on the distance along the

column height, the mobile capillary was moved into
a new position and the procedure described above was
repeated, with all the parameters (flow rate, time of
drop formation, drop diameter, viscosity and density
of phases) remaining unchanged. All the experiments
were performed with the mass transfer directed from
the drop into the continuous phase.

To determine the concentration of the substance
being transferred, an aliquot (Vs = 1 ml) was taken
from a weighing bottle with a pipet. The content of
the substance in the aliquot was determined by poten-
tiometric titration. The experimental error was found
as root-mean-square error of the arithmetic mean to
be �5%.

In a separate experiment, 100 to 200 drops were
passed through the column, depending on the volume
of the forming drops. The volume of a drop was 3�
6 mm3.

The time of drop formation, �df, was found as
the total time in which the required number of drops
was formed, divided by the number of drops formed.

The SIC was detected by three methods: visually,
kinetically, and by the method of �strong surfactants.�

As seen in Fig. 2a, the phase boundary is un-
disturbed in the case of mass transfer in the diffusion
mode (diffusion-convective mechanism). In the case
when the process occurs in the interphase-instability
mode (Fig. 2b), waves are formed at the phase bound-
ary, which is characteristic of SIC.

Figure 3 shows that interphase instability occurs in
the presence of strong surfactants. It is known that
some strong surfactants [polyvinyl alcohol (PVA)
with 12.7% acetate groups, MW 47800; Arkopol] can
depress the interphase convection; however, mass
exchange can proceed in this case in the diffusion
mode [4]. As seen from Fig. 3, mass transfer occurs
in the diffusion mode in the presence of polyvinyl al-
cohol (mass-transfer coefficient has a constant value);
when mass transfer is performed in the same system
without a surfactant, an increase in the mass-transfer
coefficient is observed, which is characteristic of SIC.

In all the experiments, the kinetic method was used
to detect the SIC [5]. This method consists in that the
dependence W = f (c) is plotted, where W is the rate of
mass transfer and c is the driving force of mass trans-
fer. A deviation from linear behavior points to occur-
rence of SIC (Fig. 4).

The experimental data obtained are presented in the
form of kinetic dependences plotted in the c�h coordi-
nates (c, concentration of the substance being trans-
ferred; h, distance along the height of column). With
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(a) (b)

Fig. 2. Visual method for detecting SIC. Mass transfer of butyric acid (c0 = 1 kmol m�3) from CCl4 to (a) water and (b) aqueous
solution of NaOH (cNaOH = 2 kmol m�3).

the velocity of �free� motion of a single drop in the
continuous phase and the distance traveled by the drop
from the end of the capillary to the phase boundary
known, the time of free motion of a single drop, �m,
was calculated. The time of contact with the continu-
ous medium was found by summing up the experi-
mentally determined time of drop formation and the
time of free motion of the drop:

� = �f + �m. (2)

The experimental data were processed in the c��
coordinates (c, as before; �, process duration). The
dependences obtained were approximated with a biex-
ponential function by the least-squares method.

Further, using the resulting kinetic curve, we deter-
mined the averaged rates of the process and found the
mass-transfer coefficients by the equation

�dc/d� = Km Ssp c, (3)

where Km is the mass-transfer coefficient (m s�1); Ssp,
specific surface area of phase contact (m2 m�3); c,
driving force of the mass-transfer process, equal to the
concentration of the substance being transferred in the
bulk of the feeding (limiting) phase [6] (kmol m�3);
and �, process duration (s).

The specific surface area of phase contact was
found as the ratio of the drop surface area to the drop
volume by the formula

Ssp = 6/dd, (4)

where dd is the average drop diameter.

The drop diameter was calculated on the following
assumptions: the concentration of the substance in the
continuous phase is constant during the experiment

c, kmol m�3

Km � 104, m s�1

Fig. 3. Detection of SIC by the method of strong sur-
factants. (Km) Mass-transfer coefficient and (c) concentra-
tion of the substance being transferred. Mass transfer of
butyric acid (c0 = 0.5 kmol m�3) from CCl4 into an aque-
ous solution of NaOH (cNaOH = 2 kmol m�3): (1) without
surfactant and (2) in the presence of a surfactant (PVA,
csurf= 0.01 wt %).

W, kmol m�3 s�1

c, kmol m�3

Fig. 4. Kinetic method for detection of SIC. (W) Rate of
mass transfer and (c) driving force of mass transfer. Mass
transfer from CCl4 into an aqueous solution of NaOH. Sub-
stance being transferred: (1) acetic acid (c0 = 0.7 kmol m�3)
and (2) butyric acid (c0 = 1 kmol m�3). cNaOH (kmol m�3):
(1) 1 and (2) 2.
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A

B

cBp

cNaOH, kmol m�3

K0
m � 105, m s�1

Fig. 5. Hatta curve: (K0
m) initial mass-transfer coefficient

and (cNaOH) NaOH concentration; the same for Fig. 6.
Mass transfer of benzoic acid (c0 = 0.2 kmol m�3) from
toluene into aqueous NaOH (planar phase boundary):
(A) diffusion region and (B) region of flows.

(the volume of the phase being dispersed was less
than 4% of that of the continuous phase), the drop
volume is constant during extraction (the drop density
changed by less than 2%), and the phase boundary of
the drop is spherical.

To determine the mass of drops dispersed in the
column during an experiment, samples in weighing
bottles were weighed on an analytical balance. The
mass of the forming drop, md, was found by dividing
the mass ms of a sample taken by the number of drops
that passed through the column during the time of
drop formation. The mean arithmetic mass of a drop
was found as the quotient of the total mass of drops in
the experiments by the number of experiments. The
error in determining the mean arithmetic mass of a
drop was 2%.

With the average mass of a drop and its initial
density known, the average drop diameter in an ex-
periment was calculated by

dd = (6md/��d)1/2, (5)

where �d is the density of the drop (kg m�3), and md,
its mass.

The intensity of SIC and the conditions for ap-
pearance of an interphase instability were judged from
the intensity coefficient (KSIC = tan	, where 	 is the
slope of the straight line plotted in the coordinates
mass-transfer coefficient�driving force of the process)
and the critical concentration ccr, which are param-
eters of an empirical equation describing the process
of mass transfer in the interphase-instability mode
(Fig. 3) [7]:

� [KD + KSIC(c � ccr)] at c > ccr,
�

J = � (6)
�� KD c at c 	 ccr,

where KD is the coefficient of mass transfer in the
diffusion mode (diffusion-convective mechanism)
(m s�1); KSIC, coefficient taking into account the
acceleration of the mass transfer in the interphase-in-
stability mode (m4 kmol�1 s�1); ccr, critical driving
force (critical concentration) (kmol m�3); c, driving
force of the mass-transfer process (kmol m�3); KD +
KSIC(c � ccr) = Km, coefficient of mass transfer in the
phase-instability mode (m s�1).

In [8], it was suggested to evaluate the intensity of
mass transfer in the phase-instability mode by the ini-
tial values of the mass-transfer coefficient, found
graphically in the coordinates mass-transfer coeffi-
cient�driving force of the process at the point of inter-
section of the nonlinear portion of the curve for the
mass-transfer coefficient with the driving force of the
process at the initial instant of time.

In the present study, it is suggested to find the ini-
tial values of the mass-transfer coefficient, K 0

m by
extrapolating the function

dc(�) 1
Km = �����������, (7)

d� Sspc(�)

to the zero instant of time, which corresponds to the
driving force of the process at the initial instant of
time in the plot of the dependence of the mass-transfer
coefficient on the driving force of the process.

The critical concentration of the binder component,
cBp, was found from the plot of the dependence of
the initial value of the mass-transfer coefficient on
the initial concentration of the binder reagent, similar
to the �Hatta curve� [1]. Two different portions can be
seen in Fig. 5: portion A, parallel to the abscissa axis,
corresponds to occurrence of a chemical interaction at
the phase boundary, and sloping portion B, to the
interaction of the reagent being transferred and the
binder reagent in a certain volume of the extracting
phase. The point of intersection of these portions cor-
responds to transition of the reaction front from some
part of the volume of the receiving phase to the phase
boundary. The critical concentration of the binder
reagent, at which the change of phase resistances
occurs, was found at the point of intersection of por-
tions A and B.

Figure 6 shows a Hatta curve for mass transfer of
carboxylic acids from a drop of carbon tetrachloride
into an aqueous solution of NaOH. As seen from the
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plot, raising the concentration of the binder reagent to
the critical value for propionic and butyric acids leads
to an increase in the initial values of the mass-transfer
coefficient, which is accounted for by the appearance
and development of SIC at approach of the front of
the chemical reaction to the phase boundary. The de-
crease in the initial values of the mass-transfer coef-
ficient under the conditions when the mass-transfer
process is limited by the feeding phase (diffusion
region) is due to hindrance to the turbulent motion of
the liquid near the phase boundary. This hindrance is
caused by the increase in the viscosity of the receiving
phase. The quenching of the turbulization of the
boundary layer diminishes the intensity of renewal of
the contact surface by fresh portions of the binder
reagent, which, in turn, makes less favorable the con-
ditions of appearance and development of SIC. Ac-
cordingly, the intensities of interphase convection and
mass transfer decrease.

The critical concentration of the binder reagent for
the mass transfer of propionic acid (distribution coef-
ficient Kd = 4) from CCl4 into an aqueous solution of
NaOH was cBp = 0.7 kmol m�3 (Fig. 6, curve 1), i.e.,
the parameter L, which characterizes the change of
phase resistances, is unity for propionic acid (initial
concentration c0 = 0.7 kmol m�3). As seen in Fig. 6
(curve 2), the change of phase resistances (transition
of the limiting resistance from the receiving to feeding
phase) for butyric acid (distribution coefficient Kd =
1) occurs at a critical concentration of the binder
reagent, cBp = 1.4 kmol m�3, i.e., at L = 0.5, as in the
case of a planar phase boundary [2]. Comparison of
the values of the parameter L for propionic and butyr-
ic acids shows that L decreases as the distribution
coefficient of the substance being transferred becomes
smaller, which coincides with the conclusions made
in [3].

Now, the influence exerted by the change of phase
resistances on the appearance conditions and intensity
of SIC will be analyzed separately for substances
being transferred, having different distribution coeffi-
cients.

As shown by the experiment (Fig. 7, curve 1), the
mass transfer of propionic acid in the absence of a
binder reagent in the receiving phase or in its presence
in low concentrations occurs under the SIC condi-
tions, which is accounted for by the large distribution
coefficient of the substance being transferred for the
given system, i.e., the receiving phase does not hinder
substantially the mass transfer of the main substance
and thereby creates conditions under which SIC can
appear and exist. At the critical concentration of the

cBp cBp

cNaOH, kmol m�3

Km � 105, m s�10

Fig. 6. Effect of the initial concentration of the binder
reagent on the initial mass-transfer coefficient. Mass trans-
fer from CCl4 to aqueous NaOH: (1) propionic acid (c0 =
0.7 kmol m�3) and (2) butyric acid (c0 = 0.7 kmol m�3);
the same for Fig. 7.

KSIC � 105, m4 kmol�1 s�1

cNaOH, kmol m�3

Fig. 7. Effect of the initial concentration of the binder
reagent on the coefficient of SIC intensity, KSIC.
(cNaOH) Concentration of NaOH.

binder reagent, cBp = 0.7 kmol m�3, the maximum
intensity of SIC is observed. As mentioned above, the
decrease in the intensity of SIC is due to a rise in the
viscosity of the receiving phase on raising the concen-
tration of the binder reagent. The critical driving force,
ccr, i.e., the condition for appearance of SIC, is shifted
to higher concentrations as the concentration of the
binder reagent becomes higher (see table).

The mass transfer of butyric acid occurred in the
absence of the binder reagent in the diffusion mode
(diffusion-convective mechanism). Raising the concen-
tration of the binder reagent from 0 to 3.8 kmol m�3

led to appearance of an interphase instability in the
system and to intensification of mass transfer under
the SIC conditions (Fig. 7, curve 2). The absence of
SIC in a system without a binder reagent is accounted
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Effect of the concentration of the binder reagent on parameters of mass transfer with a chemical reaction under SIC
conditions. Extracting system: CCl4 + aqueous NaOH, c0 = 0.7 kmol m�3

������������������������������������������������������������������������������������

Substance being transferred
�

cNaOH, kmol m�3 � 
, mPa s
� K 0

m �105, � KSIC �105, � ccr, �
L� � � m s�1 � m4 kmol�1 s�1 � kmol m�3 �

������������������������������������������������������������������������������������
Propionic acid � 0.0 � 1.00 � 27 � 30 � 0.01 � 1

� 0.69 � 1.19 � 56 � 76 � 0.07 � 1
� 1.0 � 1.26 � 36 � 49 � 0.14 � 1
� 1.43 � 1.38 � 41 � 54 � 0.16 � 1
� 2.25 � 1.67 � 28 � 31 � 0.18 � 1
� � � � � �Butyric acid � 0.0 � 1.00 � 4.2 � 0 � � � 0.5
� 0.81 � 1.21 � 14 � 18 � 0.05 � 0.5
� 1.38 � 1.37 � 43 � 54 � 0.05 � 0.5
� 2.45 � 1.74 � 35 � 40 � 0.02 � 0.5
� 3.0 � 1.99 � 33 � 38 � 0.02 � 0.5
� 3.79 � 2.45 � 32 � 37 � 0.02 � 0.5

������������������������������������������������������������������������������������

for by the high diffusion resistance to mass transfer,
exhibited by the receiving phase. Introduction of a
binder reagent into the system results in that the proc-
ess first occurs in the kinetic region. Then, at higher
concentrations of the binder reagent, the reaction front
is shifted to the phase boundary, and the process
passes into the region of �flows� [3]. The occurrence
of the mass-transfer process in this region creates
conditions under which SIC can appear and develop.
Raising the concentration of the binder reagent further
leads to an increase in the coefficient of SIC intensity;
at the critical concentration of the binder reagent,
cBp = 1.4 kmol m�3, there occurs a change of phase
resistances (SIC has the maximum intensity) and the
process passes into the diffusion region. As in the case
of propionic acid, the decrease in the SIC intensity is
due to an increase in the viscosity of the receiving
phase on raising the concentration of the binder re-
agent. The critical driving force of the process de-
creases (see table).

CONCLUSIONS

(1) Raising the concentration of the binder reagent
leads to transition of the limiting resistance from the
receiving to feeding phase, i.e., to a change of phase
resistances.

(2) The change of phase resistances in mass trans-
fer of propionic acid leads to an increase in the in-
tensity coefficient of spontaneous interphase convec-
tion. The conditions under which the spontaneous
interphase convection can appear are shifted to higher
concentrations.

(3) In mass transfer of butyric acid, the change of
phase resistances creates conditions under which the
spontaneous interphase convection can appear and the

intensity of the already existing spontaneous inter-
phase convection can considerably increase. The criti-
cal driving force of the process decreases.

(4) An increase in the initial concentration of the
binder reagent in the diffusion region for propionic
and butyric acids leads to a decrease in the intensity of
spontaneous interphase convection, which is due to
a rise in the viscosity of the receiving phase.
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Abstract�Photoinitiated reaction of maleic anhydride with chlorobenzene and o-chlorotoluene in the pres-
ence of a sensitizer (benzophenone) was studied with the aim to prepare chlorinated tricyclodecenetetracar-
boxylic dianhydrides. New halogenated polyimides were prepared by the reactions of these products with
various diamides in N-methyl-2-pyrrolidone in the presence of catalysts.

The chemistry of halogenated macromolecular
compounds is a specific field of the polymer chemis-
try. It attracts researchers’ attention because these
compounds exhibit specific, often unique properties;
this makes them indispensable in the modern engi-
neering, medicine, and other fields. A particular place
among such compounds is occupied by polyimides
(PIs).

By now, the most studied are aromatic PIs. At the
same time, certain studies show that alicyclic poly-
imides are also promising thanks to a favorable com-
bination of chemical, physicomechanical, dielectric,
and other properties [1, 2]. Some recent papers are
devoted to fluorinated PIs; data on chlorinated PIs are
virtually lacking.

The Diels�Alder reaction occurring upon sensitized
UV irradiation of solutions of maleic anhydride (MA)
in aromatic hydrocarbons yielded the corresponding
chlorinated dianhydrides:
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where R = H, Cl; R� = H, CH3.

In this work we studied the specific features of
preparation of chlorinated dianhydrides and PIs de-
rived from them.

EXPERIMENTAL

The starting compounds and solvents were purified
by standard procedures. The IR spectra were recorded
on an IR-25 spectrometer; samples of the monomers

were prepared as KBr pellets, and samples of the
polymers, as 3�5-�m films. The 1H NMR spectra
were recorded on a Tesla BS-487B spectrometer in
deuteroacetone (working frequency 80 MHz, internal
reference hexamethyldisiloxane).

The reduced viscosities of 0.5% solutions of PI
were measured in an Ubbelohde viscometer at 25�C
in DMSO. Thermogravimetric analysis of the poly-
mers was performed on a TGA SDTA Metler Toledo
device at a heating rate of 8 deg min�1. The tempera-
tures of the onset of polymer degradation, To.d, were
calculated from the TG curves.

The physicomechanical (tensile strength, relative
elongation) and dielectric (dielectric loss tangent,
dielectric permittivity) characteristics were studied
under standard conditions [3, 4].

The dianhydrides were prepared by the Diels�Alder
reaction upon irradiation of saturated solutions of MA
in appropriate hydrocarbons in the presence of a sensi-
tizer, benzophenone. 7-Chlorotricyclo[4.2.2.02,5]dec-
7-ene-3,4,9,10-tetracarboxylic dianhydride [adduct of
chlorobenzene (CB) and MA, ACB] was prepared in
a temperature-controlled quartz glass reactor upon
irradiation of a solution of MA (225.41 g, 2.30 mol)
in 1000 ml of CB, containing 45.53 g (0.25 mol) of
benzophenone, with a PRK-2M mercury quartz lamp
(375 W) for 25 h. In the course of irradiation, a color-
less crystalline precipitate formed, which was filtered
off, recrystallized from acetic anhydride, washed with
anhydrous diethyl ether, and dried in a vacuum at 80�
90�C to constant weight; yield of ACB based on MA
74.2%.

7-Chloro-8-methyltricyclo[4.2.2.02.5]dec-7-ene-
3,4,9,10-tetracarboxylic dianhydride [adduct of
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o-chlorotoluene (CT) and MA, ACT] was prepared
similarly, by irradiation of a solution of 186.01 g
(2.00 mol) of MA in 1000 ml of CT, containing
36.42 g (0.20 mol) of benzophenone, for 30 h; yield
of ACT based on MA 44.5%. Longer irradiation does
not increase the yield of ACB and ACT.

Equivalent weight: ACB 154.43 (calculated
154.45), ACT 161.46 (calculated 161.47); mp: ACB
302�303, ACT 273�274�C.

Found, %: C 54.61; H 3.03; Cl 11.41.
C14H9ClO6 (ACB).
Calculated, %: C 54.45; H 2.91; Cl 11.50.

Found, %: C 55.62, H 3.60, Cl 11.12.
C15H11ClO6 (ACT).
Calculated, %: C 55.81; H 3.41; Cl 11.02.

IR spectra, �, cm�1: 1500 (benzene ring); 1775�
1780, 1835�1840 (anhydride groups) [5]. 1H NMR
spectra, �, ppm.: ACB 6.52 (1H), 2.82�3.61 (8H);
ACT 1.97 (3H), 2.81�3.52 (8H).

The solvent, N-methyl-2-pyrrolidone (MP), was
dried over 4 � molecular sieves.

The polyimides were prepared in the presence of
catalytic amounts of isonicotinic acid (INA) or tri-
phenyl phosphate (TPP). Synthesis of PI derived from
ACB and 4,4�-diaminodiphenyl ether (DADPE) was
performed as follows. A three-necked flask equipped
with a stirrer and a tube for feeding an inert gas was
charged with 15.44 g (0.05 mol) of the dianhydride,
10.00 g (0.05 mol) of DADPE, and 1.52 g (5 wt %
relative to the sum of the monomers) of INA, after
which 76.3 ml of MP was added. The reaction flask
was heated on an oil bath at 50�C for 15 min, after
which the temperature was raised within 20 min to
160�C, and the mixture was heated at this temperature
for 4.5 h. After cooling to room temperature, the PI
was precipitated into acetone (chemically pure grade)
and dried in a vacuum oven at 80�90�C to constant
weight.

The elemental composition of the precipitated
monomer corresponded to the theoretical calculation.
The polyimide films were prepared by casting of solu-
tions of the precipitated polyimides in MP (25 wt %)
onto glass supports; to remove the solvent, the films
were preliminarily dried in a vacuum oven at 80�C for
0.3 h and heated to constant weight at 150�C (1 h).

The polyimides derived from the other diamines in
the presence of INA and TPP, and also the polyimides
derived from ACT were prepared similarly; yield of

the polymers 98.5�99.0%, degree of imidization about
100%.

Preparation of fluorinated alicyclic PIs from a
an adduct formed by photochemical cycloaddition of
MA to fluorobenzene was reported in [6]. Preparation
of chlorinated dianhydrides of tricyclodecenetetracar-
boxylic acids has certain specific features. For exam-
ple, synthesis of the photochemical adduct of CB and
MA was attempted by other researchers [7], but they
were not able to prepare ACB in a high yield; under
the conditions used in [7], the yield of ACB did not
exceed 5�7%, and the dianhydride derived from CT
and MA was not obtained at all.

Photochemical synthesis of dianhydrides is two-
step: First an unstable monoanhydride is formed
(photochemical reaction), and then it is stabilized by
addition of the second MA molecule (chemical step).
In the initial period of the reaction (first 2.5�3 h), the
rate constant in the temperature range 35�54�C is
(0.80�1.26) � 10�5 s�1 for the CB + MA system and
(0.30�0.65) � 10�5 s�1 for the CT + MA system. The
activation energies are 53 and 79 kJ mol�1, respective-
ly. Such kinetic parameters are typical of reactions of
MA with other aromatic hydrocarbons [2]. With CB,
MA reacts at a higher rate; CT is less active, which
may be due to the steric hindrance produced by the
methyl group.

The conditions for preparing the adducts in the
presence of two sensitizers, acetophenone and benzo-
phenone, are listed in Table 1. As seen from Table 1,
the yields of the process in the presence of benzo-
phenone are 1.1�2.1 times higher, since the energy of
the triplet state of this sensitizer (284 kJ mol�1) is
closer to the energy of the triplet level of the charge-
transfer complex (CTC) between MA and aromatic
hydrocarbons (280�284 kJ mol�1). Furthermore, the
spectrum of benzophenone covers the range of up to
420 nm, whereas acetophenone absorbs only up to
380 nm [8].

Examination of the influence of temperature on the
reaction gave interesting results. As seen from Ta-
ble 1, dianhydrides are formed virtually in the same,
relatively narrow, temperature range. A decrease in
the temperature to 30�35�C is accompanied by a
decrease in the yield of the adducts; similar pattern is
observed with increasing temperature to 60�65�C.
A decreased yield of the dianhydrides at lower tem-
peratures can be reasonably accounted for by the de-
creased solubility of the dienophile; in turn, too high
temperatures may promote CTC decomposition, thus
preventing the adduct formation. It should be noted
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Table 1. Conditions for preparing chlorine-containing dianhydrides
������������������������������������������������������������������������������������

Adduct
�

�max,
�

T, �C
�

cMA, M
� csens, M �

Irradiation
� Adduct yield, %

� � � ����������������������� ����������������������
� nm � � �acetophenone �benzophenone� time, h �acetophenone �benzophenone

������������������������������������������������������������������������������������
ACB � 280 � 45�50 � 2.30 � 0.30 � 0.25 � 25 � 64.2 � 74.2
ACT � 284 � 50�55 � 2.00 � 0.30 � 0.20 � 30 � 20.6 � 44.5

������������������������������������������������������������������������������������

that the CTC formed between the chosen addends is
classed with so-called �contact	 complexes, which are
unstable and exist in solution virtually at the instant of
contact of the donor and acceptor [9, 10]. If this time
appears to be sufficient to receive the excitation ener-
gy from the sensitizer, formation of the monoadduct
(and then bisadduct) becomes possible; if the CTC
decomposes under the action of certain factors (in-
creased temperature in our case), the yield of the final
product decreases. We believe that these two factors
are responsible for the narrow temperature range of
the adduct formation.

Along with the direct influence on the CTC stabil-
ity, the temperature exerts a still stronger influence on
the second step of the process, stabilization of the
monoadduct by addition of the second MA molecule.
Heating causes the distances between the reacting
species to increase, thus decreasing the probability
and frequency of their contact. This fact is consistent
with the previous data on the predominant influence
of temperature on the second step of the process in
photochemical synthesis of bisadducts of various
structures [11].

A study of the reaction of MA with aromatic hy-
drocarbons showed that the MA conversion does not
reach 100%. Along with the above factors, this is
caused by side processes manifested in that the reac-
tion mixtures turn yellow during prolonged irradia-
tion (>35�40 h), and a tarry deposit (yellow to brown)
is formed on the inner wall of the reactor. This prod-
uct was identified as a low-molecular-weight product
of photochemical polymerization of MA. Its yield is
low (about 0.7�1 wt % relative to the final products),
but it contaminates the dianhydrides, and their addi-
tional recrystallization from acetic anhydride becomes
necessary.

Previously preparation of high-quality PIs from
ACB and ACT was hampered by the lack of efficient
synthesis procedures. However, in [6, 12] we showed
that the polycondensation in polar aprotic amide sol-
vents in the presence of catalytic amounts of INA
allows preparation of PIs with high viscosity charac-
teristics. In this paper, we consider the specific fea-

tures of polymer preparation in the presence of INA
and TPP. In the presence of TPP, acylation and cyclo-
dehydration of the polyamido acids are accelerated,
which may be due to the effect of the acidic ester
formed by hydrolysis of the ester with water released
in the cyclization [13]. The effect of the acidic ester
is similar to that of the acid; the mechanism of poly-
condensation activation with carboxylic (in particular,
pyridinecarboxylic) acids was discussed previously
[13]. As solvent we chose MP in which PIs of the
highest molecular weight are obtained (at 140�180�C)
[12].

The optimal conditions of the synthesis of chlori-
nated PIs (CPIs) in the presence of INA and in the
absence of a catalyst are listed in Table 2; the reduced
viscosity of the PIs reaches 0.25�0.55 dl g�1.

A study of the CPI formation showed that ACB is
more active in polyacylation than ACT, due to higher
electrophilicity of the anhydride groups. The CPIs
prepared from ACB have higher viscosity characteris-
tics. The reactivity of ACT decreases because of the
presence of the alkyl group at the endo-ethylene bond.

In the presence of TPP, the polymers formed have
a lower reduced viscosity (by 0.2�0.3 dl g�1).

The compositions and structures of CPIs were
proved by elemental analysis and IR spectroscopy.
The IR spectra of CPIs contain absorption bands at
about 1780 and 1720 (carbonyl groups of imide
rings), 1360�1365 (�N<), 715�720 (imide ring), and
855 cm�1 (C�Cl). The absorption bands characteristic
of the amido acid groups were lacking in the final
polymers.

We have studied some properties of the new CPIs.
We showed previously that the structural features of
such halogenated PIs (presence of the fluorine atom)
result in the lower glass transition point (Tg) com-
pared to the nonfluorinated analog [6]. With the CPIs,
the trend was similar (Table 3).

Relatively high reduced viscosities allowed us to
cast films from the PI solutions and determine their
main characteristics. The tensile strength of the CPI
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Table 2. Optimal properties of CPI synthesis in the presence of INA*
������������������������������������������������������������������������������������
Polymer no. � Dianhydride � Diamine � cmon/cINA, wt %/wt % � T, �C � �, h � �r, dl g�1

������������������������������������������������������������������������������������
1 �ACB �DADPE � 40/6.0 � 160 � 4.5 � 1.91
2 �ACB �DADPM � 40/6.0 � 160 � 4.5 � 1.78
3 �ACB �p-PDA � 40/5.0 � 155 � 4.5 � 1.61
4 �ACB �m-PDA � 40/5.0 � 145 � 4.0 � 1.45
5 �ACB �p-XDA � 35/3.0 � 120 � 2.5 � 1.11
6 �ACB �HMDA � 30/2.5 � 100 � 2.0 � 0.90
7 �ACB �CDADPM � 35/5.0 � 150 � 4.5 � 1.30

� � � � � �8 �ACT �DADPE � 40/6.0 � 150 � 5.0 � 1.25
9 �ACT �DADPM � 40/6.0 � 150 � 5.0 � 1.14

10 �ACT �p-PDA � 40/6.0 � 145 � 4.5 � 1.02
11 �ACT �m-PDA � 35/5.0 � 140 � 4.0 � 0.95
12 �ACT �p-XDA � 35/2.5 � 110 � 2.5 � 0.72
13 �ACT �HMDA � 30/2.0 � 90 � 2.0 � 0.68
14 �ACT �CDADPM � 40/5.0 � 140 � 5.0 � 1.01

������������������������������������������������������������������������������������
* (DADPM) Diaminodiphenylmethane, ( p-PDA) p-phenylenediamine, (m) m-phenylenediamine, ( p-XDA) p-xylylenediamine,

(HMDA) hexamethylenediamine, and (CDADPM) 3,3�-dichloro-4,4�-diaminodiphenylmethane.

films reaches 85�160 MPa depending on the diamine,
and the relative elongation is 20�40%. The elastic
modulus is within 2000�4100 MPa. We also deter-
mined some electrical characteristics: the dielectric
loss tangent at 1 kHz and 25�C is 0.003�0.006, and
the dielectric permittivity is 3.45�4.02.

It should also be noted that the samples prepared
from the nonprecipitated polymers in the presence of
TPP exhibit self-extinguishing properties. Further-
more, CPIs have lower oxygen index compared, e.g.,
to the fluorinated PI: The oxygen index of the PI

Table 3. Thermal characteristics of CPIs
����������������������������������������

Polymer
�

Tg, �C
� To.d, �C

� ������������������������no. � � in air � under argon
����������������������������������������

1 � 310 � 375 � 420
2 � 307 � 370 � 410
3 � 318 � 370 � 405
4 � 325 � 365 � 400
5 � 285 � 330 � 375
6 � 265 � 311 � 340
7 � 320 � 360 � 390
8 � 305 � 365 � 395
9 � 300 � 360 � 390

10 � 311 � 365 � 395
11 � 320 � 350 � 390
12 � 276 � 317 � 345
13 � 255 � 290 � 323
14 � 312 � 355 � 380

����������������������������������������

derived from DADPE and the fluorinated dianhydride
structurally related to ACB is 26; that of the PI de-
rived from ACB, 0.30; and that of polymer no. 7,
0.40.

CONCLUSIONS

(1) Chlorinated dianhydrides of tricyclodecenetet-
racarboxylic acids were prepared by UV irradiation of
solutions of maleic anhydride in chlorobenzene and
o-chlorotoluene in the presence of benzophenone as
sensitizer.

(2) New chlorinated polyimides exhibiting fairly
high viscosity, thermal, physicomechanical, and di-
electric characteristics were prepared by single-step
polycondensation of the chlorinated dianhydrides with
various diamines in N-methyl-2-pyrrolidone in the
presence of catalytic amounts of isonicotinic acid or
triphenyl phosphate.
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Abstract�Kinetics of cleansing action of sodium alkylbenzenesulfonate�sodium carbonate binary solutions,
as the most widely used components of synthetic detergents, is studied using the procedure based on direct
determination of the weight fraction of pollutants removed from the fabric. The effective kinetic parameters
of the cleansing process are determined.

Cleansing is one of the most important and com-
plex colloidal chemical and physicochemical mech-
anical processes. It is of great scientific interest and
practical significance [1�3].

Up-to-date synthetic detergents (SDs) represent
complex multicomponent systems containing both
surfactants with high detergent power and mineral and
organic additives promoting cleansing action. House-
hold detergents also contain additives imparting to
them the desired consumer’s performance character-
istics such as solubility, friability, color, and odor
[4�9].

Cleansing involves a series of successive stages
providing removal of pollutants and their emulsifica-
tion in the aqueous phase [3, 7�9]: (1) wetting of the
surface and displacement of pollutants, (2) dispersion
of pollutants, (3) stabilization of various pollutants
in the aqueous phase, (4) protection of the solid sur-
face, (5) solubilization, (6) chemical decomposition of
pollutants, and (7) foaming.

Although the nature of these elementary events is
clear at the qualitative level, there are no analytical
relationships for their simulation. Presently, detergent
compositions are mostly formulated empirically,
which is due to the fact that the theory of cleansing is
now developed only as a very general concept. Physi-
cochemical mechanisms of each elementary stage of
cleansing remain to be understood. All these do not
permit prediction of properties of detergent composi-
tions. Numerous attempts to develop a quantitative
theory of cleansing action using the thermodynamic
approach proclaiming, as a key point, energy gain on
transferring pollutants from the surface to be cleaned
to the cleansing solution, failed. Cleansing is a non-

equilibrium process. Its activation energy can be
determined from the temperature dependence of the
rate constant. Despite the fact that kinetic study of
cleansing action provides information only on the
effective parameters of this complex process, such
experimental data could fix the rate-determining
stages.

Previously we demonstrated [10] that, similarly to
other kinetically controlled processes, the temperature
dependence of the cleansing effect is an exponential
curve. This type of relationship is characteristic of
temperature dependences of such parameters of vari-
ous processes as the chemical potential, rate constant,
solute concentration, viscosity, etc. The temperature
dependence of the cleansing action can be written as

M = Ae�Ea/RT. (1)

where A is the preexponential factor, and Ea has a
sense of the activation energy of cleansing action.

Therefore, the goal of this work is to determine the
effective kinetic parameters of cleansing action: the
activation energy and preexponential factor.

The cleansing effect is mostly determined by com-
paring the whiteness of the fabric samples before and
after laundering. However, it is known that home pol-
lutions can consist of both strongly and weakly tinted
spots. In this case, it is difficult to unambiguously
judge the degrees of pollution and cleansing only
from the change in the whiteness. Therefore, in the
kinetic study, it was necessary to employ a more
objective method based on direct determination of the
weight fraction of a pollutant washed away from the
fabric surface. In this work, the cleansing effect was
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determined gravimetrically according to GOST (State
Standard) 22 567.15�95, as applied to laboratory con-
ditions. The quality of laundering was tested by com-
parison of the weight of the laundered cotton fabric
sample (5�5 cm) with that of the initial and contami-
nated ones. The contaminant composition included
highly dispersed lampblack, Syntanol DS-10, oleic
acid, sunflower-seed oil, nujol, casein, and ammonia.
Before laundering, the contaminated samples were
matured at 110�C for 1 h.

A polluted sample was fixed on a gate agitator and
laundered in a beaker in 500 ml of fresh cleansing
solution at fixed temperature for 0.5�20 min. High
rotation rate (200 rpm) provided uniform laundering
of the entire sample surface. After completion of
laundering, the sample was thoroughly rinsed and then
dried and ironed. Three parallel experiments were per-
formed with each fabric sample. Before the experi-
ment, fresh fabric samples were pretreated by boiling
in a chlorine-containing bleaching solution to remove
the dressing coating.

The cleansing action was characterized by the rela-
tive weight of the pollutants removed from the fabric
surface.

M = �m /mi, (2)

where �m and mi are the weights of the removed and
initial pollution, respectively.

In the kinetic experiments we used a binary solu-
tion containing 30 wt % sodium alkylbenzenesulfonate
[C10 �14(C6H4)SO3Na] and 70 wt % sodium carbo-
nate (Na2CO3) as a rather simple model system. Now
sodium alkylbenzenesulfonate is the surfactant most
widely spread in detergent production. It is character-
ized by high cleansing power [11], good performance
characteristics, and relatively low cost. Soda reduces
the water hardness, preventing formation of water-
insoluble complexes of sodium alkylbenzenesulfonate
with alkaline-earth metals. It also establishes alkalin-
ity of the cleansing solution and saponifies fatty pol-
lutants, providing their solubilization. Furthermore,
soda, being an electrolyte, promotes realization of
the maximal surface activity of the surfactant, thus
reducing its consumption.

Kinetic experiments were carried out at 25, 40, 60,
and 85�C at a fixed concentration of 5 g l�1. The
experimental kinetic curves are given in Fig. 1.

From the experimental curves we estimated the
effective kinetic parameters of cleansing: the activa-
tion energy Ea and preexponential factor A. The ac-

�, min

�m � 103, g

Fig. 1. Relative weight of pollutants removed �m as a func-
tion of the time �. Temperature (�C): (1) 25, (2) 40, (3) 60,
and (4) 85.

tivation energy was determined by the standard proce-
dure from the temperature dependence of the cleans-
ing effect plotted in the coordinates lnM�1/T [12]. It
follows from the table that the mean effective activa-
tion energy of cleansing is 5.2�0.3 kJ mol�1.

As mentioned above, cleansing is a complex proc-
ess involving a series of successive-parallel stages.
Correspondingly, the activation energy is a function of
all effective thermodynamic parameters controlling
these stages. Determination of Ea allows fixation of
the rate-determining stage of cleansing. We obtained
Ea = 1�10 kJ mol�1, which suggests that cleansing is
a diffusion-controlled process. Previously [10], using
the photometric method for determination of the
whiteness of the fabric in the course of cleansing, we
obtained the temperature dependence of the cleansing
effect of sodium alkylbenzenesulfonate, its mixtures
with sodium tripolyphosphate, and also of a complex
composition based on sodium alkylbenzenesulfonate.
This dependence is described by Eq. (3):

M t
max = 8.65 M30

max e�661.3/T, (3)

Estimated effective activation energy and preexponential
factor at 298�358 K
����������������������������������������

�, min � A � Ea, kJ mol�1

����������������������������������������
0.5 � 2.35 � 4.87
1 � 2.75 � 5.15
2 � 2.82 � 5.03
3 � 3.03 � 5.37
5 � 3.36 � 5.21
8 � 3.49 � 5.14

10 � 3.65 � 5.15
15 � 3.71 � 5.20
20 � 3.68 � 5.19

����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 11 2004

1842 KOTOMIN et al.

�, min
Fig. 2. Preexponential factor A as a function of the time of
cleansing �.

where Mt
max and M30

max are the maximal cleansing
effects of the substance at a fixed temperature and
at 30�C, respectively, which practically correspond to
its cleansing effect at a concentration above 50 g l�1.

The activation energy of cleansing estimated by
Eq. (3) for sodium alkylbenzenesulfonate and mix-
tures on its basis was found to be 5.8 kJ mol�1. This
value is consistent with that obtained in this work
(5.2�0.3 kJ mol�1), also suggesting the significance
of diffusion processes in cleansing.

Figure 2 shows the dependence of the preexponen-
tial factor A on the time of cleansing. As seen, A in-
creases with time, but the growth decelerates starting
from � = 10 min, and the curve reaches saturation,
suggesting that the process is unsteady in the initial
stage (up to 10 min).

Nevolin [7] has demonstrated that, in all cases
of laundering, mechanical activation is required to
provide more uniform distribution of the cleansing
solution and enhance wetting of the surface to be
cleaned. The effect of agitation depends on the proc-
ess time and natures of detergent and contaminated
fabric. Generally, increasing agitation intensity ac-
celerates removal of pollutants only in the first
minutes of laundering, then having only slight effect.
In parallel to desorption of pollutants, resorption
occurs. Our results suggest that the preexponential
factor A reflects the effect of mechanical activation.
Furthermore, A can be affected by increasing viscosity
of the cleansing solution as a result of formation of an
emulsion and suspension of desorbed pollutants.

CONCLUSION

The estimated activation energy of cleansing (5.2�
0.3 kJ mol�1) suggests that the process is diffusion-

controlled. The value of the preexponential factor in
Eq. (1) is a function of the intensity of mechanical
activation and viscosity of the cleansing solution.
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Abstract�The colloid-chemical properties [surface tension, surface activity, and critical micellization con-
centration (CMC)] of aqueous 1,1-dimethyl-1-alkyl(R)hydrazinium chlorides (R = C10H21�C18H37) were
studied.

1,1-Dimethyl-1-alkylhydrazinium chlorides
(DMAHCs) are quaternary hydrazinium salts. Owing
to colloid-chemical features and low toxicity, these
compounds are used in petroleum production [1] and
also as flotation agents [2], detergents, antistatics, and
biocides [3, 4]. 1,1-Dimethyl-1-alkylhydrazinium
chlorides are efficient surfactants. In spite of wide
practical application of DMAHC, published data on
their colloid-chemical characteristics are scarce [1�3,
5]. In this work we attempted to obtain more complete
set of colloid-chemical characteristics of DMAHCs
belonging to a single homologous series.

EXPERIMENTAL

1,1-Dimethyl-1-alkylhydrazinium chlorides
[R(CH3)2NNH2]Cl, where R is CnH2n+1, n = 10, 12,
14, 16, 18, and mixture (12 + 14), were prepared by
quaternization of 1,1-dimethylhydrazine with chloro-
alkanes [6]. The crude product was purified by 2�
3-fold recrystallization from acetone. The content of
the main substance in the final product determined by
the technique reported in [7] was no less than 96%.

The surface tension at the aqueous dimethylalkyl-
hydrazinium chloride�air interface was determined
stalagmometrically [8]. The surface tension was calcu-
lated by the equation

mx n0
� = �0�����, (1)

m0 nx

where �x and �0 are the surface tensions of aqueous
DMAHC and water (mJ m�2); mx and m0 are the

weights (g) of aqueous DMAHC and water discharged
from a certain volume of a stalagmometer; and nx and
n0 are the numbers of drops of aqueous DMAHC
and water discharged from the same stalagmometer
volume.

In calculating the surface tension by Eq. (1), we
used the reference value of the surface tension at the
water�air interface [9]. The average values of aqueous
DMAHC surface tension were calculated from the
results of four replicate measurements; the relative
determination error did not exceed 2%.

The critical micellization concentration (CMC) was
determined by the point of rupture in the plot of the
specific electrolytic conductivity of aqueous DMAHC
vs. DMAHC concentration.

Figure 1 shows the surface tension isotherms of
aqueous DMAHC (R = C14H29, curve 1) and R =
C12H25 + C14H29 (curve 2). The surface tension iso-
therms of aqueous DMAHC with R = C10H21,
C12H25, and C16H33 are similar to those presented
in Fig. 1, except for the system with R = C18H37
(curve 2).

As seen from Fig. 1, in the range of dilute
DMAHC solutions, the surface tension sharply de-
creases with increasing surfactant concentration, and
its further trend becomes relatively flat. The first por-
tion of the isotherm reflects the saturation of the
liquid�air interface with DMAHC molecules due to
their sorption. Further addition of surfactant molecules
is accompanied by their micellization in the bulk of
the aqueous phase. This process is manifested as a flat
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�, mJ m�2

c, M
�, mJ m�2

c, M
Fig. 1. Surface tension (�) isotherms of aqueous DMAHC.
(c) DMAHC concentration. Radical R: (1) C14H29,
(2) C12H25 + C14H29 and (3) C18H37.

ln c
��

[M]

Fig. 2. DMAHC surface activity vs. the number of carbon
atoms n in the radical R. (c) DMAHC concentration.

Table 1. Minimal surface tension of aqueous DMAHC
at 20�C
����������������������������������������
Radical R � �min, mJ m�2 � cmin of DMAHC, M
����������������������������������������
C10H21 � 40 � 1 �10�1

C12H25 � 36 � 5 �10�2

C14H29 � 34 � 5 �10�2

C12, C14 � 34 � 2 �10�2

C16H33 � 34 � 2 �10�3

C18H37 � 66 � 1 �10�4

����������������������������������������

portion of the surface tension isotherm showing the
insensitivity of the surface tension to micellization.

On further increasing the DMAHC concentration,
the initial spherical micelles are apparently rearranged
to nonspherical micelles influencing the state of
the surface layer. This effect can be responsible for
gradual decrease in the surface tension in the next
portion of the isotherm.

Table 1 shows that, on adding DMAHC (R =
C10H21, C12H25, C14H29, C16H33, and mixture R =
C12H25 + C14H29] to water, the surface tension de-
creases to 35�40 mJ m�2. This pronounced decrease
in the surface tension shows that DMAHCs are active
surfactants.

The surface tension isotherm of aqueous DMAHC
(R = C18H37) (Fig. 1, curve 3) has a small minimum at
the surfactant concentration below CMC. We believe
that this minimum is caused by the presence of im-
purity of a more active surfactant (presumably 1,1-di-
methyl2-alkylhydrazine). It is known [8, 10] that the
presence of even a trace of this foreign surfactant can
significantly decrease the surface tension. After attain-
ment of CMC, this impurity can be solubilized in the
micelles. Therefore, � slightly increases at DMAHC
concentration exceeding CMC. Thus, the presence
of a minimum in the surface tension isotherm of
aqueous DMAHC suggests that the surfactant contains
strongly surface-active impurities.

Each of the examined DMAHCs has two CMCs.
The CMC1 corresponds to formation of a mono-
molecular sorption layer filled with DMAHC mole-
cules at the aqueous DMAHC�air interface. CMC2 is
manifested in the surface tension isotherms at
DMAHC concentrations corresponding to formation
of the nonspherical micelles. CMCs of aqueous
DMAHC and the DMAHC concentrations correspond-
ing to formation of the sorption layer at the aqueous
DMAHC�air interface completely filled with DMAHC
molecules are listed in Table 2. The published data
show that the CMC values measured by various
techniques differ [11]. For example, the CMC of
aqueous DMAHC (R = C12H25 and C16H33) meas-
ured by the ring detachment technique is 9.4 �
10�3 M and 0.25 �10�3 M, respectively. As seen from
Table 2, these values considerably differ from the
CMC values determined in this work stalagmometric-
ally.

The surface activity of surfactants belonging to a
single homologous series strongly increases with in-
creasing number of carbon atoms in the hydrocarbon
radical of the surfactant molecule [8]. Based on our
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experimental data, we calculated the increment of
the adsorption potential �W (contribution of the CH2
group to the sorption work) for �x = 68 mJ m�2. This
value of the surface tension was chosen because it be-
longs to the linear portions of the surface tension iso-
therms of all the examined DMAHCs at cDMAHC � 0.
The surface activity G can be calculated by the equa-
tion [8]

G = lim (�d�/dc) = RT� exp [(W0 + n�W)/RT], (2)
c� 0

where � is the adsorption layer thickness (m); W0,
work of adsorption of the polar groups of the sur-
factant molecule (J mol�1); n, number of methylene
groups; �W, contribution of one methylene group to
the total work of sorption (J mol�1); R, universal gas
constant (J mol�1 K�1); and T, temperature.

Equation (2) shows that, for the whole homologous
series of surfactants, logc�� is a linear function of
n with the slope tan � = �W/RT, where c�� is the sur-
factant concentration decreasing the surface tension
by ��.

Figure 2 shows the plot of ln c�� vs. n. The �W
calculated from this plot is 2.1 kJ mol�1, which is
somewhat smaller than its theoretically calculated
value (�2.7 kJ mol�1) reported in [10]. We believe
that this difference is caused by the fact that the sur-
factants used in our experiments (n = 10�18) have
coarser molecules than the surfactant molecules used
in the theoretical calculations (n = 3�6). The larger
size of DMAHC molecules favors their sorption due
to appearance of additional cohesion intermolecular
interactions decreasing the sorption work.

In practice, surfactants are applied, as a rule, as
their multicomponent mixtures. Owing to synergistic
or antagonistic effects, the physicochemical character-
istics of such mixtures can differ from the additive
sum of characteristics of the individual surfactants.
The multicomponent surfactants can exhibit higher
micellization and solubilization power. Therefore,
mixed surfactants often show enhanced performance.
We studied as an example the surface tension of solu-
tion of commercial mixed DMAHC with C12H25 and
C14H29 radicals. This multicomponent surfactant is
used as flotation agent ChGS-1214 [2].

Figure 1 shows the surface tension isotherms of
DMAHC (R = C14H29) and mixed commercial sur-
factant (R = C12H25 and C14H29). The comparison of
these isotherms shows that the commercial surfactant
has a high surface activity, which is governed by the
contribution of the more active surfactant with R =

Table 2. Critical micellization concentration of DMAHC
and the aqueous DMAHC concentration corresponding to
saturation of the sorption layer at the aqueous DMAHC�air
interface with DMAHC molecules
����������������������������������������

Radical
� CMC � 102, M �

c1**�102, M����������������������
� CMC1* � CMC2* �

����������������������������������������
C10H21 � 7.0 � 27.0 � 9.0
C12H25 � 4.0 � 15.0 � 5.0
C14H29 � 4.5 � 14.0 � 5.0
C12, C14 � 2.7 � 6.1 � 3.0
C16H33 � 0.19 � 0.65 � 0.2
C18H37 � 4.2 � 10�3 � 1.04 � 10�2 � 3.5 � 10�3

����������������������������������������
* Determined conductometrically.

** Determined from the surface tension isotherm.

C14H29. At a concentration of about 0.06 M, the sur-
face tension isotherms of both the individual aqueous
DMAHC and the commercial mixture become virtual-
ly indistinquishable. The commercial mixed surfactant
decreases the water surface tension to 35 mJ m�2

at a concentration of 0.03 M, whereas with pure
DMAHC (R = C14H29) this level of surface tension is
reached at a concentration of about 0.06 M. The
CMC of aqueous solution of mixed surfactant (R =
C12H25 + C14H29) is lower than that of the individual
DMAHCs, due to the higher micellization power of
the mixed surfactant forming micelles of mixed kind.

CONCLUSIONS

(1) 1,1-Dimethyl-1-alkylhydrazinium chlorides are
effective cationic surfactants. Their surface activity
increases with increasing number of carbon atoms in
the hydrocarbon radical. The increment of the adsorp-
tion potential is 2.1 kJ mol�1 per methylene group
in the hydrocarbon radical.

(2) The critical micellization concentration of
aqueous DMAHC corresponding to formation of the
monomolecular adsorption layer at aqueous DMAHC�
air interface was found. At DMAHC concentration
exceeding CMC, the surface layer is rearranged due to
formation of nonspherical micelles.

(3) With increasing number of carbon atoms in the
DMAHC hydrocarbon radical, the micellization power
of the surfactant increases.

(4) The surface activity of multicomponent com-
mercial DMAHC (R = C12H25 + C14H29) exceeds
that of the individual surfactants, which is mainly due
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to the contribution of the more active surfactant,
1,1-dimethyl-1-tetradecylhydrazinium chloride.
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Abstract�Synthesis of lower perfluoroalkanes (tetrafluoromethane, hexafluoroethane, octafluoropropane,
decafluorobutane) by high-temperature reaction of graphite with fluorine in a fluidized bed was studied.

Tetrafluoromethane, hexafluoroethane, octafluoro-
propane, and decafluorobutane are widely used in the
modern industry as ozone-friendly refrigerants, pro-
pellants, dielectrics, and gas-phase fluorine carriers for
semiconductor industry [1]. The annual world con-
sumption of these substances reaches several thousand
tons; therefore, development of efficient processes for
their production is an urgent problem.

There exist several procedures for preparing these
compounds. Tetrafluoromethane is prepared from the
elements in the inverse wave of filtration combustion
of graphite in fluorine, using a fixed graphite bed [2].
The feasibility parameters of this process are high.

Hexafluoroethane can be prepared by catalytic fluo-
rination of fluorochloroethanes with HF [3]. The raw
materials for these process destroy the ozone layer,
and their production should be stopped. The process
has also other drawbacks: large amount of hydrogen
chloride waste and the necessity of regeneration and
utilization of the environmentally hazardous chromi-
um magnesium fluoride catalyst.

Octafluoropropane is produced by fluorination of
hexafluoropropylene with cobalt trifluoride [4]. The
production of hexafluoropropene also involves ozone-
decomposing substances [1]. Furthermore, processes
involving cobalt trifluoride as fluorinating agent have
low productive capacity.

Decafluorobutane can be prepared by electrochem-
ical fluorination of tributylamine in an HF solution
[5]. However, the yield and productive capacity of the
process are poor.

At the same time, it is known that all the above
perfluorocarbons and solid carbon polyfluoride (CFx)n

are formed by high-temperature reaction of carbon
with fluorine:

C(s) + F2(g) � (CFx)n(s) + CF4(g) + C2F6(g) + C3F8(g)

+ C4F10(g) +... (1)

The boiling points of tetrafluoromethane, hexafluo-
roethane, octafluoropropane, and decafluorobutane are
�128, �78, �37, and �2�C, respectively. In industrial
implementation of reaction (1), separation of the prod-
ucts by distillation seems to involve no serious prob-
lems. Thus, commercial mastering of carbon fluorina-
tion will allow several different processes to be com-
bined in a single process involving simple and cheap
raw materials, with an efficient distillation system.

Published data on the composition of gaseous prod-
ucts of carbon fluorination are contradictory. How-
ever, most of the authors indicate that the major
product is tetrafluoromethane. As an efficient process
for tetrafluoromethane production has been commer-
cially mastered [2], development of the process based
on carbon fluorination is appropriate only if higher
fluoroalkanes will be obtained in a yield comparable
with that of CF4.

Moissan was the first to perform the reaction of
carbon with fluorine [6]; he found that amorphous
carbon forms ignite in fluorine even at room temper-
ature, whereas graphite and diamond are resistant to
fluorine at normal temperature. Ruff reported in 1934
[7] that at 420�C graphite reacts with fluorine to form
a solid compound, carbon polyfluoride (CxFy)n. He
also found that at 460�700�C the reaction occurs with
explosion, and at temperatures above 700�C graphite
burns in fluorine to form fluorocarbons, mainly tetra-
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Fig. 1. Scheme of the reactor: (1) reactor body, (2) tube for
feeding the fluorinating mixture, (3) chamber for separation
of the gas and powder, (4) reactor lid, and (5) filter; (H1,
H2) electric heaters, (T1�T5) thermocouples for the medi-
um, and (Tc1�Tc2) thermocouples for the walls.

fluoromethane [8]. It was shown later [9] that the
composition of carbon polyfluoride depends on the
synthesis temperature and graphite particle size. Later,
numerous papers concerning preparation of carbon
polyfluoride were published; its composition, struc-
ture, properties, fluorination kinetics, and application
fields were studied. Carbon polyfluoride found use as
a solid lubricant and a cathodic material for lithium
cells [10].

Thus, the majority of papers on fluorination of
carbon were devoted to properties of carbon polyfluo-
ride and procedures for its production; perfluoroal-
kanes were considered as by-products [11�13]. The
available data are insufficient to determine the optimal
conditions for preparing hexafluoroethane, octafluoro-
propane, and decafluorobutane from carbon and flu-
orine.

The goal of this study was to find conditions of
carbon fluorination ensuring formation of a mixture

of perfluoroalkanes containing tetrafluoromethane,
hexafluoroethane, octafluoropropane, and decafluoro-
butane in commercially significant amounts.

The reaction of fluorine with carbon is strongly
exothermic; in formation of CF4, the thermal effect is
933 kJ mol�1. The temperature of the reaction prod-
ucts in the adiabatic mode reaches several thousand
degrees. Under these conditions, hexafluoroethane,
octafluoropropane, and decafluoroethane decompose
with the formation of other fluorocarbons, fluorine,
and carbon.

To ensure the stability of the target products under
the synthesis conditions, it is necessary to efficiently
remove the released heat. This can be done by using
dynamic (agitated) beds of powdered carbon.

Fluidization is one of the most advanced proce-
dures for performing heterogeneous processes involv-
ing a solid phase. Systems fluidized with a gas flow
are characterized by strong agitation inside the bed,
provided by ascending gas �bubbles� [14]. Owing to
the large surface area of solid particles, the heat ex-
change between them is very intense, and the differ-
ence between the temperatures of the fluidizing agent
and solid particles is very small. To ensure stable flui-
dization, it is appropriate to use friable powders show-
ing no tendency to sinter. Therefore, for laboratory
tests we chose electrode graphite as a carbon material.

EXPERIMENTAL

For visual monitoring of the fluidization, experi-
ments were performed in a model glass reactor. Stable
fluidization without separation and removal of the
particles is observed with the graphite fraction with
the particle size less than 250 �m at a fluidizing gas
velocity less than 15�20 cm s�1. The contact time of
the gas and powder varies from 0.5 to 3 s depending
on the fixed bed height.

For fluorination experiments, we constructed a
laboratory installation with a reactor containing a
fluidized graphite bed. The reactor (Fig. 1) was a
thick-walled pipe 1 from carbon steel of the following
size: internal diameter 12 mm, external diameter
45 mm, and height 500 mm. The fluorinating mixture
is fed through a porous insert 2 from pressed nickel
powder, arranged in the bottom part of the pipe. In the
top part, the pipe has an expansion 3 28 mm in diam-
eter for decreasing the gas velocity and separating the
graphite particles. A filtering gauze is arranged at the
reactor outlet.

To maintain the required temperature, two electric
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Table 1. Composition of gaseous products of the reaction of fluorine with graphite in the steady-state isothermal mode
as influenced by temperature. Contact time 3 s, fluorinating mixture 20% F2 + 80% N2
������������������������������������������������������������������������������������

T, �C
� CF4 � C2F6 � C2F4 � C3F8 � C3F6 � C4F10 �

� SCF /SN�������������������������������������������������������������
� vol % �

������������������������������������������������������������������������������������
410 � 49.9 � 16.8 � � � 18.2 � � � 15.1 � 0.018
425 � 50.8 � 18.1 � � � 18.8 � � � 12.3 � 0.019
450 � 44.7 � 20.2 � � � 20.4 � � � 14.7 � 0.024
460 � 53.8 � 15.9 � � � 15.9 � � � 14.4 � 0.019
465 � 57.7 � 15.5 � � � 16.4 � � � 10.4 � 0.026
490 � 62.4 � 17.1 � � � 15.1 � � � 5.4 � 0.017
495 � 63.8 � 17.1 � 0.2 � 13.0 � � � 6.0 � 0.074
520 � 64.0 � 17.3 � 0.1 � 13.8 � � � 4.8 � 0.075
540 � 64.1 � 17.7 � � � 14.7 � 0.5 � 3.0 � 0.080
560 � 63.6 � 15.2 � � � 13.6 � 1.5 � 6.2 � 0.084
585 � 58.2 � 21.2 � � � 13.6 � 1.2 � 5.8 � 0.081
590 � 59.1 � 19.2 � � � 13.5 � 1.5 � 6.7 � 0.084
610 � 62.9 � 20.8 � � � 11.2 � 1.5 � 3.6 � 0.088
635 � 66.2 � 22.0 � � � 8.3 � 1.5 � 2.0 � 0.084
670 � 70.2 � 19.8 � � � 7.0 � 1.6 � 1.4 � 0.090
720 � 75.9 � 14.2 � � � 7.3 � 1.1 � 1.5 � 0.092

������������������������������������������������������������������������������������

heaters H1 and H2 are mounted on the reactor surface.
The wall temperature is monitored with Chromel�
Alumel thermocouples Tc1 and Tc2. The thermo-
couples in two-channel ceramic straws are arranged
in wells 8 mm deep and 3 mm in diameter, so as to
ensure reliable thermal contact between the thermo-
couple junction and well bottom.

The temperature of the reaction medium in the
reactor volume is measured with Chromel�Alumel
thermocouples T1�T5. The distance from the T1 junc-
tion to the gas-feeding surface is 15 mm, and the
distance between the junctions of the thermocouples,
115 mm.

As a fluidizing gas we used a mixture of fluorine
and nitrogen, and as a carbon material, electrode
graphite with the particle size less than 250 �m.

The expansion of the graphite powder bed was
monitored with thermocouples T1�T5. If the bed
expanded to occupy the whole channel height, the
temperature became virtually equal throughout the
reacting bed.

The experiment time was 25�30 min. In this time,
the temperature of the reactor wall increased by no
more than 15�C. Thus, fluorination of graphite was
performed under approximately isothermal conditions.

Chromatographic analysis of the gaseous reaction
products showed that the composition of the products
changed during the first 5 min of the reaction. In the

subsequent period, at constant feed rate and tempera-
ture, the composition of the gaseous products was
stable and could be averaged.

The averaged (over the samples taken) composi-
tion of the gaseous products of the reaction of fluorine
with graphite in the steady-state isothermal mode is
given in Table 1 for various temperatures. At each
temperature, we took three to five samples. When
calculating the sample composition, we assumed the
chromatographic correction coefficients to be unity for
all the substances.

In Table 1 we also give the parameters �SCF /SN
characterizing the content of gaseous fluorocarbons in
the gas flow. The parameter �SCF /SN is the ratio of
the total area of the fluorocarbon chromatographic
peaks to the nitrogen peak area. The fluorine break-
through was detected only at 410�C.

The dependence of the parameter �SCF /SN on the
fluorination temperature (contact time 3 s) is shown
in Fig. 2.

Using the parameter �SCF /SN, we can qualitatively
estimate the amount of fluorine consumed for forma-
tion of gaseous perfluorocarbons and solid carbon
polyfluoride. This allows comparison of the rates of
the synthesis and thermal decomposition of carbon
polyfluoride and estimation of the accumulation of
carbon polyfluoride in the reactor.

The molar ratio of fluorine and carbon in the gase-
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T, �C
Fig. 2. Parameter �SCF / SN as a function of temperature T
at a gas�powder contact time of 3 s: (1) experimental de-
pendence, (2) theoretical value corresponding to formation
of CF3.2 (which corresponds to the average composition
of products obtained at 580�600�C), and (3) theoretical
value corresponding to formation of CF4.

ous reaction products at 550�600�C was 1 : 3.2
(Table 1).

Thus, the volume of gaseous fluorocarbons is by a
factor of 3.2 smaller than the volume of fluorine con-
sumed for their formation. The feed contained 20%
fluorine, and the ratio of the volume of the gaseous
reaction products to the volume of nitrogen, �SCF /SN,
at a temperature close to 580�C should be

� SCF 20 / 3.2
������ = ������ = 0.078.

SN 80

At 400�450�C, the theoretical value of �SCF /SN
is 0.083.

If the only fluorination product were tetrafluoro-
methane, the �SCF /SN ratio would be the following:

� SCF 20/2
������ = ����� = 0.125.

SN 80

At 400�450�C, the experimental value of �SCF /SN
is lower than the theoretical value by a factor of 4.
This means that the fluorine fed into the reactor does
not fully leave the reactor in the form of gaseous

Table 2. Composition of gaseous products of the reaction
of fluorine with graphite as influenced by temperature.
Contact time 0.6 and 0.8 s
����������������������������������������

T, �C
� CF4 � C2F6 � C2F4� C3F8 � C3F6 � C4F10
�����������������������������������
� vol %

����������������������������������������
565 � 59.2 � 20.9 � 1.6 � 11.8 � 1.3 � 5.2
590 � 62.3 � 17.9 � � � 13.3 � 1.0 � 5.4

����������������������������������������

compounds. Hence, at this temperature the rate of
formation of carbon polyfluoride is higher than the
rate of its decomposition, and carbon polyfluoride
accumulates in the reactor.

At temperatures above 550�C, the experimental
�SCF /SN value agrees with the theoretical value;
hence, the fluorine fed into the reactor fully leaves the
reactor in the form of gaseous products. A slight in-
crease in �SCF /SN at temperatures exceeding 550�C
is associated with an increase in the CF4 content in
the reaction products.

Thus, the gaseous products of graphite fluorination
in a fluidized bed under the optimal conditions (550�
600�C), when the CF4 content is minimal and carbon
polyfluoride does not accumulate, have the following
composition (wt %): 40�45 CF4, 20�25 C2F6, 20�25
C3F8, and 10�15 C4F10.

To estimate the minimal time of complete conver-
sion of fluorine in a fluidized bed, we performed
experiments with shorter contact times of the gas
and powder: 0.6 and 0.8 s. The results are given in
Table 2. No breakthrough of fluorine was observed.
The composition of the gaseous products did not
noticeably differ from that obtained at a contact time
of 3 s.

Table 1 and Fig. 2 suggest that formation of gase-
ous perfluorocarbons involves intermediate formation
of carbon polyfluoride, followed by its decomposition.
To check this assumption, we performed experiments
on synthesis and thermal decomposition of carbon
polyfluoride. Carbon polyfluoride was prepared at
400�500�C in a fluidized bed for 35�40 min. The
composition of carbon polyfluoride after the fluorina-
tion corresponded to the formula (CF0.30�0.35)n.

Then we stopped the supply of gaseous fluorine
and performed the decomposition at a higher temper-
ature in a nitrogen flow ensuring fluidization and
isothermal conditions. The decomposition of carbon
polyfluoride was performed for approximately 10�
100 min.

The composition of the gaseous products of ther-
mal decomposition of carbon polyfluoride is given in
Table 3.

These data confirm the assumption that perfluoro-
carbons containing more than one carbon atom are
formed by synthesis and decomposition of carbon
polyfluoride.

Tables 3 and 1 show that, as x in (CFx)n decreases,
the yield of tetrafluoromethane in decomposition of
(CFx)n increases. Also, the yield of tetrafluoromethane
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Table 3. Composition of gaseous products of thermal decomposition of carbon polyfluoride in a fluidized bed as influ-
enced by the reaction temperature and time. Nitrogen flow rate 6 cm3 s�1

������������������������������������������������������������������������������������

Run no.
�

�, min
�

T, �C
� CF4 � C2F6 � C3F8 � C3F6 � C4F10 �

� SCF /SN� � ����������������������������������������������
� � � vol % �

������������������������������������������������������������������������������������
1 � 11 � 555 � 68.3 � 19.3 � 6.6 � 3.2 � 2.6 � �

� 19 � 590 � 70.2 � 20.8 � 5.6 � 2.0 � 1.4 � �

� 22 � 600 � 77.7 � 14.4 � 5.1 � 2.8 � � � �

� 25 � 620 � 81.6 � 14.9 � 3.5 � � � � � �

� 29 � 635 � 86.5 � 13.5 � 0.0 � � � � � �� � � � � � � �
2 � 14 � 560 � 73.1 � 14.8 � 8.4 � 1.7 � 2.1 � �

� 19 � 600 � 74.0 � 17.2 � 5.5 � 2.2 � 1.1 � �

� 22 � 620 � 81.0 � 14.2 � 4.9 � � � � � �� � � � � � � �
3 � 9 � 465 � 75.4 � 11.7 � 12.9 � � � � � 0.016

� 23 � 465 � 77.8 � 11.7 � 10.5 � � � � � 0.016
� 35 � 465 � 76.8 � 10.5 � 9.1 � 3.6 � � � 0.017
� 51 � 465 � 75.9 � 10.6 � 6.9 � 4.4 � 2.2 � 0.015
� 61 � 465 � 78.0 � 11.4 � 6.4 � 4.2 � � � 0.015
� 80 � 530 � 74.0 � 15.0 � 7.1 � 2.3 � 1.6 � 0.205
� 92 � 570 � 75.5 � 15.8 � 6.0 � 2.7 � � � 0.036
� 102 � 580 � 86.7 � 7.9 � 3.7 � 1.7 � � � 0.013� � � � � � � �

4 � 13.5 � 478 � 62.7 � 16.9 � 14.4 � � � 6.0 � 0.016
� 16.5 � 504 � 69.2 � 12.8 � 13.4 � 1.5 � 3.1 � 0.105
� 23.5 � 540 � 73.1 � 15.3 � 7.1 � 2.3 � 2.1 � 0.133
� 35.5 � 546 � 75.0 � 15.1 � 6.0 � 3.2 � 0.7 � 0.033
� 54.5 � 562 � 82.1 � 9.9 � 2.7 � 2.5 � 2.8 � 0.010
� 69.5 � 566 � 88.5 � 8.1 � 3.3 � 0.1 � � � 0.004
� 77.5 � 568 � 82.0 � 12.3 � 3.9 � 1.5 � 0.3 � 0.004� � � � � � � �

5 � 12 � 530 � 73.5 � 13.4 � 8.8 � 2.0 � 2.3 � 0.051
� 21 � 590 � 71.9 � 17.8 � 6.2 � 2.3 � 1.8 � 0.141
� 27 � 620 � 82.9 � 10.8 � 2.7 � 3.6 � � � 0.018
� 31 � 630 � 85.4 � 11.7 � 2.9 � � � � � 0.020

������������������������������������������������������������������������������������

is higher in decomposition of (CFx)n prepared in
advance (Table 3) than in synthesis�decomposition of
(CFx)n at the same temperature (Table 1). These facts
suggest the following.

When a graphite particle reacts with fluorine, a
film of carbon polyfluoride with high x is formed on
the particle surface, whereas the internal region of the
particle remains unchanged. The lowest yield of tetra-
fluoromethane was observed in thermal decomposition
of the film with a high x. If the film does not decom-
pose rapidly and the particle occurs for a long time at
approximately 500�C, the fluorine inside the particle
is redistributed, i.e., the two-layer distribution pattern
with x � 1 at the surface and x � 0 inside the particle
changed for a uniform distribution of fluorine with a
constant x throughout the particle volume. In thermal

decomposition of such a sample of carbon polyfluo-
ride (x << 1), the yield of CF4 is high.

Thus, to decrease the yield of CF4, it is appropriate
to perform the thermal decomposition of the synthe-
sized carbon polyfluoride as quickly as possible, so
as to avoid equalization of x throughout the particle
volume.

We performed experiments on fluorination of
graphite in a fluidized bed using a fluorinating mix-
ture with an increased fluorine concentration. The
results are listed in Table 4. The temperature measure-
ments showed that the fluorination occurred in the
isothermal mode; no fluorine breakthrough occurred.

Comparison of Tables 1 and 4 shows that, as the
fluorine concentration in the fluorinating mixture is
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Table 4. Composition of gaseous products of reaction of
fluorine with graphite in the steady-state mode as influ-
enced by temperature. Contact time 3 s, fluorinating mix-
ture composition 40% F2 + 60% N2
����������������������������������������

T, �C
� CF4 � C2F6 � C2F4 � C3F8 � C3F6 �C4F10
�����������������������������������
� vol %

����������������������������������������
580 � 75.43 � 13.9 � 0.02 � 7.37 � 0.57 � 2.49
590 � 75.65 � 14.18 � 0.06 � 6.72 � 0.4 � 2.99

����������������������������������������

increased, the product composition changes: the
amount of CF4 increases, and that of the other fluoro-
carbons decreases.

This experimental fact can be explained as follows.
Two reaction zones can be distinguished in the reac-
tion unit: the zone of the fluorine uptake in which
solid carbon polyfluoride is formed and the zone of
the carbon polyfluoride decomposition yielding gase-
ous perfluorocarbons. In a reactor with a circulating
fluidized bed, the zone of decomposition of carbon
polyfluoride occupies the whole reactor volume,
whereas the zone of formation of carbon polyfluoride
occupies only its part. These zones overlap (Fig. 3),
and thermal decomposition of carbon polyfluoride
occurs in a medium containing gaseous fluorine.

As the fluorine concentration in the fluorinating
mixture is increased, the height of the zone of the
fluorine uptake increases. Apparently, under the ex-
perimental conditions the gaseous fluorocarbons react
with fluorine to give lower-molecular-weight perflu-
oro compounds. Therefore, at increased fluorine con-
tent in the fluorinating mixture, the yield of CF4 is
higher.

Thus, to increase the yield of perfluorocarbons
containing more than one carbon atom, it is appropri-

(a) (b)

Fig. 3. Scheme of the distribution of the reaction zones
in the reactor channel: (1) zone of fluorine uptake and
(2) zone of decomposition of carbon polyfluoride. Fluorine
concentration, %: (a) 20 and (b) 40.

ate to perform the decomposition of the synthesized
polyfluoride in the absence of fluorine in the decom-
position zone.

CONCLUSIONS

(1) The major gaseous products of graphite fluori-
nation are CF4, C2F6, C3F8, and C4F10; the amounts
of C2F4 and C3F6 do not exceed 2.0 wt %.

(2) At 550�600�C, the composition of the reaction
products is as follows (wt %): 40�45 CF4, 20�25
C2F6, 20�25 C3F8, and 10�15 C4F10.

(3) Synthesis of CF4, C2F6, C3F8, and C4F10
involves intermediate formation of (CFx)n followed by
its thermal decomposition.

(4) At temperatures above 550�C, solid carbon
polyfluoride does not accumulate in the laboratory
reactor.

(5) To increase the yield of perfluorocarbons con-
taining more than one carbon atom, it is appropriate
to perform the decomposition of (CFx)n with x � 1
under the isothermal conditions in the absence of
fluorine.
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Abstract�Reaction products of phosphorus(III) chloride and vanadium(V) oxychloride with low-density
polyethylene were studied by chemical analysis and physicochemical (IR spectroscopy and atomic-force
microscopy) methods. Thermaloxidative transformations of the initial and modified samples were studied by
differential thermal analysis.

Modification of polymeric materials significantly
expands their application field. The structure and
properties of polymers can be modified in the desired
direction either during synthesis or by introduction
of fragments of different chemical nature into the
macromolecules of final products. Since recently,
special attention in development of polymeric materi-
als with desired properties has been paid to modifica-
tion of the polymer surface, because specifically the
surface layer structure governs to a significant extent
the behavior of polymers under exploitation [1]. Cer-
tain promise of enhancing the stability of polymers
is offered by various methods of surface treatment,
blocking the centers responsible for degradation of the
material [2]. Among such methods is chemical gas-
phase modification, in particular, molecular layer
deposition (MLD) involving selective chemical reac-
tions on the solid-phase matrix, which allow atom-
by-atom assembly of fragments with the desired com-
position and structure [3].

Polyolefins, e.g., polyethylene, find wide commer-
cial application due to their valuable properties such
as good dielectric characteristics, chemical stability,
frost resistance, strength, low specific weight, etc. The
chemical activity of polyolefins is not very high.
Among reactions by which various functional groups
can be introduced into their macromolecules, halo-
genation, sulfochlorination, and phosphonation were
studied in the most detail [4]. Modern physicochemi-
cal methods, e.g., atomic-force microscopy (AFM),
allow not only examination of the surface layer struc-
ture [5] but also elucidation of the reactivity of the
polymer with respect to low-molecular-weight com-

pounds, as well as evaluation of the effect of modify-
ing additives on the macroscopic, e.g., thermal oxida-
tive, properties of the resulting products [6�8].

EXPERIMENTAL

In this work we studied chemical transformations
of low-density polyethylene (LDPE) in reactions with
phosphorus(III) chloride and vanadium(V) oxychlor-
ide vapors and elucidated how the thermal stability of
the polymeric material is influenced by the inorganic
structures synthesized. The choice of these specific
modifiers was governed by the fact that phosphorus
and vanadium compounds in various combinations are
used for controlling the thermal oxidative properties
of polymeric materials. Also, it was of interest to
study the structure of the surface layer of polyethylene
before and after its reactions with agents having dif-
ferent redox characteristics and to elucidate the inter-
relation between the chemical nature of the additives
and the surface morphology, on the one hand, and the
thermal oxidative characteristics of the products, on
the other.

The element oxide groups were introduced in a
flow-through reactor charged with the samples (40 �

20 mm films or specimens crushed to the particle size
of �4 mm). Gas-phase modification of the polymer
was effected by phosphorus(III) chloride and vanadi-
um(V) oxychloride vapors at 50�C in a stream of the
carrier gas (air) dried to the dew point of �50 to
�55�C. The degree of the chemical reaction between
the low-molecular-weight modifiers and reactive
groups of the polymeric material was estimated from
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the maximal concentration of the element in the modi-
fied samples. After modification, the polyethylene
samples were treated with a stream of dried carrier
gas until the initial chlorides and gaseous products
formed were exhaustively removed from the reaction
chamber. The chlorine-containing groups were re-
placed by hydroxyls via vapor-phase hydrolysis of the
polymer matrix. The concentration of the nanoaddi-
tives in the material was determined on a PS-100 ICP
spectrometer equipped with a computer accessory,
upon preliminary degradation of the polymer in a
solution of concentrated sulfuric and nitric acids in
the microwave heating field (a Microdigest-301 in-
strument).

The IR spectra of the modified samples were re-
corded on an FSM-1201 Fourier IR spectrometer at
400�4000 cm�1. The IR data and the results of
chemical analysis furnished information about the
composition and structure of grafted element-contain-
ing groups. The resistance of the initial and modified
films to thermal oxidation was studied by differential
thermal analysis (DTA) on an MOM (Hungary) in-
strument at 20�600�C at a heating rate of 5 deg min�1

in air. The AFM studies of the films were carried out
on a Solver P47 Pro scanning probe microscope in the
tapping mode, using a gold-plated silicon cantilever
in two scanning modes: (1) topographic, to elucidate
the surface morphology from the change in the fre-
quency of the cantilever vibrations and (2) adhesive,
to reveal the difference in the compositions of the
sample surface segments from the changes in the
slope of the cantilever to the surface under study,
caused by adhesion interaction.

Chemical analysis1 showed that, under the actual
conditions, the total concentration of the elements
in the samples attains a constant value within 15�
20 min. The maximal content of phosphorus and
vanadium in the polymer was estimated at 0.11 and
0.19 mmol g�1, respectively.

Figure 1 shows the differential IR spectra of the
films of the initial and modified polyethylene. The IR
spectra of the polymer samples containing element
oxide groups in the surface layer exhibit absorption
bands near 1000 cm�1 due to stretching vibrations of
the E�O bond in the E�O�Alk groups. Also, there are
absorption bands with maxima at 1650 (stretching
vibrations of the C=C bond upon introducing a new
substituent) and 1455 cm�1 (bending vibrations of the
C�H bond in substituted polyethylenes) [9], evidently,
������������

1 Chemical analysis was carried out at TsKP �Chemical As-
sembling of Nanomaterials�, St. Petersburg State Technologi-
cal Institute (TU).

A, %

�, cm�1

Fig. 1. Differential IR spectra of polyethylene. (A) Trans-
mission and (�) wave number. Sample: (1) initial, (2) vana-
dium-containing, and (3) phosphorus-containing; the same
for Fig. 3.

due to the changes in the polymer matrix proper,
caused by chemical modification (Fig, 1, curves 2, 3).
Also, the spectra of phosphorus-containing polyethyl-
ene exhibit an absorption band near 1160 cm�1, char-
acteristic of phosphorus compounds (bending vibra-
tions of the P=O bond). Vapor-phase hydrolysis of the
modified films is responsible for appearance of the
absorption bands due to vibrations of the OH groups
at 2670 (stretching vibrations) and 940 cm�1 (out-of-
plane bending vibrations) (Fig. 1, curve 3).

The IR data evidence chemical grafting of the ele-
ment oxide groups at the reactive centers of the poly-
mer matrix. Our experimental results, together with
published data, suggest that, for all the modified sam-
ples, element oxide groups are introduced via ex-
change reactions which can be represented as

[�CH2�CH2�CH2�CH2�]n + EClm

�� [�CH2�CH�CH2�CH2�]n + (n � m)HCl, (1)
�
ECln �m

� � � �
[�C=C�]n + EClm �� [�C�C�]n. (2)

� �
Cl EClm � 1

Also, treatment of LDPE with a vapor of VOCl3
(a modifier with a prominent oxidative power) causes
partial oxidation of the reactive centers of the poly-
mer, as evidenced by the presence in the IR spectra
of an absorption band near 1360 cm�1 (symmetric
stretching vibrations in the CO�CH3 group) (Fig. 1,
curve 2).

When the modifying agents react with the polymer
matrix by different mechanisms, they will, evidently,
differently affect the structure of the surface layer of
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Fig. 2. AFM reconstruction of the surface of (a, b) initial and (c, d) vanadium- and (e, f) phosphorus-containing polyethylene.
(a, c, e) Surface topography and (b, d, f) adhesion interaction pattern. (X, Y, Z) Axis coordinates and (�) cantilever slope.

polyethylene as well. Redox reactions in synthesis of
the vanadium oxide groups should, apparently, more
profoundly transform the surface. Indeed, the AFM
studies show that the initial film (Fig. 2a) is covered
with projecting mutually fused crystallites; there are
no profound relief defects and foreign inclusions
affecting the adhesion interaction of polyethylene with
the AFM probe (Fig. 2b). The surface roughness was
estimated at 16�20 nm. Figure 2c suggests that, upon
treatment with vanadium oxychloride, the surface
exhibits clear intercrystallite boundaries; individual
globules of modified polyethylene with a size of 200�
250 nm are distinguishable. Also, up to 200 nm, deep
caverns are observed, inside which the chemical com-
position sharply differs from that of the initial materi-
al, as suggested by a jumpwise variation of the slope
of the cantilever to the surface at the cavern bound-
aries (Fig. 2d). These deep transformations of the
structure of the surface layer are, evidently, due to the
redox reactions with VOCl3 vapor at the boundary
separating the amorphous and crystalline areas in the
initial matrix.

Chemical modification of the LDPE film with the
PCl3 vapor (Fig. 2e) yields on the surface spherically
shaped islands 80�200 nm in diameter, in amount of
20�25 per quadratic micrometer. A sharp change in
the slope of the cantilever when crossing the island
boundary (Fig. 2f) also suggests the difference bet-
ween the chemical compositions of the segments
revealed and the surface of the initial polyethylene.
Evidently, phosphorus-containing groups with a high
hydrophilic power [10], when added to active centers
of polyethylene, form a hydrate shell surrounding the

grafted groups due to adsorption of water vapor from
air. Since on the surface of the polymer matrix there
are two fragments of different chemical compositions,
which sharply differ in the strength and adhesion
characteristics, it is fairly difficult to reveal the actual
topography of the modified polyethylene surface from
the AFM data. For example, the AFM reconstruction
of the surface furnishes no information about the
height of an individual phosphorus-containing island.
However, it can be stated that, under the actual condi-
tions, treatment of the material with the PCl3 vapor
does not cause degradation of the surface polymer
layer, and phosphorus-containing groups add only to
accessible active centers of the LDPE surface, which
is in agreement with the results of chemical analysis.

The influence of the chemical modification on the
heat resistance of the polymer was estimated both
from the heat effects and from the change in the sam-
ple mass during thermal degradation. It should be
noted that thermal oxidative degradation of polyethyl-
ene is a complex process due to the presence in its
structure of amorphous and crystalline areas. It is
known that first oxidized are amorphous areas of the
material, which are more accessible for the oxygen
molecule [11]. They act as a buffer protecting the
crystalline areas from degradation.

The DTA curve for the initial polyethylene (Fig. 3,
curve 1) exhibits several segments corresponding to
various degradation stages.

At 106�C, an endothermic melting peak is observed
which is characteristic of LDPE [4]. The initial de-
gradation stage due to low-temperature oxidation of
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the material (exothermic effect with a maximum at
240�C) involves removal of the low-molecular-weight
fraction contained in the polymer and degradation
of weak bonds, which, in turn, initiates degradation of
carbon�carbon fragments into free radicals. Upon
further heating of the sample, the process acquires
a more complicated multistage character, which is
responsible for appearance in the DTA curve (Fig. 3,
curve 1) of a large number of exothermic (at 359, 392,
410, 435, and 452�C) and endothermic (at 425�C)
peaks. These transformations are due to profound
degradation of the skeleton and to removal of a wide
spectrum of organic saturated and unsaturated volatile
monomers. The third, final, stage involves complete
(virtually 100%) degradation of polyethylene, and the
corresponding exothermic peak is observed at 485�C.

Chemical modification of polyethylene with phos-
phorus(V) chloride causes virtually all the peaks due
to thermal degradation of the polymer to shift by
20�90�C to higher temperatures (Fig. 3, curve 3). The
largest shift from 240 to 332�C, due, evidently, to
decrease in the number of active centers of thermal
oxidation [schemes (1) and (2)], is observed for the
initial degradation stage. Upon further heating, the
maxima of both exo- and endothermic effects in the
DTA curve of the modified polymer (Fig. 3, curve 3)
shift by 20�40�C to higher temperatures. Also, exo-
thermic peaks at 410 and 435�C disappear. These
changes, together with the results of the previous
studies, suggest active participation of phosphorus-
containing additives in degradation processes both in
the gas (deactivation of free radicals) and condensed
(recombination of active centers at the gas�solid inter-
face) phases [12].

The inhibiting action of the vanadium oxide frag-
ments is manifested in the first and second stages of
degradation of the polymeric material, as suggested by
the following changes in the differential curve (Fig. 3,
curve 2). First, the exothermic peak shifts to higher
temperatures from 240 (initial sample) to 280�C
(vanadium-containing sample). This is evidently due
to the preliminary partial oxidation of the polymer
matrix and formation of more thermally stable frag-
ments upon treatment of LDPE with VOCl3 vapor.
Second, the next degradation stage, similarly to the
case of the phosphorus-containing sample, is char-
acterized not only by shifts to higher temperatures of
the exothermic (390, 430, 472�C) and endothermic
(441�C) peaks but also by disappearance of the exo-
thermic peaks with maxima at 392 and 435�C (Fig. 3,
curve 2). The influence of the modifying additive is,
evidently, manifested in reactions with the oxidant

T, �C

Exo

Fig. 3. DTA curves of polyethylene. (T) Temperature.

molecules, which, in turn, hinders formation of hy-
droperoxy radicals and degradation of the polymer
chain.

Comparison of the derivatographic and AFM data
for the modified polyethylene samples also revealed
interrelation between their heat resistance and the sur-
face layer structure, which is the most prominent in
the initial degradation stage. For example, introduc-
tion of phosphorus-containing moieties is responsible
for formation on the matrix surface of a uniform coat-
ing (Figs. 2e, 2f), which partially blocks the active
centers of the degradation process. According to the
DTA data, the temperature of the first exothermic
effect significantly increases (by 92�C) relative to
the initial polyethylene (Fig. 3, curve 3). The AFM
reconstruction for the vanadium-containing sample
(Figs. 2c, 2d) clearly demonstrates etching of the
polyethylene film surface, which can be responsible
for the appearance of transport channels for at-
mospheric oxygen. This may be the reason for lower-
ing of the temperature of the exothermic effect in the
initial stage of degradation of this product relative
to the phosphorus-containing sample (280 against
322�C) (Fig. 3, curves 2, 3). Partial degradation of the
matrix surface on treatment with the VOCl3 vapor,
evidently, causes degradation of the internal layers of
the polymeric material.

CONCLUSION

Chemical analysis and physicochemical studies of
the reaction products of PCl3 and VOCl3 vapors with
low-density polyethylene film samples suggest chemi-
cal grafting of the element oxide groups at the reactive
centers of the polymer. Grafting proceeds both via
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substitution reactions and, in the case of vanadium
oxychloride, via redox transformations. Atomic-force
microscopic studies reveal the difference in the mor-
phologies of the initial and modified polymers and an
interrelation between the chemical nature of the addi-
tive and the surface layer structure, on the one hand,
and the thermal oxidative properties of polyethylene,
on the other.
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Abstract�The possibility of stabilization of some vinyl chloride polymers with elemental sulfur in their
thermal and thermal oxidative degradation was studied.

Various sulfur compounds are widely used in
chemical industry as initial components in synthesis
of new products or as additives. In particular, to in-
crease thermal and thermal oxidative stability of vinyl
chloride (VC) polymers, some sulfur-containing com-
pounds, dialkyl sulfides and sulfur-containing deriva-
tives of dialkyltin [1, 2], are used as thermal stabiliz-
ing agents and antioxidants. Contrary to sulfur com-
pounds, elemental sulfur is not used yet as an additive
to polymers (only as vulcanizing agent for rubber [3]).
There are published data on ability of sulfur to inhibit
thermal oxidative degradation of polyethylene due to
decomposition of hydroperoxides [4]. In this connec-
tion, it was appropriate to study the influence of ele-
mental sulfur on thermal and thermal oxidative dehy-
drochlorination of hard and plasticized polyvinyl
chloride (PVC) and some VC copolymers.

EXPERIMENTAL

Thermal and thermal oxidative dehydrochlorination
of hard and plasticized PVCs were performed at
175�C in a bubbling-type reactor in nitrogen or air
flow (3.3 l h�1). The rate of dehydrochlorination
and deacetylation was determined by the procedure
described in [5]. Degradation of VC copolymer with
11.1 mol % vinyl acetate (VCVA-11.1) was esti-
mated from the total rate of elimination of HCl and
CH3CO2H. Titration of hydroperoxides was per-
formed by the procedure described in [6]. Polymers of
VC (PVC S-7059M, VCVA-11.1, and copolymer of
VC with 28.8 mol % methyl acrylate VCMA-28.8)
were washed with ethanol in a Soxhlet apparatus.

Ester plasticizing agents, dioctyl phthalate (DOP) and
dioctyl sebacate (DOC), were purified by filtration
through a column packed with aluminum oxide. Ele-
mental sulfur [GOST (State Standard) 127.1-93, con-
tent of main substance 99.98 wt %] and sulfur of
ultrapure grade were not purified additionally.

Thermal oxidative degradation of PVC in the pres-
ence of sulfur may involve, along with dehydrochlori-
nation and deacetylation, also formation of sulfur
dioxide, which can affect the results of acid�base titra-
tion and thus can give overestimated rate of degrada-
tion of polymers. However, in a model experiment on
oxidation of individual sulfur in air, the qualitative
reaction on decolorization of KMnO4 solution with
products of sulfur oxidation at 175�C (at least in
80 min) gave negative result. The products of sulfur
oxidation at 175�C, when bubbled through distilled
water, did not change the color of the acid�base titra-
tion indicator (a mixture of Bromocresol Green and
Methyl Red). The products of thermal oxidative de-
composition of sulfur (175�C) did not also change
the color of Congo Red indicator paper. Thus, we can
conclude that, under the experimental conditions,
sulfur dioxide is not formed and the resulting rates of
PVC dehydrochlorination are correct.

Addition of sulfur to PVC results in an insig-
nificant decrease in the rate of thermal dehydrochlori-
nation of the polymer (Fig. 1); the kinetic curves for
HCl elimination are linear. Using the indicator meth-
od with Congo Red, we showed that, under conditions
of PVC degradation, sulfur has no accepting effect
with respect to the released HCl.
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c0 � 103, mol (mol PVC)�1

vHCl � 106, (mol HCl) (mol PVC)�1 s�1

Fig. 1. Rate of (1) thermal and (2, 3) thermal oxidative
dehydrochlorination of PVC vHCl as a function of the con-
tent of (1, 2) elemental sulfur and (3) DPP c0.

c0 � 103, mol (mol PVC)�1

vHCl � 106, (mol HCl) (mol PVC)�1 s�1

Fig. 2. Rate of thermal oxidative dehydrochlorination of
PVC vHCl plasticized (40 wt. parts per 100 wt. parts of
PVC) with (1, 2) DOP and (3, 4) DOS as a function of the
content of (1, 3) elemental sulfur and (2, 4) DPP c0.

c0 � 103, mol (mol copolymer)�1

vHX � 106, (mol HX) (mol copolymer)�1 s�1

Fig. 3. Rate vHX HX is HCl and CH3COOH) of (1, 2) ther-
mal oxidative dehydrochlorination of VCMA-28.8 and
(3, 4) dehydrochlorination + deacethylation of VCVA-11.1
as a function of the content c0 of (1, 3) elemental sulfur
and (2, 4) DPP.

In thermal oxidative degradation of PVC, the sta-
bilizing performance of sulfur noticeably increases
and, in particular, exceeds the performance of a well-
known antioxidant, diphenylolpropane (DPP) (Fig. 2).
The kinetic dependences of thermal oxidative dehy-

drochlorination of PVC in the presence of sulfur re-
main linear.

The maximal decrease in the rate of PVC dehydro-
chlorination is observed at a sulfur content of
2 mmol per mole PVC and does not vary with a fur-
ther increase in the sulfur content in the polymer.
The dependence of the rate of thermal oxidative dehy-
drochlorination of PVC, vHCl, on the sulfur content
after reaching the minimum is linear, contrary to
phenolic antioxidant DPP for which this dependence
has an extremum. The rate of thermal oxidative dehy-
drochlorination of PVC decreases in the presence of
sulfur practically to the values corresponding to the
rate of thermal degradation of PVC, which is typical
of antoxidants.

Stabilization of thermal oxidative degradation of
VC copolymers with elemental sulfur is characterized
by the same features as stabilization of PVC. How-
ever, the stabilizing performance of sulfur in VC
copolymers is lower than that in PVC (Fig. 3). This is
in agreement with the well-known fact that the inhibit-
ing effect of stabilizers in VC copolymers is lower
than that in PVC [7].

The problem of stabilization of plasticized PVCs in
production of soft and semihard articles is mainly
related to prevention of oxidative degradation of the
plasticizer in polymer compounds by using anti-
oxidants.

Introduction of elemental sulfur into PVC plas-
ticized with ester plasticizers (DOP and DOS) results
in an abrupt decrease in the rate of thermal oxidative
dehydrochlorination of the polymer (Fig. 2). As in
the case of degradation of nonplasticized PVC, the
maximal decrease in the rate of dehydrochlorination
of the plasticized polymer is observed at a sulfur con-
tent of 2 mmol per mole PVC. The stabilizing perfor-
mance of sulfur in plasticized PVC materials is prac-
tically the same as the performance of DPP. It should
be noted that the stabilizing effect is reached in intro-
duction of sulfur into polymer composites in the range
0.02�0.05 wt % with respect to PVC, which is by an
order of magnitude less than the weight concentration
of the existing organic stabilizer-santioxidants for
PVC. In this case, the stabilizing performance is in-
dependent of the sulfur origin (gas clumpy or natural
clumpy).

The rate of thermal oxidative degradation of PVC
decreases in the presence of elemental sulfur to sub-
stantially lower values corresponding to the rate of
thermal oxidative degradation of nonplasticized PVC.
It is evident that elemental sulfur efficiently prevents
oxidation of the plasticizing agent (stabilizer-antioxi-
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�, min

[ROOH] � 102, M

Fig. 4. Kinetic curves of accumulation of hydroperoxides
(ROOH) in oxidation of plasticizing agents (1) DOP,
(2) DOS, (3) DOP + 3.1 mM elemental sulfur, (4) DOS +
3.1 mM elemental sulfur, and (5) DOP + 1.4 mM 4-methyl-
2,6-di-tert-butylphenol in DOP (oxygen feed rate 3.3 l h�1,
165�C). ([ROOH]) concentration of hydroxoperoxides and
(�) process duration.

dant), which, in turn, enhances the thermal stability of
PVC due to solvation stabilization (echo-stabilization
of PVC [8]).

In stabilization of plasticized VC copolymers, the
stabilization performance of elemental sulfur is also
lower compared to plasticized PVC.

Iodometric titration of hydroperoxides formed in
autooxidation of ester plasticizers, DOP and DOS,
showed that introduction of sulfur into esters abruptly
inhibits accumulation of hydroperoxides (Fig. 4).
In the efficiency of inhibiting oxidation of ester plas-
ticizers, elemental sulfur is comparable with the
phenolic antioxidant 4-methyl-2,6-di-tert-butylphenol.

CONCLUSIONS

(1) Elemental sulfur has a high inhibiting effect in
thermal oxidative degradation of hard and plasticized

polyvinyl chloride, comparable with the inhibiting
effect of phenolic antioxidants; it shows promise for
practical use in production of polyvinyl chloride ma-
terials due to its availability and low coast.

(2) The stabilizing performance of elemental sulfur
in polymer compounds based on copolymers of vinyl
chloride is lower than that in stabilization of polyvinyl
chloride.
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Abstract�The effect of preparation conditions on the composition and properties of products of Fe(III)
reaction with chitosan was studied. The reaction was carried out by partial neutralization of moderately con-
centrated FeCl3 solutions with chitosan followed by precipitation in an organic precipitant.

Some neutral and anionic polysaccharides form
water-soluble compounds with Fe(III), thus preventing
the precipitation of Fe(III) hydroxide and retaining
considerable amounts of Fe(III) in aqueous solutions
at physiological pH values of 1�8. This caused wide
application of such compounds as medicines for treat-
ment of iron-deficiency anemia: Imferon (iron�dex-
tran) and Blutal (iron�chondroitin sulfate) [1]. The
content of Fe(III) in dextran complexes reaches 12�
31% [2, 3]. According to [4, 5], the polyaminosac-
charide chitosan (CTS) at pH � 7 is a stabilizer for
colloidal FeOOH particles which are formed when 1�
10 mmol l�1 FeCl3 solutions containing chitosan hy-
drochloride in the molar ratio Fe : [CTS] �2 ([CTS] is
chitosan monomeric unit) are neutralized with an alka-
li. Since the reaction of Fe(III) with CTS is a simple
and economic method for obtaining nanosize (5�
10 nm) spherical FeOOH particles [4], and since chito-
san, being a polybase, can serve as a mild neutralizing
agent for weakly acidic aqueous solutions of FeCl3, it
was of interest to prepare of water-soluble iron�chito-
san compounds with a high Fe(III) content by partial
neutralization of FeCl3 solutions with chitosan.

In this work we studied how the preparation condi-
tions affect the composition and properties of water-
soluble products formed in the reaction of Fe(III) with
chitosan as a result of a partial neutralization of
moderately concentrated FeCl3 solutions with chitosan
followed by the precipitation in an organic precipitant.

EXPERIMENTAL

Chitosan was obtained from pure-grade chitin of
Far East crabs (ash content 2.1 %) and conditioned by

the procedure from [6]. According to the elemental
analysis, air-dry conditioned CTS is characterized by
the absence of ash and Cl and contains 37.4 and
6.4% C and N, respectively. The degree of CTS de-
acetylation, as determined by potentiometric titration,
was 87�3%; its viscosity-average molecular weight
was 150000. The CTS fraction with the particle size
of 0.025 < d < 0.0315 cm was used in the work.

Iron(III) solutions (0.050 and 0.10 M) were pre-
pared by dissolution of the corresponding weighed
portions of FeCl3 �6H2O (pure grade) in water. The
concentration of Fe(III) in aqueous solutions was
determined by the EDTA titration with sulfosalicylic
acid, and that in solid products of the Fe(III) reaction
with CTS, also by EDTA titration after wet combus-
tion of a weighed portion of the product [7]. The rela-
tive error of Fe(III) determination in solid products did
not exceed 1.3%. Methanol purified by the procedure
from [8], ethanol (rectificate), acetone, and isopropyl
alcohol (chemically pure grade) were used as pre-
cipitating agents. Chitosan hydrochloride (CTS �HCl)
was precipitated in acetone [9], washed with acetone
in a vacuum, dried in air, and triturated. According
to the elemental analysis, it contained 5.4% N and
12.3% Cl.

The pH values of solutions were determined on an
OR-211/1 laboratory digital pH meter with an OR-
0808R combined glass electrode. The electronic ab-
sorption spectra of aqueous solutions of FeCl3, CTS �
HCl, and products of the reaction between CTS and
Fe(III) were recorded on a Specord M40 spectro-
photometer against water in 0.2-cm-thick quartz cells.
The IR spectra of chitosan-containing substances were
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taken in Nujol on a Specord M80 spectrophotometer
in the range 4000�200 cm�1. The X-ray phase analysis
of iron�chitosan products and CTS �HCl was carried
out on a DRON-3M diffractometer with a graphite
monochromator; CuK� radiation, angle range 2� =
10��80�, scanning step 0.1�, voltage 40 kV, current
20 mA. The thermogravimetric analysis of the sub-
stances and CTS was carried out on a Q-1500D
derivatograph (MOM, Hungary) in air under with
heating from 17 to 1000�C at a rate of 5 deg min�1

with an Al2O3 reference.

The products of the reaction of CTS with Fe(III)
were obtained as follows. A weighed portion of CTS
was introduced into a beaker with a FeCl3 solution in
the molar ratios Fe : [CTS] 1 : 3, 1 : 2, 1 : 1, and 2 : 1
at 16�1�C with vigorous stirring (an MM 2A mag-
netic stirrer). The chitosan completely dissolved wiht-
in 1 h. The dissolution was accompanied by an in-
crease in viscosity and changes in pH (Fig. 1) and in
the solution color from yellow to red-brown. The
solution was stirred for the time �s, which usually cor-
responded to flattening out of the curve pH = f (�)
and was about 4�5 h (Fig. 1). Compounds of CTS
with Fe(III) were isolated from aqueous solutions by
precipitating in an organic precipitant. In this case, the
volume of the precipitant was 2.5�4 times larger than
the volume required for the beginning of the quantita-
tive precipitation of the chitosan fractions V0(min)
(Table 1). An aqueous solution was added dropwise
to a precipitant with stirring; the mixture with the
precipitate was stirred for 30 min and left for �pr =
20�24 h in a closed vessel for the precipitation. The
voluminous orange-brown fibrous precipitate was
filtered off and washed with the precipitant in a
vacuum on a B�uchner funnel to the negative reaction
of the filtrate for the Cl� ions with AgNO3 and for
Fe(III) with KCNS; then it was dried in a Petri dish
to constant weight. Air-dry red-brown products were
triturated and analyzed. The yield of the products
based on CTS, as estimated from the content of nitro-
gen in the starting CTS and in the product, was no
less than 96%. The elemental analysis data for the
products obtained under various conditions are given
in Table 2.

The dependence of the solution pH on the synthesis
time for various molar ratios of chitosan amino
groups and Fe(III) (Fig. 1) is typical for partially
neutralized Fe(III) solutions at the corresponding
molar ratios of an inorganic base to Fe(III) (OH : Fe)
[10]. The increase in pH in the initial parts of curves
1�3 reflects the protonation of free CTS amino groups
and simultaneous neutralization of solutions with the

�, h
Fig. 1. Variation with time � of pH of an FeCl3 solution
neutralized with chitosan. cFe (M): (1) 0.10 and (2�4) 0.05.
Fe : [CTS]: (1) 2 : 1, (2) 1 : 1, (3) 1 : 2, and (4) 1 : 3.
Mole ratio of chitosan amino groups to Fe(III): (1) 0.44,
(2) 0.87, (3) 1.74, and (4) 2.61.

formation of nonequilibrium Fe(III) polynuclear
hydrolysis products (PHP) imparting to the solution a
red-brown color [10, 11]. The further pH decrease is
caused by hydrolytic processes of aging of the par-
tially neutralized FeCl3 solutions. The maximal pH
of solutions at Fe : [CTS] 2 : 1, 1 : 1, and 1 : 2 did not
exceed 2.51 (Fig. 1), which corresponds to the degree
of protonation of chitosan amino groups � = 1. The
neutralization of the FeCl3 solution by chitosan at the
ratio Fe : [CTS] = 1 : 3 is accompanied by a mono-
tonic increase in pH (curve 4), as is the case with
solutions neutralized with alkali at OH : Fe 	 2.5, and
by the formation of a very viscous difficult-to-stir
gelatinous solution. In this case, the pH of the solu-
tion obtained at �s 
4 days was 4.95, which corre-
sponds to � 
0.96. Unlike solutions partially neu-
tralized with alkali, the solutions partially neutralized
with chitosan are stable against precipitation of Fe(III)
hydroxide for a long time (no less than 3�6 months).

Table 1. Minimal volume of a precipitant V0(min) required
for the beginning of quantitative precipitation of an iron�
chitosan product from 0.10 M solution of FeCl3 at
Fe : [CTS] = 2 : 1; Fe(III) content in the product
����������������������������������������

Precipitant
� � (25�C) �

VFe : V0(min)*
� Fe(III) content,

� [9] � � %
����������������������������������������
MeOH � 32.6 � 1 : 4.0 � 7.1
EtOH � 24.3 � 1 : (1.9�2.0) � 8.1
Acetone � 20.7 � 1 : (1.0�1.2) � 7.3
i-PrOH � 18.3 � 1 : (1.0�1.2) � 11.5
����������������������������������������
* Volume ratio of an aqueous solution and a precipitant.
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Table 2. Composition of iron�chitosan products
������������������������������������������������������������������������������������
Prod- � Preparation conditions � Fe � Cl �

Fe : N : Cl
���������������������������������������������������������������������uct
� cFe, M � pH0 � Fe : [CTS]� �s, h � precipitant, VFe : Vpr � �pr, h � % �no.* � � � � � � � �

������������������������������������������������������������������������������������
� � � � �Acetone: � � � �

1 � 0.050 � 1.89 � 1 : 1 � 24 � 1 : 5 � 20 � 10.28 � 12.30 �1 : 1.78 : 1.88
2 � 0.050 � 1.89 � 1 : 2 � 24 � 1 : 5 � 20 � 7.15 � 12.83 �1 : 2.61 : 2.82
3 � 0.050 � 1.89 � 1 : 3 � 24 � 1 : 5 � 20 � 6.48 � 11.53 �1 : 3.20 : 2.80
4 � 0.10 � 1.69 � 2 : 1 � 4.5 � 1 : 3.3 � 1 � 11.10 � 13.40 �1 : 1.55 : 1.90
5 � 0.10 � 1.69 � 2 : 1 � 4.5 � 1 : 3.3 � 24 � 12.44 � 12.84 �1 : 1.25 : 1.63
6 � 0.10 � 1.69 � 2 : 1 � 4.5 � 1 : 3.3 � 48 � 12.83 � 12.87 �1 : 1.27 : 1.58
7 � 0.10 � 1.69 � 2 : 1 � 4.5 � 1 : 3.3 � 120 � 13.05 � 12.70 �1 : 1.13 : 1.53

� � � � �Ethanol: � � � �
8 � 0.10 � 1.69 � 2 : 1 � 5 � 1 : 5 � 21 � 9.36 � 12.30 �1 : 2.02 : 2.07
9 � 0.10 � 1.69 � 2 : 1 �4; 5 min � 1 : 5 � 21 � 19.18 � 11.58 �1 : 0.87 : 0.95

� � � �at 90�C � � � � �
10 � 0.050 � 1.92 � 1 : 1 � 4 � 1 : 5 � 21 � 6.94 � 13.29 �1 : 2.65 : 3.02
11 � 0.050 � 1.92 � 1 : 2 � 4 � 1 : 5 � 21 � 6.06 � 13.26 �1 : 3.20 : 3.45
12 � 0.050 � 1.92 � 1 : 3 � 93 � 1 : 5 � 21 � 7.10 � 12.13 �1 : 3.11 : 2.69
13 � 0.10 � 1.47 � � �Acetone, 1 : 8 � 24 � 43.84 � 10.64 �1 : � : 0.38

������������������������������������������������������������������������������������
* Product no. 9: after stirring for 4 h at 17�C, the solution was heated on a water bath at 90�C for 5 min and cooled to room tem-

perature before precipitation; product no. 13: polynuclear hydrolysis products precipitated with acetone from a FeCl3 solution aged
in storage for 1 month.

In the IR spectra of the iron�chitosan products
(Table 2), as well as in the spectrum of CTS �HCl,
two absorption bands of medium intensity �as(NH3

+) =
1624�1632 and �s(NH3

+) = 1510�1522 cm�1 of pro-
tonated amino groups appear [4, 12, 13] instead of the
absorption band �s(NH2) = 1595 cm�1 of free amino
groups, which is present in the CTS spectrum. This
confirms complete or considerable protonation of CTS
amino groups in the products and is consistent with
the data [4] for iron�chitosan products isolated from
solutions with pH 4.6 (� = 1).

As the degree of neutralization of FeCl3 solutions
increases, medium-intensity bands appear at 1618 and
1534�1540 cm�1 in the IR spectra of the isolated
products (nos. 11 and 12) in the range of bending
vibrations of the protonated amino groups. Piron and
Domard [14] assigned these bands to the coordination
of CTS free amino groups to the transition metal ions
Ag(I), Cu(II), and Al(III). Therefore, we may assume
that in these iron�chitosan products a small part of
CTS amino groups are in the deprotonated form and
are coordinated to Fe(III) ions.

The increase in the CTS concentration in the course
of the synthesis (Fe : [CTS] = 1 : 3, product no. 12) is
accompanied by an increase in the concentration of
deprotonated amino groups and by an essential in-
crease in the solution viscosity. The latter factor

prevents the complete and uniform formation of the
salt form CTS �HCl and the formation of a dense ionic
atmosphere around the polyion [9], and also consider-
ably retards the diffusion of mononuclear products of
the [Fe(H2O)5OH]2+ and [Fe(H2O)4(OH)2]+ hydroly-
sis and, hence, prevents the condensation and poly-
merization processes of the PHP formation [11, 15].
Such conditions seem to favor the formation of a
certain amount of intraloop and interchain cross-links
as a result of the formation of coordination bischelate
complexes with mononuclear Fe(III) cations, in which
Fe(III) ions are coordinated with two monomeric CTS
units via the atoms of amine nitrogen and ring hy-
droxyl oxygen [16]. The formation of coordination
cross-links is indirectly confirmed by a considerable
decrease in the solubility of iron�chitosan products in
water with increasing degree of neutralization of
FeCl3 solution with chitosan: for the products ob-
tained at Fe : [CTS] 2 : 1, 1 : 2, and 1 : 3, the solubil-
ity at 20�C is 14.3�15.4, 11.0, and 2.7%, respectively.

The conclusion that Fe(III) in the iron�chitosan
products is in the PHP form [4] is confirmed by the
presence of the following bands in their IR spectra:
weak absorption bands at 388�394 and 830�860 cm�1,
which can be assigned to �s and �as (Fe�O�Fe), re-
spectively, in oxo-bridging PHP fragments [17], a
broad complex band of medium intensity in the range
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400�500 cm�1 (with maximuma at 416�418, 432�
440, 455�460, and 480 and a shoulder at 495�
505 cm�1) corresponding to �(Fe�O) in hydroxides
and water-soluble PHPs [18, 19], and also a band of
medium intensity in the range 650�680 cm�1, which
is observed in the spectrum of 
-FeOOH [20]. The
intensity of these bands increases with increasing
Fe(III) content in the product, whereas the frequencies
and the ratio of intensities correspond to those ob-
served in the IR spectrum of Fe(III) hydroxo species
precipitated with acetone from the aged solution
(Table 2, compound no. 13) and also in the spectrum
of 
-FeOOH [20], cm�1: 380�390 w, 488 m, 688 vs,
and 864 m.

According to [4], water-soluble products forming
upon partial neutralization of a solution containing
FeCl3 and CTS �HCl to pH 6.4 (� � 0.5) can be con-
sidered as a sol of Fe(III) hydroxide protected by chi-
tosan hydrochloride and possessing properties of a
reversible colloid. Therefore, the solubility of iron�
chitosan products in aqueous and aqueous-organic
media should be defined by properties of a protective
polymer [15, 21], in particular, by the degree of proto-
nation of the amino groups and the degree of elec-
trolytic dissociation of the polyelectrolyte CTS �HCl.
For example, 1 g of the products dissolves (Tables 1
and 2) at 20�C in 100 ml of aqueous solutions of HCl
and NaOH with pH 1�8 and of 0.85% NaCl. The
products are insoluble in NaOH aqueous solutions
with pH 	 10 because of complete deprotonation of
chitosan amino groups and in 1 M NaCl because of
suppression of CTS �HCl electrolytic dissociation by
a high concentration of chloride ions. The degree of
electrolytic dissociation of polyelectrolytes decreases
as the permittivity of an aqueous-organic solvent de-
creases [15]. Therefore, a decrease in the relative per-
mittivity � of a precipitant makes it possible to reduce
the precipitant consumption V0(min) in the series
MeOH > EtOH > i-PrOH � acetone (Table 1).

It is known that a decrease in � of an aqueous-
organic medium results in an increase in the formation
constants of hydroxo complexes of transition metals
[22]. This can be a reason for the fact that the increase
in the Fe(III) content in isolated products observed in
the series of alcohols under study (Table 1) and also
when EtOH is replaced wiht acetone (Table 2, product
nos. 8, 10, 11 and 5, 1, 2) correlates with a decrease
in � and in the hydrophilicity [8] of the precipitant.
The study of how the time of precipitation in acetone
affects the composition of products of the CTS reac-
tion with Fe(III) (Table 2, products 4�7) has shown
that an increase in �pr results in a parallel increase in
the Fe(III) content and in a decrease in the Cl content

2�, deg
Fig. 2. X-ray patterns of (1) CTS �HCl powders and
(2, 3) iron�chitosan product nos. 5 and 8, respectively.
(I) Intensity and (2�) Bragg angle.

at a constant molar ratio Fe : Clexc = 1 : (0.47�0.56)
(Clexc is the superstoichiometric content of Cl relative
to completely protonated amino groups).

According to [2], the presence of chlorine in the
ratio Fe : Cl = 1 : (0.05�0.19) in water-soluble iron�
dextran 
-FeOOH-containing complexes obtained by
the hydrolysis of FeCl3 solutions is explained by a
specific feature of the akaganeite structure. The in-
crease in the content of Fe(III) in iron�chitosan prod-
ucts with increasing �pr seems to be caused by co-
precipitation of hydrolyzed polymeric Fe(III) species
forming in a aqueous acetone as a result of the de-
crease in � of the solvent. Short heating of an iron�
chitosan solution on a water bath at 90�C before pre-
cipitation increases the concentration and polynuclear-
ity of PHP in aqueous solutions owing to acceleration
of hydrolytic processes [10, 11] and makes it possible
to precipitate water-soluble product no. 9 with a
high Fe(III) content and a smaller Clexc content
(Fe : Clexc = 1 : 0.20). The contents of Cl� or NO3

�

anions, which are formed in partially neutralized
Fe(III) solutions and compensate a high charge den-
sity in the nonequilibrium water-soluble PHPs of the
composition Feq(OH)p

(3p�q)+ (p : q = 2.2�2.9), are
known to decrease on aging of PHP solutions [10, 11].

According to the X-ray analysis (Fig. 2, Table 3),
CTS �HCl is characterized by a noticeable crystallinity
[23], and Fe(III) is present in the form of 
-FeOOH
in the products precipitated in acetone and ethanol.
The higher relative intensity of 
-FeOOH reflec-
tions at 2� 12.0��12.4� and 26.5��26.7� for product
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Table 3. X-ray phase analysis of CTS �HCl and iron�chitosan products precipitated in acetone (product no. 5) and ethanol
(product no. 8)
������������������������������������������������������������������������������������

CTS �HCl � Product no. 5 � Product no. 8 � �-FeOOH [20]
������������������������������������������������������������������������������������

2�, deg � I � d, � � 2�, deg � I � d, � � 2�, deg � I � d, � � d, � � I � hkl
������������������������������������������������������������������������������������

11.6 � w � 7.63 � 12.0 � s � 7.37 � 12.4 � m � 7.13 � 7.40 � 20 � 110
� � � 16.8 � m � 5.28 � � � � 5.26 � 20 � 200

24.7 � s � 3.61 � 26.5 � vs � 3.36 � 26.7 � s � 3.34 � 3.32 � 90 � 310
� � � 35.2 � s � 2.55 � 35.4 � m � 2.54 � 2.54 � 100 � 211
� � � 39.3 � w � 2.29 � 39.3 � w � 2.29 � 2.28 � 55 � 301
� � � 45.5 � w � 2.08 � � � � 2.07 � 10 � 321
� � � 46.0 � w � 1.97 � � � � 1.96 � 35 � 411
� � � 55.9 � w � 1.65 � 55.9 � w � 1.64 � 1.64 � 45 � 521
� � � 61.3 � w � 1.51 � � � � 1.51 � 20 � 002
� � � 62.5 � w � 1.49 � � � � 1.48 � w � 112
� � � � � � � � � � � 710
� � � � � � � � � � � 550
� � � 64.3 � w � 1.45 � � � � 1.44 � 10 � 541

������������������������������������������������������������������������������������

nos. 5 and 8, compared to the published data (Fig. 2,
Table 3), is caused by overlapping with the reflections
of CTS �HCl at 11.6� and 24.7�, respectively. The
number of 
-FeOOH reflections which are reliably
identified in the X-ray pattern of product no. 8 is con-
siderably less compared to product no. 5 (5 and 11 re-
flections, respectively), which is caused by a lower
Fe(III) content and, probably, a smaller size of

-FeOOH crystallites in the product precipitated in
ethanol, without significant coprecipitation of PHP
from the aqueous-organic solution. The interplanar
spacing corresponding to the first reflection for prod-
uct no. 8 is less than that for 
-FeOOH and CTS �HCl
(Table 3), which seems to be due to a denser packing
of CTS �HCl macromolecules [24] in iron�chitosan
products as compared to CTS �HCl.

The TG and DTG curves of product nos. 5 and 8
are similar, which confirms the uniformity of their
chemical and phase composition; at the same time,
these curves essentially differ from the corresponding
curves for CTS and CTS �HCl. The TG curves for
CTS and CTS �HCl consist of three portions, and
those for iron�chitosan products, of four portions, with
different rates of weight loss. A broad endothermic
effect in the DTA curves with a minimum at 83, 96
and 98�100�C corresponds, respectively, to the loss of
physically bound water in the range 39�144�C for
CTS (weight loss 11.2%), 30�156�C for CTS �HCl
(17.5%), and (40�45)�188�C for product nos. 5
(16%) and 8 (11.3%). The increase in the weight loss
with increasing Fe(III) content in product no. 5
(Table 2) suggests that in this temperature range,

along with the physically bound water, the water
forming by condensation of �ol� bridges in Fe(III)
hydroxo species [25] is also removed. Intense decom-
position of CTS and CTS �HCl starts at 200 and
170�C and comes to an end when they are completely
burnt down at 530 and 541�C, respectively.

The features of the thermal oxidative degradation
of CTS and CTS �HCl agree with the published data
for CTS and its salt forms [26]. Intense exothermic
degradation of product nos. 5 and 8 starts at 202�203
and comes to an end at 649 and 663�C, respectively.
The weight of the residues is 21.7 and 14.2%, respec-
tively, for product nos. 5 and 8. The content of Fe(III)
in them is close to that in Fe2O3. Apparently, the resi-
due of the decomposition products is hematite [20].

All the iron�chitosan products (Tables 1, 2) behave
toward water as unrestrictedly swelling gels and form
solutions stable against precipitation in storage for no
less than 6 months. Saturated solutions of the products
are very viscous and thick, they form films upon dry-
ing up. The viscosity of solutions considerably de-
creases on dilution by a factor of 2�3. Irrespective of
the conditions of obtaining the products, their dilute
aqueous solutions (0.5 g l�1) have similar electronic
absorption spectra and undergo equal changes with
time and with changes in solvent pH in the range of
physiological values.

Typical electronic absorption spectra of solutions
of iron�chitosan products at various pH of a solvent
(aqueous solutions of HCl, NaOH, and 0.1�0.15 M
NaCl) are shown in Fig. 3. The spectra of solutions
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� 	 10�3, cm�1

Fig. 3. Electron absorption spectra of solutions: (1,
2) 1.04 M FeCl3, (3) 0.5 g l�1 CTS �HCl, and (4�6) iron�
chitosan product no. 8 in (1, 3, 6) water, (2, 4) 0.1 M HCl,
and (5) 0.01 M HCl. (D) Optical density and (	) wave
number. (1�3) Freshly prepared solutions and (4�6) 8 days
after preparation (cFe = 8.4 
10�4 M). pH: (1) 2.63,
(2) 1.06, (3) 4.17, (4) 1.07, (5) 2.00, and (6) 3.87.

with the initial solvent pH of 4�7.7 resemble spec-
trum 6 and do not noticeably change with time (at
least 20 days), which suggests that Fe(III) is present in
the solutions in the PHP form [10, 27, 28]. The pH of
these solutions decreases, compared to the pH of the
solvents, to 3.8�4.1, which is caused by the hydroly-
sis of the CTS salt form (pH of the 0.5 g l�1 CTS �
HCl aqueous solution is 4.17, which corresponds to
the degree of salt hydrolysis about 4%), and also by
the hydrolysis of Fe(III) PHPs isolated from acid solu-
tions. These solutions do not show a qualitative reac-
tion with KCNS for Fe3+ ions. The dialysis of the
aqueous solution (initial pH of the solvent 6.1) of a
product precipitated by acetone against water through
a �100X� transparent cellophane film with the pore
diameter of 2.0�3.5 nm has shown that chloride ions
diffuse in water (test with AgNO3) and low-molecu-
lar-weight Fe(III) species do not pass into water (test
with KCNS in 0.1 M HCl). This confirms the hy-
drolysis of CTS �HCl and the absence of Fe(III) low-
molecular-weight species in the solution of this prod-
uct. At the initial solvent pH of 1�3, the pH values of
solutions of iron�chitosan products correspond to
those of the solvent and do not noticeably change with
time. The electronic absorption spectra of such solu-
tions suggest slow decomposition of PHPs as the
solution acidity increases (Fig. 3, curves 4, 5). Within
3�4 h after preparation, the spectra of solutions of the

products with pH 1 correspond to curve 5, within
2 days they become more similar in shape of curve 4,
and within 8 days they become identical to curve
4 (molar extinction coefficients at � 44400 and
30000 cm�1 are 4788 and 792, respectively) and to
the spectrum of the FeCl3 solution in 0.1 M HCl
(curve 2, molar extinction coefficients at � 44480 and
29920 cm�1 are 4733 and 806, respectively), in which
FeCld2

+, FeCl2+, and Fe3+ ions dominate [29]. Slow
depolymerization of Fe(III) in the 0.1 M HCl solution
indicates that PHPs in iron�chitosan products are con-
siderably oxolated [11].

The high Fe(III) content in the iron�chitosan prod-
ucts studied, comparable to the content in commercial
iron�dextran compounds (product no. 9), the solubil-
ity of products in aqueous solutions with physiologi-
cal pH values, and the stability of their aqueous solu-
tions on prolonged storage suggest that they are
promising compounds for the use in medical and
veterinary practice as drugs for treatment of iron
deficiency anemia.

CONCLUSIONS

(1) Partial neutralization of moderately concen-
trated FeCl3 solutions with chitosan results in forma-
tion of nonequilibrium polynuclear hydrolysis prod-
ucts stabilized in solutions by chitosan hydrochloride.
Water-soluble iron�chitosan products with high Fe(III)
content can be isolated by subsequent precipitation
in an organic precipitant. The neutralization at the
ratios Fe : [CTS] 2 : 1 and 1 : 1, a decrease in the
precipitant permittivity, and short heating of the par-
tially neutralized solutions before the precipitation
result in a substantial increase in the Fe(III) content in
the iron�chitosan products.

(2) The IR and X-ray phase analysis data show
that a considerable part of chitosan amino groups in
the isolated products is protonated, and Fe(III) is in
the form of 
-FeOOH.

(3) The dissolution of iron�chitosan products in
aqueous solvents with physiological pH values is ac-
companied by slight aging of polynuclear hydrolysis
products and by partial hydrolysis of the chitosan salt
form in the range 4 � pH � 7.7 and by slow depoly-
merization of polynuclear hydrolysis products in the
range pH 1�3.
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Abstract�Polymerization of methyl methacrylate in the presence of binary systems containing benzoyl
peroxide and activators [4-(4-dimethylaminostyryl)pyridine, 4-(4-dimethylaminostyryl)pyridine N-oxide in
chlorobenzene; triphenylbenzylphosphonium chloride, triphenylbenzylphosphonium bromide, tetraethylammo-
nium chloride, tetraethylammonium bromide, tetraethylammonium benzoate in acetonitrile] at 303 K was
studied. The rate constants of decomposition of benzoyl peroxide in the presence of activators, initial poly-
merization rates, initiation rates, and initiation efficiencies at 303 K were determined.

Binary systems consisting of peroxides and acti-
vators (amines, variable-valence metal compounds,
phosphines, sulfides, onium salts) are widely used for
initiation of radical-chain processes at temperatures
close to room temperature.

Binary initiating systems containing peroxides are
characterized by lower activation energies of radical
generation (40�80 kJ mol�1), compared to thermal
decomposition of peroxides (120�170 kJ mol�1),
which allows fast polymerization at low temperatures.
It was shown previously that quaternary ammonium
salts and aminostyrylpyridines appreciably decrease
the acrivation energy and temperature of decomposi-
tion of benzoyl peroxide (BP) and can be used as
components of binary initiators [1�3].

In this work we studied polymerization of methyl
methacrylate in the presence of binary systems con-
taining BP and activators [4-(4-dimethylaminostyryl)-
pyridine (DASP), 4-(4-dimethylaminostyryl)pyridine
N-oxide (DASPO) in chlorobenzene; triphenylbenzyl-
phosphonium chloride (TPBPC), triphenylbenzylphos-
phonium bromide (TPBPB), tetraethylammonium chlo-
ride (TEAC), tetraethylammonium bromide (TEAB),
tetraethylammonium benzoate (TEABenz) in acetoni-
trile] at 303 K.

EXPERIMENTAL

Benzoyl peroxide was recrystallized two times
from ethanol. 4-(4-Dimethylaminostyryl)pyridine and

its N-oxide were prepared by the procedure suggested
in [4] and recrystallized from dimethyl sulfoxide and
benzyl alcohol. TEAC and TEAB were purified by
reprecipitation. TPBPC and TPBPB were prepared
from triphenylphosphine and the corresponding benzyl
halide. The onium salts were dried over P2O5 under
reduced pressure at 333 K and were stored in a glove
box over P2O5. Technical-grade methyl methacrylate
was washed 2�3 times with 10�15% aqueous alkali
for complete removal of the inhibitor. Then it was
washed 2�3 times with distilled water, dried over
anhydrous calcium chloride, and distilled three times
in a nitrogen flow under reduced pressure; the fraction
boiling at 22�0.2�C (25 mm Hg) was collected.
Freshly distilled methyl methacrylate was used. The
kinetics of methyl methacrylate polymerization was
monitored dilatometrically to 3% conversion of the
monomer (see figure). The monomer content in the
reaction mixture was 25 vol %. Polymerization of
methyl methacrylate in the presence of BP and salts
was performed in acetonitrile, and that in the presence
of BP and aminostyrylpyridines, in chlorobenzene.
The concentrations of BP and salt in the salt-contain-
ing initiating systems were 2.5 � 10�2 and 5 �10�3 M,
and the concentrations of BP and DASP or DASPO
in the systems with the pyridine derivatives, 7.5 �
10�3, 2.5 � 10�4, and 2.2 � 10�4 M, respectively.

The kinetic studies of decomposition of BP acti-
vated with quaternary ammonium and phosphonium
salts were performed under the conditions of the
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S, %

t � 10�3, s

Inhibition of methyl methacrylate polymerization initiated
with the system TEABenz�BP at 303 K. (S) Conversion and
(t) time. [Inh], M: (1) 0, (2) 1 � 10�5, and (3) 2 � 10�5.

pseudo-first-order reaction with respect to the perox-
ide (291�313 K) at the initial BP concentration of
1.5�10�2 M. The initial concentrations of the salts
were as follows (M): TEAC (1.7�13) � 10�2, TEAB
(2.6�10.34) � 10�2, and TPBPC 9 � 10�3. Triphenyl-
benzylphosphonium chloride is limitedly soluble in
acetonitrile; therefore, the kinetic studies of BP de-
composition in its presence were performed at a 1 : 1
concentration ratio of the peroxide and salt. The con-
sumption of BP was monitored by a decrease in the
intensity of the C=O absorption band (� = 1764 cm�1)
in the IR spectrum (Specord 71-IR spectrophotometer,
temperature-controlled 0.51-mm CaF2 cells).

The kinetics of the reactions of BP with DASP and
DASPO were monitored spectrophotometrically (Spe-
cord UV VIS) by consumption of DASP or DASPO
(decrease in the absorption maximum: DASP, �max =
375 nm, � = 30000�600 mol l�1 cm�1; DASPO,
�max = 395 nm, � = 32000�600 mol l�1 cm�1) in the
presence of excess peroxide (0.01�0.4 M), at the ini-
tial amine concentration of 2.5 � 10�5 M.

The polymerization initiation rate Win was deter-
mined by the method of inhibitors. As inhibitor we
used 2,2,6,6-tetramethylpiperidyl-1-oxyl, a radical
stable under the experimental conditions (303 K). The
facts that the induction period is proportional to the
initial inhibitor concentration, the inhibition period is
not followed by deceleration in the examined concen-
tration range (1�10�5�1�10�3 M, see figure), and the
transition from the induction period to the linear reac-
tion course is fast allow the calculation of the initia-
tion rates by the formulas valid for effective inhibitors:

Winh = �[Inh]/�, (1)

Winh = nf Wd, (2)

where � is the induction period; Wd, initial rate of the
initiatior decomposition; f, initiation efficiency; [Inh],
inhibitor concentration; �, stoichiometric coefficient
equal to the number of chains terminated on one in-
hibitor molecule, � = 1 in our case [5]; and n, number
of radicals participating in the initiation.

The reaction of DASP and DASPO with BP yields
two radicals capable to initiate polymerization of
vinyl monomers. The amine radical cation generated
in the process loses a proton, transforming into a
radical which, along with the benzoyloxy radical,
participates in the initiation [6]:
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In decomposition of BP in the presence of quater-
nary salts, two pathways (catalytic and noncatalytic)
are possible, both yielding two radicals:

Q+X� + C5H5C(O)�OO�C(O)C6H5

�
�� 2C6H5C(O). + Q+X�,
�

��
�
��� C6H5C(O). + C6H5C(O)O�Q+ + X..

The initiation efficiency was determined by the
equation

f = Win/2Wd. (3)

The rate of BP decomposition Wd was calculated
by the equation

Wd = kD[BP][Act].

The kinetic parameters of methyl methacrylate
polymerization in the presence of BP�activator initi-
ating systems and the initiation efficiencies are given
in Table 1.

The initial concentrations of the peroxide and salt
were the same in all the experiments (2.5 � 10�2 and
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Table 1. Rates of benzoyl peroxide decomposition in the presence of activators Wd, initial polymerization rates Wpol,
initiation rates Win, and initiation efficiencies at 303 K
������������������������������������������������������������������������������������

Activator
�

[Inh]�105,
� ��10�2,

� Wpol �106 � Win �108 � Wd �108 �
f� � �������������������������������������

� M � s � mol l�1 s�1 �
������������������������������������������������������������������������������������
(Me)2PhCH=CHPy � 0 � 0 � 13.2�0.01 � � � 0.9�0.1 � 0.7�0.2

� 1 � 7.5 � 13.2�0.04 � 1.3�0.3 � �
� 3 � 26 � 12.9�0.03 � 1.16�0.07 � �

(Me)2PhCH=CHPy�O� 0 � 0 � 14.1�0.01 � � � 1.0�0.2 � 0.60�0.04
� 3 � 23 � 13.9�0.01 � 1.29�0.06 � �
� 5 � 41 � 13.7�0.01 � 1.22�0.05 � �

Ph3(PhCH2)P+Cl� � 0 � 0 � 8.2�0.1 � � � 39�2 � 0.02�0.003
� 1 � 6.2 � 7.41�0.07 � 1.6�0.1 � �
� 2 � 12 � 7.11�0.06 � 1.67�0.05 � �
� 3 � 18.3 � 5.81�0.04 � 1.64�0.03 � �

Ph3(PhCH2)P+Br� � 0 � 0 � 6.39�0.05 � � � 840�16 � 0.003�0.0005
� 2 � 4 � 6.6�0.1 � 5.1�0.7 � �
� 3 � 6 � 6.9�0.1 � 4.9�0.4 � �
� 4 � 7.5 � 6.40�0.33 � 5.3�1.1 � �

Et4N+Cl� � 0 � 0 � 6.18�0.03 � � � 38�8 � 0.19�0.05
� 26 � 18 � 6.26�0.07 � 14.5�0.5 � �
� 50 � 31 � 6.49�0.06 � 16.2�0.4 � �
� 100 � 74 � 6.63�0.01 � 13.50�0.01 � �

Et4N+Br� � 0 � 0 � 9.11�0.05 � � � 138�4 � 0.05�0.01
� 26 � 18.7 � 8.79�0.05 � 13.9�0.2 � �
� 50 � 37.8 � 8.81�0.01 � 13.23�0.01 � �
� 740 � 55.5 � 8.96�0.08 � 13.3�0.2 � �

Et4N+PhC(O)O� � 0 � 0 � 6.30�0.07 � � � � � �
� 1 � 20.5 � 6.52�0.06 � 0.49�0.02 � �
� 2 � 41.3 � 6.26�0.09 � 0.48�0.01 � �

������������������������������������������������������������������������������������

5 � 10�3 M, respectively), which allowed comparison
of the initiation rates. Table 1 shows that the initiation
rate is the highest in the presence of tetraethylammo-
nium chloride, decreasing in the order Et4N+Cl� >
Et4N+Br > Ph3(PhCH2)P+Br� > Ph3(PhCH2)P+Cl�.
At the same time, the initiation efficiency decreases in
the order Et4N+Cl > Et4N+Br� > Ph3(PhCH2)P+Cl >
Ph3(PhCH2)P+Br�.

The initiation rates with the systems BP + DASP
and BP + DASPO are approximately equal and com-
parable with those observed with the systems contain-
ing onium salts, but the concentrations of BP and
amines are lower: 7.5 � 10�3 and 2.5 � 10�4 M, re-
spectively. It should be noted that the efficiency of
initiation of methyl methacrylate polymerization in
the presence of BP and aminostyrylpyridines is con-
siderably higher than in the presence of the peroxide�
salt systems.

Decomposition of organic peroxides under the
action of activators is a complex process involving

decomposition of the peroxide bond with the forma-
tion of free radicals, ions, and molecules; the ratio of
the species formed depends on the kind of activator
and properties of the reaction medium. In particular,
recombination of the radicals in a solvent 	cage

significantly decreases the fraction of active radicals
diffusing into the bulk and thus decreases the initia-
tion efficiency. For example, according to [7], the
recombination rate in thermal decomposition of diacyl
peroxides [RC(O)O]2 sharply decreases in the series
of peroxides with R = CH3 > C6H5 > n-C4H7, and the
results given in [8] reflect the trend that the efficiency
of escape of radicals into the bulk increases in going
from linear aliphatic radicals to branched radicals.

As seen from Table 1, in the systems DASP�BP
and DASPO�BP the initiation efficiency is higher
than in other related peroxide�activator systems [9�
11], which may be due to hindered recombination of
the generated radicals. Generation of bulky radicals
from the initiator is preferable for polymerization
initiation [8], because the recombination rate depends
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Table 2. Content c of residual monomer in poly(methyl
methacrylate) prepared in the presence of benzoyl perox-
ide�activator initiating systems
����������������������������������������

Activator � c, %
����������������������������������������
Thermal polymerization � 0.94
Et4N+Cl� � 0.87
Et4N+Br� � 1.19
Ph3(PhCH2)P+Cl� � 0.89
����������������������������������������

on the accessibility of the active centers of the radical
and on the diffusion rate. For radicals of simple struc-
ture, generated in the systems BP�onium salt [C6H5 �
C(O)O

.
, Br

.
, Cl

.
], the accessibility factor prevails, and

the initiation efficiency appreciably decreases.

The main application field of peroxide�amine
binary initiators is curing and vulcanization, since the
reaction products formed in the system are, as a rule,
colored. Peroxide�onium salt systems can be used for
preparing transparent high-purity poly(methyl methac-
rylate). The polymers prepared in the presence of
peroxide�quaternary ammonium salt initiators were
analyzed for the residual monomer content. Test
poly(methyl methacrylate) samples were prepared by
polymerization of methyl methacrylate in the bulk,
initiated with systems containing BP and quaternary
ammonium and phosphonium salts. The polymeriza-
tion was performed at 303�318 K for 24�48 h. The
monomer conversion under these conditions was 85�
97% (GLC data). Under these conditions, no gel effect
was observed. Afterpolymerization was performed at
393 K for 48�72 h. The BP�onium salt initiating
systems ensure preparation of the transparent polymer
at 303�313 K. The residual monomer in poly(methyl
methacrylate) was determined by gas�liquid chroma-
tography after dissolution of the polymer in chloro-
form. The results are listed in Table 2.

CONCLUSION

Data on the efficiency of initiation of methyl
methacrylate polymerization with the binary systems
benzoyl peroxide�onium salt and benzoyl peroxide�
aminostyrylpyridine show that the rate of the peroxide
decomposition and the yield of the radicals can be
varied in a wide range by varying the structure of the
catalyst.
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Abstract�The main supramolecular characteristics and the processing and service characteristics of copoly-
amides based on �-caprolactam and hexamethylene diisocyanate were studied. The relation between the
comonomer composition and supramolecular structure of copolymers was established.

Among numerous procedures of production of
polyamides (PAs), one of the simplest is anionic
polymerization of �-caprolactam (�-CL), which allows
realization of practically 100% conversion and pro-
duction of the polymer with high strength character-
istics [1�5]. The resulting polycaproamide can be
subjected to only mechanical treatment and cannot be
molded to form items by standard procedures of proc-
essing of thermoplastics, which significantly narrows
possible fields of its application. Therefore, so-called
copolymers of �-CL with other monomers, such as
adipate, amimoenanthic acid, pyrrolidone, piperidine,
etc., are of great practical significance. These copoly-
amides (CPAs) have lower melting points, which
facilitates their processing and in some cases extends
the fields of their application (films, fibers, etc.)
[6, 7].

A procedure of production of CPAs based on �-CL
and a series of aliphatic and aromatic diisocyanates
[hexamethylene diisocyanate (HMDI), 2,4-toluylene
diisocyanate (TDI), and 4,4�-diphenylmethane diiso-
cyanate (MDI)] in the presence of alkali metal (Na
and Li) lactamates was developed previously [8, 9].
It was shown that, by varying the structure of PA
macromolecule by introducing isocyanate component,
its thermal characteristics, in particular, softening
point, can be varied over a wide range.

In this work we examined the influence of the
comonomer composition on the thermal, supramolecu-
lar, and mechanical characteristics of the resulting
copolymers.

EXPERIMENTAL

The supramolecular structure of CPA was studied
by differential scanning calorimetry (DSC; a DSK-D

unit, heating rate 4 deg min�1), differential thermal
analysis (DTA), and X-ray analysis. The TG and DTG
curves were obtained on an MOM derivatograph
(Hungary) at a heating rate of 3 deg min�1. The sam-
ple weight was 0.2 g. The X-ray analysis was carried
out on a DRON-2 equipment (CoK� radiation). The
effective size of crystallites L, degree of crystallinity
�c, and first-kind G1 and second-kind G2 defects were
determined by the procedure described in [10].
The relaxation time was determined on a pulse NMR
relaxometer operating at 20 MHz. The measurements
were performed by the Carr�Purcell�Meiboom�Gill
method and the running sequence method at 25�C
[11].

The activation energy of failure U0 was found
using the Gul’ equation [12]

�d = K1 V 1
n eU0/RT,

where V1 is the extension rate, and K1 and n are the
parameters determined by the material nature and the
sample size and shape.

Taking the logarithm of this equation, we obtain

ln�d = ln K1 V 1
n + U0/RT.

The slope of the straight line plotted in the coordi-
nates ln�d�1/T is U0 /R. Hence, U0 = R tan�.

The samples for determination of physicochemical
characteristics were cut from plates produced by hot
pressing. The samples were kept under a pressure for
5 min per 1 mm of the sample thickness. The physico-
mechanical characteristics were determined on an
RM 500-T tensile-testing machine. The velocity of the
tensile-testing machine clamps was 100 mm min�1.
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Table 1. DTA data for CPA based on �-CL and HMDI
����������������������������������������
HMDI content in ini- � To.m � Tm � �Tm �

�Hm,�������������������tial monomer mix-
� �C �kJ mol�1

ture, wt parts � �
����������������������������������������

� � 200 � 243 � 43 � 77.9
5 � 190 � 237 � 47 � 59.9

10 � 143 � 193 � 50 � 17.2
����������������������������������������

Table 2. Diffuseness of melting of copolymers based
on �-CL and SKU (from the evidence of DSC)
����������������������������������������
SKU content in initial monomer �

�Tm, �C
mixture, wt.p. �

����������������������������������������
� � 14
10 � 20
15 � 39

����������������������������������������

The thermomechanical analysis was carried out
with the samples 0.3 cm in diameter and 4 mm thick.
The samples were cut from pressed plates and heated
at a rate of 3 deg min�1. The DTA and DTG curves

2�, deg
Fig. 1. Diffraction patterns (1�3) of copolymers based on
�-CL and HMDI at weight ratios of (1) 95 : 5, (2) 70 : 30,
and (3) 50 : 50 and (4) of �-CL homopolymer. (I) Intensity
and (2�) Bragg angle.

U0, kJ mol�1

cIC, wt %
Fig. 2. Activation barrier of CPA failure as a function of
content of ICs. (1) MDI, (2) SKU, (3) HMDI, and (4) TDI.

were recorded at a periodical stress (period of stress-
ing 0.25 min). The softening point was evaluated from
the thermomechanical curves.

The synthesized CPAs are partially crystalline
polymers. It was found that the degree of crystallinity
of CPAs decreases with increasing content of isocya-
nates (ICs). This is apparently caused by growing
steric hindrances appearing as a result of increasing
branching of macromolecules, which is, in turn, deter-
mined by bifunctionality of the ICs used; this results
in formation of polydisperse supramolecular struc-
tures. Thus, even at low content of HMDI in the in-
itial monomer mixture, the heat of melting �Hm of
the resulting CPAs significantly decreases; in this
case, the temperature To.m of the onset of melting and
the equilibrium melting point Tm decrease and the
melting diffuseness �Tm increases (Table 1). The
similar variations are observed with an oligourethane
SKU (the product of reaction of polyoxymethylene
glycol and TDI) used as an isocyanate component
(Table 2). The substantial changes in the supramolecu-
lar structure are evident from the diffraction patterns
of the resulting polymers (Fig. 1). As seen, the co-
polymer of �-CL with HMDI, similar to �-CL hopoly-
mer, has three reflections whose positions do not vary,
only their intensities decrease.

With increasing fraction of ICs, �c of CPAs de-
creases, which, as mentioned above, can be caused by
increase in branching of macromolecules. In parallel
with decreasing fraction of crystallinity, the G2 values
caused by disordering in arrangement of the lattice
points at long distances decrease and the G1 values
related, on the one hand, to displacement of the lattice
points from the theoretical positions and, on the other
hand, to nonuniformity in size remain practically the
same (Table 3). The use of both sodium lactamate and
lithium lactamate as a catalyst does not noticeably
affect the trends in variation of the above character-
istics.

An increase in the branching of macromolecules
regularly hinders the conformation mobility. Thus, the
spin�lattice relaxation time �1 of the synthesized
CPAs in the temperature range in which they are in
the hyperelastic state increases with increasing content
of ICs in the initial monomer mixture (Table 4).

A decrease in the flexibility can be judged from a
decrease in the activation barrier of CPA failure
(Fig. 2). As seen, the copolymers prepared with all the
ICs studied are characterized by increased U0; in this
case, the greatest increase occurs in the range of IC
content in the initial monomer mixture from 1 to
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Table 3. Data of X-ray analysis of CPA based on �-CL and HMDI
������������������������������������������������������������������������������������

HMDI content in initial monomer
� G1, % � G2, % � �c, %
�����������������������������������������������������������mixture, wt parts � Na-CL � Li-CL � Na-CL � Li-CL � Na-CL � Li-CL

������������������������������������������������������������������������������������
� � 4.3 � 4.1 � 5.7 � 4.6 � 40 � 33
5 � 4.4 � 4.7 � 2.5 � 2.7 � 30 � 28

10 � 4.3 � 4.3 � 2.8 � 2.8 � 29 � 26
30 � 6.5 � 4.5 � 2.5 � 2.5 � 10 � 17

������������������������������������������������������������������������������������

5 wt %. However, it is possible that the increase in
U0 is also caused by the increase in the cooperativity
of deformation processes preceding the failure.

Changes occurring on the supramolecular level

Table 4. Spin�spin relaxation time of CPA
����������������������������������������

HMDI content in initial �
�1, msmonomer mixture, wt parts �

����������������������������������������
� � 130
1 � 142
3 � 145
5 � 147
7 � 160

10 � 152
����������������������������������������

p, kgf

E, mm
Fig. 3. Strain E�stress p curve of copolymers based on
�-CL and HMDI. HMDI content in the initial monomer
mixture (wt parts): (1) 0, (2) 5, (3) 10, (4) 20, and (5) 30.

�b, MPa �, %

cHMDI, wt parts
Fig. 4. (1) Breaking stress �b and (2) relative elongation
� of CPA as a function of HMDI content cHMDI in the ini-
tial monomer mixture.

result in variation of the macroscopic characteristics.
Thus, for CPAs with the HMDI content less than
20 wt parts, the shape of the stress�strain curves cor-
responds to crystalline polymers, while with increas-
ing fraction of ICs it changes and becomes close to
the shape typical of amorphous polymers (Fig. 3).

With increasing content of ICs, the softening point
Ts determined from thermomechanical analysis mono-
tonically decreases from 210�C for �-CL homo-
polymer to 140�C on adding 20 wt parts HMDI. This
decrease is apparently caused by variation in the struc-
ture of macromolecules. Introduction of IC into the
polyamide chain results in appearance of bulky sub-
stituents with reactive NCO groups, which can cause
branching of the macromolecule chain and, hence,
decrease the intermolecular interaction in the resulting
copolymer. This assumption is confirmed by the
results of physicomechanical tests: the breaking stress
�b decreases and the relative elongation � slightly
increases (Fig. 4).

CONCLUSIONS

(1) Copolymers with the supramolecular structure
and characteristics varying in a wide range, depending
on the ratio of the initial monomers, were prepared by
anionic copolymerization of �-caprolactam and diiso-
cyanates.

(2) With increasing content of diisocyanates up to
30 wt parts, the crystalline polymers are formed. Fur-
ther increase in the content of the isocyanate compo-
nent results in complete disappearance of supra-
molecular formations.
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Abstract�Mass-exchange characteristics of cellulose myristate or acetomyristate membranes in separating
aqueous-organic, organic, or gas mixtures, particularly, in recovering aromatic hydrocarbons from binary
mixtures with aliphatic alcohols, and also ethyl acetate from a mixture of esterification products, are studied.

There is a steady scientific and practical interest in
cellulose-based membranes in recent six decades,
which is caused by easy availability of cellulose raw
material, and also by the possibility of directed syn-
thesis of homologous series of various cellulose
derivatives with desired physicochemical character-
istics. Therefore, cellulose-based membranes with
desired transport properties can be prepared as well.
Microporous (diffusion) membranes are mostly
formed on the basis of cellulose esters or mixed esters
(diacetates, triacetates, acetobutyrates), regenerated
cellulose, and chitosan [1�6]. Previously we demon-
strated the possibility of using cellulose acetomyri-
state diffusion membranes for separating aromatic and
aliphatic hydrocarbons using the pervaporation tech-
nique [7]. In this work we studied the transport prop-
erties of cellulose myristate (CM) and acetomyristate
(CAM) membranes of different composition in sepa-
rating gas, aqueous-organic, and organic mixtures.

EXPERIMENTAL

Cellulose myristate and acetomyristates were
prepared according to the standard procedure [8].
Membranes as nonporous films of a fixed thickness
were formed from chloroform solutions of the poly-
mers on a cellophane support. The pervaporation
experiments were carried out using a laboratory cell of
the autonomous type (effective area of the membrane
12 cm2) with stirring the mixtures over the membrane
at a residual pressure under the membrane of 0.2 mbar.
The permeate vapor (flow passed across the mem-
brane) was condensed in a receiving vessel at the
liquid nitrogen temperature and weighed, and the total

flow � (kg m�2 h�1) was estimated. In the experi-
ments we used binary mixtures ethanol�water, tolu-
ene�methanol, and benzene�ethanol of various com-
positions, and also a mixture of ethyl acetate, acetic
acid, ethanol, and water. The compositions of per-
meates were analyzed on a refractometer or chroma-
tographically using Porapak-Q or Reoplex columns.
The partition factor � was estimated as

�A/B = (XA/XB)/(YA/YB),

where YA and YB are the concentrations of A and B
in the initial binary mixture (wt %), and XA and XB,
in the permeate (wt %).

The gas-permeability coefficient P and selectivity
factor �A/B of vapors were determined chromato-
graphically using a column filled with 5A molecular
sieve as a stationary phase at an excess pressure over
the membrane of 10 mbar. The compositions of liquid
permeates and gas-permeability coefficients were
determined to within 5 and 10%, respectively.

To study the selectivity of CM membranes, we
prepared a 1 m long chromatographic column with the
CM stationary phase supported on Celite 22. The
evolution of the chemical structure of cellulose esters
on passing from cellulose diacetate to CM is accom-
panied by decreasing packing density of the polymer
chains and increasing fraction of the free volume in
the polymer matrix. This is caused by weakening of
the network of the hydrogen bonds and disordering of
the supramolecular structure, being reflected in a
regular increase in the gas permeability with parallel
decrease in the selectivity. These trends are illustrated
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Table 1. Gas-selective characteristics of homogeneous
cellulose acetomyristate membranes at 20�C
����������������������������������������

Parameter

� CAM composition
� (acetate/myristate)
�����������������������
� 290/10 � 150/150 � 10/290

����������������������������������������
Permeability coefficient,� � �
barrer:* � � �

N2 � 0.3 � 7.95 � 15.7
O2 � 1.6 � 25.2 � 40.2
He � 14.5 � 30.8 � 41.2
CO2 � 17.5 � 139.3 � 193.5

� � �Selectivity coefficient: � � �
O2/N2 � 5.3 � 3.2 � 2.55
He/N2 � 42 � 3.9 � 2.6
CO2/O2 � 10.7 � 5.5 � 4.8

����������������������������������������
* 1 barrer = 1 �10�10 cm3 cm cm�2 s�1 cm�1 Hg.

Table 2. Separation of water�ethanol mixtures on cellulose
acetomyristate membranes at 50�C
����������������������������������������

Parameter

� CAM composition
� (acetate/myristate)
�����������������������
� 290/10 � 150/150 � 10/290

����������������������������������������
90 wt % EtOH

Flow,* kg m�2 h�1 � 5.6 � 1.4 � 1.1
H2O in permeate, wt % � 53 � 20 � 14
�H2O � 10.2 � 2.3 � 1.5

50 wt % EtOH

Flow,* kg m�2 h�1 � 2.4 � 1.5 � 0.78
EtOH in permeate, wt %� 20 � 80 � 85
�EtOH � 0.25 � 4.0 � 5.7

10 wt % EtOH

Flow,* kg m�2 h�1 � 2.8 � 0.48 � 0.36
EtOH in permeate, wt %� 6 � 50 � 55
�EtOH � 0.6 � 9.1 � 11.1
����������������������������������������
* The flow is normalized to the membrane thickness of 10 �m.

in Table 1 with an example of CAM membranes of
various compositions. The results demonstrate the
opposite tendencies in the behavior of the gas-per-
meability coefficients P of the individual gases and of
the selectivity factor � for various pairs of gases with
increasing myristate content in the CAM membranes.

The maximal P values and the corresponding mini-
mal � values were obtained for the 10/290 CAM
membrane. In this case, the transport parameters

approach those of the membranes based on polymers
with low glass transition temperature, for example,
polydimethylsiloxane [9] or cellulose diacetate plas-
ticized with polyethylene glycol oligomers [6].

It is known that, in pervaporation separation of
aqueous-organic mixtures, the direction of selective
mass transfer is controlled not only by the kinetic
diameter of molecules diffusing across the membrane,
but also by the difference in the affinity of the com-
ponents of the mixture with respect to the film-form-
ing polymer. One of the parameters characterizing
such an affinity can be the equilibrium swellability of
the membrane in individual components of the mix-
ture to be separated. This parameter with respect to
water and ethanol is considerably different for cellu-
lose diacetate and CM (6.5 and 0.3 wt %, and 10.7
and 3.7 wt %, respectively). Therefore, it was interest-
ing to study the transport properties of CAM mem-
branes with various acetate to myristate group ratios.

Table 2 shows the results of pervaporation separa-
tion of aqueous-ethanol solutions of various composi-
tions. In separating the concentrated solution of
ethanol, all the CAM membranes studied demonstrate
dehydrating properties, even though the maximal
�H2O = 10.2 is considerably lower than that of the
known highly selective membranes used for dehydra-
tion [10, 11]. The tendency of �H2O to decrease in
this series from 10.2 to 1.5 correlates with the in-
crease in the hydrophobicity of the corresponding
CAM membranes. At the same time, in separating
more dilute solutions of ethanol with 150/150 and
10/290 CAM membranes, the direction of selective
mass transfer changes for the opposite, demonstrating
the tendency to increase in �EtOH from 4.0 to 11.1,
depending on the composition of the initial mixture
and content of the myristate component in the mem-
brane. The maximal �EtOH = 11.1, obtained for
10/290 CAM membrane in separating 10 wt % EtOH�
H2O mixture, is well comparable with that of the
membrane based on hydrophobic polymethylsiloxane
[12]. Therefore, even higher selectivity could be
expected for the CM membrane. However, its per-
meability with respect to both ethanol and water
appeared to be very low, which is consistent with
data on the equilibrium swellability of CM in these
solvents, suggesting no practical interest.

The results obtained evidence the necessity in
optimization of the hydrophilic�hydrophobic balance
for membranes of this purpose, to attain a reasonable
relation between their permeability and selectivity.
Therefore, 150/150 and 10/290 CAM membranes are
more suitable to concentrate ethanol from dilute aque-
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ous solutions. It should be pointed out that, with an
example of CAM membranes having a unitypical
chemical structure regardless of the composition, we
have demonstrated the possibility of changing the
direction of selective mass transfer in separating
water�ethanol mixtures.

Furthermore, it was interesting to compare the
known methods for separating aqueous-organic and
organic mixtures, such as rectification and distillation,
with the pervaporation technique. Like distillation, in
pervaporation the permeate is removed as a vapor,
allowing comparative evaluation of the expediency of
using this technique. In this case, we can compare
the pervaporation diagrams characterizing the depen-
dence of the permeate composition on the composi-
tion of the feed mixture with the liquid�vapor diagram
of the same system.

Such a comparative analysis of the diagrams ap-
peared to be most indicative for azeotropic systems.
High efficiency of pervaporation separation in such
systems was repeatedly indicated in the literature. Fur-
thermore, there are numerous examples of industrial
applications of membrane separation of azeotropic
mixtures [13]. As an illustration, Fig. 1 gives the
comparison of the liquid�vapor diagram [14] and the
experimental data obtained for CAM membranes of
various compositions in separating ethanol�water
mixtures. For the CAM membranes demonstrating
dehydrating and organophilic properties, the depend-
ences of the permeate composition on the composition
of the initial mixture are arranged below (Fig. 1,
curve 2) and above (curves 3 and 4) the liquid�vapor
equilibrium curve (curve 1).

Comparative analysis of data presented in Fig. 1
shows some advantage of the 150/150 and 10/290
organophilic CAM membranes in the selectivity of
separation of more dilute solutions of ethanol (Fig. 1,
curves 3 and 4) over equilibrium open evaporation. It
is known from the literature [12, 15] that close ar-
rangement of the pervaporation curves with respect
to the liquid�vapor equilibrium curve is typical of
a series of ethanol-selective membranes. In Fig. 1
(curve 5) this is illustrated by an example of the mem-
brane fabricated from Silar block copolymer, which
was previously studied in separating ethanol�water
mixtures over a wide composition range [16]. Our
results (Fig. 1, curve 2) also demonstrate relatively
small advantage of the dehydrating 290/10 CAM
membrane in the selectivity as compared to open
evaporation.

At the same time, the advantage of pervaporation
could be more pronounced just in dehydration of

c, wt %

c0, wt %

Fig. 1. Ethanol concentration c (1) in the vapor (liquid�
vapor equilibrium in open evaporation) and in the permeate
for membranes (2) 290/10 CAM, (3) 150/150 CAM,
(4) 10/290 CAM, and (5) Silar as a function of the initial
ethanol concentration c0 in ethanol�water mixtures at 20�C.

water�ethanol mixtures. In this case, particularly in
separating ethanol-rich mixtures close in their com-
position to the azeotropic mixture, the selectivity of
membrane separation could be higher by 2�3 orders of
magnitude than that in open evaporation. This is
favored by the effect of diffusion mass transfer, i.e.,
by smaller kinetic diameter of the water molecules.
From the practical standpoint, there is a wide spec-
trum of polymers and membranes on their basis [11,
17, 18] demonstrating strongly different affinity for
water and ethanol, with the difference being consider-
ably larger compared to dehydrating 290/10 CAM
membrane (Table 2) and also to cellulose diacetate
membrane [19].

Selection of binary systems showing more promise
for pervaporation separation with the CM membrane
was made using inverse gas chromatography (IGC).
Roberts et al. [20] employed this technique using
chromatographic columns with different polymeric
stationary phases to predict the direction of selective
mass transfer across the membranes fabricated from
the same polymers in separating binary liquid mix-
tures. As a criterion they used the retention time
(retention time of a component of the mixture on the
column is in inverse proportion to its flow rate across
the membrane). Therefore, we determined the reten-
tion times of a series of organic solvents on the CM
column. The retention time increased in the order
methanol < ethanol < benzene < toluene < ethyl ace-
tate, being 105, 116, 126, 135, and 148 s, respective-
ly. Knowing this parameter allowed prediction of the
possibility of membrane separation of mixtures of
toluene (or benzene) with methanol (or ethanol) with
selective mass transfer directed in favor of the aromat-
ic component, which was confirmed in the pervapora-
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c0, wt %

�, kg m�2 h�1

Fig. 2. (1, 1a) Total flow � and (2, 2a) partition factor �
in separating toluene�methanol mixture on the CM mem-
brane as functions of the initial toluene concentration
c0 at 20�C. (a) For comments, see text.

c0, wt %

�, kg m�2 h�1

Fig. 3. (1) Total flow � and (2) partition factor � in
separating benzene�ethanol mixture on the CM membrane
as functions of the initial benzene concentration c0 at 20�C.

c, wt %

c0, wt %

MeOH�toluene

EtOH�benzene
EtOH�benzene

MeOH�toluene

Fig. 4. (1, 3) Methanol and (2, 4) ethanol contents c in
(3, 4) permeate (CM membrane) and (1, 2) vapor (liquid�
vapor equilibrium in open evaporation) as functions of the
initial methanol (or ethanol) concentration c0 in mixtures
with toluene and benzene, respectively, at 20�C.

tion experiments. Separation of such mixtures is of
considerable scientific and practical interest, since
these compounds form azeotropic systems and have
similar boiling points (e.g., benzene and ethanol).

Figures 2 and 3 show the permselectivity � and
total flow across the CM membrane � as functions of
the initial composition of the toluene�methanol and
benzene�ethanol mixtures. As seen, over a wide con-
centration range, the CM membrane is selective with
respect to the aromatic component of the mixture.
Figure 2 demonstrates regular increase of the flow
across the membrane (curve 1) and parallel decrease
in �toluene (curve 2) with increasing toluene concen-
tration in the initial mixture. Similar trend in the
behavior of the transport parameters was observed also
in separating the benzene�ethanol mixture (Fig. 3). It
should be pointed out that, in separating the toluene�
methanol mixture (Fig. 2), nearly the optimal relation
between � and � was obtained at the composition of
the initial mixture close to the azeotropic composition
(31 wt % toluene). For both systems, even at room
temperature, 30�50 �m thick membranes allow suf-
ficiently large flows in separating azeotropic mixtures,
the attainable selectivity levels being well comparable
with those of the membranes commonly used for this
purpose [21].

Figure 2 (curves 1, 2) shows the dependences ob-
tained in the pervaporation experiments on the same
membrane with increasing toluene concentration in
the initial mixture. Before passing to the next feed
composition, the membrane cell was evacuated for a
fixed time (10 min) to partially remove the solvents.
Curves 1a and 2a were obtained at different evacua-
tion time (1 h). As seen, longer drying of the mem-
brane considerably affects the process characteristics,
especially the flow � (curve 1a). The observed in-
crease in the permeability at higher initial toluene
concentration (Fig. 2, curve 1) can be attributed to
stepwise activation of the membrane structure at the
supramolecular level with more penetrating component
(toluene). Similar effect was observed previously [7]
for CAM membranes in separating benzene�heptane
mixtures.

In Fig. 4, the dependences of the permeate com-
position on the composition of the initial toluene�
methanol (curve 3) and benzene�ethanol (curve 4)
mixtures are presented along with the corresponding
liquid�vapor diagrams obtained in the case of open
equilibrium evaporation (curves 1, 2). A specific fea-
ture of pervaporation separation is that, over the entire
feed composition range, the pervaporation curves are
arranged considerably below the open evaporation
curves, particularly, in separating the azeotropic mix-
tures. It should be pointed out that, in the frameworks
of such comparative analysis, the pervaporation curves
presented in Fig. 4 differ advantageously from those
given in Fig. 2 for the system ethanol�water.
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For the system toluene�methanol of the azeotropic
compositions, we also studied the possibility of op-
timization of the transport properties with regard to
the thickness of the CM membrane. The selectivity
and flow across the membrane were determined at
20�C for 30-, 50-, and 690-�m thick membranes, and
at 20 and 40�C for a 50-�m membrane. In each case,
we determined the arbitrary production parameter as
the product of � and �. The maximal value of this
parameter corresponds to the optimal relation between
the flow across the membrane and the selectivity
of separation. The production index appeared to
be maximal for the 50-�m membrane (8.36 and
12.95 kg m�2 h�1 at 20 and 40�C, respectively).

In terms of the existing concept of the pervapora-
tion mechanism, the immediate cause of the effect of
the membrane thickness is associated with the pene-
trant concentration gradient across the membrane. In
steady-state mass transfer, the penetrant concentration
decreases in the direction to the permeate side of the
membrane. Therefore, the surface of the membrane
at the feed side occurs in the state maximally close to
the condition of equilibrium swelling with regard to
the components of the mixture. In this zone, the selec-
tivity of separation is relatively low as a result of the
plasticization of the surface layers of the membrane.
In deeper layers, the degree of approaching the equi-
librium swelling should decrease. As a result, �drier�
layers at the permeate side are plasticized to a smaller
extent, and the flexibility of the polymer chains or
their segments in this zone is considerably lower,
which should exert a positive effect on the separation
selectivity. At the same time, with all other conditions
being equal, with increasing concentration of more
penetrable component in the mixture, the flow across
the membrane increases. In this case, the concentra-
tion gradient and the thickness of the �dry� layer de-
crease, negatively affecting the selective properties.

This concept gives grounds to use the term �cross-
membrane selectivity gradient.� In each particular
case of separation, the occurrence of such a gradient
allows control of the transport characteristics of the
membrane, including �. In this connection, it may be
concluded that the use of the term �ideal partition
factor� is incorrect with respect to pervaporation
membranes as continuous nonporous films, since,
with all other conditions being equal, � will increase
with increasing thickness of the membrane.

To conclude, mixtures of aliphatic alcohols and
aromatic hydrocarbons can be separated on pervapora-
tion membranes in a single stage, to obtain the con-

c, wt %

Ethyl acetate Acetic acid Ethanol Water

Fig. 5. Initial composition of the mixture ethyl acetate�
acetic acid�ethanol�water compared to the compositions of
permeates in separating the initial mixture in the per-
vaporation and evaporation modes with the CM membrane.
(c) Component concentration. (1) Initial mixture; permeate
composition: (2) pervaporation and (3) evaporation.

centration of the aromatic component in permeate of
up to 80�90 wt %. The resulting permeates can be
then partitioned by, e.g., ordinary distillation. An
alternative can be the use of methanol- or ethanol-
selective pervaporation membranes in the second
stage also. Furthermore, the IGC analysis revealed
high affinity of CM for methyl acetate and ethyl ace-
tate and low affinity for water and aliphatic alcohols.
This difference could be of interest in view of the use
of CM membranes in industrial processes in a series
with a reactor, to shift the equilibrium of esterification
and also to remove the target products from the reac-
tion zone.

The histogram in Fig. 5 represents the results of
separation of a four-component mixture whose com-
position models the esterification equilibrium realized
in synthesis of ethyl acetate (55.0, 17.1, 15.4, and
12.5 wt % of ethyl acetate, acetic acid, ethanol, and
water, respectively). The process was carried out at
20�C with direct contact of the simulated mixture with
the surface of the CM membrane (pervaporation
mode) or on a membrane in contact with vapor of this
mixture (evaporation mode). In both cases, we ob-
served considerable enrichment of permeate with ethyl
acetate (from 55 to 91.6 and 93.8 wt %, respectively)
with parallel significant decrease in the concentrations
of acetic acid, ethanol, and water (1.5 and 0, 4.1 and
3.4, and 2.2 and 2.8 wt %, respectively). It is worth
noting that the permeability of the membrane in the
pervaporation and evaporation modes is considerably
different (2 and 0.1 kg m�2 h�1, respectively). Finally,
our results are of interest in view of formation of
composite CM membranes with higher permeability.
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CONCLUSIONS

(1) The possibility of controlling the membrane
permeability and selectivity with respect to some
individual gases or their mixtures, as well as the direc-
tion of selective mass transfer in separating water�
ethanol mixtures, was demonstrated with an example
of cellulose acetomyristate membranes of various
compositions.

(2) A comparative analysis is made of the selectiv-
ity of separation of binary organic and aqueous-
alcoholic mixtures on cellulose myristate and aceto-
myristate membranes in the pervaporation and evap-
oration modes.

(3) The direction of selective mass transfer of
components of organic mixtures across the cellulose
myristate membrane can be predicted using the in-
verse gas chromatography.

(4) Cellulose myristate membranes are efficient for
recovery of toluene and benzene from their mixtures
with, respectively, methanol and ethanol, particularly
from azeotropic mixtures.

(5) The separating properties of cellulose myristate
membrane are studied with regard to a multicompo-
nent mixture simulating the esterification equilibrium
realized in synthesis of ethyl acetate. Ethyl acetate can
be concentrated in permeate to 91.6�93.8 wt %.
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Abstract�The composition and content of polysaccharides obtained from different samples of rice husk by
successive treatment with water, ammonium oxalate (or oxalic acid), and alkali were studied. The chemical
composition of the rice husk residues after the extraction was examined, and the possibility of their use for
preparing amorphous silica or cellulose-containing products, depending on the hydrolysis conditions, was
assessed.

Cleaning and polishing of rice grains involves for-
mation of a large-tonnage waste, husk and dust, which
is a valuable and renewable vegetable raw material for
chemical industry [1�3]. It was shown previously that
amorphous high-purity silica and xylitol can be pre-
pared from rice husk [4], and phytin, from rice dust
[5]. Rice husk and straw are also sources of poly-
saccharides [6]. Polysaccharides are widely used in
various branches of industry, e.g., in production of
fibers, films, adhesives, ethanol, and medicinals [6, 7].
Polysaccharides from higher herbs, including those
from the Russian Far East, exhibit a broad spectrum
of biological activity (immunomodulating, antiphlo-
gistic, antiviral, antitumor, anticomplementary,
wound-healing, etc.) [8, 9]. Data on the biological
activity of polysaccharides recovered from vegetable
waste, in particular, from rice husk, are virtually
lacking.

This paper, continuing our studies on integrated
processing of rice production wastes, concerns the
chemical composition of rice husk polysaccharides
recovered by various extraction proceduures and of
the insoluble residues.

EXPERIMENTAL

We studied the composition and content of poly-
saccharides (PSs) in rice husk (RH-1, RH-2, RH-17)
and dust (RD) samples taken in different years from
the Primor’e and Krasnodar krais, and also of phytin
recovered from rice dust without (phytin-1) and with
(phytin-2) ultrafiltration by the method described
in [5].

The RH samples usually contain an impurity of
fine fractions of husk, grains, and dust (2�11 wt %
depending on the equipment used). The husk particle
size in our experiments was less than 2 mm. The RH
samples were preliminarily washed with water and
dried at 95�C in air to constant weight.

The RH and RD samples were treated successively
with water, ammonium oxalate, an alkali. For this
purpose, a sample was placed in water (weight ratio
�1 : 10) and heated on a water bath for 3 h. The solu-
tion was separated from the RH or RD residue by
filtration and concentrated by evaporation on a rotary
evaporator, after which the polysaccharides were pre-
cipitated with acetone (volume ratio of the solutions
1 : 4). The polysaccharide precipitate was separated by
centrifugation, dissolved in water, and freeze-dried to
obtain polysaccharides of aqueous extraction.

To the residue of RH and RD after treatment with
water, we added a 0.5 N solution of ammonium ox-
alate (weight ratio �1 : 10) and heated on a water bath
for 3 h. The solution was separated from the undis-
solved residue by filtration and subjected to dialysis
against running water (2�3 days) and then against
distilled water (1 day). After that, the solution was
concentrated, and a fourfold volume of acetone was
added. The precipitate formed was separated by cen-
trifugation, dissolved in water, and freeze-dried to
obtain polysaccharides of oxalate extraction.

The solid residue of RH or RD after treatment with
water and ammonium oxalate was suspended in 0.5 N
NaOH and heated on a water bath for 2 h. The solu-
tion was separated by centrifugation (5000 rpm,
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Table 1. Monosaccharide composition and content of polysaccharides in extracts from RH and RD
������������������������������������������������������������������������������������

Raw
�

Treatment
�

PS yield based on
� Monosaccharide composition,* mol %

� � ��������������������������������������������������
material � �raw material, wt %� Rha � Ara � Xyl � Man � Glc � Gal

������������������������������������������������������������������������������������
RH-1 � H2O � 1.2 � � � � � � � � � 100 � �

� (NH4)2C2O4 � 2.0 � � � � � � � � � 100 � Traces
� NaOH � 5.0 � Traces � 19 � 26 � Traces � 46 � 9

RH-2 � H2O � 0.9 � � � Traces � 3 � � � 91 � 6
� (NH4)2C2O4 � 14.5 � � � 11 � 19 � � � 64 � 6
� NaOH � 10.7 � � � 20 � 46 � � � 22 � 12

RD � H2O � 18.0 � � � Traces � Traces � � � 98 � 2
� (NH4)2C2O4 � 5.7 � � � � � � � 3 � 92 � 5
� NaOH � 3.3 � � � Traces � Traces � � � 100 � �

������������������������������������������������������������������������������������
* Free polysaccharides: (Rha) rhamnose, (Ara) arabinose, (Xyl) xylose, (Man) mannose, (Glc) glucose, and (Gal) galactose; the same

for Table 2.

20 min) and worked up as described above, to obtain
polysaccharides of base extraction.

The isolated polysaccharides were subjected to acid
hydrolysis, performed by treatment with 1 N trifluoro-
acetic acid (TFAA) at 100�C for 4�5 h. The qualita-
tive and quantitative monosaccharide composition of
the products was determined by paper chromatography
(PC), gas�liquid chromatography (GLC), and gas
chromatography�mass spectrometry (GC�MS) after
conversion of the polyols to acetates. The descending
PC was performed on Filtrak FN-12 paper in the sys-
tem 1-butanol�pyridine�water (6 : 4 : 3 by volume).
Monosaccharides were detected with an alkaline solu-
tion of silver nitrate. Gas�liquid chromatography was
performed with an Agilent 6850 chromatograph (the
United States) equipped with a flame ionization detec-
tor. An HP 5MS capillary column (30 m � 250 �m �
0.25 �m), was coated with 5% methylphenylsiloxane.
The column temperature schedule was as follows:
150�C, 1 min; heating to 230�C, 3 deg min�1; 230�C,
10 min. The GC�MS analysis was performed with a
Hewlett�Packard 6890 chromatograph (the United
States). The capillary column and temperature sched-
ule were the same as in the GLC analysis. The chro-
matograph was interfaced with a Hewlett�Packard
5973 mass spectrometer (the United States).

Data on the polysaccharides obtained by aqueous,
oxalate, and base extraction of RH and RD samples
are given in Table 1. All the polysaccharides of aque-
ous extraction consist essentially of glucans. The
polysaccharide of oxalate extraction from RH-1 is also
glucan, and that recovered from RH-2 contains, along
with glucose, also xylose, arabinose, and galactose.
The polysaccharide recovered by oxalate extraction
from RD consists of gluconate with a minor impurity

of galactose and mannose. The polysaccharides recov-
ered by base treatment of RH contain the residues of
arabinose, xylose, glucose, and galactose; the mono-
saccharide ratio is different depending on the source of
the raw material (RH-1, RH-2). The polysaccharides
from RD are mainly glucans irrespective of the extrac-
tion procedure.

To develop an integrated scheme of utilization of
rice production wastes, it is necessary to know the
content in them of water-soluble low-molecular-
weight carbohydrates (free monosaccharides, FMs).
Below are data on the composition and content of
FMs in RH depending on the treatment procedure. We
studied the RH-17 specimen, which is of the same
origin as RH-1, and a phytin specimen. We prepared
and analyzed six samples of RH-17 treated as follows.

Sample no. 1 (RH-17, H2O, 1 h, 60�90�C).
A 5-ml aliquot of the solution was treated with KU-
2(H+) resin. A half of the aliquot was reduced with
sodium borohydride, and the remaining part was hy-
drolyzed with a 1 N solution of TFAA (4 h, 100�C).
In both cases, the polyols were converted to acetates,
which were analyzed by GLC and GLC�MS.

Sample no. 2 (RH-17, 0.1 N NaOH, 1 h, 60�C).
A 5-ml aliquot of the solution was neutralized with
HCl, treated with KU-2(H+) resin, and worked up as
described above.

Sample no. 3 (RH-17, 0.1 N H2C2O4, 1 h, 60�C).
A 5-ml aliquot of the solution was neutralized with
concentrated ammonia and treated with KU-2(H+)
resin. A half of the solution was analyzed without
hydrolysis, and the other half, after acid hydrol-
ysis, as described above.
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Table 2. Composition and content of FMs recovered from RH-17, phytin-1, and phytin-2 as influenced by the treatment
of the raw material
������������������������������������������������������������������������������������

Sample
�

Treatment
�

FM + PS*
� Content of monosaccharides, mol %

� � ��������������������������������������������������������
� � � Rha � Ara � Xyl � Man � Glc � Gal � Int*

������������������������������������������������������������������������������������
RH-17: � � � � � � � � �

no. 1 �H2O � FM � � � 34 � 9 � 17 � 40 � � � �

� � FM + PS � � � 33 � 20 � 15 � 22 � 10 � �

no. 2 �NaOH � FM � � � 70 � 16 � Traces � 14 � Traces � �

� � FM + PS � 5 � 23 � 31 � 4 � 24 � 13 � �

no. 3 �H2C2O4 � FM � � � 72 � 10 � 4 � 11 � 3 � �

� � FM + PS � � � 65 � 20 � � � 8 � 7 � �

no. 4 �H2O, � FM � � � 95 � 5 � � � Traces � Traces � �

�H2C2O4 � � � � � � � �
no. 5 �H2O, � FM � � � Traces � � � � � � � � � �

�NaOH � FM + PS � 8 � 30 � 45 � Traces � 9 � 8 � �

no. 6 �H2O, H2C2O4,� FM � � � � � � � � � � � � � �

�NaOH � � � � � � � �
Phytin-1 �[5] � FM � � � Traces � � � � � Traces � � � Traces

� � � � � � � � � � � � � � � 100
Phytin-2 �[5] � FM � � � Traces � � � � � Traces � � � Traces

� � � � � � � � � 38 � 18 � � � 45
������������������������������������������������������������������������������������
* (FM) Without hydrolysis; (FM + PS) after hydrolysis.

** (Int) Inositol.

Sample no. 4 (RH-17, successive treatment with
H2O and 0.1 N H2C2O4). The extract was treated
similarly to sample no. 2; the aliquot was analyzed
without hydrolysis by GLC and GC�MS.

Sample no. 5 (RH-17, successive treatment with
H2O and 0.1 N NaOH). The aliquot of the extract was
treated similarly to sample no. 3. The monosaccharide
analysis of the solution was performed both without
hydrolysis and after acid hydrolysis.

Sample no. 6 (RH-17, successive treatment with
H2O, 0.1 N H2C2O4, and 0.1 N NaOH). After neutra-
lization of the solution and its treatment with KU-2
resin, the sample was analyzed without hydrolysis.

The results of analysis of the extracts for FMs are
listed in Table 2. It is seen that low-molecular-weight
carbohydrates are quantitatively recovered in the first
extraction, irrespective of whether it was performed
with water (sample no. 1), alkali solution (sample
no. 2), or acid solution (sample no. 3). The mono-
saccharide composition only slightly depends on the
RH-17 treatment procedure, but the quantitative ratios
of the monosaccharides are different. In all the cases,
polysaccharides are extracted together with FMs, as
indicated by the difference in the quantitative ratio
of FMs in the same RH-17 sample before and after
hydrolysis.

In successive extraction of RH-17 with water and
then with oxalic acid (sample no. 4), or alkali (sam-
ple no. 5), or with both acid and alkali (sample no. 6),
FMs were detected only in extract no. 4. This can be
accounted for by the fact that oxalic acid partially
hydrolyzes polysaccharides present in the solution.

In the initial phytin samples (Table 2), inositol was
detected by GLC in trace amounts, since it is present
in the form of inositol phosphate. After acid hydrol-
ysis, we identified in phytin-1 only inositol (100%),
and in phytin-2, also mannose and glucose. Different
composition of the phytin samples may be due to
different procedures for their recovery from solution
after acid hydrolysis of RD: phytin-1 was precipitated
with ammonia from the crude hydrolyzate, and phy-
tin-2, from the hydrolyzate purified by ultrafiltration.
The hydrolyzate was purified by passing the solution,
according to [5], through UAM-150 cellulose acetate
membranes (pore diameter �10�15 nm) permeable for
molecules of a definite size. The molecular weights
of inositol, mannose, and glucose detected in phytin-2
(Table 2) are equal (180). These data show that, to
obtain a pure product from RD, ultrafiltration, giving
a number of advantages in processing of the raw
material [5], should be supplemented by washing of
phytin to remove FMs.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 11 2004

1886 ZEMNUKHOVA et al.

Table 3. Yield of water-soluble substances from RH and content of inorganic elements in residues after different treat-
ment procedures
������������������������������������������������������������������������������������

Raw
�

Treatment

� Soluble �
Re-

� Ash � SiO2 �
Content of elements in ash c � 103, wt %

mate-
� � sub- �

sidue
� residue � content �

� � stances � � from RH � in ash �
� �����������������������������������������������������������������rial
� � wt % � Fe � Al � Ca � Mg � Mn � Zn � Cu

������������������������������������������������������������������������������������
RH-17 �H2O � 12.5 � 87.5 � 14.0 � 96.7 � 51 � 46 � 620 � 85 � 26 � 25 � 0.1

�H2C2O4 � 13.3 � 86.7 � 14.3 � 99.9 � 63 � 34 � 790 � 348 � 88 � 20 � 0.1
�NaOH � 52.2 � 47.8 � 0.85 � 0.53 � 340 � 98 �27 600 � 8220 � 2330 � 220 � 6.0
� � � � � � � � � � � �RH-1 �H2O, (NH4)2C2O4,� 47.9 � 52.1 � 0.80 � 0.44 � 17 � 11 � 149 � 36 � 3 � 2 � 0.3
�NaOH � � � � � � � � � � �
� � � � � � � � � � � �RH-2 �H2O, (NH4)2C2O4,� 43.4 � 56.6 � 0.82 � 0.51 � 17 � 8 � 142 � 10 � 3 � 1 � 0.3
�NaOH � � � � � � � � � � �

������������������������������������������������������������������������������������

Comparison of our results with the data of [6, 10�
12] shows that the chemical composition and content
of water-soluble PSs and FMs in the rice production
wastes depends on a number of factors: kind of the
raw material (husk, straw, or dust), its origin (growth
region; actually, apparently, the plant strain is con-
cerned), and treatment procedure. In contrast to data
from [6], uronic acids were detected only in trace
amounts in some RH extracts.

The RH residues after extraction of water-soluble
substances (cellolignin) are raw materials for produc-
tion of amorphous silica [1�4] and, e.g., sorbents
based on plant fibers [13�15]. Therefore, the RH
residues after extractions were analyzed for the con-
tent of Si and metals by the procedures described
previously [4] (Table 3).

The ash residue (oxidative calcination at 700�
800�C [4]) from RH residue after aqueous or oxalate
treatment is 10�12 wt % relative to the dry starting
material. The content of amorphous silica in the ash
is 96.7 wt % after aqueous extraction of RH and 98.3�
99.9% after the oxalate treatment. The content of
silica in ash of the RH residue after base hydrolysis
does not exceed 0.6 wt %. The list of metals detected
in the cellolignin ash and their contents are listed in
Table 3.

CONCLUSIONS

(1) The chemical composition and content of
water-soluble polysaccharides and low-molecular-
weight carbohydrates in rice processing wastes depend
on the kind of the raw material (husk, straw, dust), its
origin (growth region, plant strain), and treatment

conditions. Aqueous and oxalate polysaccharides
mainly contain glucans.

(2) To obtain pure phytin from rice dust with ul-
trafiltration of the hydrolysis solution, it is necessary
to include in the flowsheet the step of washing the
product with water to remove free polysaccharides.

(3) High-purity amorphous silica can be prepared
from rice husk after its pretreatment with water and
acid. The content of the main substance, SiO2, in the
ash from the rice husk residue is 96.7�99.9 wt %, and
the ash yield is 10�12 wt % relative to the dry starting
material.
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Abstract�The effect of acidifying agent on autophoretic application of a polymeric composite material and
protective properties of the resulting coatings is studied.

Studies concerning intensification of the existing
processes for applying polymeric coatings to metallic
surfaces and improvement of these processes with
regard to environmental problems are directed pri-
marily at searching for novel cost-efficient solutions.
Among such new developments is the autophoretic
method of applying polymeric protective coatings
(PPCs) [1�3].

In this context, combining the unique properties of
Teflon (corrosion resistant, antifriction, and antiadhe-
sive) with the advantages of autophoretic deposition
(no loss of the applied material, possibility of full
automation, uniform thickness of PPC on articles of
complicated geometry, reduced power consumption
owing to utilization of the energy of the chemical
reaction) is a topical scientific and applied problem.

The autophoretic process is realized by immersing
metallic articles in an acidic aqueous composition
containing an organic coating-forming material in the
dispersed form, dispersing and acidifying agents, and
an oxidant [4, 5].

Acidifying agents are introduced to form concen-
tration and electric fields [6] that arise from a redox
reaction occurring on the metallic surface and cause
motion of the particles in autophoresis [7]. The auto-
phoretic formation of a gel-like PPC is similar to elec-
trochemical corrosion. In the presence of an acidifying
agent, anodic dissolution of a metal (M � Mz+ + ze)
and cathodic reduction of an oxidant or oxygen con-
tained in the system proceed [8].

Therefore, ionization of a metal takes place only in
the presence of an acidifying agent, being inseparably
linked with autodeposition from acidic solutions. This
process results in oxidation of a metallic support,
which induces the charge and distorts the stability
of the composition.

In this work we developed a composite Teflon-
based material and studied its applicability to auto-
phoretic deposition with regard to the nature of acidi-
fying agent.

PPCs were applied to pretreated surfaces of 08KP
steel.

The autophoretic bath was made from Plexiglas.
The process was carried out at 18�25�C. A sample
was fixed on a mechanical agitator using a specially
designed holder and immersed in the polymeric coat-
ing-forming dispersion. The rotation rate was 60 rpm.

pH of the composition was measured with a
pH-340 laboratory pH meter. The thickness of PPCs
was determined by the magnetic method using an
MT-2 instrument [9]; PPC yield, gravimetrically; and
electrokinetic potential of dispersed particles, by the
method of electrophoresis in a parallel-sided cell; and
PPC adhesion to the metallic surface, by the shear
stress according to GOST (State Standard) 14759�69.
The tribotechnical characteristics were determined on
an end friction-testing machine. The continuity of
PPCs was measured using an LOK-1M electric-con-
tact defectoscope; the viscosity, with an Ostwald
capillary viscometer; and corrosion resistance, by the
weight loss in corrosive media.

The composition used was found to be stable by
the dry residue, viscosity, aggregation state, and kinet-
ic parameters. Such a stable state was obtained after
optimization of the composition.

As coating-forming agents we used aqueous sus-
pensions of Teflon F-4D and Teflon F-4MD and a
solution of polymethylphenylsiloxane in toluene; as
mineral additives, carbon black, titanium dioxide,
mica, and Aerosil; and as organic solvents, xylene,
butyl Cellosolve, and furfuryl alcohol.
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To attain better compatibility and wetting of the
polymer phase, the mineral additives were dressed
with some modifiers, particularly, heterocyclic com-
pounds of the vinylpyrrolidone series and oxyethylated
alkylphenol. The dry residue of the initial composition
was 55 wt %; viscosity, 16 s (VZ-246 viscometer); and
pH, 6.5. The parameters of autophoretic deposition of
PPC were optimized with the composition selected on
the basis of preliminary experiments. The optimal
pH of the composition was found to be 3 (Fig. 1).

The optimal temperature (380�C) and time (30�
40 min) of heat treatment of PPC were established on
the basis of experimental data on the swelling of
PPC in acetone vapor and 10% nitric acid. All further
experiments were carried out at these process param-
eters.

We studied the effect exerted on autophoretic
deposition by such acidifying agents as phosphoric,
tetrafluoroboric, hydrofluoric, and sulfuric acids, and
a mixture of phosphoric and boric acids. The acids
were added in amount sufficient to attain pH 3.

Our results showed that the nature of acidifying
agent influences the �-potential of dispersed poly-
meric particles:

Acid �-Potential, mV

H2SO4 �27.9
H3PO4 + H3BO3 �39.4
HF �46.0
HBF4 �54.0
H3PO4 �62.0

The observed increase in the absolute value of the
�-potential on passing from sulfuric to phosphoric
acid can be attributed to the anion effect on the ad-
sorption of macromolecules of the coating-forming
agents on the surface of mineral additives. Formation
of the adsorption layer is controlled essentially by the
ion-electrostatic factor. Evidently, the presence of
phosphoric acid promotes adsorption to a larger extent
as compared to other acids. This conclusion is sup-
ported by data on the effect of anion on the yield of
PPC (Fig. 2).

As seen, the specific weight of PPC increases with
increasing �-potential. The optimal deposition time
was found to be 5�10 min regardless of the acid
added. With further increase in the deposition time,
the PPC weight reaches some critical value and then
decreases, which can be attributed to the fact that,
after reaching certain thickness, the polymeric coating
no longer grows, since the concentration of Fe2+ and
Fe3+ ions under the coating decreases below the
coagulation threshold, and, despite the fact that auto-

m, mg

Fig. 1. Coating weight m as a function of pH of the com-
position at the optimal deposition time (5 min).

�, min

m/S, kg m�2

Fig. 2. Yield of the deposit m /S as a function of the time
of deposition � with various acidifying agents (acids):
(1) H3PO4, (2) H3PO4 + H3BO3, (3) HF, (4) HBF4, and
(5) H2SO4; the same for Fig. 3.

phoretic transport of particles goes on then, they do
not precipitate [1]. Furthermore, in this case, some
part of the particles leaves the surface as a result of
weakening of the cohesion interaction of the compo-
nents in the coating.

The nature of the acidifying agent also affects the
protective characteristics of PPC (Fig. 3). In the cor-
rosion tests in 3 wt % HCl, the best protection char-
acteristics were obtained for PPCs prepared with phos-
phoric acid. This is clear in view of the fact that phos-
phoric acid forms insoluble phosphates with metals,
and phosphatization enhances the corrosion resistance
and adhesion [10, 11]. Another reason is that, among
the acids studied, phosphoric acid provides the highest
yield of the deposit (Fig. 2).

The results of corrosion tests of the autophoretic
coatings, prepared in the presence of phosphoric acid,
in various corrosive media are given in Fig. 4.
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m, mg

Fig. 3. Weight loss m in corrosion tests in 3 wt % HCl
for coatings prepared in the presence of various acids.

m, mg

Fig. 4. Weight loss m in corrosion tests in (1) industrial
atmosphere, (2) seawater, (3) 3 wt % NaCl, and (4) 3 wt %
HCl. (I) PPC, (II) Teflon coating, and (III) uncoated steel.

As seen, the corrosion resistance of the polymeric
composite coatings is higher by a factor of several
tens as compared to uncoated steel, being several
times higher than that of Teflon coatings prepared by
immersing in aqueous suspensions of Teflon F-4D
and F-4MD.

The adhesion tests of PPCs prepared with various
acids also showed that phosphoric acid is the most
effective acidifying agent. The adhesion of such coat-
ings is rather high, ranging from 5.0 to 6.0 MPa:

Acid Adhesion, MPa

H3PO4 5.9
H3PO4 + H3BO3 5.5
HF 5.0
HBF4 4.9
H2SO4 4.5

CONCLUSIONS

(1) The nature of acidifying agent affects auto-
phoretic deposition of polymeric composite coatings
from compounded polymer dispersions, the effect
being controlled by the adsorption characteristics
of its anion.

(2) Among the acids studied, phosphoric acid is
the most effective acidifying agent for applying coat-
ings to 08KP steel, as providing the largest thickness
of the coating and the highest adhesion and protective
characteristics.
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Abstract�Hydrolytic copolycondensation of ethyl silicate with copper salts in the presence of a base catalyst
(NH4OH) without organic solvent was studied.

Previously [1�3] we studied metal-containing
(Cu, Co, Zn, Sn, Pb, etc.) siloxanes prepared by the
sol�gel procedure involving homogeneous hydrolysis
of ethyl silicate in 2-propanol in the presence of
a base catalyst (NH4OH) [1�3].

In practice, it is better to perform the sol�gel proc-
ess without solvent. The advantage of the heterogene-
ous procedure is the absence of undesirable influence
of the solvent impurities.

However, in the absence of solvent the reaction is
substantially decelerated and the molecular uniformity
of the products decreases. This is mainly due to phase
segregation and emulsification.

Probably, a heterogeneous reaction can be promoted
by choosing appropriate pH, temperature, and anion of
the initial metal salt.

EXPERIMENTAL

The heterogeneous sol�gel process was simulated
with commercial Etilsilikat-40 (partially hydrolyzed
tetraethoxysilane) and copper salt crystal hydrates
CuSO4 �5H2O, CuCl2 �2H2O, Cu(NO3)2 �5H2O, and
Cu(OCOCH3)2 �H2O.

As in our previous works, these salts were chosen
because of formation of stable copper ammine com-
plexes in a wide pH range. The preparation conditions
were similar to those described in [3] except for the
absence of the organic solvent. The products of hy-
drolytic copolycondenstaion were thoroughly washed
by decanting and were dried at 120�0.5�C to form
xerogels. The xerogel was studied by thermal analy-
sis in air (an MOM derivatograph, heating rate

10 deg min�1) and by IR spectroscopy (a Specord
IR-75 spectrophotometer, KBr pellets). To determine
water absorption, the samples were kept at a 98% rela-
tive humidity for 72 h and then were weighed. The
copper content in the xerogel was determined from
that in the solution separated from the xerogel [4].

We found that the copper content in polycupra-
siloxanes prepared by heterogeneous hydrolysis
strongly depends on the anion of the initial salt, con-
densation temperature, and pH of the reaction mixture
(Table 1). In the subsequent experiments we used
polycupraethoxysiloxane prepared under the condi-
tions (35�C, pH 12) that, on the average, proved to be
the best.

Table 1. Degree of copper binding in polycupraethoxy-
siloxanes
����������������������������������������

Salt

�
pH of

� �, %, at indicated reaction
�

solu-
� temperature, �C

� �����������������������
� tion � 25 � 35 � 45 � 55

����������������������������������������
CuCl2 � 11.5 � 67.6 � 69.8 � 66.2 � 56.1

� 12.0 � 93.2 � 95.9 � 75.3 � 68.0
� 12.25 � 69.8 � 73.5 � 65.3 � 49.7

CuSO4 � 11.5 � No cuprasiloxane formation
� �� 12.0 � 43.1 � 93.4 � 84.5 � 95.6
� 12.25 � 68.5 � 90.4 � 86.7 � 91.0

Cu(OCOCH3)2 � 11.5 � 63.3 � 66.9 � 54.1 � 51.4
� 12.0 � 61.0 � 81.6 � 77.1 � 68.8
� 12.25 � 72.5 � 81.6 � 72.5 � 69.7

Cu(NO3)2 � 11.5 � 89.9 � 92.6 � 71.9 � 59.7
� 12.0 � 89.5 � 90.0 � 77.2 � 76.2
� 12.25 � 46.5 � 56.2 � 38.6 � 38.5

����������������������������������������
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Table 2. Shift �� of the �as(Si�O) band (1093 cm�1 in
copper-free xerogels) in the IR spectra of polycupraethoxy-
siloxane xerogels
����������������������������������������

T, �C
� ��, cm�1

�����������������������������������
� CuSO4 � CuCl2 � Cu(NO3)2 � Cu(OCOCH3)2

����������������������������������������
25 � �7 � �16 � �29 � �10
35 � �13 � �20 � �27 � �13
45 � �13 � �14 � �13 � �6
55 � �13 � �12 � �13 � �4

����������������������������������������
* Minus indicates the low-frequency shift

Table 3. Halfwidth ��1/2 and optical density D of the
�as(Si�O) band (about 1093 cm�1) in the IR spectra of
polycupraethoxysiloxane xerogels
����������������������������������������

T, �C
� ��1/2, cm�1/D
�����������������������������������
� CuSO4 � CuCl2 �Cu(NO3)2� Cu(OCOCH3)2

����������������������������������������
25 � 93/0.56 �108/0.61�106/0.47 � 96/0.85
35 � 96/0.65 �120/0.82� 99/0.46 � 106/0.98
45 � 99/0.66 �103/0.58� 95/0.87 � 95/0.85
55 �113/0.76 �103/0.58� 93/0.96 � 90/0.79

����������������������������������������

Table 4. Shift �� of the �s(Si�O) band (800 cm�1 in
copper-free xerogels) in the IR spectra of polycupra-
ethoxysiloxane xerogels
����������������������������������������

T, �C
� ��, cm�1

�����������������������������������
� CuSO4 � CuCl2 � Cu(NO3)2 �Cu(OCOCH3)2

����������������������������������������
25 � �14 � �24 � �35 � �26
35 � �20 � �27 � �27 � �26
45 � �27 � �22 � �24 � �23
55 � �27 � �21 � �20 � �20

����������������������������������������

Table 5. Halfwidth ��1/2 and optical density D of the
�s(Si�O) band (about 800 cm�1) in the IR spectra of poly-
cupraethoxysiloxane xerogels
����������������������������������������

T, �C
� ��1/2, cm�1/D
�����������������������������������
� CuSO4 � CuCl2 �Cu(NO3)2� Cu(OCOCH3)2

����������������������������������������
25 � 23/0.04 � 26/0.04 � 26/0.02 � 26/0.05
35 � 25/0.04 � 30/0.06 � 26/0.04 � 26/0.05
45 � 26/0.04 � 23/0.07 � 25/0.06 � 25/0.06
55 � 26/0.05 � 23/0.08 � 25/0.11 � 23/0.07

����������������������������������������

The product of hydrolytic copolycondensation of
ethyl silicate with copper salts in the presence of the
base catalyst and in the absence of an organic solvent
contains lattice and surface Si�O�Cu�O and Si�O�Si
groups and minor amount of ethoxy groups. The pres-
ence of Si�O�Cu�O and Si�O�Si groups is indicated
by the shift of the �as(Si�O) band (1093 cm�1) with
respect to this band in the spectra of silica xerogels
free of copper. The shift depends on the anion of the
initial copper salt (Table 2). The maximal shift of the
�as(Si�O) band at 1093 cm�1 in the spectra of poly-
cuprasiloxanes prepared from CuSO4, CuCl2 �2H2O,
Cu(NO3)2, and Cu(OCOCH3)2 is �13, �20, �29, and
�13 cm�1, respectively, and corresponds to the maxi-
mal copper content in the polycupraethoxysiloxanes
(Tables 1, 2). The temperature dependence of the
optical parameters of the �as(Si�O) band in the IR
spectra of xerogels prepared at pH 12 correlates well
with the copper content in these materials except for
the xerogel prepared from Cu(NO3)2 (Tables 1, 2). In
the latter case, the optical density of the �as(Si�O)
band increases and its halfwidth ��1/2 decreases
(Table 3). This is likely due to formation of cyclic
fragments whose arrangement in the xerogel structure,
unlike that of the other cross-linked structures, is
three-dimensional or linear.

The structural transformations occurring mainly in
the Si�O�Si groups are characterized by the optical
parameters of the �s(Si�O) band at about 800 cm�1.
These data are consistent with the change in the
optical parameters of the �as(Si�O) band (about
1093 cm�1), i.e., the siloxane skeleton of the polymer
changes simultaneously with the metallosiloxane
structure and the changes depend on both the salt
anion and the condensation conditions. The param-
eters of the �s(Si�O) band are presented in Tables 4
and 5.

Polycupraethoxysiloxane xerogels consists mainly
of metal silicates. As determined by thermal analy-
sis, the metal silicate content ranges from 80.7 to
92.1 wt %, depending on the anion of the initial
copper salt. The weight loss at 200�450�C and the
corresponding exoeffects in the DTA curves are due to
the presence of residual ethoxy groups in the xerogels
(Tables 6, 7).

The DTA curves of copper silicates prepared from
copper nitrate and copper acetate contain a single
exothermic peak at 300�C. Two exoeffcet in the range
290�320�C are observed in the DTA curves of xero-
gels prepared from copper chloride and copper sulfate.
In all cases, these peaks are shifted to higher tempera-
tures with increasing condensation temperature. The
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Table 6. Weight loss �m of polycupraethoxysiloxane
xerogels at 200�450�C and the copper silicate content in
the xerogels c
����������������������������������������

T, �C
� �m, wt %/c, wt %
�����������������������������������
� CuSO4 � CuCl2 �Cu(NO3)2�Cu(OCOCH3)2

����������������������������������������
25 �3.02/90.9 � 2.46/92.1� 4.90/87.5� 3.67/89.1
55 �2.73/90.1 �16.50/81.5�13.73/80.7� 6.12/87.3

����������������������������������������

Table 7. Exothermic peak temperature Tmax in the DTA
curves of polycupraethoxysiloxane xerogels*
����������������������������������������

T,
� Tmax, �C
�������������������������������������

�C � CuSO4 � CuCl2 �Cu(NO3)2�Cu(OCOCH3)2
����������������������������������������
25 �290 s/330 s�300 s/320 m� 300 s � 300 s
55 �300 s/340 s�360 s/550 w� 320 s � 335 s
����������������������������������������
* Intensity of the exothermic effect: s, strong; m, medium;

w weak

xerogels, especially those prepared at 55�C, differ in
the degree of condensation. The xerogels prepared at
55�C have a high degree of condensation and contain
substantial amount of intraglobular alkoxy groups,
which is indicated by the weight loss at 200�450�C
(especially for copper silicates prepared from copper
chloride and copper nitrate) and the shift of the exo-
thermic peak to higher temperatures.

Thus, the structures of both siloxane skeleton and
the Si�O�Cu�O�Si fragments of the polymers pre-
pared at 25 and 55�C differ substantially. Either cross-
linked or cyclolinear polymers are formed depending
on the anion of the initial copper salt and the reaction
conditions. The degree of copolycondensation (the

copper content in the xerogel) depends on both the
anion of the copper salt and the reaction conditions
(temperature and pH of the reaction mixture).

Water sorption by the polycupraethoxysiloxanes
depends on the anion of the copper salt. Xerogels
prepared from CuSO4, CuCl2, Cu(NO3)2, and
Cu(OCOCH3)2 adsorb 25.3, 21.7, 17.9, and 34.5 wt %
water, respectively.

CONCLUSIONS

(1) The degree of hydrolytic copolycondensation
of ethyl silicate with copper salts in the presence
of a base catalyst (NH4OH) without organic solvent
and the composition and properties of the polycupra-
ethoxysiloxanes are determined by the anion of the
copper salt, temperature, and pH of the reaction mix-
ture.

(2) Cuprasiloxanes prepared from CuSO4, CuCl2,
and Cu(OCOCH3)2 have three-dimensional cross-
linked structure. The structure of the polymers pre-
pared from Cu(NO3)2 is cyclolinear.

REFERENCES

1. Sviderskii, V.A., Voronkov, M.G., Klimenko, V.S., and
Klimenko, S.V., Zh. Prikl. Khim., 1997, vol. 70, no. 10,
pp. 1698�1703.

2. Sviderskii, V.A., Voronkov, M.G., Klimenko, S.V., and
Klimenko, V.S., Zh. Prikl. Khim., 2001, vol. 14, no. 7,
pp. 1137�1141.

3. Sviderskii, V.A., Voronkov, M.G., Klimenko, V.S., and
Bystrov, D.N., Zh. Prikl. Khim., 2001, vol. 74, no. 12,
pp. 2027�2030.

4. Marczenko, Z., Kolorymetryczne oznaczanie pierwiast-
kow, Warszawa: Naukowa-Techniczne, 1968.



1070-4272/04/7711-1894�2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 11, 2004, pp. 1894 �1895. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 11,
2004, pp. 1912�1913.
Original Russian Text Copyright � 2004 by Panasenko, Mazunin.

BRIEF
������������������������������� �������������������������������

COMMUNICATIONS

Solubility in the NaCl�(C2H5)2NH�H2O System at 50�C

V. A. Panasenko and S. A. Mazunin

State Research and Planning Institute of Basic Chemistry, Kharkov, Ukraine
Perm State University, Perm, Russia

Received February 21, 2003; in final form, June 2004

Abstract�The solubility in the system NaCl�(C2H5)2NH�H2O at 50�C was studied. The shape of the
solubility isotherm was analyzed.

The NaCl�(C2H5)2NH�H2O system at 50�C, which
determines the preparation conditions of a saturated
solution of sodium chloride (mass fraction of NaCl is
26% [1�3]) and diethylamine, has not been described
in the literature. The phase equilibria in the NaCl�
(C2H5)2NH�H2O system are known only for 10, 20,
and 30�C [1, 2].

The main method of studying solubility is the
modified method of residue [3�5]. In the modified
method, we used the compositions of the saturated
solution and initial reaction mixture, instead of resi-
due, to calculate the composition of the equilibrium
solid phase. The mass ratio of the components in the
initial mixture samples was chosen so that the com-
positions were heterogeneous and the mass ratios of
the solid to liquid phase did not exceed 2 : 5. When
studying the monotectic region, in which two liquid
phases and NaCl crystals coexist, we used the half-
sum of the contents of the system components in the
upper and lower liquid phases. Equilibration was
judged by constancy in three measurements of the re-
fractive index of the liquid phase, which is a physical
property of a medium that can be determined readily
and accurately. The measurements were performed
on an RL1 refractometer in 30-min intervals. The
measurements started after thermostating for 3 h at
50�0.1�C.

The Na+ ions were determined by the flame pho-
tometry on a Zeiss photometer and an F-30 digital
recorder. Practically, the determination was performed
as follows: Three different weighed portions, sampled
after the thermostating, were placed into 0.1 dm3

volumetric flasks, and distilled water was added to
the mark. Then the flame intensity was determined
with samples from all the three flasks. After that, the
intensity of 3�5 reference solutions was measured. We
used reference NaCl solutions of the concentrations

from 0.0001 to 0.1 mol dm�3, prepared from reference
samples.

The concentration of the Na+ ions was determined
from the linear dependence of the flame intensity
on the logarithm of the concentration.

The molal concentrations of the sodium ions
(mol kg�1) in the weighed portions were calculated
by the formula:

cNa+ VR
[Na+] = ������, (1)

m

where cNa+ is the molar concentration of a sodium
cation in the volumetric flask, as determined by the
linear interpolation (mol dm�3); V, flask volume
(ml); R, dilution of the solution; and m, mass of the
weighed portion m (g). The unknown quantity was
determined as the mean of the three obtained values.

The content of the chloride ions was determined by
argentometric titration [4, 5]. The equivalent point
was determined from the functional dependence of the
silver electrode potential on the amount of the AgNO3
solution added. A glass electrode was the reference.
The test solution was acidified with an 85% H3PO4
solution (1 ml). The potential of the silver electrode
in the course of the titration was measured with an
EV-74 pH meter.

The molal concentration (mol kg�1) of the chloride
ions was calculated by the formula

VAgNO3
cAgNO3

KAgNO3
R

[Cl�] = �������������������, (2)
m

where VAgNO3
is the volume of AgNO3 solution spent

for titration (ml); cAgNO3, concentration of AgNO3
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Solubility in the NaCl�(C2H5)2NH�H2O system at 50�C
����������������������������������������
Component content in liquid phases, wt % �

Solid phase�������������������������������
NaCl � (C2H5)2NH � H2O �

����������������������������������������
8.7 � 22.7 � 68.6 � �

6.0/13.9* � 40.6/11.1 � 53.4/75.0 � �

3.6/19.1 � 56.6/6.4 � 39.8/74.5 � �

1.65/25.0 � 68.9/3.5 � 29.45/71.5 � NaCl
1.3 � 73.9 � 24.8 � NaCl

26.9 � � � 73.1 � NaCl
����������������������������������������
* Numerator, component content in the upper liquid phase Lu;

denominator, that in the lower liquid phase Ll.

solution (for titration we used a 0.05 M solution);
KAgNO3

, correction coefficient of AgNO3 solution;
R, dilution (part of the weighed portion taken for the
titration); and m, mass of the weighed portion (g).

The diethylamine content was determined by direct
potentiometric acidometric titration [5]. The func-
tional dependence of the pH of the titrated solution on
the amount of the acid solution added has a single
pH jump. The titration was done on a T-108 auto-
mated titrator by determining the volume of a 0.1 M
HCl solution spent for the titration to the equivalent
point. The pH value was measured on a pH-121
device.

We used chemically pure grade NaCl and pure
grade diethylamine distilled at the boiling point
(55.6�C).

NaCl + L
L1 + L2

Ll

Lu

NaCl + L

NaCl + Ll + Lu

Solubility in the NaCl�(C2H5)2NH�H2O system at 50�C.

The experimental solubility data are presented in
the table and in the figure.

The solubility isotherm of the system is mono-
tectic. The following areas were revealed: the area of
the unsaturated solutions L, the area of the two-phase
liquid equilibrium L1 + L2, the three-phase area in
which NaCl crystals and two liquid phases NaCl +
Ll + Lu coexist, and the area of the NaCl (NaCl + L)
crystallization, broken by the monotectic area into
two parts.

The composition of the liquid phases in monotectic
equilibrium with the NaCl crystals is as follows
(wt %): NaCl 1.65, (C2H5)2NH 68.9, H2O 29.45
(point Lu); NaCl 25.0, (C2H5)2NH 3.5, and H2O 71.5
(point Ll).

As seen from the phase diagram, the largest area is
occupied by the fields of the NaCl crystallization and
by the monotectic field of the three-phase equilibrium;
the field of coexistence of two liquid phases and the
field of unsaturated solutions occupy a smaller area.

CONCLUSIONS

(1) The solubility in the NaCl�(C2H5)2NH�H2O
system at 50�C was studied.

(2) The solubility isotherm is monotectic. Diethyl-
amine exerts the salting-out effect on NaCl and forms
a system of two liquid phases with NaCl solutions
at 50�C.
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Abstract�Preparation of ultradispersed transition metals (20�100 nm) by reduction of metal complexes
in molecular microreactors (cavities of immobilized calixarenes, polyelectrolytes) was studied.

Preparation and study of untradispersed metals and
preparation of functional materials on their base are
urgent problems of modern science [1]. It is known
[2] that cross-linked polymers (polyelectrolytes) can
be used as matrices for preparing ultradispersed met-
als. Cavities, complexes, and intercalated compounds
contained in cross-linked polymers are immobilized
microreactors providing certain spatial organization of
molecules [3]. A study of processes occurring in
immobilized microrecators gives insight into highly
organized chemical transformations in supramolecular
systems.

Previously [4] we prepared new cross-linked poly-
mers with grafted cis-calix[4]resorcinolarene deriva-
tives capable of forming intercalation compounds [5],
i.e., having properties of a microreactor.

The aim of this work was to prepare ultradispersed
transition metals in cross-linked polymers (polyelec-
trolytes), to study their catalytic activity in hydrogena-
tion of organic nitro compounds, and to use cis-calix-
[4]resorcinolarenes immobilized in the polymeric mat-
rix as microreactors for reduction and hydrogenation.

EXPERIMENTAL

Ultradispersed metals (Pd, Cu, and Ni) were pre-
pared in pores of KU-2-12P and KU-23 sulfonic cation
exchangers, AV-17 anion exchanger, and cross-linked
polymer with immobilized cis-tetraphenylcalix[4]resor-
cinolarene groups. The Cu2+, Ni2+, and [Pd(NH3)4]2+

cations were introduced in the sulfonic cation ex-
changer by the ion-exchange procedure. Reduction of
palladium(II) tetraammine complex in the matrix
yields 20�100-nm palladium particles. The X-ray pat-
tern of KU-23 macroporous sulfonic cation exchanger
containing palladium crystals is shown in Fig. 1.

The X-ray patterns were recorded on a DRON-2
diffractometer (copper radiation, voltage on the X-ray
tube 30 kV, current 20 mA, scan rate 2 deg min�1).
The X-ray pattern contain reflections of crystalline
palladium and a broad reflection of the amorphous
polymer at 20�. The palladium content in the samples
determined from the reflection intensity varies by an
order of magnitude. The palladium dispersity calcu-
lated from the width of the reflection at 36� is 30�
50 nm.

Pomogailo [2] showed that transition metal nano-
particles are formed by reduction of their cations in an
ion-exchange matrix. When the dynamic ion-exchange
capacity is completely saturated with transition metal
amine complexes, the reduced metal particles form
the metallic phase owing to short effective distance
between the particles [2]. The catalytic activity of
these materials is low. For the ultradisperse phase to
be formed, palladium cations should occupy less than
0.2�0.3 of the total exchange capacity of KU-23 sul-
fonic resin. The catalytic activity at the palladium

2�, deg

Fig. 1 .X-ray pattern of KU-23 30/100 macroporous sulfon-
ic cation exchanger containing (1) 5.1 and (2) 34 g md�3

palladium(II). (2�) Bragg angle.
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concentration corresponding to the total exchange
capacity (65 g dm�3) and at a low palladium concen-
tration (<5 g dm�3) is low.

We used KU-23 sulfonic cation exchanger contain-
ing Pd0 as a heterogeneous catalyst for hydrogenation
of nitro compounds that are intermediates in synthesis
of dyes and pharmaceuticals (nitromethane, nitroben-
zene, p-nitrobenzoic acid, and ethyl p-nitrobezoate).
KU-23 30/100 sulfonic action exchanger containing
20�30 g dm�3 of 30�50-nm Pd0 particles had the
highest catalytic activity (2.6 �10�3 mole H2/min per
gram of Pd0).

The reactions occurring in a microreactor based on
cis-calix[4]resorcinolarene can be described by the
following scheme:
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Fig. 2. Structure of the [Pd(NH3)4]2+ complex with cis-
tetraphenylcalix[4]resorcinolarene (MM2 calculation).

Three-dimensional cross-linked polymer (1) with
grafted calixarene was prepared by polycondensation
of cis-2,8,14,20-tetraphenyl-4,6,10,12,16,18,22,24-
octahydroxycalix[4]arene with formaldehyde [4]. Met-
al ions were introduced in the polymer by sorption of
Ni2+ and Pd2+ ammine complexes from aqueous solu-
tions. The concentration of metal complexes in the
solutions was chosen so as to provide the metal�
polymer molar ratio of no more than 1. The structure
of the [Pd(NH3)4] 2+ complex with cis-tetraphenyl-
calix[4]resorcinolarene, optimized by the MM2 meth-
od, is shown in Fig. 2.

Polymer (3) containing ultradispersed palladium is
formed by hydrogenation of metal-containing poly-
mer (2) at 298 K and 1 atm. Polymer (3) is hydro-
genated at 600�650 K and 1 atm. The amount of
consumed hydrogen, analysis of the thermolysis prod-
ucts, and the IR spectra of the polymers containing
calix[4]resorcinolarene fragments [6] suggest forma-
tion of perhydroxanthene structures in the polymeric
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matrix. These substances are new types of cavitands.
Thus, palladium nanoparticles in polymer (3) catalyze
hydrogenation of the surrounding benzene rings to
form a new molecular reactor containing Pd0 in the
immobilized perhydroxanthene.

CONCLUSIONS

(1) Metal nanoparticles (20�100 nm) were pre-
pared by reduction of transition metal (Pd2+, Cu2+,
and Ni2+) ammine complexes in the matrices of sul-
fonic cation exchnagers containing cis-calix[4]resor-
cinolarene fragments.

(2) KU-23 30/100 sulfonic cation exchanger con-
taining 20�30 g dm�3 of 30�50-nm palladium(0) par-
ticles exhibits high catalytic activity in hydrogenation
of nitro compounds.
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Abstract�The heat effects of dissolution of two pairs of polyvinyl alcohols used as emulsifiers in suspension
polymerization of vinyl chloride and the optical transmission of their stirred aqueous solutions as a function of
time were determined.

One of the ways to improve the synthesis of sus-
pension polyvinyl chloride (PVC) is the choice of
emulsifying systems providing, in particular, produc-
tion of a polymer with uniform grain size distribution
with the minimal content or absence of so-called �fish
eyes� having good ability to absorb the plasticizing
agent. The following emulsifying systems are most
frequently used: methyl cellulose derivatives [1],
polyvinyl alcohols (PVAs) with various compositions
and molecular weights [2�4], blends of PVAs with
methyl cellulose derivatives [5�7], and blends of
various PVAs [8].

In recent years, in synthesis of suspension PVC,
preference is given to two-component emulsifying
systems based on PVAs differing in the chemical
structure and molecular weight. The component with a
higher molecular weight, with the degree of hydroly-
sis of 70�80%, provides aggregative stability of the
emulsion and polymer�monomer particles. The com-
ponent with a lower molecular weight provides poros-
ity of the polymer grain due to partial dissolution in
drops of the polymerizing monomer. Here we at-
tempted to find a criterion of choice of emulsifiers
based on PVA by comparison of their characteristics
with those of PVC to be synthesized. As the subjects
of the study we used PVA of the Alcotex 72.5 and
552P brands (from here on, A-72.5 and A-552P)
produced in the United Kingdom and of the L-9 and
LM-20 brands produced in Japan. The first and the
third are stabilizing agents for emulsion, and the sec-
ond and the fourth are the modifying agents for
morphology of the polymer grain. The characteristics
of these products are given in the table.

EXPERIMENTAL

The enthalpy of solution was determined in a
DAK-1A microcalorimeter of the Calvet type [9, 10].
The electric scheme of the measurement provides
determination of heat release to no less than 98%. In
each run, the calorimeter was calibrated by an electric
current. The metrological characteristics were checked
by measuring the standard enthalpy of solution of
potassium chloride (chemically pure grade) in double-
distilled water. The average determined from ten
measurements was 17.7�0.3 kJ mol�1 at 298.15 K.
According to published data [11], this value is 17.58�
0.228 kJ mol�1. The samples were prepared by grind-
ing of PVA films prepared by casting. The films were
dried in air to constant weight. The optical transmis-
sion of PVA solutions was determined on an FEK-3
photocolorimeter.

First and foremost, it was necessary to elucidate
possible differences in the intensity of intermolecular

Characteristics of polyvinyl alcohols used in suspension
polymerization of vinyl chloride
����������������������������������������

PVC
�

Color
� Degree of �

�Hsol, kJ g�1
� � hydrolysis, %�

����������������������������������������
A-72.5 �Lemon-yellow � 72.4 � 31.6�0.1
A-552P �Slightly colored � 54.4 � 26.7�0.1

�solution � �
Blend � � � 28.4�0.2
L-9 �Brown � 71.0 � 27.0�0.5
LM-20 �White � 41.0 � 21.4�0.1
Blend � � � 23.3�0.3
����������������������������������������



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 11 2004

1900 KIR’YANOV et al.

T, %

�, h
Optical transmission T as a function of time � for aqueous
solutions of PVC blends used as two-component emulsify-
ing systems in suspension polymerization of vinyl chloride.
(1) L-9 (0.18%)�LM-20 (0.06%) and (2) A-72.5 (0.15%)�
A-552P (0.06%).

interaction between the components of two emulsify-
ing systems and their solubility in the aqueous phase.
It was assumed that both factors will affect the optical
transmission of polymer solutions. The dependences
of the optical transmission on time are shown in the
figure. It is seen that the optical transmission of the
solution of the blend of L-9 and LM-20 polymers
abruptly decreases with time (with stirring of the solu-
tion), while for the blend of A-72.5 with A-552P the
trend is inverse. These data suggest formation of asso-
ciates of macromolecules in the first system and their
degradation in the second system during stirring.

The enthalpies of solution of individual polymers
and their blends are presented in the table. In their
interpretation, account must be taken of the compo-
nents of the total effect. According to published data
[12], the energy of intermolecular interaction in PVA
per hydroxy group is approximately 30 kJ mol�1.
The energy of hydrogen bonds of water molecules is
20�25 kJ mol�1. Since dissolution of PVA is an exo-
thermic process, it should be assumed that the strength
of the hydrogen bonds formed by the hydroxy groups
of this polymer with water is higher than the above
values. Hence, we can conclude that, with increasing
degree of hydrolysis of PVA, the exothermic effect
of its dissolution in water increases. Indeed, PVAs of
the L-9 and A-72.5 brands with a high degree of
hydrolysis dissolve with a greater heat evolution as
compared to PVAs of the LM-20 and A-552P types
with an intermediate degree of hydrolysis.

The data listed in the table are in good agreement
with this conclusion as applied to A-552P and LM-20.
However, A-72.5 and L-9 have close degrees of hy-
drolysis and noticeably different enthalpies of solu-

tion. The deeper color of L-9 suggests higher degree
of dehydration of this polymer compared to A-72.5.
This change in color is equivalent to decreased degree
of hydrolysis of PVA.

Thus, dissolution of PVA should be accompanied
by energy evolution, which is the greater, the higher
the degree of hydrolysis of PVA. These trends suggest
an increase in the intensity of polymer�solvent inter-
action and a decrease in the polymer�polymer associa-
tive interactions (see figure). It is seen that the optical
transmission of the stirred solution of the L-9 and
L-20 blend decreases in time, while in the case of the
polymer�polymer system the optical transmission in-
creases. This suggests formation of aggregates of
molecules in the first case and their degradation in
the second case.

It was found that PVC prepared using a blend of
L-9 with LM-20 does not meet the requirements of
GOST (State Standard) imposed on granulometric
composition, mainly due to the presence of a fraction
of coarse particles, and also on the bulk density,
which is equal to 0.39�0.45 g cm�1, whereas the
prescribed density is 0.45�0.55 g cm�1. These devia-
tions can be explained by a decrease in the relative
amount of emulsifier macromolecules participating
in stabilization of PVC drops, because of the tendency
to polymer�polymer interaction caused by insufficient
degree of hydrolysis. This follows from the calorimet-
ric measurements and variation of the optical trans-
mission of PVC solutions in stirring. The low degree
of hydrolysis of the second component of this emul-
sifying mixture used as a modifying agent of PVC
grain results in its increased affinity for the oil phase
and, hence, in its increased content in PVC drops.
As a result, the porosity of PVC particles increases.

Thus, we suggest a new approach to the choice of
an optimal emulsifying system, based on determina-
tion of the enthalpy of solution and evaluation of
polymer�polymer interactions of its components.

CONCLUSIONS

(1) A blend of polyvinyl alcohols of the A-72.5
and A-552 brands dissolves with a greater heat effect
in comparison with a blend of L-9 and LM-20. For
the first blend, the optical transmission of the stirred
solutions increases with time, whereas for the second
blend it decreases.

(2) Polyvinyl chloride prepared using the A-72.5 +
A-552P blend meets all the requirements of GOST
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(State Standard), while the polyvinyl chloride syn-
thesized in the presence of a blend of L-9 and LM-20
does not meet the requirements imposed on the gran-
ulometric composition and bulk density, which is
explained by the results of this work.
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Abstract�Degree of dechlorination of chlorine-containing naphtha fractions in the course of their base
hydrolysis in the presence of phase-transfer catalyst and other compounds was studied. The optimal type
of the phase-transfer catalyst was determined.

Recently, many oil refineries faced with a problem
of refining of oil containing more than 20 �10�4 wt %
organochlorine compounds (OCCs) [1]. These com-
pounds seriously disturbed operation of main oil-refin-
ing apparatus and made the facilities inoperative
owing to strong corrosion. Procedures for removing
organochlorine impurities from naphtha are intensive-
ly developed. One of these methods of dechlorination
of straight-run naphtha fractions is base hydrolysis to
form inorganic chlorides which can be extracted into
an aqueous phase and then separated in reflux vessels
by distillation of oil under atmospheric pressure.

The aim of this work was to increase the degree of
hydrolytic removal of organochlorine compounds
from naphtha fractions.

EXPERIMENTAL

In our experiments, we added di- and trichloro-
propanes to naphtha fractions. Naphtha fractions con-
taining (9.8�72.8) �10�4 wt % OCCs and boiling in
the range 80�180�C were dechlorinated for 0.5�4 h
in an autoclave under the static conditions in the tem-
perature range 20�250�C. Alcohols, dimethyl sulfox-
ide (DMSO) of pure grade, and polyethylene glycol
(PEG) and polypropylene glycol (PPG) with different
molecular weights were studied as additives catalyz-
ing the hydrolysis. The chlorine content in organic
compounds was determined by the coulometric proce-
dure [2].

The degree of hydrolysis of OCCs present in
straight-run naphtha depends on their nature. Chlori-
nated paraffins are hydrolyzed at room temperature.
The content of these compounds in naphtha decreases
by �17�18% after contact with 10% aqueous NaOH

solution (Table 1, run no. 1). At 180�C, the degree
of dechlorination � increases to approximately 60%
(Table 1, run no. 3).

It is known that PEGs of various molecular weights
catalyze hydrolytic processes, e.g., hydrolysis of poly-
chlorinated diphenyls [3]. Indeed, in the presence of
PEG the content of organic chlorine in chlorine-
containing naphthas can be decreased by �60% at
lower temperature (Table 1, run nos. 4 and 5). We
studied hydrolysis of OCCs at various temperatures
in the presence of a phase-transfer catalyst (PTC). The
highest degree of dechlorination (85%) was observed
at 210�C.

PEG was considered as both alcohol and alkylating
agent [3]. At the same time, PEGs and PPGs of vari-
ous molecular weights are PTCs along with tetraethyl-
ammonium salts, crown ethers, and other compounds
[4]. To determine the function of PEGs in hydrolysis
of OCCs (3 h, 180�C), we estimated the degree of
hydrolysis in the presence of various alcohols and
DMSO (Table 2).

The degree of OCC hydrolysis in the presence of

Table 1. Hydrolysis of OCCs in naphtha (50 ml) in the
presence of 10% NaOH (0.5 ml). Hydrolysis time 2 h,
[OCC] = 22 �10�4 wt %
����������������������������������������
Run no. � T, �C � [OCC] � 104, wt % � �, %
����������������������������������������

1 � 20 � 18.1 � 17.7
2 � 130 � 11.4 � 48.2
3 � 180 � 8.6 � 61.0
4* � 130 � 9.5 � 56.6
5* � 150 � 8.8 � 59.9

����������������������������������������
* With PEG-600 additive (1 ml).
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Table 2. Hydrolysis of OCCs in naphtha (50 ml) at 180�C for 3 h in the presence of 10% NaOH (0.5 ml) and various
additives
������������������������������������������������������������������������������������

Run no. � [OCC]0 � 104, wt % � Additive � [OCC] � 104, wt % � �, %
������������������������������������������������������������������������������������

6 � 10 �Ethylene glycol � 4.9 � 50.5
7 � 10 �Diethylene glycol � 4.7 � 53.4
8 � 10 �Triethylene glycol � 3.2 � 67.6
9 � 10 �Butan-1-ol � 7.2 � 27.6

10 � 10 �Glycerol � � � �

11 � 10 �Pentan-1-ol � 10.9 � �

12 � 10 �Hexan-1-ol � � � �

13 � 10 �Octan-1-ol � � � �

14 � 72.8 �DMSO � 13.8 � 81.0
15 � 72.8 �Benzyl alcohol � 48.7 � 33.1
16 � 72.8 �Triethanolamine (TEA) � 15.9 � 78.2
17 � 72.8 �PEG-300 � 15.6 � 78.6
18 � 72.8 �PEG-400 � 14.8 � 79.7
19 � 72.8 �PEG-2025 � 49.5 � 32.0
20 � 72.8 �PEG-1025 � 40.0 � 45.1
21 � 72.8 �PEG-600 � 13.0 � 82.1
22 � 72.8 �PEG-1500* � 26.4 � 63.7
23 � 72.8 �PEG-Polioks-100 � 18.3 � 74.9
24 � 72.8 �PEG-1540 � 28.1 � 61.4
25 � 72.8 �PEG-20 000 � 26.5 � 63.6
26 � 72.8 �PEG-4000 � 26.4 � 63.7
27 � 72.8 �PPG-4251 � 67.4 � 7.4
28 � 37.6 �PEG-Keres 2000 � 13.6 � 63.8
29 � 37.6 �PEG-Keres 3000 � 12.7 � 66.2

������������������������������������������������������������������������������������
* Weight 1.4 g.

alcohols is substantially lower than that in the pres-
ence of PEG. Butan-1-ol, its higher homologs, and
glycerol do not catalyze the hydrolysis. On the con-
trary, the catalytic effect of DMSO (run no. 14) and
TEA (run no. 16) is similar to that of PEG. It is
known that PEG, DMSO, and TEA create �super-
basic� effect in alkaline solutions, i.e., provide the
best conditions for a base-catalyzed chemical reaction.
As seen from Table 2, the degree of OCC hydrolysis
in the presence of PEG-600, PEG-400, and PEG-300
is maximal; its is slightly lower in the presence of
PEG-Polioks, PEG-Keres 3000, PEG-Keres 2000,
PEG-4000, PEG-1500, PEG-20000, and PEG-1540.
Polypropylene glycol PPG-4251 (run no. 27) cannot
be used as PTC. In the subsequent experiments we
used PEG-600, PEG-400, and PEG-300 as PTCs. In
the presence of PEG-600, about 91% of OCCs is hy-
drolyzed at 210�C in 3 h.

CONCLUSIONS

(1) The degree of hydrolysis of organochlorine
compounds in straight-run naphtha with sodium hy-

droxide solutions at room temperature is 17%. The
degree of hydrolysis increases with temperature.

(2) The most promising additives catayzing the
hydrolysis are polyethylene glycols with molecular
weight from 300 to 600, dimethyl sulfoxide, and tri-
ethanolamine. In the presence of these compounds
(2 wt %), about 80 and 90% of organochlorine com-
pounds can be hydrolyzed in 3 h at 180 and 210�C,
respectively.
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Abstract�The oxidation of propylene and isobutylene in barrier-discharge plasma in the presence of octane
was studied. The possible reaction mechanism was considered.

Recently, the interest in organic synthesis in elec-
tric discharges has been increasing. However, devel-
opment of new technologies based on electric dis-
charges is hindered by the lack of a sufficiently large
body of data on the mechanisms and kinetics of con-
version of organic compounds in plasma, which is, as
a rule, caused by the low selectivity of the occurring
reactions, tarring, and deep degradation of organic
molecules.

We have shown previously that oxidation of hy-
drocarbons belonging to various classes without for-
mation of tars and products of complete oxidation is
possible in a barrier discharge [1]. This is achieved by
effective removal of reaction products from the zone
of the barrier discharge with a hydrocarbon film
formed by condensation of supersaturated vapor of
a hydrocarbon on the cooled reactor walls. For exam-
ple, oxidation of hexane, cyclohexane, and cumene
mainly yields hydroxy and carbonyl compounds:
alcohols, aldehydes, and ketones with the same
number of carbon atoms as that in the starting com-
pound. The product formed in oxidation of cyclo-
hexene is epoxycyclohexane (62 wt %).

It was shown in [2] that the selectivity of cyclo-
hexene oxidation can be, in principle, controlled. The
maximum yield of cyclohexene oxide was �72%.
However, products of oxidation of light olefins are of
greater importance for petrochemical synthesis.

In this work we studied oxidation of propylene
(PR) and isobutylene (IB) in a reactor with a barrier
discharge.

EXPERIMENTAL

PR and IB were oxidized in the presence of octane
to create a hydrocarbon film in which reaction prod-

ucts are dissolved and are thereby removed from the
zone of the barrier discharge. A flow-through gas-
discharge reactor of coaxial design was used. The
experimental setup has been described in detail previ-
ously [1].

The starting parameters of the process were as fol-
lows: flow rate of oxygen, olefin, and octane through
the reactor 3.0, 0.6, and 6 �10�3 l h�1, respectively;
temperature of the reactor walls 10�C; atmospheric
pressure; amplitude of voltage pulses 12 kV; pulse
repetition frequency 500 Hz; specific energy of the
discharge 1.3 Wh l�1.

The liquid reaction products were analyzed by gas
chromatography: heat-conductivity detector in the
isothermal mode at 120�C; 1.2-m-long packed column
with an inner diameter of 3 mm; sorbent Porapak-Q;
carrier gas helium.

The conversions and the composition of products
formed in oxidation of PR and IB are listed in the
table. It can be seen that the main reaction products
are the corresponding epoxides. In contrast to the oxi-
dation of cyclohexene, the oxidation of PR and IB is
accompanied by degradation of the olefin molecule to
give methanol and formaldehyde. At the same time,
no CO, CO2, acids, or tarring products were found in
the reaction products, which constitutes a fundamental
difference between the results of this study and those
of previous studies of oxidation of light olefins in
electric discharges [3�5].

It should be noted that octane is oxidized simul-
taneously with the olefins. The conversion of octane is
�0.5 wt % in both cases. As a result, hydroxy and
carbonyl compounds characteristic of octane oxidation
products are formed [6].

A possible mechanism of cyclohexene oxidation
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was suggested in [2]. In this mechanism, the reaction
products are formed by two pathways. The first of
them yields cyclohexene oxide, cyclohexanone, and
cyclopentylmethanal, and the second, cyclohexenone,
cyclohexenol, and bicyclohexenyl.

No unsaturated oxygen-containing compounds were
found in oxidation products of PR and IB, which sug-
gests that the reaction predominantly goes by the first
pathway involving activation of oxygen molecules by
electron impact. This can be attributed to the higher
dissociation energies of PR and IB molecules, com-
pared with those of cyclohexene and oxygen mole-
cules [7].

By analogy with the previously suggested mechan-
ism of cyclohexene oxidation, the possible mechanism
of PR oxidation can be represented as
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Acetaldehyde, formaldehyde, methanol, and water
are formed by decomposition of a �hot� molecule of
propylene oxide, with the resulting fragments sub-
sequently involved in radical reactions. In the case of
cyclohexene oxidation, the hot molecule of olefin
oxide does not decompose [1, 2].

The validity of the suggested mechanism of PR and
IB oxidation can be verified by simple calculations.
For the oxidation of olefins, which occurs in a reactor
with a steady flow mode, the following expression is
valid:

w1/w2 = X1/X2, (1)

where w1, w2, X1, and X2 are the oxidation rates and
conversions of PR and IB, respectively.

In terms of the oxidation mechanism suggested, the
following expression can be written for the oxidation
rate of PR:

w1 = d[C3H5]/d� = k1[O(3P)][C3H6]. (2)

A similar expression can be written for w2.

At a constant discharge power and all other ex-
perimental conditions being the same, the rates of

Conversions X and composition of products formed in
oxidation of PR and IB*
����������������������������������������

Olefin
�

X, wt %
�

Oxidation products
� Selectiv-

� � � ity, wt %
����������������������������������������
Propylene� 1.56 �Propylene oxide � 43.3

� �Acetone � 30.9
� �Acetaldehyde � 10.2
� �Methanol � 3.4
� �Water + formaldehyde � 12.2

Isobutyl- � 6.74 �Isobutylene oxide � 43.8
ene � �2-Methylpropanal � 23.9

� �Acetone � 19.2
� �Methanol � 4.6
� �Water + formaldehyde� 8.5

����������������������������������������
* Conversion obtained in a single pass of the starting mixture

through the reactor at a time of contact with the discharge
zone equal to �10.5 s.

generation of atomic oxygen in mixtures of oxygen
with PR and IB will be the same, because their mole-
cules have close cross sections of electron energy
scattering. Therefore, the composition of the gas mix-
tures has no effect on the average electron energies.
Hence, expression (1) can be written as

k1� /k1" = X1/X2, (3)

where k1� and k1" are the rate constants of interaction of
atomic oxygen with PR and IB, respectively. The
results of calculation by expression (3) are given
below:

k1� 2.2 �1012 cm3 mol�1 s�1

��� = ������������������ = 0.183 [8],
k1" 2.2 �1013 cm3 mol�1 s�1

X1/X2 = 1.56/6.74 = 0.231.

It can be seen that the calculation results reason-
ably agree with the experiment. The calculation error
is 20.9%.

CONCLUSION

Oxidation of propylene and isobutylene by oxygen
in the plasma of a barrier discharge allows synthesis
of oxides of light olefins without formation of tars or
complete oxidation.
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15th Annual BCC Conference on Flame Retardancy

The 15th Annual Conference on Flame Retardancy
was held from June 6 to 9, 2004 in Stamford, Con-
necticut (the United States). The Conference was
focused on recent advances in flame retardancy of
polymeric materials (materials, applications, research
and industrial developments, markets).

The conference started from performing the Inten-
sive Short Course in Research, Production, and
Marketing of Flame Retardancy of Polymeric Materi-
als. The Course Director was Professor M. Lewin
(the United States), and the Course Instructors were
E.D. Weil, S. Levchik, and M.L. Janssens. The topics
discussed in the Course were as follows:

(1) Principles of flammability and fire hazards:
scheme of polymer combustion; energy balance;
pyrolysis and structure of polymers; ignition and its
sources; burn injury; spread of flame; smoke hazard.

(2) Flame retarding polymers: textile fabrics vs.
plastics; processing systems; topical, reactive and non-
reactive systems; flammability properties; other prod-
uct properties.

(3) Review of flame-retardant chemicals based on:
phosphorus, sulfur, halogens, antimony, nitrogen,
boron, aluminum, magnesium, and others.

(4) Mechanisms of flame retardancy: gas-phase
mechanism: radical scavenging in the flame; syn-
ergism in gas-phase systems: antimony trioxide, halo-
gen blends; condensed-phase mechanism: reactions in
the polymer phase, dehydration, char formation;
intumescence and char properties, synergism in the
condensed phase; mechanism based on physical ef-
fects in the gas phase; endothermic flame retardancy.

(5) Survey of flame retardancy of all significant
plastics and textile fabrics: flame retardants in com-
mercial use and some guidelines regarding their selec-
tion; problems of cost and effect on properties; un-
solved or inadequately solved problems of interest for
R&D.

(6) Discussion of material flammability, including
effects of: heat and ignition sources; specimen size;
shape and orientation.

(7) Standard-making and regulatory organizations:
ASTM, ISO, ANSI, NFPA; Uniform building code;
US Government, state regulatory; industry standards.

(8) Properties measured by fire tests: ignition; ease
of extinction; flame spread; heat release rate; evolu-
tion of smoke and toxic or corrosive products.

(9) Fire test methods, grouped as: small scale,
intermediate scale, full scale, and very large scale
tests; research and development, regulatory, litigation.

The reports presented at the Conference were dis-
cussed in five sessions. Session I �General Mechan-
isms of Flame Retardancy� [chairmen: G.L. Nelson
(the Unites States) and G. Camino (Italy)] included
seven oral presentations. M. Nyden (the Unites States)
in his lecture reported on the mechanism of the photo-
lytic breakdown of decabromodiphenyl ether in plast-
ics. Analysis of flammability of brominated epoxides
was made in the lecture prepared by S. Stoliarov,
R. Walters, S. Crowley, Q. Williams, and R. Lyon
(the Unites States). The problems of charring and
intumescence were discussed in the report of B. Schar-
tel, M. Bartholmai, and U. Braun (Germany). The
group of scientists (D. Price, T.R. Hull, G.J. Milnes,
and L.K. Cunliffe) from the Center for Materials
Research and Innovation (UK) reviewed current mech-
anistic and combustion product studies concerned with
flame retardant systems. In his plenary lecture entitled
Challenges in Flame Retardancy of Polymers, M. Le-
win analyzed the future prospects in this field. Two
last lectures of Section I were devoted to the problems
of utilization of waste materials released in the course
of intumescence [L.R.M. Estevro and R.S.V. Nasci-
mento (Brazil); M. Le Bras, S. Bourbigot, and R. De-
lobel (France)] and of retardant release from materials
[G.C. Stevens and J.L. Thomas (UK)].

Session II �Halogen- and Non-Halogen-Based FR
Systems� [chairmen: G. Kirshenbaum and K. Shen
(the Unites States) and T.R. Hull (UK)] included nine
presentations. R.E. Lyon (the United States) reported
on fire-smart chloral polymers, and the group of
Hungarian researches (G. Marosi, A. Toldy, P. Anna,
E. Zimonyi, S. Keszei, W. Krause, and S. Horold), on
flame retardant mechanism and application of syn-
ergistic combinations of phosphinates. Flame retardant
systems for textile back-coating applications were
considered in the lecture prepared by R. Mazor,
M. Peled, O. Ben-Vais, N. Zer-Zion, A. Shoshan, and
I. Shalev (Israel). Yukihiro Kiuchi, Masatoshi Iji, and
Makoto Soyama (Japan) reported on self-extinguishing



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 11 2004

1908 ZAIKOV et al.

epoxy resin compound and improvement of its flame
resistance. The lecture prepared by the large German
team (M. Doering, C. Kollann, M. Ahlmann, U. Dit-
trich, B.Just, H. Keller, V. Altstadt, H. Lengsfeld,
R. Perez, D. Pospiech, and T. Hoffmann) was devoted
to new phosphorous-containing flame retardants for
epoxy resins. Reaction mechanisms of melamine-
based flame retardants were discussed in the lecture
prepared by N.J.J. Aelmans (Switzerland), N. Kaprini-
dis (the United States), and R. Kierkels and R. Steen-
bakkers (the Netherlands). R.L. Markezich (the United
States) reported on low-smoke formulations for FR
resins, and K.K. Shen and E. Olson (the United
States), on the use of borates as fire retardants in
halogen-free polymers. The last lecture of Session II
[J. Kim (Korea)] was devoted to the effect of phenolic
char former and oligomeric aryl phosphate mixtures
on the flame retardance enhancement of ABS plastics.

Session III �Nano-Composites� [chairmen: D. Price
(UK) and R. Kozlowski (Poland)] included six presen-
tations. G. Camino (Italy) gave the lecture entitled
Which Morphology for Nanocomposites FR C.A. Wil-
kie reported on advances in FR of polymer�clay nano-
composites. Researches from the United States
(E.D. Weil, M. Lewin, K. Shen, and D. Rao) devoted
their lecture to searching for interactive FR sys-
tems for EVA. The performance characteristics of
PET/silica nanocomposites prepared via extrusion
were considered in the lecture prepared by G.L. Nel-
son, Feng Yang, and C. Johnsrud (the United States).

The last two presentations of Session III were
focused on the problems of evaluation of hydroxy
double salts as fire retardant additives [J.M. Hossen-
lopp (the United States)] and flammability, degrada-
tion, and structural characterization of fiber-forming
polypropylene nanocomposites [S. Zhang, A.R. Hor-
rocks, T.R. Hull, B.K. Kandola, and D. Price (UK)].

Session IV �Consumer Focus/Industrial Products�
[chairmen: C.A. Wilkie and S.V. Levchik (the United
States)] included six presentations. Latest progress in
rigid fire barriers was the subject of the lecture pre-
pared by R. Kozlowski, B. Mieleniak, R. Gyrski,
A. Przepiera, and K. Bujnowicz (Poland). T. Chen
and T.J. Lynch (the United States) reported on the
effect of surface treatment with magnesium hydroxide
for flame-retardant wire and cable and TPO roofing
compounds. C.Q. Yang, W. Wu, and H. Yang (the
United States) considered applications of hydroxy-
functional organophosphorus oligomers as a durable
flame-retarding finishing agents for cotton and cot-
ton/polyamide blends.

The next presentation was devoted to exploring
issues surrounding flame retarded plastics used in
electrical and electronic equipment [R.B. Dawson and
S.D. Landry (the United States)]. S.V. Levchik re-
ported on halogen-free printed wiring boards, O. Fi-
govsky, V. Karchevsky, and D. Bellin (Israel) re-
viewed recent developments in waterborne composi-
tions.

Finally, Section V �Testing/Standards/Methods�
[chairmen J.S. Stimitz and M.M. Hirshler (the United
States)] included eight presentation. R.H. White and
M.A. Dietenberger (the United States) reported on
cone calorimeter evaluation of wood products. G. Rez-
nick, I. Finberg, A. Staimetz, Y. Bar Yaakov, and
P. Georlette (Israel) discussed fire retardants for tech-
nopolymers of stricter fire safety and higher perfor-
mance. Measurement of smoke production of low-
smoke cables by means of present and future test
methods was discussed in the lecture given by
H. Breulet (Belgium). K. Battipaglia, J. Huczek,
M. Janssens, and A. Sauceda (the United States) re-
ported on using the cone calorimeter to predict
FMVSS 302 performance of automotive materials.
J.S. Stimitz and R.V. Wagner gave the lecture entitled
Two New Test Methodologies To Evaluate Plastic
Materials for Use in 42 Volt Auto Applications. The
last two presentations of Session V were devoted to
residential upholstered furniture hazards [M.M. Hir-
schler (the United States)] and to the regulatory status
for flame retardants [R.B. Dawson, S.D. Landry, and
V. Steukers (the United States)].

The poster presentations were made by researches
from Germany, S. Korea, and the United States. Of
particular interest was the presentation devoted to
metal complexes of aromatic phosphinates as a newly
developed class of fire retardants for engineering
thermoplastics.

The Fifteenth Annual Conference on Recent Ad-
vances in Flame Retardancy of Polymeric Materials
testifies to a continuous strong activity in various
aspects of this field. It not only shows that the techni-
cal and commercial interest in flame retardancy is
sustained but also indicates great vitality, as evidenced
by the new and sometimes striking developments in
the science and technology, and by the innovative ap-
plications, testing methods, and standards, presented
and discussed at the conferences.

The next 16th Conference will be held in Stamford,
Connecticut (the United States) early in June 2005.

G. E. Zaikov, L. L. Madyuskina, and M. I. Artsis
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AND CHEMICAL TECHNOLOGY

Paul Sabatier
(to 150th Anniversary of His Birthday)

A corecipient of the 1912 Nobel Prize in Chemis-
try, French scientist Paul Sabatier made an outstand-
ing contribution to organic chemistry and heterogene-
ous catalysis, in particular, to studies of catalytic
hydrogenation.

Sabatier was born in Carcassonne, in southern
France, on November 5, 1854. His parents were
farmers and, having lost their property, became mer-
chants. He received his primary education at a lyceum
in Carcassonne and went to a lyceum in Toulouse
in 1868. He also attended there public lectures on
physics and chemistry. Sabatier received higher
education in Paris (Ecole Normale Supérieure, 1874�

1877); he was the best student in his group and the
first among the graduates in 1877. During the follow-
ing year, Sabatier taught physics at a lyceum in Nice
and then became an assistant of professor Marcellin
Berthelot (1827�1907), an outstanding French chemist
and statesman, at Collége de France. The first period
of Sabatier’s scientific activities (1879�1898) was
associated with thermochemical and other studies of
inorganic compounds. He earned his doctorate in 1880
for thermochemical studies of sulfur and metal sul-
fides. In 1881, Sabatier studied physics at the Univer-
sity of Bordeaux; he returned to Toulouse in 1882. In
1884, he became professor of chemistry at the Univer-
sity of Toulouse and occupied this position till his
retirement in 1930. In 1905, he was appointed dean
of a faculty.

In 1907, the French chemical sciences suffered a
severe loss: H. Moissan (1852�1907, 1906 Nobel
Prize in Chemistry) died on February 20, and M. Ber-
thelot, on March 18. Both the scientists were members
of the Paris Academy of Sciences and academies of
many other countries and foreign corresponding
members of the St. Petersburg Academy of Sciences;
they were more than once elected Presidents of the
French Chemical Society. Sabatier was invited to fill
Moissan’s position at Sorbonne or Berthelot’s posi-
tion at Collége de France. However, he preferred to
remain in Toulouse. Sabatier’s lectures enjoyed popu-
larity. In 1901, he was elected a corresponding mem-
ber, and in 1913, a full member of the Paris Academy
of Sciences.

P. Sabatier

Sabatier’s studies in the field of inorganic chemistry
were widely diverse. He obtained pure hydrogen sul-
fide by vacuum distillation; studied sulfides, selenides,
and nitrides of quite a number of metals, nitrogen
oxides, and also nitrosodisulfonic acid and its salts.
In 1895, Sabatier’s attention was attracted by proc-
esses of recovery of metals by reduction of their
oxides with hydrogen; he also obtained nickel car-
bonyl by direct action of carbon monoxide on finely
dispersed nickel. However, Sabatier was made famous
all over the world by his studies in the field of
heterogeneous catalysis, which he and his co-worker
J.B. Senderens (1856�1937) commenced in 1897
[1�3]. Initially, the studies involved only hydrogena-
tion of unsaturated compounds, with various metals,
and primarily nickel, used as catalysts. He obtained
ethane from ethylene and the corresponding paraffins
from a number of other olefins. He studied the condi-
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tions of catalytic hydrogenation of acetylene that
ensured the maximum yield of ethylene. Of particular
importance for organic synthesis were Sabatier’s
studies of hydrogenation of benzene and its homologs
(1901); before that nobody could perform smooth
hydrogenation. In 1902, the French scientist managed
to reduce nitro compounds with the use of a nickel
catalyst. In the same years, Sabatier and Senderens
were the first to perform catalytic reduction of carbon
monoxide to give methane. In 1902�1903, they found
ways to reduce simplest aldehydes and ketones. Later,
in 1907, Sabatier and co-workers studied in detail the
ability of numerous oxides to catalyze dehydrogena-
tion and dehydration processes.

Sabatier and his co-workers and disciples studied a
large number of organic reactions and, as a rule, ob-
tained target products in high yields. The experimental
procedure they used was distinguished by its simplic-
ity: It consisted in passing the vapor of a starting
organic compound, mixed with hydrogen, through
a tube containing a finely divided catalyst, mainly
a metal, and heated to 100�190�C. For example, pass-
ing a mixture of benzene and hydrogen at 170�190�C
over nickel ensured virtually 100% yield of cyclo-
hexane.

In 1907�1911, Sabatier carried out a set of in-
vestigations in the field of catalytic conversion of
alcohols. He established that magnesium, cadmium,
manganese, and their oxides cause dehydrogenation of
alcohols, whereas aluminum, tungsten, silicon, and
their oxides lead to their dehydration. In 1909, Sa-
batier performed a vapor-phase catalytic hydrogena-
tion of unsaturated organic acids.

Already by 1907, Sabatier’s investigations in the
field of catalytic hydrogenation were highly appre-
ciated by the scientific community, and he was nomi-
nated for a Nobel Prize in 1907, 1909, and 1911. In
1909, Sabatier’s closest associate, Senderens, also was
among nominees. In 1912, Sabatier was awarded a
Nobel Prize �for his method of hydrogenating organic
compounds in the presence of finely disintegrated
metals whereby the progress of organic chemistry has
been greatly advanced in recent years.� His corecipient
was another French chemist, Victor Grignard (1871�
1935). The statement of the Nobel Committee said
that he was awarded �for the discovery of the so-
called Grignard reagent, which in recent years has
greatly advanced the progress of organic chemistry.�
This is related to wide use of organomagnesium com-
pounds in preparative organic chemistry. Sabatier said
in his Nobel lecture: �For the past fifteen years this
idea of mine on the mechanism of catalysis has never

left me, and it is to the inferences drawn from it that I
owe all my useful results� [4�6].

A year after he was awarded a Nobel Prize, Saba-
tier summarized the results of his studies in the field
of catalysis in the monograph La catalyse en chimie
organique (Paris, 1913). The second, supplemented
edition of Sabatier’s monograph was published in
France in 1920. The book was published in England
and Germany. Later, in 1932, the monograph was
translated into Russian [7]. The concept of heterogene-
ous catalysis, developed by Sabatier, contradicted the
theory put forward earlier by W. Ostwald (1853�1932,
1909 Nobel Prize in Chemistry). According to Ost-
wald, adsorption of gaseous reagents in micropores of
the catalyst plays an important role. In Sabatier’s
opinion, heterogeneous catalysis in hydrogenation is
associated with formation of intermediate compounds
on the external surface of catalysts. Unstable com-
pounds then decompose to give the end product. The
main results of Sabatier’s investigations in the field of
catalytic reactions are contained in compact form
in [8].

In 1900, investigations in the field of heterogene-
ous catalysis, as applied to reactions involving organic
substances, were commenced by one of the most
prominent chemists of the first half of the XX century,
V.N. Ipat’ev (1867�1952, academician since 1916).
The commonness of interests and scientific purposes
unites Sabatier’s and Ipat’ev’s investigations, which
complement each other [1�3, 9]. However, the ap-
proaches of these scientists to solution of the problem
of catalytic hydrogenation were fundamentally dif-
ferent. Sabatier and his co-workers mostly solved
problems of preparative organic synthesis, with only
the catalyst being the main factor affecting the course
of the process and temperature being of secondary
importance. At the same time, Ipat’ev and his dis-
ciples regarded the pressure and temperature as most
important factors affecting the course of the catalytic
reaction. In their first experiments, aluminum oxide
was the most frequently used catalyst. Later, Ipat’ev
used complex formulations as catalysts and studied
the influence of various additives enhancing the activ-
ity of catalysts. The history of chemical science has
shown that catalytic hydrogenation processes could
not be used under industrial conditions without high
temperatures and high pressures.

Sabatier demonstrated the applicability of hetero-
geneous catalysis in reactions performed under com-
paratively mild conditions, which are typical of the
classical organic synthesis. To Ipat’ev belongs proof
of the successful applicability of heterogeneous catal-
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P. Sabatier (left) and V.N. Ipat’ev (right) (Paris, 1936).

ysis at high pressures and temperatures, i.e., under
extreme conditions from the standpoint of an organic
chemist of that time. Hydrogenation catalysis under
atmospheric pressure, discovered and developed in
detail by Sabatier in the very end of the XIX century,
gave place, already in the 1920s�1930s, to catalytic
hydrogenation by Ipat’ev’s method [9]. The main
results of investigations performed by the Russian
scientist were summarized in the monograph [10].
Ipat’ev was nominated for a Nobel Prize in 1941,
1948, 1949, and 1950. However, he was not awarded
the prize he undoubtedly deserved. The possible
reasons were analyzed in [11]. According to recently
published materials [12], the scientist himself, who
was awarded a large number of scientific prizes and
honorary titles of many countries, took this historical
injustice rather calmly.

Having retired in 1930, Sabatier continued deliver-
ing lectures till the end of his life. Academies and
scientific societies of many countries elected him their
foreign honorary member (England, Spain, Italy,
Romania, etc.), he had a degree of doctor of honoris
causa from quite a number of universities [13]. In
1897 and 1905, Sabatier was awarded medals of the
Paris Academy of Sciences; in 1915, the London
Royal Society awarded him a Davy medal; in 1933,
he received a Franklin medal (the United States). The
scientist was honored with highest state awards of
France.

Paul Sabatier died on August 14, 1941, in Toulouse

at the age of 86. Unfortunately, biographic evidence
concerning Sabatier in publications open to general
use is very scarce [4, 13�15]. The reference literature
contains repeated annoying inaccuracies [5, 6, 16].
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Armin Genrikhovich Stromberg

On September 18, 2004, at the age of 94, passed
away Armin Genrikhovich Stromberg, the oldest
Russian electrochemist, founder of the world’s most
prominent scientific school in the field of stripping
voltammetry, honorary professor of the Tomsk Poly-
technic Institute, Honored Chemist of the Russian
Federation, honorary Soros professor, and doctor of
chemical sciences.

A.G. Stromberg was born on September 16, 1910,
and spent his early childhood in St. Petersburg. After
his father, an army doctor and privatdocent of the
Military Medical Academy in St. Petersburg, died in
action at the frontline in 1914, Stromberg’s family
moved to his mother’s homeland, Yekaterinburg.
In 1927, Stromberg entered the chemical department
of the Ural Polytechnic Institute and graduated there-
from in 1930 as chemist-engineer. The first period of
Stromberg’s scientific activities (before 1941) was
devoted to original investigations in the filed of high-
temperature electrochemistry. He was the first to
study electrocapillary phenomena for liquid metals
in ionic melts and determined the zero-charge points.
In 1939, Stromberg defended his candidate’s (chem.)
dissertation.

The postwar period of Stromberg’s scientific activi-
ties is distinguished by wide use of polarographic
techniques for studies of various objects. Particularly
important was scientist’s contribution to the theory
and practice of amalgam polarography and to exami-
nation of the polarographic behavior of organic com-
pounds. In 1951, Stromberg defended the dissertation
�Theory and Practice of Polarography, and Amalgam
Polarography in Particular,� and the degree of a doctor
of chemistry was conferred on him.

In the prewar years, and also in 1944�1949, Strom-
berg worked at the Institute of Chemistry and Metal-
lurgy, Ural Division, Academy of Sciences of the
USSR, and in 1950�1955, at the chair of physical and
colloid chemistry of the Ural State University. In
1956, he was elected head of the chair of physical and
colloid chemistry at Tomsk Polytechnic Institute. It is
at this chair and at the Basic Research Laboratory for
Physicochemical Determination of Microimpurities in
Semiconductors and High-Purity Materials, created
at the chair by Stromberg’s initiative, that his talent as
not only a theoretician, experimenter, and pedagogue,

but also a head and organizer of a large team of
researchers, capable of solving exceedingly compli-
cated scientific and applied problems, displayed itself
in full measure. Stromberg himself headed the labora-
tory for 24 years and then remained there as scientific
consultant. The goal of all the staff members of the
laboratory was the same, to improve thoroughly the
method of stripping voltammetry: to elaborate upon
the theory, and develop new apparatus and practical
procedures for determining microimpurities. During
the 40 years of existence of the basic-research labora-
tory, tremendous success was achieved, summarized
in the collection of works Tomskoi electrokhimiche-
skoi shkole i problemnoi laboratorii mikroprimesei
sorok let (1962�2002) (Tomsk Electrochemical
School and Basic-Research Laboratory of Microim-
purities Is Forty (1962�2002)) (Tomsk, 2004). The
presentation of the book was made on the scientist’s
birthday, on September 16, 2004, two days before his
death. In the last months of his life, Stromberg suf-
fered from cardiac insufficiency, but did not terminate
his scientific activities and continued to consult his
co-workers.

Armin Genrikhovich Stromberg was a man of
astonishing working capacity and devotion to science,
his motto was �The life is short, so be in a hurry.�
Under scientist’s supervision, near 100 candidate dis-
sertations were prepared and defended, a number of
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his disciples became doctors of science and headed
scientific teams in various cities and towns of Russia.
Stromberg wrote more than 430 scientific articles and
the textbook Fizicheskaya khimiya (Physical Chemis-
try), which has already run into five editions. The last
three of these (in 1999, 2001, and 2003) were supple-
mented by the author with important sections: �Intro-
duction to the Theory of Self-Organization of Matter.
Elements of Synergetics� and �Introduction to the
Theory of Fractals.� In 1999 was published an origi-
nal textbook Sinergetika: Primenenie v khimii (Syner-
getics: Application to Chemistry). These supplements
manifested another important principle of the scientist:
to learn incessantly, to be at the frontline of research.

An exceedingly talented and well-organized person,
Stromberg always took a rest in performing Chopin
preludes in strictly fixed hours of every day, in sup-
plementing his home library with books and journal
articles devoted to an exceedingly wide variety of
topics, and in reading of memoirs.

In the person of Armin Genrikhovich Stromberg,
we lost a prominent scientist and a true representative
of Russia’s intelligentsia of the early XX century. His
friends and colleagues will ever thankfully keep his
memory.

A. G. Morachevskii, B. V. L’vov, and V. I. Kravtsov
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Abstract�The reactivity of copper nanopowders obtained by mechanical treatment or electric explosion
of a conductor was studied in their reaction with glacial acetic acid. Two parameters were used to evaluate
the reactivity: heat effect of the reaction and the maximum rate of heat release.

Compared with compact substances, highly dis-
persed materials have an excess energy, and, therefore,
they are frequently named energy-saturated systems
or media [1, 2]. With the high energy content of dis-
persed particles, which is due, in particular, to the
contribution of the surface energy, is associated a very
important specific feature of ultradispersed media,
i.e., their high reactivity.

Methods for preparing highly dispersed materials,
including metal nanopowders, can be conventionally
divided into physicochemical and mechanical tech-
niques [3]. To the former belong processes in which
powders are produced with a change in the chemical
composition of the starting raw material or in its ag-
gregative state, e.g., the method of electric explosion
of a conductor (EEC). In mechanical techniques, the
starting material is ground into a powder without any
change in its chemical composition. The preparation
technique used determines the size and morphology of
particles, chemical composition, and physical and
physicochemical properties of the powders obtained.

The electric explosion of a conductor consists in
an abrupt change in the physical state of the metal
because of the intensive release of energy in the con-
ductor through which a pulsed current of high density
is passed [4]. In the explosion stage, the metal is
heated to above the melting point, with some part of
the material of the wire evaporating and the rest flying
apart in the form of liquid drops. The former phase
yields, via condensation in a flow of a rapidly expand-
ing gas, particles with exceedingly small size. Thus,
the resulting particles are formed both via condensa-
tion (finer particles) and via dispersion (coarser par-
ticles). The relative amounts of these components

depend on the type of disintegration of the conductor,
which is determined by the process of energy intro-
duction into the exploding conductor [5]. The energy
introduced into the conductor is commonly character-
ized by the ratio of the density E of the energy intro-
duced to the energy Es of sublimation of the metal.
This parameter, as well as the diameter of the wire
being exploded, determines the specific surface area
and size distribution of the resulting particles [5, 6].
The larger the ratio E/Es, the greater the amount of
finer particles (<30 nm) and the smaller that of coarse
particles (�100 nm). It should be noted that the par-
ticles formed in EEC have a regular spherical shape
[5].

It is commonly believed that nanopowders pro-
duced by the EEC method have a very high excess
energy [7], which exceeds severalfold the heat of
melting of the same amount of substance in the bulk
state. Such an excess of energy in nanopowders can-
not be due to the contribution of only the surface
energy. It is assumed, in particular, that the main com-
ponent of the energy stored in electrically exploded
powders is associated with charged structures [8],
whose presence in the particles changes their electro-
chemical behavior.

Mechanical abrasion is the most productive method
for obtaining powders of various materials in large
amounts [4]. The grinding is commonly done with
planetary, ball, and vibration mills. However, ordinary
grinding is comparatively rarely used to obtain ultra-
dispersed powders because of the existence of a cer-
tain limit of grindability [2, 9]. The grinding limit is
an individual characteristic of a substance, which is
commonly determined experimentally.
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Table 1. Preparation conditions of copper nanopowders
������������������������������������������������������������������������������������

Nanopowder
� Preparation � E/Es , �

Medium
�

Additive
� MT duration,

� technique � rel. units � � � min
������������������������������������������������������������������������������������
Cu-18 � EEC � 2.0 � Nitrogen � � � �

Cu-19 � EEC � 1.0 � � � � � �

Cu-8 � EEC � 1.0 � � � � � �

Cu-13 � EEC � 0.8 � Argon � � � �

Cu-11 � EEC � 1.2 � Xenon � � � �

Cu-I � MT � � � Air � H(CF2CF2)2CONH2 � 10
Cu-II � MT � � � � � H(CF2CF2)2CONH2 � 20
Cu-III � MT � � � � � H(CF2CF2)2CONH2 � 30
Cu-1 � MT � � � � � CuCl2 � 10
Cu-2 � MT � � � � � CuCl2 � 20
Cu-3 � MT � � � � � CuCl2 � 30
������������������������������������������������������������������������������������

Two opposite processes compete in grinding of
a solid: (i) decrease in particle size in the disintegra-
tion of the material and (ii) aggregation of particles
as a result of plastic flow. When the treatment dura-
tion increases, the specific surface area may behave
differently, depending on the relative rates of these
processes. For example, if the contribution from
the second process starts to grow in the course of
dispersion and becomes predominant at a certain level
of dispersity, the time dependence of the specific sur-
face area will pass through a maximum. In the case
when the rates of disintegration and aggregation be-
come equal and remain in this state during a certain
period of time, the specific surface area reaches
the largest possible, under the given conditions, value
and further grinding does not reduce the particle size
[10].

The relative contributions of these processes can
be affected by varying such dispersion conditions as
temperature (change in the flowability limit, transition
from the plastic to the brittle state at low tempera-
ture), medium, and grinding in the presence of sur-
factants making lower the surface energy and mechan-
ical strength of particles [2, 10]. As surfactants can act
both inorganic and organic polar compounds: organic
acids, alcohols, amines, and high-molecular-weight
compounds containing acid, alcoholic, amine, and
other fragments. For example, mechanical treatment
of copper powders in the presence of fluorine-contain-
ing organic surfactants (in particular, amide of per-
fluorovaleric acid) leads to an increase in the specific
surface area to 5.2 m2 g�1, which is comparable with
that in EEC-produced powders [11]. Most of particles
formed under high-energy impact (including mechan-
ical treatment) have an irregular shape [9].

In this study, the reactivity of copper nanopowders
obtained in various conditions of EEC and those pro-

duced by mechanical treatment (MT) toward glacial
acetic acid was examined by means of microcalo-
rimetry.

EXPERIMENTAL

As objects of study served copper nanopowders
obtained using two methods: electric explosion of
a conductor in an inert atmosphere (nitrogen, argon,
or xenon) and mechanical treatment in an AGO-2
centrifugal-planetary mill at a power introduced by
the balls equal to 55 W g�1 (40 g) in the presence
of amide of perfluorovaleric acid H(CF2CF2)2CONH2
(10 wt %) or CuCl2 (15 wt %) (CuCl2 was washed
with ethanol after MT).1 The preparation conditions
of the nanopowders are listed in Table 1.

To evaluate the reactivity of copper nanopowders
and examine its dependence on the conditions under
which these nanopowders were obtained and on the
methods used for this purpose, the reaction of copper
with glacial acetic acid in the presence of atmospheric
oxygen was chosen [12]. This reaction proceeds by
the scheme

2Cu + 2CH3COOH + O2 � Cu(CH3COO)2 �Cu(OH)2.

The reaction was performed in an MKDP-2 micro-
calorimeter in special cells [13]: 2 mg of copper pow-
der were placed in 1.5 cm3 of glacial acetic acid at
50�C. For each powder, measurements were carried
out in five replications and the averaged values were
����������
1 Electrically exploded copper nanopowders were produced at

the Institute of High-Current Electronics, Siberian Division,
Russian Academy of Sciences (Tomsk), and those mechanical-
ly treated, at the Institute of Solid-State Chemistry and
Mechanochemistry, Siberian Division, Russian Academy of
Sciences (Novosibirsk).
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Table 2. Results obtained in a study of the reactivity of copper nanopowders* in the reaction with glacial acetic acid
at 50�C
������������������������������������������������������������������������������������
Nanopowder � Ssp, m2 g�1 � ds , nm � Completeness of the reaction, % � �H, kJ mol�1 �Wmax �104, J s�1

������������������������������������������������������������������������������������
Cu-18 � 2.1 � 319 � 78 � 234.75 � 22.06
Cu-19 � 5.6 � 120 � 78 � 271.35 � 23.95
Cu-8 � 8.7 � 77 � 83 � 279.76 � 32.49
Cu-13 � 2.2 � 305 � 61 � 245.10 � 21.56
Cu-11 � 6.0 � 112 � 87 � 308.90 � 50.58
Cu-I � 3.2 � 209 � 61 � 305.93 � 21.23
Cu-II � 3.9 � 172 � 46 � 367.27 � 16.45
Cu-III � 5.2 � 129 � 61 � 367.39 � 24.45
Cu-1 � 4.3 � 156 � 59 � 232.07 � 14.28
Cu-2 � 6.2 � 108 � 61 � 212.06 � 24.41
Cu-3 � 6.9 � 97 � 58 � 149.30 � 12.69
������������������������������������������������������������������������������������
* Ssp, specific surface area found by BET; ds, average particle diameter, ds = 6/�Ssp, where � is the theoretical density, g cm�3;
�H, heat effect of the reaction; and Wmax, maximum rate of heat release.

further analyzed. In all the experiments, the time of
thermostating and that during which heat-release cur-
ves were recorded were the same: 80 min each. After
the reaction was carried out in the microcalorimeter,
an electronic absorption spectrum of the reaction
mixture was recorded on a Specord M40 spectropho-
tometer and the absorption band of copper acetate
(683 nm) was used to monitor the completeness of
the reaction. The total heat of the reaction was found
by integration of the heat-release curves, and the heat
effect of the reaction was calculated with account of
the completeness of the reaction. As a parameter for
comparison of the reactivities of the copper powders
served, in addition to the heat effect of the reaction,
the maximum rate of heat release. It is known [14] that
the heat flux is proportional to the reaction rate, and,
therefore, the kinetics of the process can be judged
from the experimental curve of the heat flux. The ex-
perimental curve obtained in studying a fast reaction,
when the whole amount of heat is released during
a time comparable with the time constant of the cal-
orimeter, is to be corrected. In the case in question,
with the reaction duration considerably longer than
the time constant of the calorimeter (the time constant
of the MKDP-2 microcalorimeter does not exceed
180 s), kinetic parameters can be calculated directly
from the experimental curve. The maximum rates of
heat release were calculated by integrating exper-
imental curves in the vicinity of the peak heat release.

The results obtained in studying the reactivity of
copper nanopowders by means of microcalorimetry
are listed in Table 2. The experimental data obtained
were used to plot the dependences of the heat effects
of the reaction and the maximum rates of heat release

on the specific surface area of the powders (Figs. 1,
2). One curve represents the results obtained for cop-
per powders obtained by an electric explosion in
the atmosphere of argon (curve 1); the heat effects

Fig. 1. Enthalpy of the reaction, �H, of copper nanopow-
ders with glacial acetic acid at 50�C vs. specific surface
area Ssp. Powder: (1) electrically exploded, (2) mechanical-
ly treated in the presence of amide of perfluorovaleric acid,
and (3) mechanically treated in the presence of powdered
CuCl2; the same for Fig. 2.

Fig. 2. Maximum rate of heat release, Wmax, vs. the spe-
cific surface area Ssp.
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of the reaction and the maximum rates of heat release
for Cu-13 and Cu-11 powders prepared by an electric
explosion in the atmospheres of argon and xenon, re-
spectively, are plotted separately.

For the copper powders produced by electric ex-
plosion in the atmosphere of nitrogen, the heat effect
of the reaction and the maximum rate of heat release
grow as the specific surface area becomes larger
(Figs. 1, 2; curves 1). The values of the parameters
�H and Wmax for Cu-13 powder obtained in argon
differ only slightly from the corresponding values
for Cu-18 powder prepared by electric explosion in
the atmosphere of nitrogen and having a specific sur-
face area comparable with that of Cu-13. Thus, the re-
activity of the copper powders produced by electric
explosion in the atmosphere of nitrogen or argon
grows with increasing specific surface area. An un-
expectedly high reactivity is observed for Cu-11 pow-
der obtained by electric explosion in the atmosphere
of xenon. The highest heat effects of the reaction,
fastest maximum rates of heat release, and highest
yield of the product were obtained for this powder
(Table 1).

It may be assumed that of decisive importance for
the reactivity of electrically exploded powders with
specific surface areas in the range studied and with
the corresponding particle sizes (77 to 319 nm) is
the medium in which the conductor is electrically
exploded, rather than the specific surface area (or
particle size), which is determined by the parameter
E/Es and by other conditions of the electric explosion
[5, 6]. The highest reactivity is observed for Cu-11
copper powder produced by electric explosion in
the atmosphere of xenon. Possibly, the electric explo-
sion of a copper conductor in the atmosphere of xenon
favors stabilization of metastable energy-saturated
states to a greater extent than does the electric ex-
plosion in the atmosphere of other gases. It is also
possible that presence of another type of impurities
is important in this case. It was shown in [15], by
means of radio-activation, chemical, and X-ray dif-
fraction analyses and ESR and NMR spectroscopies
that the particle of a powder produced by the EEC
method is a metallic sphere of submicrometer size
with a distorted crystal lattice, which also contains
the amorphous phase of the metal and, in the bulk and
on the surface, the gas in which the explosion was
performed; air is adsorbed later, in storage. It is not
improbable that powders produced by electric explo-
sion in the atmosphere of xenon can be stored longer
without loss of the initial properties.

Mechanically treated copper powders show a non-
monotonic variation of reactivity with increasing spe-

cific surface area of the powders (Figs. 1, 2; cur-
ves 2, 3). Among copper powders mechanically
treated in the presence of amide of perfluorovaleric
acid, the best combination of parameters is observed
for Cu-III powder treated for 30 min and having the
largest specific surface area. For copper powders pro-
duced by mechanical treatment in the presence of
CuCl2, the best results were obtained for Cu-2 powder
treated for 20 min and not having the largest specific
surface area among the three powders of this series.

Probably, the mechanical treatment of copper pow-
ders causes changes in their structure (e.g., accumula-
tion of various kinds of defects and their subsequent
relaxation [11, 16]), which lead, despite the con-
tinuing increase in the specific surface area, to a de-
crease in the reactivity of these copper powders. These
changes are of cyclic nature, which is the reason for
the nonmonotonic variation of the reactivity of the
copper powders with increasing duration of mechani-
cal treatment and, accordingly, with growing specific
surface area of the powders. Although the highest re-
activity is observed for Cu-III powder treated for
30 min in the presence of amide of perfluorovaleric
acid, Cu-I powder treated for 10 min and having a
considerably smaller specific surface area is inferior to
Cu-III powder only in the heat effect of the reaction.

In addition, the mechanical treatment for 20 min
in the presence of amide of perfluorovaleric acid leads
to a decrease in the reactivity of Cu-II copper pow-
der, as indicated by its maximum rate of heat release
(the heat effect of the reaction is comparable with that
obtained for Cu-III powder). At the same time, me-
chanical treatment for 20 min in the presence of
CuCl2, by contrast, causes an increase in the reactivity
of the copper powder, because the resulting Cu-2
powder has the best reactivity as indicated by a com-
bination of two parameters (�H and Wmax). It may
be assumed that the optimal duration of MT, yielding
a copper powder with a high reactivity, depends on
the type of additive in whose presence the copper
powder is mechanically treated.

Comparison of the reactivities of copper powders
obtained by different methods reveals the following
specific features. As judged from the heat effects of
the reaction of copper with glacial acetic acid, the re-
activity is the highest for powders produced by me-
chanical treatment in the presence of amide of per-
fluorovaleric acid. However, as indicated by a com-
bination of parameters chosen for evaluation of the
reactivity, the most active are powders prepared by
electric explosion: Cu-11 powder prepared by electric
explosion in xenon and Cu-8 powder produced by
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electric explosion in nitrogen and having the largest
specific surface area.

CONCLUSIONS

(1) It is suggested to evaluate the reactivity of cop-
per nanopowders toward glacial acetic acid by a com-
bination of parameters determined by the microcalo-
rimetric method: heat effect of the reaction and max-
imum rate of heat release.

(2) It is shown that the medium in which the elec-
tric explosion of a conductor occurs is of key im-
portance for the reactivity of the resulting copper
nanopowders. The highest reactivity is observed for
a copper powder produced by electric explosion in
the atmosphere of xenon. The reactivity of copper
powders formed by electric explosion in the atmo-
sphere of nitrogen or argon grows with increasing
specific surface area of the powders.

(3) It is established that the reactivity of mechan-
ically treated copper nanopowders varies nonmono-
tonically as the treatment duration becomes longer
and, accordingly, the specific surface area of the pow-
ders grows. The optimal duration of mechanical treat-
ment, necessary for obtaining the highest reactivity of
a copper powder toward glacial acetic acid, depends
on the type of additive in whose presence the copper
powder is treated. As indicated by a combination of
parameters, the reactivity is the highest for a copper
powder produced by mechanical treatment for 30 min
in the presence of amide of perfluorovaleric acid and
that formed upon treatment for 20 min in the presence
of CuCl2.
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Abstract�The enthalpies of dissolution of an alkaloid cytisine at dilutions [mole of cytisine : moles of water;
mole of cytisine : moles of 96% ethanol] equal to 1 : 9000, 1 : 18 000, and 1 : 36 000 were measured by means
of calorimetry. The experimental data obtained were used to calculate the standard enthalpies of dissolution
of cytisine in infinitely diluted (standard) aqueous and ethanolic solutions. The enthalpies of combustion,
melting, and crystallization of cytisine were calculated. The method of dynamic calorimetry in the temper-
ature range 198�298.15 K was applied to study the specific heat of the alkaloid, and an equation describing
the dependence C p� � f (T ) was derived.

Quinolizidine alkaloids constitute a group of com-
pounds with a broad spectrum of physiological prop-
rties. The interest in this type of vegetable bases is
due to the originality of their structure and existence
of a large number of conformational and optical iso-
ers [1]. A theoretically and practically important com-
ound belonging to this class of substances is cytisine.
Cytisine C11H14N2O is a secondary-tertiary acid base:

�
��
�N

O

�
�
��

NH

���
��
�N

O

�
�
��

NH

��

Numerous derivatives of cytisine have been studied
in sufficient detail by PMR, IR, and UV spectro-
scopies [1]. However, no systematic thermochemical
and thermodynamic studies of both cytisine itself and
its derivatives have been reported in the literature.

In view of the aforesaid, the aim of this study was
to make a calorimetric analysis of the specific heat
and enthalpy of dissolution of cytisine in water and
96% ethanol and to evaluate its thermodynamic pa-
rameters.

The enthalpies of cytisine dissolution in water and
96% ethanol were studied on a DAK-I-IA calorimeter.
The theory and practice of calorimetric investigations
have been described in detail [2�5]. The main tech-

nical parameters of the calorimeter are as follows:
range of working temperatures 25�200�C, ampule vol-
ume 8 cm3, time of attainment of the steady state 5 h,
sensitivity in the mode of direct measurement of the
thermoelectric voltage no less than 0.12 �V�W�1, sen-
sitivity in the mode of automatic compensation of the
thermoelectric voltage no less than 0.012 �V �W�1,
error in measurement of heat effects not exceeding
2%. The heat effects were recorded with a KSP-4 re-
corder and, in parallel, with an IP-4 precision inte-
grator. The time of preliminary thermostating was
2 h.

The operation of the device was tested by measur-
ing the �H of dissolution of thrice recrystallized KCl
at dilutions of 1 : 1600, 1 : 2400, and 1 : 3200 (mole
of salt : moles of water). The resulting �H of KCl
dissolution (at 25�C), equal to 17860 � 283 kJ mol�1,
is in a good agreement with the values obtained in
[6, 7].

The experimental errors and the homogeneity of
their variance were calculated using Student’s and
Barthlett’s criteria [8].

The enthalpies of cytisine dissolution in water
and 96% ethanol were determined experimentally
at dilutions of 1 : 9000, 1 : 18000, and 1 : 36000
[mole of alkaloid : moles of water (ethanol)]. Table 1
lists the results of a calorimetric determination of
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Table 1. Enthalpies of cytisine dissolution in water and 96% ethanol at different dilutions [mole of alkaloid : moles of
water (ethanol)]
������������������������������������������������������������������������������������

Water � 96% Ethanol
������������������������������������������������������������������������������������
mass of C11H14N2O, g � �Hdissol, J � ��Hm

dissol, kJ mol�1 � mass of C11H14N2O, g � �Hdissol, J ���Hm
dissol, kJ mol�1

������������������������������������������������������������������������������������
Dilution 1 : 9000

0.0059 � 0.264 � 8.37 � 0.0020 � 0.235 � 22.35
0.0057 � 0.248 � 8.28 � 0.0018 � 0.217 � 22.93
0.0057 � 0.245 � 8.18 � 0.0018 � 0.215 � 22.72
0.0061 � 0.268 � 8.36 � 0.0019 � 0.224 � 22.43
0.0060 � 0.258 � 8.18 � 0.0017 � 0.205 � 22.94

Average �8.27 � 0.11 � Average 22.67 � 0.34

Dilution 1 : 18 000

0.0028 � 0.098 � 6.66 � 0.0010 � 0.141 � 26.82
0.0026 � 0.097 � 6.83 � 0.0011 � 0.153 � 26.46
0.0031 � 0.108 � 6.63 � 0.0009 � 0.126 � 26.63
0.0030 � 0.106 � 6.72 � 0.0010 � 0.142 � 27.01
0.0029 � 0.103 � 6.76 � 0.0009 � 0.127 � 26.84

Average �6.72.�10 � Average 26.75�0.26

Dilution 1 : 36 000

0.0015 � 0.034 � 4.31 � 0.0006 � 0.095 � 30.12
0.0013 � 0.029 � 4.24 � 0.0007 � 0.111 � 30.17
0.0014 � 0.031 � 4.21 � 0.0007 � 0.110 � 29.89
0.0012 � 0.027 � 4.28 � 0.0006 � 0.094 � 29.80
0.0016 � 0.036 � 4.28 � 0.0005 � 0.077 � 29.30

Average � �4.26�0.05 � Average � 29.86�0.43
������������������������������������������������������������������������������������

the heat of cytisine dissolution at different dilu-
tions.

The values of �Hm
dissol obtained for C11H14N2O

at different dilutions (Table 1) were extrapolated to
infinite dilution. Using the data reported in [9], the
enthalpy of cytisine dissolution was calculated, using
the equation �Hm

dissol = a + b�
�
m (m is the molal con-

centration) in relation to the concentration of cytisine
in water and ethanol (kJ mol�1):

�Hm
dissol(C11H14N2O) = �(0.65�0.01) � (99.48�1.49)�

��
m,
(1)

�Hm
dissol(C11H14N2O) = (36.13�0.47) � (311.83�4.05)�

��
m.
(2)

Relations (1) and (2) were used to calculate the en-
thalpies of dissolution of cytisine in standard (infi-
nitely diluted) solutions of water and 96% ethanol
to be �0.65 � 0.01 and 36.13 � 0.47 kJ mol�1, respec-
tively.

The specific heat of cytisine was studied at 198�
298.15 K on an IT-S-400 calorimeter. The duration
of measurements in the whole temperature range, with
processing of the experimental data, was about 2.5 h.
The device was calibrated by determining the heat
conductivity of the heat flow meter, Khfm [10, 11].
For this purpose, several experiments were carried out
with a copper sample and empty ampule. The heat
conductivity was found using the formula

Khfm = ����������� ,
�hfm Cu � �hfm
_ _0

CCu sample
(3)

where CCu sample is the total specific heat of the cop-
per sample (J mol�1 K�1); �� hfm Cu , average time
lag of the heat flow meter in experiments with the
copper sample; and �� 0

hfm, the average time.

Table 2 lists the results obtained in determining
the specific heat of cytisine. The rated error of the
device in measuring the specific heat was � to �10%
[11]. The device was tested by measuring C�p (298.15)
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Table 2. Experimental values of the specific heat of
C11H14N2O
����������������������������������������

T, K � Cp �
�

�, J K�1 g�1 � C�p � �, J mol�1 K�1

������	����������������	����������������
198 � 0.7570 � 0.0155 � 144 � 8
223 � 0.9265 � 0.0240 � 176 � 13
248 � 1.0305 � 0.0173 � 196 � 9
273 � 1.1216 � 0.0122 � 213 � 6
298 � 1.1476 � 0.0277 � 218 � 15

����������������������������������������

of 	-Al2O3. The experimental value of C�p (298.15)
of 	-Al2O3, equal to 76.0 J mol�1 K�1, is in a
satisfactory agreement with the reference value of
79.0 J mol�1 K�1 [12].

The data in Table 2 were used to obtain the equa-
tion C�p = f (T ), which has the following form for
cytisine at 198�298.15 K (J mol�1 K�1):

C p� = (372.8 � 20.4) � (253.9 � 13.9) 	 10�3 T

� (70.0 � 3.8) 	 105 T �2. (4)

To calculate � f H� (298.15) of C11H14N2O, its stan-
dard heat of combustion was evaluated using the Karas
and Frost methods [13], which are the most appro-
priate for taking into account the contributions of
various groups to the heat of combustion. The results
obtained were averaged to give a value of �6144 �
232 kJ mol�1 for the heat of combustion of C11H14N2O.
Using the �H� of combustion by the Hess cycle for
the reaction

C11H14N2O(l) + 14O2(g) = 11CO2(g) + 7H2O(l) + N2(g), (5)

the standard enthalpy of formation of liquid
C11H14N2O was calculated to be �189.7 kJ mol�1.
It is known that the Karas and Frost methods are ap-
plicable only to calculation of �H� of combustion of
liquid hydrocarbons [13]. The data necessary for cal-
culating � f H� (298.15) of C11H14N2O(l) by Eq. (5),
were taken, with the exception of �H� of combustion,
from [14].

In view of the fact that cytisine is in the crystalline
state at 298.15 K, � f H� (298.15) of solid cytisine
was calculated. For this purpose �H�melt of C11H14N2O
was evaluated using the Gambill equation [15]:

�H�melt /Tmelt = 20.72 	 100.00324M. (6)

The value of �H�melt, found for C11H14N2O by
Eq. (6), is 36.6 kJ mol�1. The equation

�H� (298.15) C11H14N2O(s)

= � f H� (298.15) C11H14N2O(l) � �H�melt (7)

was used to calculate the standard enthalpy of forma-
tion of crystalline cytisine, equal to �226.3 kJ mol�1.

CONCLUSIONS

(1) The enthalpies of cytisine dissolution in water
and ethanolic solution at different dilutions were de-
termined experimentally and the corresponding values
for the same solutions at an infinite dilution (standard
solutions) were calculated. The standard enthalpies of
formation of liquid and crystalline C11H14N2O and its
heats of combustion and melting were also calculated.

(2) The method of dynamic calorimetry at 198�
298.15 K was used to study the specific heat of cy-
tisine, and an equation describing the dependence C�p 

f (T ) was derived.

(3) The results obtained can be used in directed
synthesis of biologically active compounds existing in
the nature, for standardization and certification of
preparations based on these compounds, and for load-
ing of the data obtained into databases of fundamental
constants and thermodynamic reference books.
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Abstract�The solubility of components and critical phenomena in a ternary system constituted by potassium
nitrate, water, and isopropyl alcohol were studied by the visual-polythermic method in the temperature range
25�90�C. The formation temperature of the critical node of the monotectic equilibrium (critical solution�
solid phase) and the solution compositions corresponding to the critical solubility points at different tem-
peratures were determined. Isothermal solubility diagrams of the system were constructed, the previously
suggested scheme of the topological transformation of the phase diagrams of ternary stratifying systems con-
stituted by a salt and a binary solvent was confirmed, and the distribution coefficients of isopropyl alcohol
at different temperatures were calculated.

Published evidence concerning the solubility of
the components in the system KNO3�H2O�i-C3H7OH
are scarce. A study has been reported [1] in which
the solubility and density of mixtures of the com-
ponents of this system were analyzed and it was sug-
gested to use the system to obtain KNO3. The on-
set temperature of the stratification of the system was
determined. However, the pattern of the topological
transformation of the solubility diagram of this system
was not elucidated completely and no influence of
temperature on the salting-out effect of KNO3 was
revealed.

EXPERIMENTAL

The polythermic study of phase equilibria in
the ternary system constituted by potassium nitrate,
water, and isopropyl alcohol was performed using
the visual-polythermic method [2]. The experimental
procedure consisted in the following. Mixtures of
the three components were prepared by weighing on
an analytical balance in 6-ml ampules made of a heat-
resistant glass in such a way that the compositions of
these mixtures varied along the chosen sections of
the concentration triangle. The ampules with the mix-
tures were sealed and, by turns, placed in a 800-ml
thermostated chemical vessel. Water was used as
a heat-carrying agent. The temperatures of phase
transitions were determined by successive heating
and cooling of each mixture, with ampules shaken at
regular intervals of time and the formation or disap-

pearance of a liquid or solid phase fixed visually.
Each value of the phase transition temperature, found
with an accuracy of �0.1�C, was an averaged result
of several replicate measurements. The equilibrium in
a heterogeneous mixture was considered to be attained
when the results of measurements of the phase transi-
tion temperature became reproducible.

The results obtained in measurements for each
section were used to plot the phase transition tem-
peratures against the content of a component in mix-
tures of all the components of the system (polytherms).
Using the resulting polytherms of phase states, the
mixture compositions corresponding to phase transi-
tions at chosen temperatures were found by graphical
interpolation and isothermal phase diagrams of the
ternary system were constructed. The relative error
in determining these compositions was �0.5�1.0%.
The solution compositions corresponding to the crit-
ical solubility points were found by the method of
phase volume ratios [3]. A mixture of the components,
with a critical opalescence and equal volumes of the
liquid phases in the vicinity (�0.1�C) of the phase
transition temperature, was chosen. The solutions with
a critical opalescence were studied in graduated
ampules; the error in measuring the phase volumes
was about 5%.

KNO3 of analytically pure grade, additionally re-
crystallized, finely ground, and dried to constant
weight in a vacuum over phosphorus(V) oxide at 100�C,
was used in the study. The absence of moisture was
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verified by a thermogravimetric analysis. A salt sam-
ple prepared for study was stored over calcined CaCl2
in a desiccator. A sample of chemically pure isopropyl
alcohol (content of the main substance >99.8%) was
dried over calcined K2CO3 for 24 h, separated from
the precipitate by decantation, distilled on an instal-
lation with a rod-and-disk type fractionating column
of height 0.3 m, and the fraction with a boiling point
of 82.2�82.4�C was selected. The purified alcohol was
stored over 4-� molecular sieves. Water was obtained
on a DEM-20 MERA-POLNA bidistiller. The sol-
vents used were identified by their boiling points,
refractive indices, and densities. The physical con-
stants of isopropyl alcohol and water were in a good
agreement with reference data [4].

The compositions of the component mixtures were
varied along twelve sections of the concentration
triangle of the system under study. The component
mixtures belonging to sections I�X had a varying
content of KNO3 and constant mass ratios of iso-
propyl alcohol and water: 5 : 95 (I ), 10 : 90 (II ),
20 : 80 (III ), 28 : 72 (IV ), 36 : 64 (V ), 50 : 50 (VI ),
60 : 40 (VII ), 70 : 30 (VIII ), 80 : 20 (IX ), and 90 : 10
(X ). The component mixtures belonging to section
XI had a varying content of the alcohol and a constant
mass ratio of the salt and water (40 : 60), whereas
the mixtures belonging to section XII, had a constant
content of the salt (50.0 wt %) and a varying mass
ratio of water to isopropyl alcohol.

For all the sections, polytherms of the phase states
of the system were plotted. The polytherms of sec-
tions XI and XII made it possible to determine
the temperature at which the critical node of the mo-
notectic equilibrium (critical solution�solid phase) is
formed, which corresponds to the onset of stratifica-
tion in the system. The polytherms of the phase states
of sections I�IX are similar.

Figure 1 shows as an example the polytherm of
section XII. It comprises four curves that converge to
a common point and delimit four fields of phase states,
those of unsaturated solutions (l), saturated solutions
(l + S ), stratification (l1 + l2), and monotectic equi-
librium (l1 + l2 + S ). The solid phase has a compo-
sition KNO3. In going from the saturated state (l + S )
into the region of a monotectic equilibrium (l1 + l2 +
S ), critical phenomena in the system of two liquid
phases were observed. The region of critical points
corresponding to the compositions of the solutions
with a critical opalescence is encircled with a dashed
line, and the critical point corresponding to a mixture
with equal volumes of liquid phases is denoted by
a large circle and letter K. Apparently, point K cor-
responds to a mixture composition corresponding to

Fig. 1. Polytherm of the phase states of the system con-
stituted by potassium nitrate, water, and isopropyl alcohol
in mixtures of the components along section XII of
the composition triangle. (T ) Temperature and (i-C3H7OH)
content.

Fig. 2. Isotherms of phase states of the system constituted
by potassium nitrate, water, and isopropyl alcohol at
(1) 25.0 and (2) 47.2�C.

the critical node KS (critical solution�solid phase),
which appears in the field of saturated solutions at
47.2�C.

The temperature dependence of the solution com-
position corresponding to the critical solubility point
was found. For this purpose, component mixtures
belonging to additional sections and having a varying
content of the salt and a constant mass ratio of water
to the alcohol were studied. It was established that
the composition of the critical solution changes only
slightly when the temperature is raised (see Table 1).

The polytherms and the temperature dependences
of the composition of the critical solution were used
to plot isothermal phase diagrams of the system at
25.0, 47.2, 50.0, 60.0, 70.0, 80.0, and 90.0�C. At
temperatures in the range from 25.0 to 47.2�C, a sim-
ple solubility of potassium nitrate in mixtures of
water and isopropyl alcohol is observed. For example,
there is a field of homogeneous solutions (l ), sep-
arated by a smooth curve 1 from the field of saturated
solutions (l + S ), in the isotherm at 25.0�C (Fig. 2).
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Table 1. Solubility of the components of the ternary system constituted by potassium nitrate, water, and isopropyl
alcohol*

������������������������������������������������������������������������������������

T, �C
� Composition of the saturated solution, wt %
������������������������������������������������������������������������������
� KNO3 � H2O � i-C3H7OH � KNO3 � H2O � i-C3H7OH � KNO3 � H2O � i-C3H7OH

������������������������������������������������������������������������������������
25.0 � 27.2 � 72.8 � 0.0 � 7.5a � 66.6a � 25.9a � 0.5a � 29.8a � 69.7a

� 21.8a � 74.3a � 3.9a � 5.5a � 60.5a � 34.0a � 0.3a � 19.9a � 79.8a

� 18.5a � 73.3a � 8.2a � 4.7a � 60.3a � 35.0a � 0.1a � 10.0a � 89.9a

� 11.0a � 71.2a � 17.8a � 2.6a � 48.7a � 48.7a � � � � � �

47.2 � 43.0 � 57.0 � 0.0 � 22.2b � 56.0b � 21.8b � 5.8d � 37.7d � 56.5d

� 38.7b � 58.2b � 3.1b � 18.8b � 51.4b � 29.8b � 3.3d � 29.0d � 67.7d

� 34.0b � 59.4b � 6.6b � 17.7** � 51.8** � 30.5** � 0.9d � 19.8d � 79.3d

� 26.6b � 58.7b � 14.7b � 10.5d � 44.8d � 44.7d � 0.3d � 10.0d � 89.7d

50.0 � 44.0 � 56.0 � 0.0 � 23.0c � 55.4c � 21.6c � 7.0d � 37.2d � 55.8d

� 40.7b � 56.3b � 3.0b � 19.0c � 51.8c � 29.2c � 4.0d � 28.8d � 67.2d

� 38.0b � 56.6b � 5.4b � 18.3** � 51.5** � 30.2** � 1.5d � 19.7d � 78.8d

� 36.7b � 57.0b � 6.3b � 12.0c � 44.0c � 44.0c � 0.5d � 10.0d � 89.5d

� 28.3c � 57.5c � 14.2c � � � � � � � � � � � �

60.0 � 52.0 � 48.0 � 0.0 � 23.0c � 55.4c � 21.6c � 7.5c � 37.0c � 55.5c

� 47.5b � 50.1b � 2.4b � 18.7c � 52.0c � 29.3c � 3.8c � 28.9c � 67.3c

� 41.7c � 52.5c � 5.8c � 18.1** � 51.5** � 30.4** � 1.3d � 19.7d � 79.0d

� 37.0c � 55.4c � 7.6c � 11.8c � 44.1c � 44.1c � 0.5d � 9.9d � 89.6d

� 27.2c � 58.2c � 14.6c � � � � � � � � � � � �

70.0 � 58.0 � 42.0 � 0.0 � 28.3c � 57.4c � 14.3c � 7.3c � 37.1c � 55.6c

� 55.0b � 42.8b � 2.2b � 23.0c � 55.4c � 21.6c � 3.7c � 28.9c � 67.4c

� 50.0c � 46.5c � 3.5c � 18.3c � 52.3c � 29.4c � 2.0d � 19.6d � 78.4d

� 42.0c � 52.2c � 5.8c � 17.6** � 51.8** � 30.6** � 0.6d � 10.0d � 89.4d

� 36.7c � 55.1c � 8.2c � 11.4c � 44.3c � 44.3c � � � � � �

80.0 � 62.8 � 37.2 � 0.0 � 28.8c � 57.0c � 14.2c � 7.7c � 36.9c � 55.4c

� 58.8c � 39.1c � 2.1c � 23.0c � 55.4c � 21.6c � 3.8c � 28.9c � 67.3c

� 50.3c � 46.4c � 3.3c � 18.7c � 52.0c � 29.3c � 1.3c � 19.6c � 79.1c

� 41.5c � 52.7c � 5.8c � 17.8** � 52.0** � 30.2** � 0.6d � 9.8d � 89.6d

� 37.3c � 54.8c � 7.9c � 11.2c � 44.4c � 44.4c � � � � � �

90.0 � 66.9 � 33.1 � 0.0 � 28.3c � 57.4c � 14.3c � 7.3c � 37.1c � 55.6c

� 58.5c � 39.4c � 2.1c � 22.3c � 55.9c � 21.8c � 4.0c � 28.8c � 67.2c

� 50.0c � 47.1c � 2.9c � 18.7c � 52.0c � 29.3c � 2.0c � 19.6c � 78.4c

� 41.7c � 52.5c � 5.8c � 17.7** � 52.1** � 30.2** � 0.7d � 9.6d � 89.7d

� 36.8c � 55.0c � 8.2c � 11.3c � 44.4c � 44.3c � � � � � �

������	��������	�������	��������
��������	�������	��������
��������	�������	��������
* Phase transition: a l �� l + S, b l �� l2 + S, c l �� l1 + l2 + S, and d l1

�
� l2 + S.

** Critical solubility point.

Table 2. Compositions of the liquid phases of the monotectic equilibrium and distribution coefficients Kd for isopropyl
alcohol in the ternary system constituted by potassium nitrate, water, and isopropyl alcohol
������������������������������������������������������������������������������������

Composition of liquid phase in equilibrium with solid KNO3, wt % � �
���������������������������������������������������������������� �

aqueous phase � organic phase � T, �C � Kd
���������������������������������������������������������������� �

KNO3 � H2O � i-C3H7OH � KNO3 � H2O � i-C3H7OH � �
������������������������������������������������������������������������������������

17.7* � 51.8* � 30.5* � 17.7* � 51.8* � 30.5* � 47.2 � 1.0
32.0 � 58.0 � 10.0 � 7.7 � 37.3 � 55.0 � 50.0 � 5.5
45.3 � 50.9 � 3.8 � 5.0 � 25.7 � 69.3 � 60.0 � 18.2
53.0 � 43.8 � 3.2 � 1.3 � 20.0 � 78.7 � 70.0 � 24.6
59.7 � 37.8 � 2.5 � 0.3 � 15.7 � 84.0 � 80.0 � 33.6
63.8 � 34.9 � 1.3 � 0.1 � 10.7 � 89.2 � 90.0 � 68.6

���������	���������	����������	����������	�����������	���������	����������	���������
* Composition of the liquid phase of the critical node of the monotectic equilibrium (critical solution�solid phase).
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At 47.2�C, a critical point K appears on the solubility
line 2 (Fig. 2). This point corresponds to a mixture in
which two liquid phases, alcoholic (l1) and aqueous
(l2), have identical compositions and properties. As
the critical liquid phase K is in equilibrium with
the solid phase S (KNO3), there appears a critical node
KS of the monotectic equilibrium. The composition
of the critical phase K of node KS was determined
graphically in the concentration triangle from the point
of intersection of the critical node with the solubility
line 2 for 47.2�C. This temperature is the onset tem-
perature of stratification in the given system, and it
coincides with that reported in [1].

As the temperature is raised, the critical node is
transformed, as can be seen from the isotherm at
50.0�C (Fig. 3), into a monotectic triangle (l1 +
l2 + S) with the adjacent fields of stratification (l1 + l2)
and of saturated solutions (l2 + S and l1 + S ). As
the temperature is raised further, the isotherms of
phase states, measured at 60.0, 70.0, 80.0, and 90.0�C,
do not change significantly, but the fields of the mo-
notectic state and stratification increase in size, and
those of saturated solutions become narrower (Fig. 4,
isotherm at 90.0�C).

The results obtained in determining the solubility
of the components of the system are listed in Table 1.
Data on the solubility of KNO3 were taken from a ref-
erence book [5]. The compositions of the liquid phases
of the monotectic equilibrium (Table 2) were found
graphically by plotting triangles of the monotectic
equilibrium on the plane of the concentration triangle
at different temperatures (Fig. 5). The dashed line aKb
(Fig. 5), which reflects the variation of the composi-
tions of the equilibrium liquid phases of the mono-
tectic with temperature comprises two branches.
The composition of the aqueous phase (l2) varies
along branch Ka, and that of the organic phase (l1)
along branch Kb. As the temperature increases, the
aqueous phase is enriched with the salt and depleted
of the alcohol, and the organic phase is enriched with
the alcohol and depleted of water and the salt.

The distribution coefficient Kd of the alcohol was
calculated as the ratio of the concentrations of the al-
cohol in the organic and aqueous phases of the mono-
tectic equilibrium (Table 2). The fact that the distribu-
tion coefficient grows with increasing temperature
indicates that the effect of salting-out of the alcohol
with potassium nitrate from aqueous solutions is en-
hanced. Apparently, this is due to decomposition of
alcohol hydrates [6, 7] and to a significant increase in
the concentration of KNO3 in the aqueous phase.
A comparative analysis of the results of the poly-

Fig. 3. Isotherm of phase states of the system constituted by
potassium nitrate, water, and isopropyl alcohol at 50.0�C.

Fig. 4. Isotherm of phase states of the system constituted by
potassium nitrate, water, and isopropyl alcohol at 90.0�C.

Fig. 5. Variation of the compositions of the liquid phases
of the monotectic equilibrium and of the position of the
monotectic triangle with temperature in the system con-
stituted by potassium nitrate, water, and isopropyl alcohol.
T (�C): (1) 47.2, (2) 50.0, (3) 60.0, (4) 70.0, (5) 80.0,
and (6) 90.0.
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Table 3. Distribution coefficients of isopropyl alcohol in
ternary systems constituted by a salt (KCl, KBr, KNO3),
water, and isopropyl alcohol
����������������������������������������

T, �C
� Distribution coefficient Kd
����������������������������������
� KCl � KBr � KNO3

����������������������������������������
50.0 � 10.0 � 9.5 � 5.5
60.0 � 12.5 � 12.5 � 18.2
70.0 � 14.5 � 14.8 � 24.6
80.0 � 17.3 � 16.2 � 33.6

������	����������	�����������	����������

thermic study of phase equilibria in the system con-
stituted by potassium nitrate, water, and isopropyl
alcohol and in the previously studied ternary systems
constituted by potassium chloride (bromide), water,
and isopropyl alcohol [8] revealed an analogy between
the topological transformations of their phase diagrams
upon a change in temperature and confirmed the sche-
me suggested by Mertslin and Nikurashina [9] for
ternary systems that are constituted by a salt and
a binary solvent and exhibit salting-out. According to
this scheme, the binary liquid system does not stratify
in the entire temperature range of its liquid state.
The difference is in the onset temperatures of strati-
fication: 24.4�C in the system with KCl, 32.9�C in
the system with KBr, and 47.2�C in that with KNO3.
Presumably, with the cation in the salts being the
same, the energy of their hydration decreases in order
of increasing radius of the anions, Cl�Br�NO3

� [10],
which leads to an increase in the onset temperature of
stratification.

The values obtained for the distribution coefficients
of isopropyl alcohol in the systems studied suggest
that, at equal high temperatures (60�80�C), the salt-
ing-out of the alcohol with KNO3 is stronger, and at
equal low temperatures (50�C), weaker than that with
KCl and KBr (Table 3). Apparently, this can be at-
tributed to a higher temperature coefficient of the
solubility of KNO3 in aqueous-alcoholic mixtures,
compared with that for KCl and KBr. Therefore, use
of KNO3 for salting-out of isopropyl alcohol from
aqueous solutions is preferable at higher temperatures.

CONCLUSIONS

(1) The phase equilibria in mixtures of components
along twelve sections in the composition triangle of
the ternary system constituted by potassium nitrate,
water, and isopropyl alcohol was studied in the tem-
perature range 25�90�C by the visual-polythermic
method and the temperature corresponding to the on-
set of stratification in the system was determined to
be 47.2�C.

(2) The previously suggested scheme of the topo-
logical transformation of the phase diagrams of ternary
systems that are constituted by a salt and a binary sol-
vent and exhibit salting-out was confirmed. According
to this scheme, the binary liquid system does not strat-
ify in the entire temperature range of its liquid state.

(3) It was established that at 60�80�C the effect
of salting-out of isopropyl alcohol from aqueous so-
lutions with potassium nitrate is stronger than that
with potassium chloride or bromide. Therefore, potas-
sium nitrate can be effectively used to salt-out iso-
propyl alcohol from aqueous solutions only at high
temperatures.
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Abstract�The kinetics of the heterogeneous reaction of metallic molybdenum with elementary fluorine under
conditions close to those used in actual technological practice at a concentration of fluorine in the gas mix-
ture equal to 20�50 vol % was studied. The kinetic parameters were evaluated using the Arrhenius equation.
A regression equation was obtained using the statistical method of experimental design for practical calcula-
tions of the rate of fluorination of metallic molybdenum with elementary fluorine. This equation makes it
possible to calculate the fluorination rate at any point of the factor space, at fluorine concentrations of 30�
50 vol % and initial temperatures of 250�350�C.

A study of the kinetics of the heterogeneous reac-
tion of metallic molybdenum with elementary fluorine
to give gaseous molybdenum hexafluoride MoF6 is of
profound practical interest. Molybdenum hexafluoride
is widely used in various fields of the national econ-
omy: for deposition of high-temperature- and corro-
sion-resistant Mo films of prescribed thickness on
metallic articles, for obtaining ultrapure metallic
powders, and as a fluorinating agent in synthesis of
organofluorine substances.

In [1], the kinetics of fluorination of metallic Mo
with elementary F2 was studied at its concentration of
4 to 13 vol %. The kinetic parameters of the reaction
(activation energy, reaction order) were determined.
At a F2 content in argon equal to 4�13 vol %, the con-
centration of MoF6 in the gas flow is too low. This
may present difficulties in the subsequent stages of
isolation of molybdenum hexafluoride from the gas
flow.

The goal of our study was to examine the kinetics
of the heterogeneous reaction of powdered metallic
Mo with elementary F2 at real technological param-
eters of the fluorination process: concentration of
fluorine in argon in the range 20�50 vol % and initial
temperature of 250�350�C, by the classical and sta-
tistical methods.

EXPERIMENTAL

We performed the experiments aimed to study
the kinetics of fluorination of metallic Mo with el-

ementary F2 on a �continuous weighing� setup shown
schematically in Fig. 1.

The setup comprises a VLA-200M analytical bal-
ance 1, induction transducer 2, thermocouple 3, reac-
tion boat 4 with a sample 5, furnace 6, and table 7 for

Fig. 1. Schematic of the continuous-weighing setup for
studying the kinetics of the heterogeneous reaction of
metallic molybdenum with elementary fluorine. (8) Exhaust
hood; for other explanations, see text.
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Fig. 2. Variation of the sample mass, (m0 � m)/m0, and
of temperature T in the reaction between metallic molyb-
denum and elementary fluorine with time �.

moving the reactor up and down in the furnace.
The iron core of the induction transducer 2 is sus-
pended on the right arm of the balance, and the ther-
mocouple 3 and the reaction boat 4, on the left arm.

The unbalance of the balance leads to motion of
the iron core in the induction coil 2, which gives rise
to an induction voltage proportional to the change in
the mass of the sample as a result of the reaction of
metallic Mo with elementary F2. The induction trans-
ducer 2 is connected into an arm of the differential-
transformer circuit of a DSR-35 instrument. The linear
portion of the plot of the change in mass against
the induction voltage corresponded to variation of
the sample mass in the range 0�500 mg. The con-
version of the metallic Mo was determined from
the loss of mass by the sample as a result of the for-
mation of gaseous MoF6. The variation of the mass of
a sample of metallic Mo was continuously monitored
with a secondary DSR-35 instrument. The completion
of the reaction was judged from termination of varia-
tion of the sample mass.

A weighed portion (�400 mg) of powdered metallic
molybdenum (particle size 20�50 �m) was charged
into a cylindrical nickel boat 15 mm in diameter and
3 mm high. The boat with the sample was attached
with a special clamp to the suspended Chromel�
Alumel (ChA) thermocouple so that the thermojunc-
tion was close to the sample surface.

After that the fluorination reactor was hermetically
sealed and heated to a required temperature in a flow

of argon. The variation of temperature in the course
of time was recorded with the ChA thermocouple
and a secondary EPP-09 potentiometer. Then the zero
level was set and the loss of mass by the sample in
the course of fluorination was monitored. Fluorine
with the content of the main component of 92�
96 vol % was used in the study; argon of A brand
served to dilute fluorine.

Before the experiments, we passivated the setup at
a temperature of 300�400�C and F2 concentration in
argon of about 30 vol % until a stable fluoride film
was formed on the surface. The ChA thermocouple
was placed within a corundum �straw,� with only its
junction contacting with the fluorine�argon mixture.
The error in weighing in the range 0�500 mg did not
exceed 1�2%.

The heterogeneous reaction between metallic Mo
and elementary F2 occurs in accordance with the fol-
lowing overall equation

Mo + 3F2 � MoF6.

At the technological parameters used in actual prac-
tice, the reaction of fluorination is strongly exothermic
and, therefore, certain difficulties were encountered in
experimental data processing. The results obtained
using the procedure we suggested are shown in Fig. 2:
after a stable temperature Ti was reached at an instant
of time �i, the derivative of the curve describing
the variation of the sample mass with time was found
graphically at �i [2]. This derivative is numerically
equal to the rate constant of fluorination, kTi

, at a
temperature Ti. The rate constants were determined
at two temperatures and the apparent activation energy
(kJ mol�1) of the heterogeneous reaction between
powdered Mo and elementary F2 was calculated using
the equation

E = ��������� log�� .
19.1479T2T1

T2 � T1

kT2

kT1

(1)

We carried out more than 40 experiments, and typ-
ical S-shaped curves describing the variation of
the mass of metallic Mo in the course of fluorination
were obtained. During the first 2 min, there is no re-
action, i.e., an induction period is observed. Further,
the sample mass somewhat increases because of the
formation of solid molybdenum fluorides MoF5 and
MoF4. Then volatile MoF6 starts to be formed, which
leads to a decrease in the sample mass.

We processed the results of the experiments on
the kinetics of fluorination of metallic Mo with
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Table 1. Averaged calculated values of the kinetic parameters of fluorination of metallic molybdenum with elementary
fluorine
������������������������������������������������������������������������������������

Concentration of F2 � Apparent activation energy �
Rate constant k, min�1 � Pre-exponential factor k0,

in argon, vol % � E, kJ mol�1 � � min�1

������������������������������������������������������������������������������������
20 � 55.447 � 6.7 � 2.237 � 104

30 � 76.221 � 9.7 � 1.392 � 105

40 � 84.108 � 12.9 � 4.196 � 106

50 � 95.497 � 14.1 � 1.651 � 107

������������������������������������������������������������������������������������

Table 2. Matrix of the orthogonal CCD for two factors (cF2
, T)

������������������������������������������������������������������������������������
�

Run
� cF2

, �
T, �C,

� � � � �X 1
2 � �X 2

2 � Y, �
System � � vol %,� � X 1

2 � X 2
2 � X1X2 � X 1

2 � ��� � X 1
2 � ��� � � Ycalc

�
no.

� X1 �
X2 � � � �

N
�

N
�

kg h�1 m�2
�

������������������������������������������������������������������������������������
� 0 � 40 � 300 � � � � � � �
� � � 10 � 50 � � � � � � �
� +1 � 50 � 350 � � � � � � �
� �1 � 30 � 250 � � � � � � �

Complete factorial � 1 � �1 � �1 � 1 � 1 � +1 � 0.33 � 0.33 � 9.3373 � 9.4743
experiment � 2 � +1 � �1 � 1 � 1 � �1 � 0.33 � 0.33 � 15.6238 � 15.4383

� 3 � �1 � +1 � 1 � 1 � �1 � 0.33 � 0.33 � 9.0984 � 8.2243
� 4 � +1 � +1 � 1 � 1 � +1 � 0.33 � 0.33 � 13.7215 � 13.6483

Experiments at � 5 � �1 � 0 � 1 � 0 � 0 � 0.33 � �0.67 � 8.6850 � 8.8493
star points � 6 � +1 � 0 � 1 � 0 � 0 � 0.33 � �0.67 � 14.0453 � 14.2733

� 7 � 0 � �1 � 0 � 1 � 0 � �0.67 � 0.33 � 13.1831 � 12.9838
� 8 � 0 � +1 � 0 � 1 � 0 � �0.67 � 0.33 � 11.5654 � 11.7338

Experiment at � 9 � 0 � 0 � 0 � 0 � 0 � �0.67 � �0.67 � 12.3486 � 12.3588
the center of design � � � � � � � � � �
������������������������������������������������������������������������������������

elementary F2, using the Arrhenius equation [3�5].
The averaged values of the kinetic parameters are
listed in Table 1.

The kinetic equation of the heterogeneous reaction
of metallic Mo with elementary F2 can be written in
the general case as

k = k0 e�E /RT. (2)

At technological parameters used in the actual
practice, the reaction between metallic Mo and el-
ementary fluorine proceeds with a considerable heat
release, and reproducibility could not be achieved
in parallel experiments. As a result, the error in de-
termining the numerical values of the kinetic pa-
rameters was 35% at 20 vol % F2 in the reaction
mixture and about 60% at a concentration of 40�
50 vol %.

In accordance with the values of the apparent ac-
tivation energy (Table 1), the process is limited by
diffusion of F2 into a layer of metallic Mo. The reac-
tion order with respect to F2 is close to unity. Raising
the concentration of F2 in the gas mixture leads to
a considerable exothermic effect.

Practical calculations of the rate of fluorination of
metallic Mo with elementary F2 require simpler and
more precise relations. We solved this problem by
using the experimental-statistical method of exper-
iment design [6, 7], orthogonal central composite
design (CCD). The necesary number of experiments
can be calculated by the formula

(3)N = 2n + 2n + 1,

where n is the number of factors constituting a com-
plete factorial experiment; 2n, number of star points;
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Table 3. Results of parallel experiments in studying the rate of fluorination of metallic molybdenum with elementary
fluorine
������������������������������������������������������������������������������������

Run no.
� Parameter � Rate of fluorination kg h�1 m�2 �

Yav, kg h�1 m�2
�

�2
j����������������������������������������������������� �

� T, �C � cF2
, vol %� Y1 � Y2 � Y3 � Y4 � �

������������������������������������������������������������������������������������
1 � 250 � 30 � 8.4389 � 8.3586 � 10.1925 � 10.3592 � 9.3373 � 1.1802
2 � 250 � 50 � 16.5513 � 15.9046 � 14.1456 � � � 15.6238 � 1.5621
3 � 250 � 40 � 13.1047 � 13.2017 � 13.2430 � � � 13.1831 � 0.0050
4 � 300 � 30 � 8.8785 � 8.8785 � 8.2912 � � � 8.6850 � 0.1123
5 � 300 � 40 � 12.8551 � 11.8449 � 12.3839 � � � 12.3613 � 0.2595
6 � 300 � 50 � 13.1047 � 14.2705 � 14.7608 � � � 14.0453 � 0.2813
7 � 350 � 30 � 9.6506 � 8.6229 � 9.0217 � � � 9.1029 � 0.1791
8 � 350 � 40 � 11.2030 � 12.4089 � 11.0840 � � � 11.5654 � 0.5372
9 � 350 � 50 � 14.5229 � 14.1304 � 12.5113 � � � 13.7215 � 1.1370

������������������������������������������������������������������������������������
� 5.2467

������������������������������������������������������������������������������������

and 1 corresponds to an experiment at the center of
design (at the point with zero level of the factors).

As independent parameters of the fluorination pro-
cess were taken the concentration of F2 in argon
(cF2

, vol %), X1, and the initial temperature in the
fluorination zone (�C), X2. The rate of fluorination of
metallic Mo, Y (kg h�1 m�2), was chosen as the re-
sponse function (output parameter).

It was established experimentally that the fluo-
rination occurs on the outer surface of the sample,
equal to the area of the reaction boat. This is also
confirmed by the fact that, if the weighed portion
(layer thickness) of metallic Mo is lowered by a fac-
tor of 2�4 (200, 100 mg) at initial temperatures of
250�350�C and F2 concentration of 20�50 vol %,
the fluorination rates remain virtually unchanged.
The specific surface area of the metallic powder is
apparently larger than the outer surface area of
the sample, and, therefore, the calculated rates are
underestimated. No quantitative estimates were per-
formed.

The center of the design (zero level) corresponded
to a F2 concentration in argon of 40 vol % and the ini-
tial temperature in the reaction zone equal to 300�C;
the range of variation of the independent parameters
was taken to be 10 vol % for the concentration of F2
and 50�C for temperature.

The regression equation obtained in this case with
the use of an orthogonal CCD is as follows:

Y = b0 + b1X1 + b2X2 + b12X1X2

(4)+ b11X 1
2 + b22X 2

2.

The experimental conditions and the results ob-
tained are listed in Table 2.

Each experiment in the design matrix was carried
out no less than three times. The results of parallel
experiments performed to study of the rate of fluo-
rination of metallic Mo with elementary F2 are listed
in Table 3. Table 2 lists the averaged values of the
rate Y [kg Mo/(h m2)], calculated from the experi-
mental data in Table 3. A statistical processing of the
results obtained made it possible to calculate the rms
deviation of the output response function to be � y

2 =
0.583, at a variance of the average, � y

2/n = 0.583/3 =
0.1943.

The reproducibility of the results of experiments is
commonly verified by finding the ratio of the largest
estimated variance to the sum of all estimates of var-
iances (Cochrane criterion):

Gcalc = ����� = ����� = 0.29.
max�j

2

��j
2

1.5621
6.2467

For the confidence probability P = 0.95, f =
3 � 1 = 2 and N = 9, Gtab = 0.478, and the experiments
are considered to reproducible, and the estimates
of the variance, to be uniform, because Gcalc � Gtab
(0.29 < 0.478).

The regression coefficients were calculated by
the formulas

(5)b0 = 1/N � yj ,
j

N

= 1
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b0 = ���������������������������������������������������������������� = 12.4386,
9.3373 + 15.6238 + 9.0984 + 13.7215 + 8.6850 + 14.0453 + 13.1831 + 11.5654 + 12.3613

9

bi = � xij yj /� (xij),
N N

1 1
(6)

b1 = ����������������������������������������� = 2.7117,
�9.3373 + 15.6239 � 0.0984 + 13.7215 � 8.685 + 14.0493

6

b2 = ������������������������������������������ = �0.6265,
6

�9.3373 � 15.6238 + 9.0984 + 13.7215 � 13.1831 + 11.5654

bik = � xij xikyj /� xijxik ,
N

1

N

1
// (7)

b12 = �������������������������� = 0.4159,
9.3373 � 15.6238 � 9.0984 + 13.7215

4

bii = � xij yj /� (xij)
2,

N

1

N

1
(8)

b11 = ��������������������������������������������������������������������� = �0.7975,
0.33(9.3373 + 15.6238 + 0.0984 + 13.7215 + 8.6850 + 14.0453) � 0.67(13.1831 + 11.5654 + 12.3613)

0.332 � 6 + (�0.67)2 � 3

b22 = �������������������������������������������������������������������� = 0.2117.
0.33(0.3373 + 15.6238 + 0.0984 +13.7215 + 13.1831 + 11.5654) � 0.67(8.685 + 14.0453 + 12.3613)

0.332 � 6 + 0.672 � 3

To determine the significance of the coefficients
obtained, we calculated their variances

� 2
bi = � 2

av /N = 0.1943/6 = 0.0324,

� 2
bix = 0.1943/4 = 0.0483,

� 2
bii = 0.1943/[0.33�6 + (�0.67)2�3] = 0.0971,

� 2
b0 = 0.2549.

It is commonly believed that a regression coef-
ficient is significant if the following condition is
satisfied

�b� 	 �b t, (9)

where t is the value of Student’s criterion.

In the given case, for the confidence probability
P = 0.95: f = 9 � 1 = 8, t = 2.31, �b0 t = 1.167,
�bi t = 0.416, �bik t = 0.508, �bij t = 0.720;
�b0� = 12.3486 > 1.167, �b1� = 2.7117 > 0.416,
�b2� = 0.6265 > 0.416, �b11� = 0.7975 > 0.720;
�b22� = 0.2117 < 0.720, �b12� = 0.4159 < 0.508.

Thus, the regression coefficients b22 and b12 are
nonsignificant and should be excluded from the re-
gression equation.

The equation for the rate of fluorination of metallic
Mo is written in the code variables as

Y = 12.3484 + 2.7117X1 � 0.6265X2 � 0.7975X 1
2. (10)

Let us pass from the code variables to technological
parameters:

X1 = (cF2
� 40)/10 = (0.1cF2

� 4), (11)

X2 = (T � 300)/50 = (0.02T � 6). (12)

Substituting the values of X1 and X2 in the code
equation and simplifying it, we have

Y = 0.9092cF2
� 0.0125T � 0.7975 �10�2c 2

F2
� 7.4992, (13)

cF2
= 30�50 vol %, T = 250�350�C.

Substituting the values of the independent param-
eters into this equation, we obtain the calculated
fluorination rates (Table 4).

The adequacy of the equation was assessed by
the Fisher criterion for a confidence probability of
0.95:

Fcalc = 0.2549/0.1943 = 1.312.
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Table 4. Calculated values of the fluorination rate
����������������������������������������
no. � Yicalc � Yiexp �Yicalc � Yiexp � (Ycalc � Yexp)2

����������������������������������������
1 � 9.4743 � 9.3373 � 0.137 � 0.0188
2 � 15.4383 � 15.6238 � �0.186 � 0.0344
3 � 8.2243 � 9.0984 � �0.874 � 0.7640
4 � 13.6483 � 13.7215 � �0.073 � 0.0054
5 � 8.8493 � 8.6850 � 0.164 � 0.0270
6 � 14.2733 � 14.0453 � 0.228 � 0.0520
7 � 12.9838 � 12.1831 � 0.801 � 0.6411
8 � 11.7338 � 11.5654 � 0.168 � 0.0284
9 � 12.3588 � 12.3613 � �0.003 � 0.0001

����������������������������������������
� 2.0392*

����������������������������������������
*
�

2 = � 2.0392/(N � 1) = 0.2549.
1

N

At f = 2 and N = 9, the tabulated values of the
Fisher criterion Ftab = 4.26 and, therefore, Fcalc � Ftab
(1.312 � 4.26). Hence follows that the regression
equation obtained is adequate to the experimental re-
sults. This equation can be used for calculating the
numerical value of the rate of fluorination of metallic
Mo (kg h�1 m�2) at any point of the factor space:
cF2

= 30�50 vol % and T = 250�350�C.

CONCLUSIONS

(1) The kinetics of the heterogeneous reaction of
metallic molybdenum with elementary fluorine was
studied experimentally. The results obtained make it
possible to calculate, using the Arrhenius equation,
averaged values of the kinetic parameters (rate con-
stant, apparent activation energy) for conditions close
to those used in actual technological practice of fluo-
rination. It was found that, as the concentration of F2
in the gas mixture is raised from 20 to 50 vol %,
the error in determining the kinetic parameters in-
creases from 35 to 60%.

(2) A regression equation (13) for practical calcu-
lations was derived using the statistical method of
experiment design. This equation relates the rate of
fluorination of metallic Mo to temperature and con-
centration of fluorine. It can be used to calculate
the rate of fluorination of metallic Mo at any point of
the factor space at F2 concentrations of 30�50 vol %
and temperatures of 250�350�C.

REFERENCES

1. Andreev, G.G., Guzeeva, T.N., Krasil’nikov, V.A., and
Makarov, F.V., Sovremennye neorganicheskie ftoridy:
Sbornik trudov, Sib. Otd. Ross. Akad. Nauk (Modern
Inorganic Fluorides: Coll. of Works, Sib. Div., Russian
Acad. Sci.), Novosibirsk, 2003, pp. 26�29.

2. Batuner, L.M. and Pozin, M.E., Matematicheskie me-
tody v khimicheskoi tekhnike (Mathematical Methods
in Chemical Technology), Leningrad: Gostekhizdat,
1963.

3. Emanuel’, N.M. and Knorre, D.G., Kurs khimicheskoi
kinetiki (Course of Chemical Kinetics), Moscow: Vys-
shaya Shkola, 1962.

4. Panchenkov, G.M. and Lebedev, V.P., Khimicheskaya
kinetika i kataliz (Chemical Kinetics and Catalysis),
Moscow: Khimiya, 1985.

5. Shcherbakov, V.I., Zuev, V.A., and Parfenov, A.V.,
Kinetika i mekhanizm ftorirovaniya soedinenii urana,
plutoniya, neptuniya ftorom i galogenftoridami (Ki-
netics and Mechanism of Fluorination of Uranium,
Plutonium, and Neptunium Compounds with Fluorine
and Halofluorides), Moscow: Energoatomizdat, 1985.

6. Nalimov, V.V. and Chernova, N.A., Statisticheskie
metody planirovaniya ekstremal’nykh eksperimentov
(Statistical Methods for Design of Extremal Exper-
iments), Moscow: Nauka, 1965.

7. Sautin, S.N., Planirovanie eksperimenta v khimii i
khimicheskoi tekhnologii (Experiment Design in Chem-
istry and Chemical Technology), Moscow: Khimiya,
1975.



1070-4272/04/7712-1935 � 2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 12, 2004, pp. 1935�1938. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 12, 2004,
pp. 1956�1959.
Original Russian Text Copyright � 2004 by Eremenko, Besedina, Obraztsova.

SORPTION
����������������������� �����������������������

AND ION-EXCHANGE PROCESSES

Surface Chemistry of Ultradispersed Diamonds

A. N. Eremenko, O. A. Besedina, and I. I. Obraztsova

Kemerovo Branch of the Institute of Solid-State Chemistry and Mechanochemistry, Siberian Division,
Russian Academy of Sciences, Kemerovo, Russia

Received August 18, 2004

Abstract�The type and amount of functional groups on the surface of ultradispersed diamonds were
determined. The adsorption of potential-determining ions was studied in relation to various factors, and
the surface charge density was evaluated. The influence exerted by thermal treatment in argon and hydrogen
on the functional composition of the surface was analyzed.

A new research area, �nano: -particles, -materials,
and -technologies,� has formed and has been generally
accepted as a priority field of world’s science.

By the term �nanotechnology� is understood crea-
tion and use of materials, devices, and systems
whose structure is controlled on the nanometer scale.
The primary goal is to reveal the principles governing
the physicochemical properties of such materials and
methods for their fabrication and to thereby master
the prognostication of, and control over the properties
of the objects obtained.

The specificity of the properties of the substances
in question and the associated new physical phenom-
ena are determined by the fact that the characteristic
dimensions of the structural elements of nanoobjects
are within the range 10�9

�10�7 m, which is compa-
rable with the size of atoms and molecules in ordinary
materials. Novel functional characteristics, markedly
differing from those of ordinary materials, can be
imparted to nanomaterials by controlling the dimen-
sions and shape of nanostructures.

In the authors’ opinion, ultradispersed diamonds
(UDD) are the most interesting objects of study among
all kinds of nanomaterials: they possess a unique
combination of markedly anomalous chemical, phys-
icochemical, and mechanical properties.

Ordinary (natural) diamonds are, as a rule, used
only as abrasive and cutting materials or substrates in
microelectronics. At the same time, the application
field of UDD is rather wide. By chemical, barometric,
or thermal treatment, various surface properties can
be imparted to UDD. In this context, the attention of

researchers is focused on a detailed study of param-
eters and properties of diamonds and on a search for
new areas of their application. It is believed that
the main application fields of UDD have not been
found yet, and their wide use in future high-tech pro-
jects is expected [1].

Many physicochemical properties of diamonds
strongly depend on the composition and properties of
their surface, which is formed in synthesis and chem-
ical treatment of the material. In a number of cases,
this is the key issue in obtaining new diamond-con-
taining composites with prescribed characteristics.
The electrokinetic, ion-exchange, and sorption prop-
erties of diamonds are primarily determined by the na-
ture and amount of surface functional groups. De-
spite the existence of numerous methods for studying
the surface of detonation-produced diamonds (spec-
tral, thermographic, potentiometric, polarographic),
the available information about its chemical composi-
tion is of mostly qualitative nature [1].

In view of the importance of the surface chemistry
of UDD for various applications, some quantitative
characteristics of the chemical composition of the
UDD surface were determined in the present study.

UDD with particle size of 3�5 nm were used;
the method for their recovery from the detonation-
produced diamond-carbon stock and subsequent pur-
ification has been developed previously [2, 3].

The type and amount of acid groups were found by
reverse acid�base titration by selective neutraliza-
tion with sodium hydroxide, hydrocarbonate, and car-
bonate by the Boem method [4] developed for carbon



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 12 2004

1936 EREMENKO et al.

Table 1. Amount of protonogenic groups on the UDD
surface, determined by the Boem method
����������������������������������������

Alkaline agent � NN, mg-equiv g�1

����������������������������������������
KOH � 0.55 � 0.02
NaOH � 0.67 � 0.03
Na2CO3 � 0.34 � 0.01
NaHCO3 � 0.12 � 0.01
����������������������������������������

Table 2. Effect of UDD treatment on the functional
composition of the surface
����������������������������������������

Neutralizing
� NN, mg-equiv g�1 at indicated T, �C
�������������������������������

agent
�
� � � 400 � 600 � 800

����������������������������������������
Ar

NaOH � 0.67 � 0.28 � 0.04 � 0.04
NaHCO3 � 0.18 � 0.05 � 0.03 � 0.00
NH2OH � 2.70 � 1.40 � 0.80 � 0.06

H2

NaOH � 0.67 � 0.25 � 0.07 � 0.06
NaHCO3 � 0.18 � 0.05 � 0.03 � 0.00
NH2OH � 2.70 � 1.10 � 0.76 � 0.04
����������������������������������������

materials. It is assumed that sodium hydrocarbonate
neutralizes stronger carboxy groups, and sodium car-
bonate, the same groups and weakly acidic carboxyls
of lactone groups. Under the action of Na2CO3, the
lactone ring is opened with a rearrangement and for-
mation of an oxy and a carboxy groups. This accounts
for the different acidities of surface carboxy groups.
Sodium hydroxide neutralizes virtually all protono-
genic groups. The difference of the neutralization
numbers (NN) in neutralization with sodium hydrox-
ide and carbonate, NNNaOH � NNNa2CO3

, gives the
amount of phenol groups.

It was revealed experimentally that 3 h is sufficient
for equilibrium to be established after neutralization
with sodium carbonate and hydrocarbonate, and 24 h,
in the case of sodium hydroxide. The centrifuge ef-
fluent was titrated with a 0.1 N solution of HCl.
The difference between the amounts of alkali in
the starting solution and in the effluent was used to
find the amount of neutralized surface groups, the
neutralization number (mg-equiv g�1 UDD).

A comparison of the NN for surface groups in
neutralization with the alkalis KOH and NaOH de-
monstrated that the neutralization with potassium hy-

droxide is weaker, in an agreement with the results
[5] obtained for UDD purified to remove nondiamond
carbon by liquid-phase oxidation with nitric acid and
gas-phase oxidation. The results of experiments on
reverse titration are listed in Table 1.

The data obtained were used to evaluate the amount
of protonogenic groups (�0.01 mg-equiv g�1): carboxy
0.12, phenol 0.33, and lactone 0.22. The total neu-
tralization number for NaOH is 0.67 mg-equiv g�1.

The content of carbonyl groups was determined by
the oximation method [6]. The analysis was based
on the action of free hydroxylamine in an aqueous
medium. Free hydroxylamine was obtained by neutral-
ization of hydroxylamine hydrochloride with a strong
base, NaOH. After the oximation was complete, the
decrease in the alkalinity of the reaction medium was
determined by titration with an acid, with Bromcresol
Blue as indicator. The results of the analysis show
that UDD has a considerable amount of surface car-
bonyl groups, 2.7 � 0.02 mg-equiv g�1, which is
an order of magnitude higher that that of any of
the previously determined groups.

The content of peroxy groups on the UDD surface
(�O�O�) was determined by iodometric titration [7].
It was found that these groups are present on the sur-
face of UDD in an insignificant amount, 0.034 �

0.002 mg-equiv g�1.

It is known that thermal treatment removes chem-
isorbed oxygen from the surface of UDD in the form
of CO2 (200�550�C) and CO (620�750�C). Carboxy
groups, saturated with oxygen to the greatest extent
are responsible for the evolution of CO2 in thermal
desorption, and carbonyl, hydroxy, and ester groups,
for the evolution of CO [8].

A study of the influence exerted by thermal treat-
ment of UDD in an atmosphere of oxygen, hydrogen,
or argon on the amount of surface acid groups de-
monstrated that, in all cases, the total amount of pro-
tonogenic groups on the surface decreases. The NN in
neutralization with sodium hydroxide at 400�C is as
follows (mg-equiv g�1): 0.28 in argon, 0.25 in hy-
drogen, and 0.30 in oxygen; strongly acidic carboxy
groups (neutralization with sodium hydrocarbonate)
are virtually absent.

For a more detailed study of the effect of thermal
treatment on UDD, samples were calcined in a flow of
argon or hydrogen at different temperatures. The re-
sults obtained are listed in Table 2.

It can be seen from Table 2 that thermal treatment
in the atmosphere of argon or hydrogen at 800�C
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leads to a virtually complete (>95%) removal of sur-
face groups, which opens up a way to obtaining UDD
with a monofunctional surface composition. This is
very important for development of selective catalysts,
sorbents, and composites on its base.

In addition to determining the types and amounts
of functional groups on the UDD surface, some gen-
eral characteristics used to assess the properties of
carbon materials were studied.

In particular, potentiometric titration was used to
study the adsorption of potential-determining ions
�OH�

�H+ (henceforth �) and evaluate the surface charge
density on UDD [9], depending on the ionic strength
of the electrolyte solution, pH value, and method used
for pretreatment of UDD.

The specific adsorption of ions, �, was found using
the formula

� = cV/m, (1)

where c is the concentration of the alkali (KOH) solu-
tion; V, difference of volumes of KOH solutions
added, in order to adjust pH to the prescribed value, to
the dispersion and supporting electrolyte; and m, mass
of a UDD portion.

The data obtained were used to evaluate the surface
charge density �0:

�0 = �F/S, (2)

where F is the Faraday number, and S, the specific
surface area of the UDD powder (300 m2 g�1).

As shown above, thermal treatment of UDD leads
to a significant change in the composition of surface
groups, which is reflected on the specific adsorption
and pH values of the suspensions studied (Table 3).

It can be seen from Table 3 that thermal treatment
of UDD leads to a decrease in the adsorption capacity:
the specific adsorption decreases by an order of mag-
nitude, with a more complete reduction of active
groups occurring in hydrogen.

It was found using potentiometric titration that, as
the ionic strength of the electrolyte (KCl) or the solu-
tion pH increases, the specific adsorption becomes
higher. In the first case, this is accounted for by an
increase in the degree of exchange of hydrogen ions
from the surface layer for K+ ions with the concen-
tration of the latter in solution, in an agreement with
the results of similar experiments in which the ad-
sorption capacity of natural diamond was studied
[9]. In the second case, the dependence is accounted

Table 3. Effect of thermal treatment on the specific
adsorption � and pH of suspensions
����������������������������������������
Type of treatment � � (pH 8) mg-equiv g�1 � pHin
����������������������������������������
No treatment � 0.81 � 3.60
T = 400�C: � �

Ar � 0.20 � 7.18
H2 � 0.10 � 7.32

T = 800�C: � �
Ar � 0.08 � 7.20
H2 � 0.05 � 7.30

����������������������������������������

Table 4. Surface charge density on UDD, �0, in relation
to the ionic strength of the solution, IKCl, ultrasonic
dispersion of the suspension, and temperature of the ther-
mal treatment of UDD
����������������������������������������

� � �0, C m�2

� ��������������UDD � IKCl �
� � pH 7 � pH 8

����������������������������������������
Suspension: � � �

after preparation � 10�1 � 0.24 � 0.34
24 h after preparation � 10�1 � 0.20 � 0.51

� 10�2 � 0.14 � 0.31
� 10�3 � 0.13 � 0.29

after ultrasonic disper- � 10�1 � 0.27 � 0.56
sion � 10�2 � 0.19 � 0.34

� 10�3 � 0.12 � 0.25
Thermal treatment � � �

400�C, Ar � 10�3 � � 0.064
400�C, H2 � 10�3 � � 0.035
800�C, Ar � 10�3 � � 0.026
800�C, H2 � 10�3 � � 0.016

����������������������������������������

for by the increase in the degree of dissociation of
surface groups having acid properties.

The data obtained were used to evaluate the surface
charge density on UDD at pH 7 and 8. The results
obtained are listed in Table 4.

Analysis of the results obtained shows that the sur-
face of UDD in an aqueous suspension is strongly
charged. The amount of charge is close to that for ox-
idized synthetic diamonds, 0.3 C m�2 at pH 8.6 [9].
The rise in the charge on a particle with increasing pH
is apparently due to ionization of surface protonogenic
groups.

With account of the fact that the 1% suspension of
UDD has a pH 3.6, a calculation performed on the as-
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sumption that the particle size is 2.5 nm and the den-
sity is equal to 3.5 g cm�3 indicated that there are
36 H+ groups per a single UDD particle.

CONCLUSIONS

(1) The types and amount of functional groups on
the surface of ultradispersed diamonds were deter-
mined.

(2) It was established that thermal treatment of
ultradispersed diamonds in a flow of hydrogen or
argon leads to significant changes in the composition
and amount of surface groups, which is reflected on
the specific adsorption and pH of the suspensions.

(3) It was shown that the surface of ultradispersed
diamonds in an aqueous suspension is strongly
charged, and the surface charge density depends on
the ionic strength of the electrolyte, pH value, and
method of preliminary treatment.

(4) It was found that thermal treatment of ultra-
dispersed diamonds at 800�C leads to a virtually
complete removal of surface groups, which opens up
a way to obtaining ultradispersed diamonds with a
monofunctional composition of the surface.
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Abstract�Possibility and conditions of dehydration of organic solvents [N, N �-dimethylformamide (DMF),
tetrahydrofuran (THF), 1,4-dioxane, acetonitrile, ethyl acetate, and methyl ethyl ketone] with natural zeolites
(analcite, laumontite, clinoptilolite, mordenite, and phillipsite) were studied.

The role of a mobile phase (solvent) in high-per-
formance liquid chromatography, unlike gas chroma-
tography, is multifunctional. The solvent not only
transports substances, but also is actively involved
in their separation [1]. Chromatographic separation
is sometimes very sensitive to the composition of
the mobile phase. Even insignificant variations in
the water content of the solvent may noticeably change
the capacity coefficient K I and the degree of chroma-
tographic separation [2]. Liquid, gaseous, and solid
substances are exhaustively dried by different chem-
ical and physical methods [3]. However, the most
acceptable is the adsorption method which can be
used for dehydration of solvents under both static
and dynamic conditions [4]. The important advantage
of this method is that the sorbents can be readily re-
generated and repeatedly used as dehydrating agents.

Silica gels, zeolites, and, occasionally, alumina are
currently used for drying [4]. Zeolites can sorb mois-
ture at its low content in the sample, and their sorp-
tion capacity is substantially higher than that of
other sorbents. Zeolites exhibit a molecular-sieve ef-
fect, i.e., they selectively sorb molecules whose di-
ameter is smaller than their pore size [4�7]. Usually
solvents used in liquid chromatography as the mobile
phase are exhaustively dried. Synthetic zeolites, like
NaA and especially KA [2, 6] activated by calcination
at 420�450�C in a muffle furnace [2], are the best
dehydrating agents for solvents. At the same time,
natural zeolites of sediment origin also effectively
dry various gaseous and liquid systems [8�10]. Sed-
iment zeolites are naturally abundant and their indus-
trial deposits are situated in Russia and countries of
Former Soviet Union, including Georgia [8�12].

The aim of this study was to demonstrate the pos-
sibility and advisability of using natural zeolites of
sediment origin from Georgian deposits to dehydrate
some organic solvents used as the mobile phase in
high performance liquid chromatography.

EXPERIMENTAL

We studied dehydration of the following solvents:
dimethylformamide (bp 153�C, Snyder selectivity
group III), tetrahydrofuran (bp 66�C, Snyder selectiv-
ity group III), 1,4-dioxane (bp 101�C, Snyder selec-
tivity group VI), acetonitrile (bp 82�C, Snyder selec-
tivity group VI), ethyl acetate (bp 77�C, Snyder selec-
tivity group VI), and methyl ethyl ketone (bp 80�C,
Snyder selectivity group VI). These solvents belong
to different classes and have different molecular struc-
tures [2]. The water content in the initial solvents
was 3.2�3.4%.

We studied the following zeolite-containing rocks
abundant in Georgia [12]: (1) analcite containing rock
of Kutaisi-Gelati region (western Georgia) with a 70�
80% analcite content and prevalence of sodium in the
cationic composition; (2) laumontite-containing rock
from Tbilisi region (eastern Georgia) with a 60�70%
laumontite content and prevalence of calcium in the
cationic composition; (3) heulandite, clinoptilolite-
containing rock from Tedzami deposit of Kaspi region
(eastern Georgia) with a 70�90% clinoptilolite con-
tent and prevalence of calcium and sodium in the cat-
ionic composition; (4) mordenite-containing rock from
Bolnisi-Ratevani region (easten Georgia) with a 60�
80% mordenite content and prevalence of calcium and
sodium in the cationic composition; and (5) phillips-
ite-containing rock from region of Shukhuti village
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Table 1. Physical properties of natural zeolites
������������������������������������������������������������������������������������

�
Chemical composition

� Channel � Free � Structure of channel � Kinetic
Zeolite

� � size, nm � volume, % � system � diameter, nm
������������������������������������������������������������������������������������
Analcite � Na16(Al16Si32O96) �16H2O � 0.26 � 18 � Unidimensional � 0.26
Laumontite � Ca4Al8Si32O48) �16H2O � 0.46 � 0.63 � 0.35 � � � 0.23
Clinoptilolite � (K2Na2Ca)3Al6Si30O72 �22H2O � 0.39 � 0.54 � 0.34 � Two-dimensional � 0.35
Mordenite � Na3KCa2(Al8Si40O96) �28H2O � 0.29 � 0.57 � 0.26 � � � 0.39
Phillipsite � (K2C`)3(Al6Si10O32) �12H2O � 0.28 � 0.49 � 0.30 � Three-dimensional � 0.26
NaA � Na12(Al12Si12O48) �27H2O � 0.42 � 47 � � � 0.40
������������������������������������������������������������������������������������

(westen Georgia) with a 60�90% phillipsite content
and prevalence of calcium in the cationic composition.

The typical chemical composition of these zeolites
and synthetic NaA zeolite and some physical parame-
ters of these materials [5, 8, 10] are listed in Table 1.

We studied dehydration of model solvent�water
(3.4%) systems in a special flow unit (see figure) [13]
under dynamic conditions. The unit consists of three
main parts: (1) dosing pump, (2) sorption column,
and (3) sampler. The pump was made from 1-ml
medical syringes 4. Two plunger pumps were phase-
shifted by half a period to smooth the pulsation.
The pump was driven with an RD-09 electric motor
via a system of pinions and a crank mechanism 5 built
in a pinion. A solvent was fed by dosing pump from
vessel 6 to adsorber 2 and passed from the bottom to
the top of the sorbent bed. To determine the feed rate
of the solvent, the dried solvent was fed into a gradu-
ated receiver 7. To prevent penetration of atmospheric
moisture into the system, it was equipped with drying
tubes packed with CaCl2.

Scheme of the lab unit: (1) dosing pump, (2) sorption col-
umn, (3) sampler, (4) medical syringe, (5) crank
mechanism, (6) vessel for solvent, (7) graduated receiver,
(8) collector, (9) electrical furnace, (10) drying filters,
and (11) color indicator.

The water content of the dried solvents was deter-
mined on an LKhM-8MD chromatograph [1.5-m col-
umn 3 mm in diameter, Porapak Q adsorbent (80�
100 mesh), katharometer, carrier gas helium]. The col-
umn temperature and the flow rate of the carrier gas
were set depending on the molecular weight and boil-
ing point of the solvent. The water content in the dried
solvents was 0.05%; 0.02% water passed through
the sorbent.

The absorption column 1.0 cm in diameter was
packed with a crushed zeolite (0.5�1.0-mm particles).
The height of the sorbent bed was 24 cm. The zeolite
was activated by heating at 300�C for 3 h in a flow of
dry nitrogen. The solvent was passed through the sor-
bent bed at a rate of 1.3 ml min�1. The column was
isothermally heated in the range 25�100�C. Elution
curves were plotted in the c/c0�� coordinates, where
c is the concentration and � is time. The experiment
was continued to complete saturation of the sorbent,
i.e., until the water concentration in the eluate became
equal to that in the initial solvent c0.

We determined the following interrelated parame-
ters of adsorption dehydration of organic liquids: equi-
librium (ae, g/100 g) and dynamic (ad, g/100 g) ad-
sorption capacities of the column, height of the sorp-
tion layer Hs (cm), and degree of utilization of the ac-
tive part of the sorbent bed � (%). The equilibrium
adsorption capacity of the zeolite was calculated by
the equation [14]

ae = [w �bt c0 + w (�s � �bt) c0�]v,

where w is the flow rate of the solvent (cm3 min�1);
�bt, sorption time to breakthrough (min); �s , time
to complete saturation of the sorbent (min); c0 , ini-
tial water concentration (wt %); v, sorbent weight (g);
and �, utilized fraction of the sorbent bed (symmetry
coefficient) [4].

The dynamic sorption capacity of the sorbent bed
is determined by the amount of substance absorbed
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Table 2. Dynamic ad and equilibrium ae sorption capacity of zeolite bed for water in organic solvent�water systems
at 25�C
������������������������������������������������������������������������������������

Zeolite � Ethyl acetate � Butan-2-one � Acetonitrile � DMF � THF � 1,4-Dioxane
������������������������������������������������������������������������������������

Dynamic capacity, ad, g/100 g
NaA � 13.32 � 14.61 � 13.00 � 18.56 � 21.75 � 20.05
Phillipsite � 13.11 � 14.34 � 12.73 � 9.81 � 10.74 � 11.84
Mordenite � 12.03 � 13.14 � 8.64 � 8.97 � 9.61 � 10.73
Clinoptilolite � 8.51 � 9.21 � 9.70 � 6.82 � 7.28 � 7.16
Laumontite � 2.34 � 2.42 � 1.98 � 2.04 � 2.31 � 2.09
Analcite � 0.90 � 0.98 � 1.02 � 0.93 � 1.05 � 0.80

Equilibrium capacity, ae, g/100 g
NaA � 14.20 � 15.55 � 14.82 � 20.05 � 23.10 � 21.05
Phillipsite � 13.81 � 15.11 � 13.71 � 12.03 � 13.05 � 12.31
Mordenite � 13.77 � 15.06 � 11.81 � 11.31 � 10.44 � 11.97
Clinoptilolite � 11.20 � 12.00 � 12.10 � 9.94 � 8.19 � 10.38
Laumontite � 4.20 � 4.31 � 3.17 � 4.01 � 3.40 � 3.74
Analcite � 3.00 � 3.20 � 2.07 � 2.07 � 2.10 � 2.67
������������������������������������������������������������������������������������

to breakthrough and is calculated using the equa-
tion [15].

ad = ae(1 � L0 /L),

where L is the height of the sorbent bed (cm), and
L0, height of the sorption zone (cm).

The height of the sorption zone, so-called height
of the working bed, L0, was calculated by the Michaels
Treybal equation [4]

L0 = L���������� ,
�s � (1 � �)	�

	�
L0 = L���������� ,

�s � (1 � �)	�
	�

where �� is the time interval from the breakthrough
(�bt) to saturation of the sorbent (�s).

The degree of utilization of the sorbent bed � (%)
was calculated by the equation [4]


 = �� � 100.
ad
ae


 = �� � 100.
ad
ae

To found the most effective desiccant for the or-
ganic solvents examined and to determine the best
conditions of water adsorption, we considered the fol-
lowing parameters: type of a natural zeolite, type and
molecular structure of a solvent, content of the main
mineral in the rock, cationic composition of the ze-
olite, and column temperature. The dehydration effi-
ciency of a zeolite depends on the spatial structure of
the network of its channels and on the free volume
and size of water-permeable pores of the sorbent.

Zeolites with a three-dimensional (3D) system of
channels, large free pore volume, and, which is of par-

ticular importance, pore size allowing penetration of
only water molecules (molecular-sieve effect) have
the best dehydration properties.

However, the zeolites examined exhibit these prop-
erties incompletely. Zeolite A and phillipsite have
a 3D system of channels. Zeolite A has relatively
large free pore volume, and the size of its pores is
larger than that in phillipsite (Table 1). Hence, zeolite
NaA can adsorb not only water but also hydrocarbons
with a linear chain structure. In this case, the compet-
ing sorption deteriorates the dehydration properties
of the sorbent.

Phillipsite, unlike NaA zeolite, selectively sorbs
water molecules (molecular-sieve effect). The dynam-
ic and equilibrium sorption capacity of phillipsite for
water in solvents with a linear molecular structure is
similar to that of NaA (Table 2). However, the dy-
namic and equilibrium sorption capacities of NaA for
water in the solvents with a cyclic or branched molec-
ular structure (THF, 1,4-dioxane, DMF) are substan-
tially higher than those of phillipsite. This is due to
the fact that NaA zeolite selectively adsorbs water
molecules (molecular-sieve effect) and its free pore
volume is 50% larger than that of phillipsite.

Mordenite and clinoptilolite-containing rocks have
a 2D system of channels. Unlike phillipsite, these
zeolites have a more open pore structure (Table 1)
and hence lower dynamic and equilibrium sorption
capacity for water. This effect is more pronounced for
clinoptilolite. In this case, both the competing sorp-
tion and the molecular-sieve effect are observed, de-
pending on the molecular structure of the solvent.
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Table 3. Equilibrium (ae ) and dynamic (ad ) sorption
capacities of NaA zeolite and phillipsite for water
����������������������������������������

Zeolite � ad � ae � 
 � L0 � �*

����������������������������������������
Ethyl acetate�water

NaA � 13.32 � 14.20 � 94 � 3.1 � 80
Phillipsite� 13.11 � 13.81 � 95 � 3.2 � 75

THF�water

NaA � 21.15 � 22.10 � 95.7 � 2.8 � 122
Phillipsite� 10.74 � 13.05 � 83.9 � 3.7 � 63
����������������������������������������
*
� is time to breakthrough.

Laumontite and analcite have a 1D system of chan-
nels, and their sorption capacity for water is low [16].
As can be seen from Table 2, these zeolites are un-
suitable for dehydration of solvents. Although the size
of their water-permeable pores is close to that of phil-
lipsite, the free pore volume of the zeolites is very
low (Table 1).

The parameters of water sorption on NaA zeolite
and phillipsite from the ethyl acetate�water (compet-
ing sorption) and THF�water (molecular-sieve effect)
systems are listed in Table 3. The parameters of de-
hydration by the competing sorption on NaA zeolite
are close to those on phillipsite. Unlike synthetic ze-
olites in which the content of the crystalline phase is
higher than 90%, the zeolite content of rocks varies
widely, which undoubtedly affects the dehydration
power. We determined to what extent the zeolite con-
centration in rocks can be decreased without affecting
the performance in dehydration of organic solvents.

We determined the dynamic sorption capacity for
water in acetonitrile of rocks with varied content of
clinoptilolite and phillipsite.

As can be seen from Table 4, the dehydration ef-
ficiency of rocks with a 60�90% zeolite content is
almost the same. However, in both cases, the dynamic
sorption capacity sharply decreases at lower zeolite
content. The sorption properties of a zeolite depend
not only on its type but also on its cationic composi-
tion. Enrichment of clinoptilolite with various cations
can increase its sorption capacity for water by 40�
50% [17].

Since natural clinoptilolite contains potassium,
sodium, calcium, and barium cations, we examined in
this study clinoptilolites enriched with these cations.

To enrich clinoptilolite with the above-indicated
cations, 0.5�1.0-mm zeolite granules were treated
several times with a 0.1 N solution of appropriate
metal chloride to maximum saturation with preser-

Table 4. Dependence of the dynamic sorption capacity of
the sorbent bed, ad, for water in acetonitrile on the zeolite
content in rock
����������������������������������������

Clinoptilolite � Phillipsite
����������������������������������������

Content in rock, � � Content in rock, �
wt % �

ad � wt % �
ad

����������������������������������������
80�90 � 9.80 � >85 � 12.85
70�80 � 9.70 � 70�80 � 12.73
60�70 � 9.12 � 60�70 � 12.10
50�60 � 7.20 � 50�60 � 11.21
40�50 � 3.12 � 40�50 � 5.20

����������������������������������������

vation of the zeolite lattice [18]. The composition
of initial and modified zeolites based on 36 oxygen
atoms, determined by chemical analysis [19, 20],
is as follows: Clinin C1.06Mg0.36Na1.10K0.54, NaClin
Ca0.04Mg0.05Na1.52K0.48, KClin Ca0.04Mg0.04Na0.01K3.58,
CaClin Ca4.93Mg0.16Na0.09K0.05, and BaClin
Ca0.08Mg0.07Na0.1K0.51Ba1.31.

As can be seen from Table 5, the dynamic and
equilibrium sorption capacity for water in organic
solvents depends on the metal cation prevailing in
the modified clinoptilolite. Based on these data, the
zeolites can be ranked with respect to the selectivity
of water sorption depending on the metal cation prev-
alent in their structure.

With the majority of the solvents examined (ethyl
acetate, butan-2-one, 1,4-dioxane, THF, DMF), the
selectivity of water sorption (dehydration efficiency)
decreases in the following order: KClin > BaClin >
CaClin > NaClin > Clinin. With acetonitrile, this order
in inverse: Clinin > NaClin > CaClin > BaClin > KClin.

In the first case, the enrichment of clinoptilolite
with a specific metal cation improves the dehydration
efficiency, with this effect being the strongest with
potassium cations. The dynamic sorption capacity of
the sorbent bed enriched with potassium increases,
compared to the initial zeolite, by 39, 41, 22, 22, and
23% with ethyl acetate, butan-2-one, DMF, THF, and
1,4-dioxane, respectively. This positive effect is dif-
ficult to explain. We can only suggest the following.
Only sodium and calcium (magnesium) cations can
be exchanged with equimolar amounts of other cat-
ions [19, 20]. The position of a large portion of po-
tassium atoms in the zeolite skeleton differs from
those of Ca2+ and Na+. In the course of ion exchange,
potassium cations are localized deep in the channel
C near the center of eight-membered rings, thus en-
larging the free pore volume of the zeolite [21] and
the kinetic diameter of zeolite pores.
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Table 5. Dynamic (ad) and equilibrium (ae) sorption capacities of zeolite bed for cation-modified clinoptilolite in the
system organic solvent�water
������������������������������������������������������������������������������������

Zeolite � Ethyl acetate � Butan-2-one � Acetonitrile � DMF � THF � 1,4-Dioxane
������������������������������������������������������������������������������������

Dynamic capacity, ad, g/100 g

Initial Clinin � 13.32 � 14.61 � 13.00 � 18.56 � 21.75 � 20.05
NaClin � 9.60 � 10.50 � 8.90 � 7.32 � 7.88 � 7.77
KClin � 11.80 � 12.94 � 7.32 � 8.33 � 8.91 � 8.77
CaClin � 10.10 � 11.01 � 8.60 � 7.61 � 7.18 � 7.83
BaClin � 0.63 � 10.74 � 8.42 � 7.80 � 8.50 � 8.25

Equilibrium capacity, ae, g/100 g

Initial Clinin � 14.20 � 15.55 � 14.82 � 20.05 � 23.10 � 21.05
NaClin � 10.90 � 11.90 � 11.90 � 10.31 � 10.45 � 11.89
KClin � 14.31 � 15.61 � 9.00 � 11.31 � 10.92 � 12.54
CaClin � 11.00 � 12.03 � 14.40 � 10.50 � 10.60 � 12.00
BaClin � 11.70 � 12.2 � 10.20 � 11.0 � 10.80 � 12.64
������������������������������������������������������������������������������������

Table 6. Increase (as compared to experiments at 25�C) in the dynamic sorption capacity of a bed of natural zeolites
and synthetic NaA zeolite for water at the best column temperature Tbest
������������������������������������������������������������������������������������

Solvent
�

Tbest, �C
� Increase, ad, %

� ������������������������������������������������������������
� � NaA � clinoptilolite � mordenite � phillipsite

������������������������������������������������������������������������������������
Butan-2-one � 65 � 17.9 � 17.2 � 17.9 � 14.8
Ethyl acetate � 65 � 15.6 � 15.2 � 14.7 � 13.9
Acetonitrile � 65 � 13.1 � 12.6 � 12.2 � 14.1
1,4-Dioxane � 70 � 11.4 � 10.9 � 11.0 � 11.7
DMF � 90 � 8.6 � 14.3 � 10.0 � 10.2
������������������������������������������������������������������������������������

It is also difficult to explain the fact that features
of dehydration of acetonitrile with substituted clino-
ptilolites differ from those observed with the other
solvents. Probably acetonitrile molecules specifically
interact with cations present in clinoptilolite. As a re-
sult, water sorption on clinoptilolites enriched with
potassium and barium cations is lower than that on
the initial clinoptilolite.

In some cases, dehydration of solvents is acceler-
ated with increasing temperature [22]. It is known that
many organic compounds form associates with water.
At elevated temperatures, water is redistributed be-
tween water�water and water�solvent associates; also,
these associates partially decompose. Temperature af-
fects the sorption rate in two ways. The limiting sorp-
tion of the absorbate decreases, and the sorption se-
lectivity becomes worse with increasing temperature
in the case of competing sorption. At the same time,
the diffusion coefficient increases, the mass transfer is
intensified, and the mass-transfer zone is shortened,
and hence the dynamic sorption capacity of the sor-
bent increases. Hence, the temperature oppositely af-
fects the equilibrium and dynamic sorption properties.
The temperature effect is the most pronounced with

high-boiling solvents. The viscosity of N,N �-dimethyl-
formamide (bp 153�C) decreases by a factor of 3 upon
heating to 90�C. As a result, the diffusion coefficient
of water in this solvent increases and intramolecular
and intermolecular hydrogen bonds are rearranged,
thus improving the parameters of dynamic sorption
dehydration.

To determine the maximum dynamic sorption ca-
pacity of a sorbent bed, the temperature dependence of
its sorption properties should be studied. In the case
of the solvents examined, the best sorption tempera-
ture is in the range 65�90�C (Table 6).

Since the boiling point of THF is low (66�C), we did
not study the temperature dependences in this solvent.

As can be seen from Table 6, the increase in the
dynamic sorption capacity for water of the examined
zeolites at the best column temperature is almost the
same.

The increase in the sorption capacity after modifica-
tion of clinoptilolite tuffs with metal cations and the
increase in the sorption capacity at the best column tem-
perature are presented in Table 7. As can be seen from
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Table 7. Change in the dynamic sorption capacity ad in water�solvent systems of the initial and modified natural clino-
ptilolite at the best column temperature
������������������������������������������������������������������������������������

� Increase in ad as compared to � �
Increase in ad at the best temperature, %

Solvent
� the initial zeolite, % �

Tbest, �C
�

��������������������������������� ����������������������������������
� BaClin � KClin � CaClin � NaClin � � Clinin � KClin � CaClin � NaClin �BaClin

������������������������������������������������������������������������������������
Ethyl acetate � 25.06 � 38.70 � 17.50 � 12.80 � 65 � 13.9 � 18.38 � 15.60 � 14.40 � 12.61
Butan-2-one � 19.54 � 40.20 � 16.61 � 14.00 � 65 � 14.77 � 17.43 � 14.80 � 15.24 � 12.61
1,4-Dioxane � 15.21 � 22.5 � 9.40 � 8.50 � 70 � 10.30 � 10.26 � 10.34 � 9.65 � 13.3
DMF � 13.8 � 21.6 � 11.1 � 6.90 � 90 � 9.6 � 18.0 � 21.0 � 20.6 � 21.9
Acetonitrile � �13.2 � �7.2 � �11.3 � �8.2 � 65 � 14.1 � 23.3 � 10.3 � 14.7 � 13.3
������������������������������������������������������������������������������������

Table 7, modification of the initial zeolite with sodi-
um, calcium, barium, and especially potassium cations
improves the efficiency of dehydration of all the sol-
vents except acetonitrile. In acetonitrile, the sorption
capacity of the modified zeolites is lower than that
of the initial clinoptilolite. Thus, dehydration of sol-
vents with natural clinoptilolite can be, in most cases,
substantially improved by its modification with metal
cations and by variation of the column temperature.

CONCLUSIONS

1. Dehydration properties of phillipsite are similar
to those of synthetic NaA zeolite in the case of a com-
peting sorption mechanism.

2. The efficiency of solvent dehydration with cli-
noptilolite can be substantially improved by modify-
ing the zeolite with metal cations and performing
sorption at the best temperature. The parameters of
sorption performed under these conditions are similar
to those obtained with synthetic zeolites.
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Abstract�Data on elemental and phase composition, morphology, and electrocatalytic behavior in dilute
chloride solutions of ruthenium-titanium oxide anodes subjected to preliminary plasma-electrolytic treatment
are presented.

The properties, including electrocatalytic ones,
of ruthenium-titanium oxide anodes (RTOA), adhe-
sion of an active layer, and oxidation of titanium at
the interface between the active layer and titanium are
determined by the ratio of titanium to ruthenium ox-
ides [1�3], method of preliminary treatment of a tita-
nium support [4], and conditions of electrolysis (con-
centrated or dilute sodium chloride solutions).

Corrosion-resistant oxide layers having different
chemical compositions and good adherence to the sub-
strate can be obtained on the surface of valve metals,
including titanium, by means of the plasma-electro-
lytic deposition (PED) [5�7].

The first applications of PED showed that it can be
used both to improve the adhesion of the active paste
to the titanium support and decrease the oxidation of
titanium [8] and to directly form electrodes with prop-
erties close to those of RTOA [9].

As shown previously [10], films formed by PED
on titanium in a borate aqueous electrolyte contain
only the rutile modification of TiO2. Ruthenium ox-
ides RuO2 are isomorphic to the rutile modification
of titanium oxide TiO2, which is a prerequisite for
further formation of coatings with electrocatalytic and
catalytic properties.

In this study, we examined the composition, mor-
phology, and electrocatalytic properties of electrodes
obtained by depositing pure ruthenium hydroxo chlo-

ride or its mixture with titanium chloride onto oxide
layers formed by PED on titanium in a tetraborate
electrolyte.

EXPERIMENTAL

Samples of VT1-0 titanium (2.5�0.5�1 cm) were
mechanically ground, chemically polished in a mix-
ture of concentrated acids (HF : HNO3 = 3 : 1) at 60�
80�C for 2�3 s to remove the surface layer and stan-
dardize the surface, washed with distilled water, and
dried in air.

Oxide films were formed on titanium by PED in
a 0.1 M aqueous solution of sodium tetraborate in
the galvanostatic mode at i = 0.2 A cm�2 and an ox-
idation time of 1�10 min. As current supply served
a TEP4-100 : 46OH thyristor transducer with unipolar
pulsed current. The process was performed in a 500-ml
vessel made of a heat-resistant glass. As a cathode
served a spiral tube made of Kr18Ni9Ti stainless
steel and cooled with tap water. The temperature of
the electrolyte was maintained within the range 10�
50�C. The oxidized samples were washed with dis-
tilled water and dried in air.

An active layer was deposited onto oxidized tita-
nium by means of thermal decomposition of ruthe-
nium hydroxo chloride (RTOA1) or a mixture of ru-
thenium hydroxo chloride and titanium chloride taken
in a molar ratio Ru : Ti = 30 : 70 (RTOA2) [4].
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Fig. 1. Influence of the time of formation of the oxide sub-
layer, �, on (1�3) phase and (4, 5) elemental composition
of (a, b) RTOA1 and (c, d) RTOA2. (I ) Relative content
of a phase and [M] content of a component. (1) TiO2 (ru-
tile), (2) RuO2, (3) TiO2 (anataze), (4) Ti, and (5) Ru.

Fig. 2. Current efficiency CE vs. the time of formation of
the oxide sublayer, �, for (1) RTOA1 and (2) RTOA2.

Fig. 3. Polarization curves measured on RTOA in a 3%
solution of NaCl. Duration of PED 10 min. (E ) Potential
and (i) current density. (1) Standard RTOA, (2) RTOA1,
and (3) RTOA2.

Fig. 4. Coefficient b vs. the time of formation of the oxide
sublayer, �, for (1) RTOA1 and (2) RTOA2.

The phase composition of the coatings was studied
on a DRON-2.0 X-ray diffractometer (CuK

�

radiation).
The relative content of the crystalline phases was es-
timated from the ratio of the intensities of the stron-
gest reflections present in the X-ray diffraction pat-
terns of the samples being analyzed to the intensities
of the same reflections in the X-ray diffraction pat-
terns of the samples obtained on titanium oxidized
for 1 min. The amount (wt %) of titanium and rutheni-
um in the surface layer was measured with a JXA-5A
X-ray fluorescence microanalyzer. The atomic content
of the elements was calculated on the assumption that
the coatings contained oxygen, in addition to titanium
and ruthenium.

An electron microscopic study was done on an LEO
430 scanning electron microscope.

Electrochemical measurements were performed in
a 3% NaCl solution modeling sea water in a YaSE-1
standard electrochemical cell with a P-5827 poten-
tiostat. An EVL-1M silver chloride electrode served
as reference. The current efficiency (CE) by active
chlorine was determined at a current density of
0.15 A cm�2 by iodometric titration.

The influence exerted by the time � of PED pre-
treatment of a titanium support on the phase and
elemental compositions of RTOA1 and RTOA2 is
illustrated in Fig. 1.

In the case of RTOA1, an increase in �, corre-
sponding to a rise in the thickness of the original ox-
ide layer, leads to a higher rutile content and lower
anatase content, but does not affect the content of
crystalline RuO2 (Fig. 1a). In this case, the content
of titanium, ruthenium, and oxygen (�76 at.%) in
the analyzed layer remains virtually unchanged
(Fig. 1b).

In the case of RTOA2, making longer the time
of formation of an oxide sublayer has no effect on
the phase composition (Fig 1c). At the same time, it
should be noted that the elemental compositions of
RTOA2 on the supports treated for less than 3 and
more than 5 min are different (Fig. 1d). The content
of titanium, ruthenium, and oxygen changes from 13
to 18, 7 to 5, and 80 to 77 at.%, respectively. At
� > 5 min, the elemental composition of RTOA2 is
close to that of RTOA1.

The current efficiency (CE) by active chlorine in
electrolysis from a dilute chloride solution is inde-
pendent of the time of oxidation of the titanium sup-
port for RTOA1, and markedly increases at � > 5 min
for RTOA2 (Fig. 2). The current efficiency in deposi-
tion of a standard RTOA onto a titanium support
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without a preliminarily formed oxide layer was 65�
67% in the experiments described. Thus, pretreatment
of the support by means of the PED method in a bo-
rate electrolyte at � > 5 min raises the selectivity of
the chloride reaction by 6�8%.

The general run of the polarization curves obtained
on the anodes under study (Fig. 3) corresponds to
that the curves measured on standard RTOA under
these conditions. As the time of formation of the ox-
ide sublayer is made longer, i.e., the sublayer thick-
ness increases, the coefficients b in the Tafel equation
E = a + b log i decrease to become constant at � >
5 min (Fig. 4). In this case, they are equal to 0.03�
0.04 V and correspond to the coefficients b for stan-
dard RTOA in dilute chloride solutions [10].

Figure 5 shows electron micrographs of PED coat-
ings formed on titanium in a borate electrolyte at

an oxidation time of 2 and 10 min, as well as those of
samples with RTOA1 and RTOA2 deposited on the
above sublayers. The surface of the oxide sublayer
formed in 2 min is constituted by alternating projec-
tions and depressions (Fig. 5a). The difference of
heights on the surface is as large as 0.5 �m. Pores,
which are, in all probability, channels of electric
breakdowns, open onto the surface. The distribution
of pores over the surface is rather uniform, and their
mouths are seen both on top of projections and on
side slopes of depressions. The surface of the coat-
ings formed in � > 5 min, which are thicker, has an-
other profile (Fig. 5b). In this case, rather uniform
areas of the surface, onto which pores open, also have
microdepressions with pores seen on their bottom.

At a formation time of 2 and 10 min, the thickness
of the coatings studied is 2�3 and 8�10 �m, respec-

Fig. 5. SEM micrographs of the surface of (a, b) oxide sublayer, (c) standard RTOA, (e) RTOA1, and (d, f) RTOA2. Time
of formation of the oxide sublayer (min): (a, d) 2 and (b, e, f) 10.
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Results of an analysis of the SEM micrographs of the surface of titanium oxide and ruthenium-titanium oxide anodes
subjected to PED
������������������������������������������������������������������������������������

� Treatment time, min
��������������������������������������������������������������

Parameter � TOA* �
RTOA1, 10

�
RTOA2, 10������������������������������� �

� 2 � 10 � �
������������������������������������������������������������������������������������

Most probable pores

Diameter, �m � 0.08 � 0.27 � 0.11 � 0.12
Number of pores, cm�2 � 2.2 � 108 � 1.1 � 107 � 4 � 109 � 4 � 109

Surface porosity, % � 2 � 0.6 � 0.4 � 0.5

Large pores (hollows)

Average size, �m � � � 3.8 � 2.9 � �

Depth, �m � � � 3.0 � 2.0 � �

Number of pores, cm�2 � � � 6 � 105 � 2 � 105 � �

������������������������������������������������������������������������������������
* TOA, titanium oxide anode.

tively. In both cases, the coating material resembles
a partly molten glassy formation.

The results of an analysis of the electron micro-
graphs are listed in the table. The calculated surface
porosity of the oxide layers obtained is low, i.e., these
layers should have satisfactory protective properties. If
the formation time is made longer, not only the oxide
layer thickness increases, but also the pore diameters
grow, whereas the pore density (ratio of their total
number to the micrograph area) and the surface po-
rosity (ratio of the sum of the pore areas to the micro-
graph area) decrease. In this case, microdepressions
(�hollows� or �large pores�) are present on the surface
of the anodic deposits formed at � > 5.

The deposition of the catalytically active material
results in a change in the surface morphology of
the oxide layers. As in the case of standard RTOA
(Fig. 5c), isolated areas separated by cracks constitute
the surface of both RTOA1 and RTOA2 at a time of
formation of the oxide sublayer, � < 5 min (Fig. 5d).
Under magnification, small pores can be seen on
the bottom of cracks. On the surface of RTOA1 and
RTOA2, the cracks are no more visible when the time
of formation of the oxide layer exceeds 5 min (Fig. 5e,
5f). In these cases, the density of the most probable
pores on the surface increases, whereas their diameter
decreases, compared with the corresponding param-
eters of the oxide sublayer (see table), with the pore
sizes and densities being the same for RTOA1 and
RTOA2. When RTOA1 is deposited onto the oxide
layers formed at � > 5 min, the depth and size of

the hollows (large pores) decrease by about 1 �m.
No hollows are observed on the surface of RTOA2
under these conditions.

In the general case, the oxide layer formed on tita-
nium in an aqueous electrolyte under the action of
electric breakdowns consists of a dense barrier layer
with a thickness of no less than 1 �m, which is adja-
cent to the metal, and an outer layer transformed by
breakdowns and pierced with pores, which contains
titanium oxides with inclusions of compounds based
on, or mainly composed of the solution components.
The layers obtained on titanium by PED in the tetra-
borate electrolyte studied contain a rutile modification
of TiO2 [11]. As follows from the results obtained,
pores open onto the surface of these layers. With in-
creasing time of layer formation, the diameter of
the most probable pores increases, whereas their num-
ber per unit surface decreases. Such oxide layers have
a low electrical conductivity both in air and in a 3%
NaCl solution, with the electrical resistance of the
structures indicated not affected by annealing in air
at 450�C for 1 h.

The deposition onto the given structures of both
ruthenium hydroxo chloride and its mixture with ti-
tanium chloride (30 mol % RuO2 and 70 mol % TiO2),
with the subsequent annealing for 1 h, results in
a sharp decrease in the electrical resistance to values
typical of the standard RTOA. The electrochemical
parameters of the electrodes obtained are also close to
those of the standard RTOA. This means that either
the structures considered become electrically conduct-
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ing throughout their bulk, or interconnected current-
conducting regions or channels are formed in their
structure. Apparently, these current-conducting regions
are localized in pores (cracks) of the oxide sublayer
and are associated with the presence of ruthenium
oxide or with the formation of a TiO2�RuO2 solid
solution both in voids and on the walls and bottom
of pores (cracks). This assumption is confirmed by
the observed correlation between the morphology of
the oxide sublayer preliminarily formed in a tetrabo-
rate electrolyte and the properties of the anodes ob-
tained. Probably, the conducting regions are formed in
the barrier layer adjacent to titanium, owing to ther-
mal diffusion of ruthenium ions into this layer in the
course of the oxidative annealing at 400�450�C.

Both RTOA1 and RTOA2 compositions contain
crystalline phases of TiO2 in the rutile and anatase
modifications and RuO2 (Fig. 1). Presumably, the
anatase modification is a product of oxidative anneal-
ing of the titanium support in air. In this case, the de-
crease in the amount of anatase, observed for RTOA1
when the formation time (thickness) of the oxide sub-
layer increases, indicates that its protective properties
are improved. At the same time, the appearance of
anatase may result from crystallization in the course
of annealing of the amorphous phase in the oxide sub-
layer. It is noteworthy that the anatase phase is also
recorded in the X-ray diffraction patterns of an an-
nealed PED coating.

For RTOA1, the elemental composition (Fig. 1)
and the current efficiency (Fig. 2) are virtually in-
dependent of the parameters and morphology of the
oxide sublayer, despite the change in the phase com-
position. For RTOA2 at � > 5 min, the current ef-
ficiency increases from 65�67 to 72�75%. The change
in the elemental composition, i.e., a decrease in
the content of ruthenium in the surface layer and
an increase in that of titanium (Fig. 1), and the mor-
phological transformations, i.e., the appearance of
large pores (hollows) on the surface of the oxide sub-
layer (Fig. 5b), correlate with these results. Presum-
ably, the change in the macrostructure facilitates
penetration of ruthenium into the oxide layer.

Calculations show that, in the RTOA1 surface layer
analyzed, the Ru/Ti ratio (in at.%) is 0.23 on the av-
erage. For RTOA2, this ratio is 0.54 at � < 5 min and
0.28 at � > 5 min. When a mixture of ruthenium hy-
droxo chloride and titanium chloride is deposited to
give a standard RTOA, this ratio is 0.43. The close
electrocatalytic properties of the RTOA1 and RTOA2
electrodes, standard RTOA on titanium, and electrodes
with a decreased content of Ru (e.g., at a Ru/Ti ratio

of 0.23�0.28) possibly indicate that only certain parts
of the electrode surface are active in the reaction of
chlorine evolution.

An analysis of the SEM images shows that the
morphologies of the RTOA1 and RTOA2 surfaces
are, on the whole, similar (see table and Fig. 5). At
� < 5 min, their surface, as also the surface of the stan-
dard RTOA, is covered with a network of cracks.
At � > 5 min, the cracks are absent, but pore mouths
emerge to the surface of RTOA1 and RTOA2.

The estimated pore sizes for the samples studied
are listed in the table. Presumably, small pores on
the oxide sublayer are craters of electric spark break-
downs, and larger pores, of micrometer size, are cra-
ters formed by arc discharges of higher power. As the
number of pores per unit surface is two orders of mag-
nitude larger on RTOA1 and RTOA2 and the sizes of
these pores are smaller than those on the oxide sub-
layer, the pores on RTOA1 and RTOA2 are not as-
sociated with channels of electric breakdowns pres-
ent on the oxide sublayer. In all probability, the pores
on the surface of RTOA1 and RTOA2 result from
evolution of gases (water vapor, chlorine, or HCl va-
por) in the thermal treatment of the deposited aqueous
solutions of ruthenium hydroxo chlorides or a mix-
ture of ruthenium hydroxo chloride and titanium chlo-
ride. The change in the depth of large hollows upon
deposition of the active paste was used to estimate
the thickness of the deposited outer layer to be about
1 �m for RTOA1 and about 3 �m for RTOA2. These
estimates agree with published data [12].

Cracking of RTOA (Fig. 5c), RTOA1, and RTOA2
on the thin, micrometer-thick oxide layers (Fig. 5d) is
due to the drying of a wet layer, which tends to con-
tract on a less contractible support. The absence of
cracking in RTOA1 and RTOA2 deposited on rel-
atively thick (8�10 �m) oxide sublayers means that
the properties of these structures vary to a lesser ex-
tent. As a consequence, it would be expected that
the adhesion of the active paste to the substrate should
be higher in this case.

CONCLUSIONS

(1) Preliminary treatment of titanium in a tetrabo-
rate electrolyte by the method of plasma-electrolytic
deposition does not deteriorate the electrochemical
parameters of ruthenium-titanium oxide anodes in di-
lute chloride solutions.

(2) The surface structure of the oxide sublayer and
the electrochemical characteristics of the ruthenium-
titanium oxide anodes correlate.
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(3) The results obtained suggest that an additional
plasma-electrolytic treatment can be a promising
method for improving the adhesion of the active paste
and depressing the oxidation of a titanium support.
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Abstract�The electrochemical behavior of methanol on graphite electrodes modified with a coating
composed of (III) hexacyanoferrate and ruthenium(III) hexacyanoferrate(II) and hexacyanoruthenate(II) was
studied. A method for electrochemical determination of ethanol on a carbon-paste electrode modified with
a coating composed of ruthenium(III) hexacyanoruthenate(II) under stationary and flow-injection conditions
was suggested.

Ethanol is commonly determined using a variety of
techniques [1�3]: classical and modern physicochemi-
cal, including electrochemical methods. Direct voltam-
metry on metallic and graphite electrodes is not used
to determine ethanol because of the oxidation over-
voltage of this compound. Modifying the surface of
solid electrodes with redox mediators markedly ex-
pands the analytical capacity of voltammetry. Various
mediators are used for determining aliphatic alcohols:
metals [3�6], metal complexes [7], or electron-con-
ducting polymeric materials [8].

In the last years, a considerable attention has been
given to electrodes modified with hexacyanometallates
(HCM) [9�15]. Electrodes with a coating composed of
ferric ferrocyanide [KFeIIFeIII(CN)6] are used as de-
tectors or transducers in biosensors [9] The properties
of these chemically modified electrodes (CME) are
changed because of the alteration of the nature of
metal ions in both the inner and outer coordination
spheres. It has been established that the catalytic ac-
tivity of HCM also changes because of the cross-link-
ing of HCM species by ions of platinum-group metals
[15, 16]. For example, introduction of ruthenium ions
into the composition of a coating improves the cata-
lytic activity of CME and makes their electrochemical
response more stable [10�16].

The present study is concerned with the electrocat-
alytic properties of a carbon-paste (CPE) or a glassy
carbon (GC) electrode with an electrodeposited coat-
ing composed of ruthenium(III) hexacyanoferrate(II)

and hexacyanoruthenate(II) in oxidation of ethanol
and with the possibility of using these electrodes
to determine ethanol under stationary and flow-
through conditions.

The electrochemical properties of hexacyanometal-
lates deposited on the surface of GC, such as iron(III)
hexacyanoferrate KFeIIFeIII(CN)6 (FeO�FeCN),
ruthenium (III) hexacyanoferrate (II) Ru4[Fe(CN)6]3
(RuO�FeCN), and ruthenium(III) hexacyanoruthena-
te(II) Ru4[Ru(CN)6]3 (RuO�RuCN). A study of the
electrochemical properties of ruthenium(III) hexacya-
nometallates established that ruthenium(III) oxidizes
to oxidation states higher than 3+, with oxygen bridges
formed between metal ions, such as Ru�O�Fe or
Ru�O�Ru [15, 16]. Therefore, ruthenium ions in
higher oxidation states are designated as oxo groups,
e.g., �Ru(VI)O or �Ru(IV)O, and the designations
RuO�FeCN or RuO�RuCN are commonly accepted
for HCM coatings.

As can be seen in Fig. 1, the voltammetric curves
obtained on HCM-modified electrodes are different.
The voltammogram of an electrode with a FeO�Fe�
CN coating contains two pairs of anodic and cathodic
peaks (Fig. 1, curve 1). The peak at E = 0.2 V is
commonly attributed [17] to oxidation of a complex
iron(II) ion, i.e., to the redox pair Fe(CN)6

3�/Fe(CN)6
4�

(E0 = 0.36 V [18]), and the peak at E = 1.2 V is
associated with oxidation of an outer-sphere ion of
iron and is related to the redox pair Fe3+/Fe2+

(E0 = 0.77 V [18]).
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Fig. 1. Voltammograms obtained on GC with coatings
composed of (1) KFeIIFeIII(CN)6, (2) RuO�FeCN, and
(3) RuO�RuCN on the background of a 0.1 M solution
of K2SO4 in the presence of 0.01 M H2SO4. (E ) Potential;
the same for Figs. 3, 4.

Introduction of ruthenium ions into the composi-
tion of an inorganic coating leads to an increase in
the number of anodic and cathodic peaks in the cyclic
voltammogram (Fig. 1; curves 2, 3). The voltam-
mogram of an electrode with a RuO�RuCN coating
contains three well pronounced anodic and reverse-
cathodic peaks at potentials in the range from �0.2 to
1.5 V. Although data that could be used to assign each
peak to a particular redox pair are still lacking, the
electrochemical reactions occurring at a potential of
0.05 V are commonly attributed to the redox pair
Ru(III/II), and peaks at 0.80 and 1.10 V, to oxidation
of mixed-charge ruthenium ions bound to oxo and
cyano groups to higher oxidation states. For example,
it was assumed in [10, 13] that electron transfer occurs

Table 1. Conditions of electrodeposition of coatings
composed of ruthenium(III) hexacyanoruthenate(II) on
the surface of GC
����������������������������������������

Potential sweep �Potentiostatic electrodeposition
����������������������������������������
potential, V� ip, �A � potential, V � ip, �A
����������������������������������������
+0.35�+1.1 � 7 � +0.50 � 6
+0.20�+1.1 � 8 � +0.70 � 9
+0.10�+1.1 � 10 � +0.80 � 10

0.00�+1.1 � 13 � +0.90 � 12
�0.20�+1.1 � 15 � +1.05 � 16
����������������������������������������

at E = 0.80 V, and Ru(IV) is oxidized to Ru(VI) at
E = 1.05 V. An assumption was made in [11, 14] that
the two current peaks observed at potentials of 0.6
to 1.2 V are associated with electrochemical trans-
formations of the redox pairs Ru(III)/Ru(IV) and
Ru(II)(CN)6 /Ru(III)(CN)6. If account is taken of
the similarity between the shapes of the voltam-
mograms obtained on electrodes modified with Ru
and RuO2 species [19] and with a RuO�RuCN coating
and published data obtained in studying these coatings
by X-ray photoelectron spectroscopy [20] are ana-
lyzed, it may be concluded that the peaks observed in
the curves are to be attributed to the following elec-
trochemical reactions:

Ru(II) �� Ru(III) + e, E = 0.05 V; (1)

Ru(III) �� Ru(IV) + e, E = 0.80 V; (2)

Ru(IV) �� Ru(VI) + 2e, E = 1.05 V. (3)

The anodic and cathodic peaks recorded on GC
modified with a RuO�FeCN coating (Fig. 1, curve 2)
are probably also associated with electrochemical reac-
tions (1)�(3). The peak recorded at E = 0.2 V in the
voltammogram of the electrode with a KFeIIFeIII(CN)6
coating (Fig. 1, curve 1) and associated with oxida-
tion of Fe(CN)6

3� ions is not observed in the voltam-
mogram of the electrode with a RuO�FeCN coat-
ing. Possibly, the electrochemical reaction Fe(CN)6

4�
�

Fe(CN)6
3� occurs at potentials that are characteristic of

the redox pair Ru(III)/Ru(II), which leads to a certain
increase in the height and width of the peak at E =
0.05 V, compared with the peak observed on GC with
a RuO�RuCN coating.

An HCM coating was deposited onto the sur-
face of graphite electrodes electrochemically. The
KFeIIFeIII(CN)6 coating was obtained using the proce-
dure suggested in [17], and the RuO�FeCN coating,
by the method described in [21].

The RuO�RuCN coating was deposited in two
ways: potential sweeping in a fixed range or poten-
tiostatic electrodeposition (Table 1). The voltammetric
curves were compared by the peak observed at E =
1.05 V. When the first method was used, the potential
was varied in a cyclic way in the range �0.2�+1.1 V.
This is the optimal range of potentials. If the start-
ing potential of sweeping was shifted into the anodic
region, the current of the peak decreased at E =
1.05 V (Table 1). Using the potentiostatic electro-
deposition instead of potential sweeping did not lead
to any increase in the intensity of the peaks observed
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Table 2. Characteristics* of electrooxidation of ethanol (c = 1 � 10�3 M) on GC modified with an HCM coating on
the background of a 0.1 M H2SO4 solution
������������������������������������������������������������������������������������

Coating � Emod, V � imod, �A � Ecat, V � icat, �A � (icat � imod)/imod
������������������������������������������������������������������������������������
FeO�FeCN � 0.25 � 38 � 0.25 � 38 � 0

� 1.08 � 62 � 1.08 � 62 � 0
RuO�FeCN � 0.9 � 1.4 � 0.9 � 1.4 � 0

� 1.1 � 8.0 � 1.1 � 42 � 4.3
RuO�RuCN � 0.8 � 15 � 0.8 � 15 � 0

� 1.05 � 15 � 1.05 � 110 � 6.3
������������������������������������������������������������������������������������
* Emod and imod, potential and current of the oxidation peak of the modifier; Ecat and icat, potential and current of catalytic

oxidation of ethanol on CME.

(Table 1). However, as can be seen in Fig. 2, this
made it possible to shorten the time in which an in-
organic coating was obtained by a factor of 2.

The coating is stable only in an acid medium.
Figure 3 shows as an example voltammograms ob-
tained on CME with a RuO�RuCN coating at different
pH values. Making the pH higher impaired the shape
of the peaks, with the anodic peaks becoming lower
and the cathodic peaks even disappearing at all. In
alkaline solutions, the coating disintegrates and re-
peated recording yields only the background curve
characteristic of the unmodified GC.

A comparison of the properties of the coatings in
question revealed that reproducible results are ob-
tained on the electrode coated with FeO�FeCN when
voltammograms are recorded in a narrow range of
potentials: �0.5 to 0.5 V. In polarization of the elec-
trode, the film disintegrates beginning at E > 0.5 V,
which distorts the shape of the voltammogram and
leads to a decrease in the intensity of the signal.

Fig. 2. Oxidation current ip of the modifier at Ep =
1.05 V vs. the time t of electrodeposition (1) with potential
sweeping in the interval �0.2�1.1 V and (2) in the po-
tentiostatic mode at Ee = 1.05 V.

Chemically modified electrodes with films containing
oxo compounds of ruthenium can be used in a wider
range of electrode polarizations, up to E = 1.3 V.
The fabrication methods and the electrochemical and
working properties of electrodes coated with RuO�
FeCN and RuO�RuCN are similar in many respects.
However, RuO�RuCN coatings are distinguished by
a higher chemical and electrochemical stability. For
example, the RuO�FeCN coating is stable during
several days, and the RuO�RuCN coating, during
several months, which is indicated by the good re-
producibility of cyclic voltammograms obtained on
the background of a 0.01 M H2SO4 solution. In ad-
dition, higher anodic and cathodic peaks are recorded
on the electrode with this coating (Fig. 1).

Ethanol is not oxidized at potentials in the range
from �0.2 to 1.4 V (Fig. 4, curve 1) although the equi-
librium potential of the redox system CH3CHO/C2H5OH
is 0.19 V [18]. A study of the electrooxidation of eth-
anol on electrodes coated with the HCM in question
(Table 2) demonstrated that ethanol is not oxidized

Fig. 3. Voltammograms obtained on GC with a RuO�RuCN
coating on the background of (1) 0.1 M H2SO4 solution,
(2) 0.1 M K2SO4 solution, and (3) borate buffer solution
with pH 9.0. Dashed line: repeated sweep.
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Table 3. Analytical parameters obtained in determining ethanol on GC modified with HCM coatings in stationary
and FIA conditions [regression equation i = a + bc (i, �A; c, M)]
������������������������������������������������������������������������������������

Electrode � c, M � a � �a � (b � �b) � 104 � R
������������������������������������������������������������������������������������

Stationary conditions

RuO�FeCN � 1 � 10�3�5 � 10�2 � 4.03 � 0.03 � 76 � 0.2 � 0.997
RuO�RuCN � 1 � 10�4�5 � 10�2 � 8.89 � 0.02 � 19 � 0.9 � 0.999

FIA conditions

RuO�RuCN � 1 � 10�5�5 � 10�2 � 0.70 � 0.06 � 2.1 � 0.3 � 0.998
������������������������������������������������������������������������������������

on CME coated with KFeIIFeIII(CN)6 and, therefore,
the shape of the background voltammogram is not
changed in the presence of the substrate. In oxidation
of ethanol on CME with a RuO�FeCN or RuO�RuCN
coating, a considerable increase in current is observed
in the same range of potentials.

Figure 4 shows cyclic voltammograms obtained in
the absence (curve 2) and in the presence (curve 3) of
ethanol on an electrode modified with a RuO�RuCN
coating. It can be clearly seen that electrocatalytic ox-
idation of ethanol occurs on CME. In this case, an in-
crease in the peak current is observed at Ep = 1.05 V.
At the same potential, the blank curve (Fig. 4, curve 2)
shows a current peak characteristic of the transition
�Ru(IV)O � �Ru(VI)O, i.e., the substrate is oxidized
in the oxidation region of this modifier. The peak

Fig. 4. Voltammograms of ethanol oxidation on (1) GC
and (3) GC with a RuO�RuCN coating on the background
of a 0.1 M H2SO4 solution. Ethanol concentration 5 �
10�2 M; the same for Fig. 5. (2) Blank curve obtained
on GC with a RuO�RuCN coating.

current linearly depends on the ethanol concentration.
The manyfold increase in the current, decrease in
the overvoltage of substrate oxidation, and the value
of the Semerano coefficient �log i/�log v [22], equal
to 0.3, suggest that the electrochemical process is of
a catalytic nature.

The mechanism of ethanol electrooxidation is com-
plicated and depends on the range of potentials in
which the voltammograms are recorded [23]. In the
first stage, ethanol oxidizes to an aldehyde, but deeper
oxidation of the substrate to acetic acid is also pos-
sible. The scheme of the electrochemical reaction can
be represented as

�Ru(IV)O � �Ru(VI)O + 2e,� (4)

� CH3CHO + �Ru(IV)O + 2H+,

� CH3COOH + �Ru(IV)O + 2H+.
�
�
��C2H5O + �Ru(VI)O

(5)

It should be noted that the catalytic effect, defined
as the difference of the catalytic current icat and the
peak current of modifier oxidation, imod, which is re-
corded in the background curve at E = 1.05 V, divided
by imod, is observed on CME with RuO�FeCN and
RuO�RuCN coatings (Table 2). However, the RuO�
RuCN coating has a higher catalytic current, which
makes the sensitivity of ethanol determination higher
and the range of determinable ethanol concentrations
wider.

A linear dependence of the catalytic current on
the ethanol concentration is observed in the range
1 � 10�3

�5 � 10�2 M for RuO�FeCN and 1 � 10�4
�5 �

10�2 M for RuO�RuCN (Table 3). Moreover, the
RuO�RuCN coating is more stable. Therefore, it is
more appropriate to use CME with this type of coat-
ing for analytical purposes.

A chemically modified electrode based on rutheni-
um(III) hexacyanoruthenate(II) was used to determine
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ethanol under conditions of a flow-injection analysis
(FIA).

The FIA signal was recorded in the potentiostatic
mode. Preliminarily, the influence exerted by hy-
drodynamic parameters on the magnitude of the FIA
signal was studied. The maximum FIA signal is
observed at a volume V of a sample injected equal
to 0.6 ml (Fig. 5, curve 1) and a flow rate u of
3.5 ml min�1 (Fig. 5, curve 2).

The dependence of the current on the voltage ap-
plied to a CME with an electrodeposited RuO�RuCN
coating was studied under these hydrodynamic con-
ditions. The maximum current was observed at E =
1.05 V (Fig. 5, curve 3). The data obtained were used
to establish the working conditions of recording of
a FIA signal on CME: u = 3.5 ml min�1, V = 0.6 ml,
E = 1.05 V.

The analytical parameters of the amperometric FIA
determination of ethanol on a CPE modified with
a RuO�RuCN coating are listed in Table 3. The mag-
nitude of the FIA signal is a linear function of the sub-
strate concentration in the range 5 � 10�2

�1 � 10�5 M,
which is an order of magnitude wider than that under
stationary conditions. The detection limit calculated
using the 3s-criterion [24] is 8 � 10�6 M.

In assessing the metrological characteristics of
different electrodes, the reproducibility of results of
FIA determinations was analyzed. It was established
that, in prolonged use (for 8 h) of a CME in a flow-
through cell without renewal of the surface, the mag-
nitude of the FIA signal remains virtually unchanged.
The Sr calculated for the oxidation current in the
case of ethanol (c = 0.05 M) does not exceed 3%
(at n = 20).

Thus, graphite electrodes with a coating composed
of ruthenium(III) hexacyanoruthenate(II) can be used
for voltammetric determination and amperometric de-
tection of ethanol under FIA conditions without pre-
liminary sample preparation.

The method of voltammetric determination of eth-
anol on a graphite electrode coated with ruthenium(III)
hexacyanoruthenate(II) was tested on ethanol-contain-
ing solutions. It was established that matrix com-
ponents do not hinder the determination of ethanol.
Most part of organic compounds present in solutions
(carbohydrates, polyphenols, volatile organic acids,
and mineral salts) exhibit no electrochemical activity
and, therefore, have no effect on the results obtained
when determining ethanol. Presence of alcohols
(propanol, butanol, amyl alcohol), polyalcohols
(sorbitol, mannitol, glycerol), aldehydes (e.g., acet-

Fig. 5. FIA signal produced in ethanol oxidation on CPE
modified with a RuO�RuCN coating vs. (1) flow rate u,
(2) volume V of a sample injected, and (3) applied potential
E on the background of a H2SO4 solution with pH 2.0.
(ip) Peak current.

aldehyde), oxy acids (tartaric, malic, and sorbic), and
vitamins of groups B and C, which are all oxidized on
the CME suggested does not affect the determination
of ethanol without preliminary sample preparation,
either, because the content of these components is
considerably lower than that of ethanol.

The procedures developed for determining ethanol
on CME with catalytic properties are distinguished by
simplicity, high sensitivity, and short time of analysis
(10 min); moreover, the necessary sample volume is
small (V = 0.5 ml).

EXPERIMENTAL

A PU-1 polarograph and a PI-50-1.1 potentiostat
were used to record dc voltammograms with linear
and triangular potential sweep in a three-electrode
cell. As indicator electrodes served GC and CPE
with working surface areas of 0.1 and 0.09 cm2, re-
spectively, and CME. A silver chloride electrode
served as reference, and a platinum wire, as an anode.
The procedure used to fabricate the CPE was described
in [19]. GC and CPE were used as supports in fabri-
cating a film CME. By analogy with that described
in [21], the method employed for this purpose consists
in the following: first, the surface of a graphite elec-
trode is polished on filter paper; then, the electrode is
rinsed with distilled water and introduced into an el-
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ectrochemical cell containing a freshly prepared so-
lution: 1 � 10�3 M RuCl3, 1 � 10�3 M K4[Ru(CN)6]
{or K4[Fe(CN)6]}, and 0.01 M H2SO4, and the poten-
tial is varied by means of sweeping in the range from
�0.2 to 1.1 V at a rate of 100 mV s�1 for 40 min. Then
the electrode is removed from the cell, rinsed with
distilled water, and dried.

The FIA was performed on a setup comprising
a peristaltic pump, injector, flow-through electrochem-
ical cell, and recording unit [25]. The solutions used
were delivered and discharged via flow-through lines
made of silicone tubes with an inner diameter of
2.0 mm. The injection was performed with a micro-
syringe through a sealing membrane.

The standard ethanol solution (c = 1.0 M) was
prepared from 96% ethanol. Solutions with lower con-
centrations were obtained by successive dilution of
the standard solution.

To make the solutions electrically conducting,
0.1 M aqueous solutions of H2SO4, KOH, and K2SO4,
and a borate buffer solution were used. The pH value
was monitored with a pH-150 pH-meter.

CONCLUSIONS

(1) It was found that ruthenium(III) hexacyanofer-
rate(II) and hexacyanoruthenate(II) electrodeposited
onto the surface of a graphite electrode exhibit a cat-
alytic activity in oxidation of ethanol. A catalytic peak
was observed at E = 1.0 V in the region of Ru(IV)
oxidation. The conditions in which a chemically mod-
ified electrode with an inorganic coating composed of
hexacyanometallates can be fabricated and the max-
imum catalytic current of ethanol oxidation on this
electrode were determined.

(2) A method for voltammetric determination of
ethanol on an electrode modified with a coating com-
posed of ruthenium(III) hexacyanoruthenate(II) was
developed. A procedure for amperometric detection of
ethanol on this electrode under conditions of a flow-
injection analysis was suggested. The electrochemical
and hydrodynamic conditions for signal recording
were established. A linear dependence of the catalytic
current on the concentration of ethanol was observed
in the range 1 � 10�4

�5 � 10�2 M under stationary
conditions and 1 � 10�5

�5 � 10�2 M under conditions
of a flow-injection analysis.

(3) It was established that the matrix components
of ethanol-containing solutions do not hinder the de-
termination of ethanol. The method suggested for de-
termining ethanol is distinguished by simplicity, high

sensitivity, good precision, short analysis duration,
and use of samples with small volume.
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Abstract�Carbon nanofibers with a porous structure and a specific surface area of 300�475 m2 g�1 were
synthesized by pyrolysis of acetylene on iron-containing catalysts. The possibility of using the carbon nano-
structures synthesized as hydrogen sorbents to replace hydride-forming metal alloys in chemical power cells
was analyzed.

Further development of electronics is impossible
without use of power cells. Among them, alkaline
batteries occupy an important place. In the European
Community, the manufacture and use of nickel�cad-
mium and mercury-containing batteries has been pro-
hibited since 1991. Therefore, rechargeable electro-
chemical systems with nontoxic electrodes and elec-
trolytes are being intensively studied everywhere.
The cells in which a cadmium electrode is replaced
with a metal hydride electrode have a number of ad-
vantages over the conventional nickel�cadmium cells.
These are, in addition to the similar technology of
manufacture, the higher power and energy density and
lower sensitivity to overcharging. Presently, metal
hy- dride cells based on rare-earth metal alloys with
AB5 additives are produced with a capacity of 290�
320 A h g�1, and those based on Ti�Zr�Ni alloys with
AB2 additives, with a capacity of 385 to 450 A h g�1.
At the same time, all these alloys are complicated in
preparation and have their own disadvantages.

Therefore, the search for the materials that can
adsorb hydrogen electrochemically is being continued.
The new structural modifications of carbon, developed
in recent decades (Carbyne, fullerenes, nanotubes,
and nanofibers), have received much attention of re-
searchers as promising hydrogen accumulators in neg-
atively polarized carbon electrodes in alkaline solu-
tions [1�3]. It is known that, for activated carbon, the
amount of adsorbed hydrogen grows with increasing
specific surface area [2]. It has also been shown that
carbon nanofibers (CNF) and nanotubes sorb a con-
siderable amount of hydrogen at room temperature

[3]. CNFs that can retain 10�13 wt % hydrogen at
a pressure of 8�11 MPa [4] and 15 wt % [5] have
been synthesized, which considerably exceeds the
amount of hydrogen accumulated by such metallic
alloys as LaNi5.

Also, new carbon nanostructures, porous CNFs,
have been described in the literature [6]. In principle,
structures of this kind should be good hydrogen sor-
bents.

The type of a catalyst is known to determine the
structure of carbon nanofibers formed by vapor pyrol-
ysis of hydrocarbons. Classical carbon nanotubes, in
which graphene layers are oriented along the axis, and
CNFs with a crow-shaped and normal orientation of
the carbon layers with respect to the fiber axis can
be grown by choosing the composition and structure
of a catalyst. According to the available data, it is
the last two types of carbon nanostructures that are
the most efficient hydrogen accumulators. It is as-
sumed that hydrogen is incorporated into nanocavities
between the graphene layers.

The aforesaid suggests that carbon nanostructures
can be used as a hydrogen electrode in nickel�metal
hydride power cells instead of metal alloys. The large
specific surface area of nanoparticles and the high
porosity and low apparent density of the electrode
materials based on them suggest that carbon nano-
structures are more efficient hydrogen accumulators
than metal alloys.

The aim of this study was to develop methods for
synthesis of carbon nanostructures promising as hy-
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drogen accumulators and to analyze the possibility of
their use, instead of metal alloys, as electrode ma-
terials that can accumulate and store hydrogen in
charging of a prototype chemical power cell.

EXPERIMENTAL

CNFs obtained by catalytic vapor deposition were
chosen for study. Acetylene served as the source of
carbon. It was found that pyrolysis of acetylene on
catalysts with carbon and iron clusters on the surface
of particles of finely dispersed pyrogenic silica yields
porous CNFs. The catalysts were produced by pyrol-
ysis of organometal compounds mechanochemically
deposited on aerosil or aluminoaerosil. A thorough-
ly developed method for preparation of catalysts and
the conditions of CNF deposition have been described
previously [7]. The selectivity and output capacity of
the process are reasonably high. For example, 75�
100 g of CNFs at a virtually 100% conversion of
acetylene into carbon were obtained in a lab reactor
(2 l volume) at 620�C in 3�4 h. Admixtures of metals
and silicon dioxide were removed from these mate-
rials by treatment in an alkali solution and then in
hydrochloric acid. The resulting purified CNFs had
a specific surface area of 300�475 m2 g�1 at a fiber
diameter of 50�200 nm. The electrical resistivity of
compacted powders was 0.08�0.4 � cm.

An electron micrograph of a typical nanostructure
formed under the given conditions is shown in Fig. 1,
and a thermogravimetric curve of a purified CNF sam-
ple with a specific surface area of 330 m2 g�1, obtained
using a Fe/C/Al2O3�SiO2 catalyst, in Fig. 2. It can be
seen that the CNF sample heated in air starts to lose
mass above 500�C. The inflections in the thermogravi-
metric curve are probably due to the presence of dif-
ferent nanostructural forms of carbon in the sample.
However, no �amorphous� carbon, which is common-
ly rather rapidly oxidized by atmospheric oxygen be-
ginning at 350�400�C, is present in the sample.
The X-ray diffraction pattern of this sample is virtual-
ly identical to that of the CNF sample with a specific
surface area of 460 m2 g�1 (Fig. 3, curve 1) and con-
tains a broadened band with the peak position cor-
responding to an interplanar spacing of 3.44 �, which
can be probably assigned to the 002 reflections of
packages of turbostratified disordered graphene layers,
and a wide halo peaked at around 5 �. Possibly, these
bands belong to different structural modifications of
carbon, since nanofibers with X-ray diffraction pat-
terns containing only the halo at around 5 � were ob-
tained on some catalysts (Fe�Sn/C/Al2O3�SiO2).

The specific surface area of multilayer carbon
nanotubes can be considerably increased, to 877�

Fig. 1. Typical structure of carbon nanofibers obtained by
pyrolysis of acetylene at 620�C on iron-containing catalysts.

Fig. 2. Thermogravimetric curve of purified CNFs (specific
surface area 330 m2 g�1). (�m) Loss of mass and (T ) tem-
perature.

Fig. 3. X-ray diffraction patterns of a CNF sample (1) be-
fore and (2) after activation with a KOH melt. (I ) In-
tensity and (d) interplanar spacing. Specific surface area
(m2 g�1): (1) 460 and (2) 1700.

1184 m2 g�1, by activation with a KOH melt at 800�C
and subsequent washing-out of potassium hydroxide
[8]. It was assumed that activated nanotubes of this
kind, with a well-developed surface, are promising
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Fig. 4. Discharge curves measured on a prototype power
cell with an anode made of carbon materials. (E ) Potential
and (�) time; the same for Fig. 5. (1) Acetylene black,
(2) activated carbon felt with a specific surface area of
1000 m2 g�1, (3) CNF with a specific surface area of
330 m2 g�1, and (4) activated CNFs with a specific sur-
face area of 1700 m2 g�1.

electrode materials. The mechanism of activation re-
mains unclear. Probably, carbon layers partly unfold
to form nanocavities. We attempted to apply this
method to obtain a more developed surface in CNF
synthesized by the technique described above.

An X-ray diffraction pattern of CNF obtained by
pyrolysis of acetylene on the Fe/C/SiO2 catalyst (cur-
ve 1) and that of the same carbon material activated
with a KOH melt at 750�C in the atmosphere of argon
(curve 2) are shown in Fig. 3. It can be seen that
the band at 3.44 � virtually completely disappears
upon activation, and the wide halo at around 5 � be-
comes more pronounced. At the same time, the band
at around 2.12 � remains unchanged. Probably, the
last band can be assigned to the 001 reflections from
the graphene layers. Interestingly, the specific sur-
face area of the material increases from 460 (starting
CNFs) to 1700 m2 g�1, whereas the electrical re-
sistivity of a compacted powder decreases from 0.4
to 0.05 � cm. These data indicate that activation with
a KOH melt disrupts the parallel orientation of the
graphene layers, which probably results in the forma-
tion of nanocavities between these layers. In the pro-
cess, the layers themselves remain highly ordered,
which is confirmed by the high electrical conductivity
of the activated sample. The rise in the electrical con-
ductivity of the sample upon activation is probably
due to burning-out of a low-ordered carbon.

The nanocarbon electrodes were tested in a proto-
type Ni�MH battery in the galvanostatic mode. As
a counter electrode served nickel oxide electrode with
large area and capacity. As the electrolyte was used

a 5 M potassium hydroxide solution containing 1 M
lithium hydroxide. The test electrode was in the form
of a tablet 30 mm in diameter, obtained by compac-
tion at a pressure of 10 MPa on a nickel mesh. For
this purpose, an emulsion of F-4D fluoroplastic was
added as a binder to the CNF sample (5% fluoroplast-
ic relative to the mass of CNF). All the potentials are
given relative to a silver chloride reference electrode.

After fabrication, the electrode being tested was kept
in the prototype battery for 1 h without loading. The
cycle of study started from charging with a 50 mA g�1

current. All the charging cycles were 3 h long. After
the charging was complete, the prototype remained un-
loaded for 5 min. Then, the discharge cycle was per-
formed until the voltage on the prototype became 0.5 V,
after which the charging was started. The discharge
current (50 mA g�1) was equal to the charging current.

The self-discharge of the hydrogen-sorbing elec-
trode materials in the prototype battery was studied
as follows. First, the prototype was charged with
a current of 50 mA g�1 to a charging capacity of
450 A h g�1. Then, the dc supply was switched off
and the potential of the hydrogen electrode and the
open-circuit voltage were measured. The prototype
was stored for 24 h or a week, and after that the elec-
trode potential and the open-circuit voltage were
measured again. Then, the power supply was con-
nected and the prototype was discharged with a cur-
rent of 20 mA g�1. After that, the discharge capacity
of a prototype after storage was compared with that
obtained directly after charging.

It is known from the literature that hydrogen is
formed under these conditions of charging on the car-
bon electrode through reduction of water, and this
hydrogen easily penetrates into nanopores present in
the carbon material [1].

Hydrogen-sorbing electrodes made of acetylene
black (AB), activated carbon felt (ACF, 1000 m2 g�1),
CNF (330 m2 g�1), and activated CNFs (ACNF,
1700 m2 g�1) were fabricated and studied. Figure 4
shows the discharge curves measured on a prototype
battery with electrodes made of AC (curve 1), ACF
(curve 2), CNF (curve 3), and ACNF (curve 4). It can
be seen that the hydrogen capacity of the traditional
carbon materials (curves 1 and 2) is very small, 3.2
and 9.2 mAhg�1 for carbon black and felt, respectively.

The electrical capacity was 16.7 for CNFs and
135 mA h g�1 for activated CNFs. The shape of
the discharge and charging curves with a plateau and
the potential in this region relative to that of the ref-
erence electrode show that there occurs an electro-
chemical reaction of oxidation�reduction of hydrogen.
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Fig. 5. Influence of the storage time on the self-discharge
of the electrode made of activated CNFs with a specific
surface area of 1700 m2 g�1 (discharge current 20 mA g�1).
Discharge curve: (1) measured immediately after discharge,
(2) after 24 h of storage of a charged prototype, and
(3) after 1 week of storage of a charged prototype.

As can be seen from Fig. 4, the CNFs have a con-
siderably higher capacity, compared with carbon black
and felt, despite that their specific surface area is
smaller. The activation of CNF leads to a dramatic
increase in the electrical capacity. For hydrogen elec-
trodes based on carbon black and felt, the self-dis-
charge was 100% in 24 h. For CNFs with a specific
surface area of 330 m2 g�1, the residual capacity
after 24 h was 3% of the initial value. It should be
noted that the experiments were performed without
hermetically sealing the prototype, so that the self-
discharge is probably caused by diffusion of hydrogen
from the electrode.

Figure 5 shows the results of a study of the self-
discharge of a prototype power cell based on ACNF
with a specific surface area of 1700 m2 g�1. As can be
seen, the electrical capacity is 56% after 24 h of storage
and 24% of the initial capacity after a week of storage.

The results obtained in a study of the self-discharge
of the hydrogen electrodes made of CNFs show that,
as the specific surface area of CNF increases (as a re-
sult of activation), the ability of the electrodes to store
electrochemically accumulated hydrogen is improved.

Figure 6 shows how the electrical capacity of
a prototype battery based on activated CNF with
a specific surface area of 1700 m2 g�1 varies with
the number of charging�discharge cycles. It can be
seen that, after 100 cycles with a 100% discharge,
the electrical capacity decreases by 25% of the initial
value. In the process, the electrode crumbled, which
is apparently due to the nonoptimal amount of binder
in the hydride electrode.

It should be noted that the experiments described
here were performed in an unsealed prototype power
cell under atmospheric pressure. Probably, if charged

Fig. 6. Variation of the discharge capacity Q of a pro-
totype power cell during cycling to complete discharge
of the electrode made of activated CNFs with a specif-
ic surface area of 1700 m2 g�1 with the number of cy-
cles, N.

under elevated pressure, the CNF electrodes could
retain a considerably larger amount of electrochem-
ically accumulated hydrogen.

CONCLUSIONS

(1) Pyrolysis of acetylene on catalysts containing
carbon and iron compounds as clusters on supports
made of finely dispersed pyrogenic silica yields car-
bon nanofibers with a porous structure.

(2) When the carbon nanofibers obtained are ac-
tivated with a potassium hydroxide melt, the orienta-
tion of graphene layers changes, the specific surface
area and electrical conductivity considerably increase,
and the electrochemical parameters are improved.

(3) The resulting carbon nanofibers can be used as
hydrogen sorbents in chemical power cells instead of
a metal hydride anode.
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Abstract�New experimental data characterizing the conditions of electrochemical synthesis of stable elec-
trically conducting electrochromic polymeric film systems based on the complexes [Ni(Salpn-1,3)] and
[Cu(Salpn-1,3)] [Salpn-1,3 is N, N �-propylenebis(salicylidenimine)] in a 0.1 M Bu4NClO4/CH2Cl2 solution
are presented. The redox conductivity of the new polymers is characterized by the charge diffusion coefficient.
The electrochemical stability of the polymeric films is analyzed in relation to the potential and time of
accumulation, and also to the range of potential sweeping.

Studies of thin electrically conducting electro-
chromic metal-containing polymeric films on solid
supports are of current interest because of the possibil-
ity of creating electro- and photocatalysts, sensors,
and solid-phase galvanic cells for conversion of the
energy of light on their basis [1, 2].

In the last fifteen years, polymeric film systems
based on complex compounds of transition metals
with macrocyclic ligands of varied composition and
structure have been synthesized and rather extensive-
ly studied, including N, N �-ethylenebis(salicylidenes)
[3�10], porphyrins [11], phthalocyanines [12], etc.
Complexes with ligands of this kind are of the utmost
interest to a researcher, because they are models and
(or) analogues of most important natural organometal-
lic compounds.

However, despite that a considerably body of ex-
perimental data has been obtained, the optimization
of the synthesis conditions and analysis of the struc-
ture, stability, and functional features of organometal-
lic polymers, including the best-studied compounds of
copper(II) and nickel(II), remains a matter of current
interest.

The present communication reports original results
characterizing the synthesis conditions of polymeric
systems based on the complexes [Cu(Salpn-1,3)] and
[Ni(Salpn-1,3)], where Salpn-1,3 is N, N �-propylene-
bis(salicylidenimine)], in a solution of methylene chlo-
ride. It should be noted that the ability of the complex
[Cu(Salpn-1,3)] to form, as a result of oxidation at

the electrode, photosensitive electrically conducting
polymers has been revealed previously [10], whereas
the possibility, in principle, of polymerization of
[Ni(Salpn-1,3)] is established for the first time.

The complexes [Ni(Salpn-1,3)] and [Cu(Salpn-1,3)]

������
����

O O

M = Ni(II), Cu(II)

CH�N N�HC

��
�

�
	

M

were synthesized by the known methods [10].
The complexes were identified by electronic absorp-
tion spectroscopy in the visible and near-UV spectral
ranges and by X-ray photoelectron spectroscopy (XPS).
XPS spectra were obtained on an Axis Ultra electronic
spectrometer (Kratos Analytical, UK) under excitation
with monochromatic AlK

�

radiation (1486.6 eV).1

During the experiments, the initial vacuum in the spec-
trometer was 5 � 10�7 Pa. The spectra obtained were
processed with a Vision software package (Kratos
Analytical). The scale of binding energies was cali-
brated against the C1s line of aliphatic carbon (Eb =
285.0 eV). The binding energies of photoelectrons and
the atomic concentrations of selected components of
the photoelectron spectra for the ligand H2Salpn-1,3
����������
1 The XPS spectra were measured by A.V. Shchukarev (St. Pe-

tersburg State University)
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Table 1. Binding energies of photoelectrons and atomic concentrations of selected components of the XPS spectra
of the starting compounds
������������������������������������������������������������������������������������

� H2Salpn-1,3 � [Cu(Sapn-1,3)] � [Ni(Sapn-1,3)]
������������������������������������������������������������������������������

Line �
Eb, eV

� atomic concen- �
Eb, eV

� atomic concen- �
Eb, eV

� atomic concen-
� � tration, at. % � � tration, at. % � � tration, at. %

������������������������������������������������������������������������������������
C1s � 285.0 � 51.7 � 285.0 � 51.9 � 285.0 � 49.6

� 286.4 � 28.5 � 286.4 � 28.6 � 286.5 � 22.4
� � � � � 288.7 � 2.4

O11s � � � 529.6 � 0.1 � �
� 531.1 � 1.8 � 531.2 � 7.0 � 531.6 � 11.7
� 533.0 � 7.9 � 532.1 � 0.5 � 533.0 � 1.5

N1s � 399.1 � 7.1 � 399.5 � 7.2 � 399.5 � 6.0
� 399.9 � 1.8 � � � �
� 401.3 � 0.6 � 401.8 � 0.3 � 401.3 � 0.4
� 402.9 � 0.6 � 403.5 � 0.6 � 403.5 � 0.6

Cu2p � � � 934.7 � 3.7 � �
� � � 936.7 � 0.1 � �

Ni2p � � � � � 855.4 � 5.4
������������������������������������������������������������������������������������

and the complexes [Cu(Salpn-1,3)] and [Ni(Salpn-1,3)]
are listed in Table 1.

The presence of two components with binding en-
ergies of 531.1 and 533.3 eV in the spectra of O1s
and two highest-intensity components with binding
energies of 399.1 and 399.9 in the spectra of N1s
for a free protonated ligand and H2Salpn-1,3 can pre-
sumably be accounted for by the equilibrium transfer
of a proton from an oxygen atom to a nitrogen, with
the equilibrium shifted toward formation of hydroxy
groups. The component with a binding energy of
402.9 eV in the spectra of N1s can be attributed to
and electronically excited state of the ���* type, and
the component with a binding energy of 401.3 eV is,
in all probability, due to presence of trace amounts
of the solvent used in synthesis.

The formation of the complexes [Cu(Salpn-1,3)]
and [Ni(Salpn-1,3)] is accompanied by a change in
the binding energies of the highest-intensity compo-
nents in the spectra of O1s and N1s, compared with
the case of a free ligand. For example, the binding
energy of the N1s electron increases for both the com-
plexes from 399.1 to 399.5 eV and that of the O1s
electron decreases from 533.0 to 51.2 and 531.6 eV
for [Cu(Salpn-1,3)] and [Ni(Salpn-1,3)], respectively.

Nickel has in the complex a binding energy of
2p-electrons equal to 855.4 eV, which corresponds
to Ni(II) [11].

It follows from the spectrum of the [Cu(Salpn-1,3)]
complex that copper is present in the starting com-

pound in two different chemical states with binding
energies of the Cu2p line equal to 934.7 and 936.7 eV.
The main line with Eb = 934.7 eV can be attributed
to the Cu(II) ion [11]. The line with a low intensity
of the component with Eb = 936.7 eV is probably
due to the presence of dimeric structures of the type
Cu�O�Cu [12, 13].

The electrochemical measurements were performed
with a PI-50-1 pulsed potentiostat with a PR-8 pro-
gramming unit in the potentiostatic and potentiody-
namic modes with a linear potential sweeping at sweep
rate in the range 0.01�0.5 V s�1 in a three-electrode
with separated spaces. A platinum wire (99.99% Pt)
embedded in glass, with a surface area of 0.25 cm2,
was used as a working electrode, and a platinum wire,
as an auxiliary electrode. All the potentials are given
relative to a silver chloride glass electrode filled with
a saturated solution of NaCl.

The concentration of the monomeric complex in
the working solution was 1 mM. A 0.1 M solution of
tetrabutylammonium perchlorate (Bu4NclO4) in meth-
ylene chloride (CH2Cl2), deaerated with high-purity
argon, served as a supporting electrolyte.

Figures 1a and 1b show typical cyclic voltam-
mograms reflecting the first 10 cycles of anodic
polarization of the complexes [Cu(Salpn-1,3)] and
[Ni(Salpn-1,3)], respectively, at potentials in the range
0.0 � +1.5 V. In the first cycle, two anodic processes
with peaks at Eap(1) � +1.12 V and Eap(2) � +1.25 V
and one cathodic process with a process at Ecp(1) �
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Fig. 1. Cyclic voltammograms reflecting the anodic polymerization of the complex (a) [Cu(Salpn-1,3)] and (b) [Ni(Salpn-1,3)]
in potentiodynamic mode in a 0.1 M solution of Bu4NclO4 in CH2Cl2. ccomplex = 1 � 10�3 M, vsw = 0.05 V s�1. (I ) Current
and (E ) potential. Cycle of potential sweeping; (1) first, (2) second, (3) fifth, and (4) tenth.

+0.75 V are observed for [Cu(Salpn-1,3)] and one
anodic and one cathodic peaks at Eap � +1.13 V and
Ecp � +0.67 V, respectively, for [Ni(Salpn-1,3)]. Fur-
ther potential sweeping results in that a new broad
wave at +0.6�+0.95 V without any clearly pronounced
peaks appears in the anodic branch of the cyclic volt-
ammogram and the intensities of all the current peaks
observed in the first cycle increase. This effect indi-
cates that a new solid substance is formed on the sur-
face of an electrically conducting substrate. Visual
inspection confirms the presence of a brightly colored
film on the electrode surface. The color of the film
is independent of the oxidation state of the substance
on the electrode. For example, oxidized forms of
poly[Cu(Salpn-1,3)] and poly[Ni(Salpn-1,3)] have
a dark green and brown-yellow color, respectively,
and the reduced forms are light green and pale yellow.

However, the rise in the peak currents virtually
terminates for poly[Ni(Salpn-1,3)] by the tenth cy-
cle, and the currents start to decrease. In the cyclic
voltammograms reflecting the polymerization of
[Cu(Salpn-1,3)], the anodic wave at E = +0.7 V is
shifted, beginning with the fifth cycle of potential
sweeping, to more positive potentials. Both the effects
observed are probably due to a decrease in the redox
activity of the polymeric film on the electrode sur-
face, which is caused by an irreversible oxidation
of the ligand or by passivation of the polymeric mate-
rial. Nevertheless, films of poly[Ni(Salpn-1,3)] were
found to be more stable than poly[Cu(Salpn-1,3)] at
potentials in the range 0.0�+1.5 V. This is, in all
probability, due to the role of the central metal atom.
Comparison of the potentials at which the peaks of
anodic currents of the first and subsequent cycles of

polymerization are observed suggests that oxidation
processes with the highest intensity (highest current
strength) in poly[Cu(Salpn-1,3)] occur at more posi-
tive potentials than those in poly[Ni(Salpn-1,3)].
Apparently, the probability of overoxidation of the
ligand environment decreases in the last case, and
thereby the electrochemical stability of the polymer
formed increases. Also to a decrease in the probability
of overoxidation of the organic component of both the
complexes can be attributed the fact that, as the range
of potential sweeping is narrowed to 0.0�+1.3 V,
electrochemically more stable films can be obtained
in a larger (no less than 30) number of cycles than
in the case of the 0.0�+1.5 V range.

The polymers were synthesized under potentiostatic
conditions in a prescribed time at the experimentally
established potentials with account of the potentials of
the anodic peaks in the cyclic voltammograms of the
first cycles. The presence of two peaks in the curve
of a single cycling of [Cu(Salpn-1,3)] resulted in that
two accumulation potentials, E = +1.25 and +1.1 V,
were used in synthesis. As demonstrated by experi-
ments, thick electrochemically active films cannot be
obtained at E = +1.25 V. Already by the fifth minute
of synthesis at this potential, the cyclic voltammo-
gram of film-type poly[Cu(Salpn-1,3)] shows a sig-
nificant decrease in the currents of the anodic and
cathodic peaks and acquires a shape characteristic
of a cyclic voltammogram recorded on a clean plati-
num electrode in a supporting electrolyte that does not
contain the complex under study. At the same time,
the accumulation potential of +1.1 V ensures accumu-
lation of electrochemically stable polymeric systems
based on both [Cu(Salpn-1,3)] and [Ni(Salpn-1,3)].
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Table 2. Effect of the potential sweep rate on the potentials of the oxidation and reduction peaks of the solid phase
of poly[Ni(Salpn-1,3)] and poly[Cu(Salpn-1,3)] on the electrode surface
������������������������������������������������������������������������������������

Mode of the potentiometric
�Mode of study of redox reactions in the solid phase* at indicated vsw, V s�1

������������������������������������������������������������
synthesis of polymers,

�

vsw = 0.05 V s�1 � poly[Ni(Salpn-1,3)] � poly[Cu(Salpn-1,3)]
������������������������������������������������������������

������������������������� � � � � �� 0.01 � 0.05 � 0.20 � 0.01 � 0.05 � 0.20
� ������������������������������������������������������������

number
�

range of
� � � � � �

of
�

potential
� Epa � Epc � Epa � Epc � Epa � Epc � Epa � Epc � Epa � Epc � Epa � Epc

� ������������������������������������������������������������
cycles

�
sweeping, V

� V
������������������������������������������������������������������������������������

10 � 0.0�1.5 � 0.93 � 0.70 � 1.02 � 0.55 � 1.22 � 0.35 � 1.10 � 0.90 � 1.28 � 0.73 � 1.45 � 0.60
1 � 0.0�1.3 � 0.85 � 0.75 � 0.88 � 0.70 � 0.93 � 0.62 � 1.05 � 0.90 � 1.12 � 0.85 � 1.25 � 0.70

10 � 0.0�1.3 � 0.93 � 0.70 � 1.05 � 0.55 � 1.25 � 0.35 � 1.10 � 0.90 � 1.25 � 0.75 � � � 0.55
30 � 0.0�1.3 � 0.94 � 0.65 � 1.12 � 0.48 � � � 0.25 � 1.15 � 0.85 � � � 0.60 � � � 0.45

������������������������������������������������������������������������������������
* The range of potential sweeping corresponds to that in which the polymer was synthesized.

To determine the electrochemical parameters char-
acterizing the individual substances poly[Cu(Salpn-
1,3)] and poly[Ni(Salpn-1,3)], electrodes with the cor-
responding polymers synthesized were transferred into
a solution of a pure supporting electrolyte and then
cyclic voltammograms reflecting redox processes in
the solid phase were recorded.

An analysis of the cyclic voltammograms obtained
at different potential sweep rates on an electrode coat-
ed with poly[Ni(Salpn-1,3)] or poly[Cu(Salpn-1,3)]
yielded the potentials of anodic and cathodic current
peaks, which characterize the redox process in the
polymers under study (Table 2). The data in Table 2
indicate that, as the potential sweep rate increases,
the peaks of anodic currents are strongly shifted to
more positive values, and the cathodic peaks, to neg-
ative values. This points to a considerable overvoltage
of redox processes occurring in the solid phase of
both polymers. This results from hindrance to motion
in the polymer of ions of the supporting electrolyte,
whose motion velocity is the rate-determining stage
of charge transport in polymeric systems of this kind
[14].

The thicknesses h of the polymers studied were cal-
culated from the data obtained by integrating the areas
of the anodic branch of the cyclic voltammograms
by the known procedure [1] using the formula

h = NM/Sd = QM/FSd,

where Q is the amount of electricity consumed for
the reduction, found by integrating the area under

the anodic branch of the cyclic voltammogram; M,
molecular weight of a fragment; F, Faraday number;
S, surface area of the electrode; and d, density of
the polymer (�1 g cm�3).

For poly[Cu(Salpn-1,3)] and poly[Ni(Salpn-1,3)]
with different thicknesses, the charge diffusion coef-
ficient in the polymeric phase, Dct, was calculated.
This coefficient reflects the rate of charge transfer and
is a characteristic of the redox conductivity of the
polymers [1]. The value of Dct depends on the poly-
mer thickness, nature of the supporting electrolyte,
and type of solvent [15].

The values of Dct were calculated using data ob-
tained in an analysis of cyclic voltammograms re-
corded at high potential sweep rates (�0.1 V s�1), at
which the film is not oxidized or reduced completely.
In this case, the redox processes in the polymer occur
in the semi-infinite-diffusion mode. In this mode, the
peak currents in the voltammograms depend linearly
on vp

1/2, and it can be used to calculate Dct. This calcu-
lation was done for both the anodic and the cathodic
peaks by means of the Rendls�Shevchik equation [1]

I = 2.69 � 10�5 n3/2 SDct
1/2 vsw

1/2 c0,

where I is the current of a cathodic (anodic) peak (A);
n, number of electrons transferred in an elementary
event; S, electrode surface area (cm2); vsw, potential
sweep rate (V s�1); and c0, concentration of electro-
chemically active centers in the polymeric film (M).

The values calculated show that, for poly[Cu(Salpn-
1,30] of thickness 0.05 and 0.12 �m, the values of
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Dct were 6.5 � 10�13 and 5.3 � 10�12 cm2 s�1, respec-
tively, for the anodic process, and 1.2 � 10�12 and
4.5 � 10�12 cm2 s�1 for the cathodic process. Simi-
larly, for [Ni(Salpn-1,3)] with h = 0.03 and 0.10 �m,
the values of anodic Dct were 3.3 � 1�13 and 3.5 �
10�12 cm2 s�1, respectively, and those of the cathodic
Dct, 1.6 � 10�12 and 6.0 � 1�12 cm2 s�1. Further in-
crease in the polymer thickness leads to a decrease
in the redox conductivity of the polymeric systems,
because high potential sweep rates, at which Dct is
to be calculated, do not ensure oxidation of the poly-
meric phase. This is due to a pronounced hindrance
to motion of ions of the supporting electrolyte in such
a comparatively viscous solvent as methylene chloride.

CONCLUSIONS

(1) It was established that electrochemical syn-
thesis of thin-film electrically conducting polymers
based on the complex [Ni(Salpn-1,3)] is, in principle,
possible.

(2) A study of the conditions of electrochemical
synthesis of polymeric compounds based on the com-
plexes [Ni(Salpn-1,3)] and [Cu(Salpn-1,3)] in the po-
tentiostatic accumulation mode demonstrated that the
optimal accumulation potential, at which polymeric
films with the thickest electrically active layer are
formed in unit time, is +1.1 	 0.5 V.

(3) It was established that the anodic and cathodic
processes in poly[Cu(Salpn-1,3)] in a pure support-
ing electrolyte occur at more positive potentials than
the processes in poly[Ni(Salpn-1,3)] synthesized in
the same number of cycles.

(4) The rate of charge transport in poly[Cu(Salpn-
1,3)] and poly[Ni(Salpn-1,3)] grows as the thickness
of the polymeric phase increases.

(5) Poly[Cu(Salpn-1,3)] is electrochemically stable
in a wider (up to +1.5 V) range of potentials than
poly[Ni(Salpn-1,3)].
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Abstract�Purification of ammonium-chloride-bromide cobalt-containing electrolyte to remove ions of
impurity metals with an adsorbent containing complexing organic reagents immobilized on the surface of
synthetic activated carbon was studied.

Purification of solutions of cobalt(II) salts to re-
move impurities is an important technological process
in manufacture of metallic cobalt and its compounds.
The value of both metallic cobalt and its compounds
is the better, the higher their purity. Therefore, meth-
ods for purification of cobalt-containing solutions,
from which the target products are obtained, are being
continuously improved [1]. Impurities are removed
from electrolytes used in electrochemical production
of cobalt by various methods based on the difference
between the physicochemical properties of cobalt(II)
ions or their compounds and those of ions of accom-
panying impurities or their compounds (recrystalliza-
tion and precipitation, hydrolytic and sulfide purifica-
tion, cementation and preliminary electrolysis, extrac-
tion and ion exchange). These methods have a limited
capacity as regards both the amount of impurities ex-
tracted and the possible degree of extraction. As a rule,
deep purification to remove all impurities from the
electrolyte requires a combination of several comple-
mentary techniques.

In electrochemical recovery of cobalt from solu-
tions of its salts, presence of impurity metal ions dis-
charging at cathodes simultaneously with cobalt ions
[Cu(II), Fe(II), Ni(II), Cd(II), Zn(II), etc.] in the elec-
trolyte is undesirable for the electrolysis process and
purity of cobalt obtained. A promising method for
purification of cobalt electrolytes to remove impurities
of this kind is their extraction from solution by selec-
tive sorbents. This study is concerned with purifica-

tion of a cobalt-containing chloride-bromide-ammoni-
um electrolyte (0.5 M CoCl2 �6H2O + 2.0 M NH4Br,
pH 4.8 � 0.1) to remove ions of some impurity me-
tals with the help of organic reagents immobilized on
the surface of synthetic activated carbon. As reagents
of this kind served sodium dithiocarbamate, 8-oxi-
quinoline, 1,10-phenanthroline, and Xylene Orange.
As a support for these reagents was used SKNP-2
synthetic activated carbon.

The organic reagents used form with metal ions
stable (as a rule) chelate complex compounds, which
is indicated by their high stability constants [2, 3].
According to published data on the stability constants
of chelate complexes and to the stability series of
complex compounds formed by doubly charged cat-
ions of transition metals with chelate-forming organic
reagents (Irving�Williams series), the most stable
complexes are formed by copper(II) ions: Mn(II) <
Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II) [4]. Con-
sequently, it would be expected that a cobalt-contain-
ing electrolyte can be selectively and deeply purified
with these reagents to remove Cu(II) even at a high
background concentration of Co(II) cations.

However, the complexation involving chelate-form-
ing organic reagents strongly depends on the solution
pH, because reagents of this kind are weak acids or
weak bases. Cu(II) ions form intracomplex compounds
with sodium diethyldithiocarbamate at pH 4�11 [5, 6],
8-oxiquinoline at pH 5.33�14.55, and Xylene Orange
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at pH 5.4�5.8 [7]. Consequently, a weakly acidic
cobalt-containing electrolyte can, indeed, be thorough-
ly purified to remove C(II) ions with the help of the
organic reagents mentioned above. It is important that
complexes of Co(II) cations with, e.g., sodium di-
ethyldithiocarbamate and 8-oxiquinoline are formed at
pH > 7 [8], and, therefore, Co(II) cations must not
hinder the complexation of impurity metal cations
with these reagents. As a result, it becomes possible to
recover from a cobalt-containing electrolyte not only
Cu(II) ions, but also ions of other impurity metals.
For example, Zn(II) ions form a chelate complex with
8-oxiquinoline even at pH > 4 [4, 8, 9], and, for pre-
cipitation of Cd(II) ions with 8-oxiquinoline, it is
recommended to acidify the solution with acetic acid
(0.5% CH3COOH) [10]. The complexation of 1,10-
phenanthroline and Xylene Orange with cations of
many impurity metals also occurs in the weakly acidic
medium [4, 6, 9, 10].

The simultaneous use of several reagents makes it
possible to recover a wider variety of impurity metals
from electrolytes and creates prerequisites for occur-
rence of a synergetic effect in the process because of
the mutual influence of the reagents. Apparently, or-
ganic reagents of this kind, immobilized on activated
carbon, can be used to recover metal ions forming
with the reagents both sparingly soluble and soluble,
but little-dissociating compounds from solutions.

EXPERIMENTAL

SKN activated carbons [TU VV (Technical Spe-
cification) of the Ukrainian Soviet Socialist Republic
211.003.009�85] are spherical carbonates produced
by carbonization of nitrogen-containing polymeric
resins with the subsequent activation in a water vapor
or in CO2. These carbons have a high chemical re-
sistance, mechanical strength, and adsorption capacity
for a number of organic molecules of various sizes
[11]. The immobilization of organic reagents on
the surface of the SKNP-2 activated carbon consisted
in adsorption of the reagents by the carbon from their
saturated solutions. For this purpose, saturated solu-
tions of the reagents in the following solvents were
preliminarily prepared: water for sodium diethyldi-
thiocarbamate; ethanol for 8-oxiquinoline; a 2 : 1.5 : 1
(by volume) mixture of CHCl3, C2H5OH, and H2O for
1,10-phenanthroline; and a 4 : 1 (by volume) mixture
of H2O and C2H5OH for Xylene Orange. The proce-
dure used to prepare the carbon and to immobilize or-
ganic reagents on its surface has been described in
detail previously [12]. Prior to sorption purification of
a cobalt-containing electrolyte to remove impurities,

modified activated carbons were mixed in such a way
that the content of each organic reagent in the mix-
ture was 2 wt %. The resulting mixture of carbons
can be regarded as a modified carbon adsorbent with
a variety adsorption centers.

The electrolyte was prepared using analytically
pure CoCl2 �6H2O, chemically pure NH4Br, and wa-
ter twice distilled in a quartz apparatus. Solutions
with a single impurity contained a CuCl2 additive in
amounts ranging from 1 to 55 mM. In multiple-impu-
rity solutions, the following concentration of impurity
cations were created (mM): Mn(II) 0.29, Cu(II) 0.3,
Zn(II), 0.48, and Cd(II) 0.33. A weighed portion of
a mixture of carbons and a certain volume of a solu-
tion to be purified were placed in a thermostated cell
with a stirrer (180 rpm) and the purification was per-
formed under static conditions. When studying the
sorption kinetics, identical fresh portions of the solu-
tion being purified and the sorbent were used in each
run. The content of impurities in untreated solutions
and those after sorption purification was determined
by means of atomic-adsorption analysis. The solution
pH was measured with an EV-74 pH-meter.

The analytical data obtained were used to calculate
the following sorption parameters: coefficient of sorp-
tion purification, �sr (%); distribution coefficient of
impurities, Kd; and adsorption by Gibbs, �:

�sr = ������ � 100,
cin � ceq

cin
(1)

Kd = ������� ,
(cin � c�)V

c�m
(2)

� = �������� ,m
(cin � ceq)V

(3)

where cin and ceq are the initial and equilibrium con-
centrations of impurity metal ions in solution (mM);
c
�
, concentration of an impurity metal ion in solution

at an instant of time � (mM); V, solution volume
(ml or l); and m, weighed portion of the adsorbent (g).

The adsorption by Gibbs [13] is equal to the excess
of a component being sorbed (mol) in a certain solu-
tion volume near the adsorbent surface over that in
the equal solution volume at a sufficient distance from
the adsorbent surface.

To determine the optimal ratio between the weighed
portion of the adsorbent and the volume of the solu-
tion to be purified, the dependence of the coefficient
of sorption purification of a cobalt-containing elec-
trolyte in the presence of 10 mM of Cu(II) on the V/m
ratio was analyzed. The duration of purification under
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static conditions at 298 K was 30 min. Figure 1 shows
the �sr�V/m dependence obtained in purification of
the electrolyte to remove Cu(II) ions. It can be seen
that the coefficient of sorption purification exceeds
95% at V/m less than 12.5 ml g�1. Further experiments
were performed at V/m � 10 ml g�1.

To study the kinetic features of adsorption of im-
purity metals from a cobalt-containing electrolyte on
the sorbent prepared, the dependences of the impurity
concentrations in solution on the adsorption time �
were determined. This made it possible to calculate
the impurity distribution coefficients at different in-
stants of time. Figure 2 shows how the distribution
coefficients of the ions Cu(II), Zn(II), Cd(II), and
Mn(II) depend on the time of adsorption.

The initial concentrations of the four controlled
impurities in the electrolyte solution are given above.
The solution temperature was 298 K. The ratio be-
tween the volume of the electrolyte and the amount of
the adsorbent was 3 ml g�1. It can be seen from Fig. 2
that the distribution coefficients of Cu(II), Zn(II), and
Cd(II) ions rapidly increase during the first 10�20 min
of purification and then become constant (292, 129,
and 50 ml g�1, respectively). The content of Mn(II)
in the electrolyte does not change significantly during
100 min of purification. This is, apparently, due to
the fact that chelate complexes with Mn(II) are com-
monly formed at pH values exceeding that of the elec-
trolyte being purified. For example, Mn(II) ions form
complexes with sodium diethyldithiocarbamate at
pH 6�8 [4�6] and with 8-oxiquinoline at pH 7.2�
12.5 [14]. Making the pH values of the electrolyte
higher will lead to hydrolysis of Co(II) ions and pre-
cipitation of basic salts of cobalt and Co(II) hydroxide
[3]. Therefore, extraction of Mn(II) ions from a co-
balt-containing electrolyte requires that other reagents,
selective toward MN(II) ions in this electrolyte, should
be used. These results indicate that the modified car-
bon adsorbent developed can be successfully used to
purify solutions of Mn(II) salts to remove impurity
metals. In the electrolyte under study, Mn(II) is not
an interfering impurity because the standard electrode
potential of manganese (E 0

Mn2+/Mn0 = �1.18 V) is con-
siderably more negative than the standard electrode
potential of cobalt (E 0

Co2+/Co0 = �0.277 V) [15].

The limiting values of the impurity distribution
coefficients, which are reached upon a prolonged
sorption purification of a cobalt-containing electrolyte
and are equilibrium values, are in an agreement with
the Irving�Williams series and with published data on
the stability constants of chelate complexes with metal
ions. The largest distribution coefficients were ob-

Fig. 1. Coefficient of sorption purification of a cobalt-con-
taining electrolyte with a single impurity to remove Cu(II)
ions, �sr , vs. the ratio of the volume of the solution being
purified to the sorbent mass, V/m. cin = 10 mM, T = 298 K,
� = 30 min.

Fig. 2. Distribution coefficients Kd of (1) Cu(II), (2) Zn(II),
(3) Cd(II), and (4) Mn(II) ions vs. the adsorption time �

in purification of a cobalt-containing electrolyte. T =
298 K, V/m = 3 ml g�1.

tained in extraction of Cu(II) ions. These results can
be regarded as a confirmation that it is chemical re-
actions of complexation of metal ions with organic re-
agents immobilized on the surface of activated carbon
that are responsible for the binding of impurity metal
ions with the sorbent developed.

A dependence similar to that in Fig. 2 was also ob-
tained in purification of a cobalt-containing electrolyte
solution with an initial concentration of Cu(II) ions
equal to 10.3 mM. The equilibrium distribution coef-
ficient for Cu(II) in purification of such a solution was
2027 ml g�1, and 20 min were required to reach this
value.

Figure 3 shows the experimental dependence of
the concentration of Cu(II) ions in an electrolyte so-
lution on the adsorption time, and also the dependence
of ln c

�
on �. It can be seen that, in the initial stage of

sorption purification of the solution to remove Cu(II)
ions, their concentration in solution rapidly decreases;
however, at an adsorption time exceeding 4 min, this
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Fig. 3. Concentration c
�

of Cu(II) ions in a cobalt-contain-
ing electrolyte with a single impurity vs. the adsorption
time �. cin = 10.3 mM, T = 298 K, V/m = 10 ml g�1.

Fig. 4. Isotherms of Cu(II) adsorption � from a cobalt-con-
taining electrolyte with a single impurity and the depen-
dence of cCu/� on cCu. cin = 1�55 mM, V/m = 10 ml g�1.
Adsorption temperature (K): (1) 283, (2) 298, and (3) 313.

decrease slows down and a constant value of c
�

is
reached at � > 20 min. As noted above, the adsorp-
tion of impurity metals on the adsorbent developed is
based on reactions of their complexation. It is reason-
able to conclude that it is these reactions that deter-
mine the rate of the purification process. At � � 4 min,
the solution is depleted of Cu(II) ions, on the one
hand, and the surface concentration of organic reagents
on activated carbon decreases, on the other. As a re-
sult, there appears a transport hindrance associated
with the deceleration of the delivery of Cu(II) ions to
free active centers of the adsorbent. At � > 20 min,
the adsorbent is saturated with Cu(II) ions.

The initial portion (� < 4 min) of the kinetic curve
plotted in the ln c

�
�� coordinates is linear (Fig. 3),

and, consequently, this portion of the curve is de-
scribed by a kinetic equation of a first-order chemical
reaction [16]

ln c
�

= ln cin � k�, (4)

where k is the rate constant.

The rate constant was found graphically as the
slope ratio of the initial linear part of the dependence
of lnc

�
on �, and also was calculated using the equa-

tion

k = ���� log �� .�
2.303 cin

c� (5)

The calculation was done using the concentrations
of Cu(II) ions in solution 1, 2, and 3.5 min after
the beginning of adsorption. The resulting average
calculated rate constant coincided with its graphical-
ly found value (0.46 min�1), which points to a high
rate of adsorption of Cu(II) ions in the initial stage of
purification of a halide cobalt-containing electrolyte
to remove these ions.

To obtain thermodynamic data on adsorption of
Cu(II) ions from a cobalt-containing electrolyte on
the adsorbent developed, the Gibbs adsorption of
Cu(II) from the electrolyte under equilibrium con-
ditions at 283, 298, and 313 K was determined.
The initial concentrations of Cu(II) ions were in
the range 1�55 mM, the V/m ratio was equal to
10 ml g�1. The resulting values of adsorption were
plotted against the equilibrium concentrations of
Cu(II) ions in the electrolyte to give adsorption iso-
therms at the above temperatures (Fig. 4). These iso-
therms have a shape of type-I isotherms according to
the classification of adsorption isotherms by Brunauer
[17]. Isotherms of this kind can be described using
the Langmuir equation. To make certain that this is
the case, the isotherms were linearized in accordance
with the Langmuir equation transformed to

�� = ��� + �� cCu,
cCu
� b�m �m

1 1

where cCu is the equilibrium concentration of Cu(II)
ions in solution; �m , limiting adsorption; and b, ad-
sorption coefficient.

The resulting plots of cCu/� against cCu are
shown in the inset in Fig. 4. It can be seen that these
dependences are linear and, consequently, the iso-
therms of Cu(II) adsorption can be described using
the Langmuir equation. Below are given values of �m ,
calculated from the slope ratios of the dependences of
cCu/� on cCu, and values of the coefficient b, cal-
culated from the intercept on the ordinate axis at
a known �m:
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T, K �m, mM b, mM�1

283 0.300 0.667
298 0.325 1.538
313 0.387 1.290

As can be seen from Fig. 4 and from the data pres-
ented above, the adsorption of Cu(II) ions grows as
temperature increases, which indicates that the adsorp-
tion process has a chemical nature. The adsorption
isotherms obtained at several temperatures of the elec-
trolyte make it possible to determine the isosteric heat
of adsorption [13, 18] of Cu(II) ions, qst:

qst = RT 2(� ln cCu /�T )
�
, (7)

where R is the universal gas constant, and T is the ab-
solute temperature.

Because the temperature dependence of qst can be
disregarded in the case of a narrow temperature inter-
val, the result of integration of Eq. (7) can be repre-
sented as

ln cCu = �� + B,
qst
TR (8)

where B is a constant.

It can be seen from Eq. (8) that the slope ratio tan�
of the dependence of ln cCu on 1/T is �qst /R. There-
fore, with tan � determined, the isosteric heat of ad-
sorption can be calculated by the equation

qst = �R tan �. (9)

Using the adsorption isotherms shown in Fig. 4,
isosters of Cu(II) adsorption on the adsorbent devel-
oped were plotted for several values of adsorption
(Fig. 5). These isosters are linear and their slope
grows from 2100 to 3600 as the adsorption increases
from 0.1 to 0.275 mmol g�1. On substituting the val-
ues of tan � in Eq. (8), the isosteric heats of adsorp-
tion of Cu(II) ions were calculated at the chosen
amounts of adsorption. Figure 6 shows the result-
ing dependence of qst on �. It can be seen that qst
varies from �17.459 kJ mol�1 at � = 0.1 mmol g�1 to
�29.93 kJ mol�1 at � = 0.275 mmol g�1, which indi-
cates that the adsorption of Cu(II) ions occurs with
an exothermic effect, which is the larger, the higher
the amount of adsorption.

Thus, use of a carbon adsorbent modified with
the organic reagents studied makes it possible to pu-
rify a cobalt-containing electrolyte to remove Cu(II),
Zn(II), and Cd(II) ions. This adsorbent can also be
successfully used to purify manganese-containing

Fig. 5. Isosters of Cu(II) adsorption at different values of
their adsorption by Gibbs. (cCu) Concentration of Cu(II)
and (T) temperature. Amount of adsorption (mmol g�1):
(1) 0.100, (2) 0.150, (3) 0.200, (4) 0.225, (5) 0.250, and
(6) 0.275.

Fig. 6. Isosteric heat qst of adsorption of Cu(II) ions vs.
amount of adsorption by Gibbs, �.

solutions to remove impurity metal ions. The results
obtained indicate that an adequate choice of reagents
can yield selective sorbents for extraction of interfer-
ing impurities from electrolyte solutions used to ob-
tain high-purity metals or their compounds.

CONCLUSIONS

(1) Extraction of impurity metals from a cobalt-
containing electrolyte with complex-forming organic
reagents immobilized on the surface of a synthetic
activated carbon is a promising method for purifica-
tion of electrolytes to remove ions of this kind.

(2) Adsorption of Cu(II) ions on a carbon sorbent
modified with sodium diethyldithiocarbamate, 8-oxi-
quinoline, 1,10-phenanthroline, and Xylene Orange
is a chemisorption process whose initial rate is
described by the kinetic equation of a chemical reac-
tion of first order with respect to these ions.
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(3) The isosteric heat of Cu(II) adsorption is neg-
ative, and its magnitude is the higher, the larger the
amount of adsorption, which indicates that the adsorp-
tion process is exothermic.
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Abstract�The influence of aluminum content in the zeolite matrix of Pentasil on its acid and catalytic
properties in conjugate conversion of lower alkanes and methanol was studied.

Studies of the conversion of lower alkanes and
methanol on Pentasils into olefins and aromatic hy-
drocarbons have shown that their activity and selec-
tivity are primarily determined by the structure of
zeolite skeletons and the reaction conditions [1, 2].
The conjugate conversion of lower alkanes and meth-
anol on Pentasil-containing catalysts allows the reac-
tion to be performed under conditions of thermal neu-
trality and at lower temperatures owing to the forma-
tion of highly reactive intermediates from methanol,
which initiate conversion of lower C2�C4 alkanes into
C2�C4 alkenes, isoalkenes, and aromatic hydrocarbons
[3�5]. The content of aluminum in the zeolite skeleton
can be changed in the stage of the zeolite synthesis [6]
or by thermal modification (high-temperature treat-
ment of zeolite with air or steam) [7]. However, as
applied to the above process, this possibility has vir-
tually not been examined at all.

In this study, we examined the influence of the alu-
minum content in the matrix of the zeolite on its acid
and catalytic properties in conjugate conversion of
lower alkanes and methanol into hydrocarbons.

EXPERIMENTAL

High-silica zeolites (HSZ) with silica ratios
(SiO2/Al2O3) of 30, 50, 70, and 90 (HSZ-30, -50,
-70, -90) were synthesized from alkaline aluminosilica
gels, using an organic template by the method de-
scribed in [6]. The Na-form of HSZ was transformed
into the H-HSZ form by decationization with a 25%
solution of ammonium chloride at 90�C for 2 h. Then
the zeolite in the NH4

+ form was dried at 110�C and
calcined for 6 h at 600�C. The residual content of

Na2O in all the samples did not exceed 0.05 wt %,
and that in the zeolite subjected to high-temperature
steam treatment, 0.18 wt %. In accordance with data
of X-ray diffraction analysis (Mo anode, Ni filter)
and IR spectroscopy, the HSZs obtained were zeolites
of the ZSM-5 type [8]. The degree of crystallinity of
HSZ, found from the ratio of intensities of the absorp-
tion bands at 550 to 460 cm�1, assigned to bending
vibrations of SiO4 and AlO4 tetrahedrons, was no less
than 90%.

The high-temperature steam treatment (HTST) of
an HHSZ-30 sample was performed in a quartz reac-
tor at 600�C in a flow of 100 wt % steam (space
velocity of water supply 2 h�1) for 4, 8, and 12 h
(HHSZ-30-4, HHSZ-30-8, HHSZ-30-12). The Al frac-
tion eliminated from the zeolite with steam into
the steam condensate during HTST was determined
colorimetrically on a KFK type photoelectrical color-
imeter by the standard procedure. The acid properties
of HSZ were studied by the thermal desorption of am-
monia. HSZ samples (0.7 g) were charged into a quartz
reactor and heated in a He flow (130 cm3 min�1) at
600�C to eliminate volatile impurities from the sam-
ple surface. Then the reactor was cooled to 100�C,
and NH3 was sorbed to saturation of HSZ, with
the subsequent removal of free ammonia. The ther-
mal desorption of ammonia from HSZ was performed
in a helium flow (130 cm3 min�1) at a linear heating
rate of 10 deg min�1.

The conjugate conversion of lower alkanes and
methanol in a flow unit consisting of a quartz reactor
with a fixed catalyst bed (3 cm3) was studied under
the atmospheric pressure within the 500�650�C range.
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Table 1. Acid characteristics of HSZ with various silicate ratios
������������������������������������������������������������������������������������

� Tmax, �C � Amount of acid centers, mmol g�1 �
Fraction of strongly

��������������������������������������������������������Catalyst � � �
� form (I) � form (II) � form (I) � form (II) � sum �

acidic centers, %

������������������������������������������������������������������������������������
HHSZ-30 � 208 � 411 � 0.683 � 0.532 � 1.215 � 44
HHSZ-50 � 208 � 420 � 0.585 � 0.529 � 1.114 � 47
HHSZ-70 � 206 � 415 � 0.439 � 0.445 � 0.885 � 50
HHSZ-90 � 203 � 391 � 0.353 � 0.363 � 0.716 � 51
������������������������������������������������������������������������������������

The space velocity of methanol supply was 2 h�1,
and that of propane�butane fraction (PBF) with the
composition (wt %): ethane 0.9, propane 58.3, iso-
butene 5.5, and n-butane 35.3, 200 h�1. Under these
temperature conditions, methanol is completely con-
verted on HSZ into hydrocarbons, water, CO, and H2.
The PBF and reaction products were analyzed gas-
chromatographically. Before studying the acid and
catalytic properties, all the HSZ samples were ac-
tivated in an air flow at 560�C for 2 h. The error of
gas-chromatographic determination of the composition
of PBF, products of PBF and methanol conversion,
and the concentration of acid centers in the catalysts
was 2.5%.

The TG and TGA curves of coked HSZ samples
were recorded on an MOM-1500 (Hungary) deriv-
atograph in a porcelain crucible in air within the 25�
750�C range at a heating rate of 10 deg min�1.

Influence of silicate module. A study of acid
properties of HSZ with various silicate modules by
the method of thermal desorption (TD) of ammonia
showed that the TD spectra of all the samples contain
mainly two peaks of NH3 desorption. The low-temper-
ature peak at 300�C is caused by ammonia desorption
from weakly acidic centers (form I), which are mainly

Fig. 1. Yield of products A of PBF and methanol conjugate
conversion vs. silicate ratio B. (T ) Temperature. (1) Meth-
ane, (2) Propane and butanes, (3) C2�C4 alkenes; and
(4) arenes; (5) Tmax of peaks of form II in the TD spectra.

triple-coordinated aluminum atoms and residual sodi-
um cations. The high-temperature NH3 peak at temper-
atures above 300�C is caused by ammonia desorption
from strongly acidic HSZ centers, including strong
Broensted (B) and Lewis (L)-centers (form II) [9].

Analysis of the concentration distribution of acid
centers (Table 1) shows that, as the SiO2/Al2O3 ratio
in the zeolite is increased from 30 to 90, both the total
acidity of the zeolites and the concentration of the
acid centers corresponding to forms I and II of ad-
sorbed ammonia decrease. This trend in the variation
of the concentrations of the acid centers is caused by
an increase in the content of the skeleton Al responsi-
ble for the formation of zeolite acid centers [8, 9]. All
the zeolites synthesized, irrespective of the silicate
ratio, are strongly acidic, because they contain a high
fraction of strongly acidic centers; with increasing
silicate ratio, this fraction also grows (Table 1).

The strength of the acid centers can also be esti-
mated from the Tmax values in the TD spectrum. Tmax
of the low-temperature peak of form I of NH3 desorp-
tion shifts to lower temperatures with increasing HSZ
silicate ratio, which indicates a decrease in the strength
of the weakly acidic centers. HSZ with a silicate ra-
tio of 50 has the highest strength of strongly acidic
centers corresponding to form II of ammonia desorp-
tion (Tmax = 420�C).

The results of the study of the HSZ activity in the
conjugate conversion of PBF and methanol (600�C,
space velocity of methanol supply 2 h�1, and that of
PBF supply, 200 h�1) are shown in Fig. 1. It can be
seen that the residual content of propane and butane in
the reaction mixture passes through a minimum as the
silicate ratio increases, i.e., changes in the opposite di-
rection with respect to the strength of the acid centers
of form II. A sample with SiO2/Al2O3 = 50, which
has strongest acid centers, is the most active among
the zeolites studied in the propane and butane conver-
sion. As the silicate ratio increase from 30 to 50, the
yield of C2�C4 alkenes decreases from 33.4 to 31.3,



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 12 2004

INFLUENCE OF SILICATE RATIO OF PENTASIL ON ITS ACID AND CATALYTIC PROPERTIES 1975

Table 2. Influence of high-temperature steam treatment on HSZ acid characteristics
������������������������������������������������������������������������������������

� Tmax, �C � Content of acid centers, mmol g�1 �
Fraction of strongly��������������������������������������������������������Catalyst � � �

� form (I) � form (II) � form (I) � form (II) � sum �
acidic centers, %

������������������������������������������������������������������������������������
HHSZ-30 � 194 � 367 � 0.841 � 0.325 � 1.166 � 28
HHSZ-30-4 � 174 � 338 � 0.369 � 0.128 � 0.496 � 26
HHSZ-30-8 � 174 � 333 � 0.364 � 0.136 � 0.499 � 27
HHSZ-30-12 � 169 � 300 � 0.236 � 0.109 � 0.345 � 32
������������������������������������������������������������������������������������

and then increases from 31.3 to 35.7% at the silicate
ratio increases from 50 to 90. The highest yield of
lower alkenes is observed on a zeolite with SiO2/
Al2O3 = 90. The yield of arenes and methane varies in
parallel with the strength of the strongly acidic centers
(form II of ammonia desorption) and passes through
a maximum for the sample a with silicate ratio of 50.

It should be noted that the influence of the silicate
ratio on the yield of reaction products increases with
temperature. The dependences of the yield of the main
products of the conjugate process on the silicate ratio
at the lowest and highest temperatures in the range
examined are shown in Fig. 2. The yield of C2�C4
alkenes, C3�C4 alkanes, and arenes at 500�C on HSZs
with a silicate ratio of 30, 50, and 70 changes insig-
nificantly with increasing SiO2/Al2O3. Raising
the reaction temperature to 650�C favors activation of
cracking reaction and hydrogen redistribution first of
all for the HSZ sample with a silicate ratio of 50 con-
taining the strongest acid centers, i.e., the rise in tem-
perature activates just these centers.

A comparison of the acid characteristics of zeo-
lites with their catalytic properties showed that the
HSZ activity and selectivity (especially with respect
to formation of aromatic hydrocarbons) in the con-
jugate process are largely governed by the strength of
the acid centers, rather than by their concentration. On
the whole, we can conclude that a decrease in the Al
concentration in the zeolite skeleton in the stage of
HSZ synthesis decreases the activity of the zeolite cat-
alysts in the cracking and hydrogen redistribution re-
actions.

Influence of HSZ thermal-vapor treatment.
The effect of thermal-vapor treatment (TVT) of HSZ
is of interest as regards the possibility of controlling
the Al content in the zeolite matrix (and thereby vary-
ing the zeolite acidity) and the change in the catalyst
selectivity in conversion of hydrocarbon and methanol
under the action of water formed in the reaction [10].
Determination of the content of aluminum transferred
into the condensate during HTST under the above
conditions showed that virtually the whole amount of

Al remains in the zeolite. Only an insignificant, virtu-
ally the same for all the samples, part of Al (amount-
ing to no more than 0.03 wt % Al in the HSZ sam-
ple studied) is carried away by steam.

Data on the acid properties of steam-treated HHSZ-
30 zeolite are shown in Table 2 and Fig. 3. The TD
spectra of ammonia (Fig. 3) for all HSZ samples con-

Fig. 2. Yield A of products of conjugate conversion vs.
silicate ratio B at various temperatures: (1, 1�) C2�C4
alkenes, (2, 2�) propane and butanes, and (3, 3�) arenes.
Temperature (�C): (1�3) 500 and (1��3�) 650.

Fig. 3. TD spectra of ammonia from HSZ samples sub-
jected to HTST. (I ) Intensity and (T ) temperature.
(1) HHSZ-30, (2) HHSZ-30-4, (3) HHSZ-30-8, and
(4) HHSZ-30-12.
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Table 3. Effect of temperature and HTST on the yield of hydrocarbons in the conjugate conversion of methanol and PBF
������������������������������������������������������������������������������������

� HHSZ-30 � HHSZ-30-4 � HHSZ-30-8 � HHSZ-30-12
�����������������������������������������������������������������������

Reaction product � temperature, �C
�����������������������������������������������������������������������
�500�550�600�650�500�550�600� 650 �500�550�600� 650 �500� 550 � 600 � 650

������������������������������������������������������������������������������������
Gases: � � � � � � � � � � � � � � � �
�H2, CO � 0.6� 1.2� 2.5� 4.0� 0.3� 0.4� 1.3� 5.7 � 0.2� 0.4� 1.0� 4.6 � 0.2� 0.3 � 0.7 � 3.9
methane � 5.0� 7.6�11.6�15.8� 1.9� 3.4� 7.6� 14.9 � 1.9� 3.2� 6.0� 13.5 � 1.2� 2.2 � 4.8 �12.1
ethane � 1.7� 1.4� 1.3� 1.0� 0.6� 0.6� 0.9� 0.9 � 0.6� 0.7� 0.8� 0.9 � 0.4� 0.6 � 0.8 � 1.0
propane �27.8�20.5�19.0�17.3�22.1�19.3�18.7� 17.2 �24.2�22.4�21.2� 18.9 �20.4�20.8 �19.6 �17.0
butanes �15.3�10.0� 8.3� 7.4�14.5�15.2� 9.1� 6.8 �16.2�12.6�10.3� 8.3 �14.4�11.6 �10.0 � 7.3
ethylene � 4.9�13.9�13.1�11.4� 8.4�11.1�14.5� 11.6 � 8.3�11.4�13.2� 10.9 � 8.8�12.8 �15.3 �13.7
propylene � 6.1� 9.7�12.3�11.2�11.1�13.6�17.2� 13.8 �11.7�15.6�17.8� 14.3 �13.3�18.9 �22.2 �17.3
butenes � 4.8� 5.0� 4.2� 3.0� 8.5� 7.5� 6.5� 3.7 � 8.8� 9.1� 7.1� 4.2 � 9.5� 9.9 � 8.5 � 4.9

Liquid products: � � � � � � � � � � � � � � � �
alkanes C5+ � 1.4� 0.8� 0.5� 0.8� 4.1� 2.2� 0.8� 0.3 � 4.1� 2.8� 1.2� 0.5 � 5.4� 2.7 � 1.2 � 0.4
alkenes C5+ � 0.9� 1.1� 0.8� 0.7� 3.0� 2.5� 1.4� 0.5 � 2.9� 2.9� 1.8� 0.8 � 3.6� 2.8 � 1.9 � 0.6
cyclic C5+ � 0.1� 0.1� Traces � 0.5� 0.2� 0.1�Traces� 0.5� 0.3� 0.1�Traces� 0.7� 0.3 � 0.1 � 0.1
benzene � 2.3� 2.0� 2.0� 2.1� 1.4� 1.9� 2.1� 2.8 � 1.0� 1.5� 1.7� 2.2 � 1.2� 1.5 � 1.7 � 3.1
toluene � 9.0� 8.8� 9.2�10.9� 6.9� 7.5� 9.1� 12.2 � 6.2� 6.5� 7.7� 10.2 � 5.2� 5.4 � 6.2 � 9.9
xylenes �14.6�13.5�12.1�12.7�12.3�11.7� 8.9� 8.5 � 8.9� 7.8� 8.3� 9.6 �11.1� 7.9 � 6.0 � 7.3
arenes C9+ � 5.2� 4.2� 2.9� 1.6� 4.4� 2.8� 1.5� 1.0 � 4.4� 2.7� 1.7� 1.0 � 4.5� 2.3 � 1.0 � 1.4
naphthalenes � 0.3� 0.2� 0.2� 0.1� 0.1� 0.1� 0.1� 0.1 � 0.1� 0.1� 0.1� 0.1 � 0.1� Traces

������������������������������������������������������������������������������������

tain two poorly resoved peaks because of the rather
high residual content of sodium in the initial zeolite
(0.18 wt %). The shape of the spectrum remains un-
changed on going to more severe conditions of HSZ
steam treatment. Hence, HTST does not affect the ex-
changing sodium cations in HSZ [11].

The temperatures Tmax of ammonia desorption
peaks and calculated amounts of acid centers of both
forms are listed in Table 2. Their strength, qualita-
tively characterized by Tmax, decreases during HTST.
The longer the HTST time, the stronger the shift of
Tmax to lower temperatures and hence the higher the
strength of acid centers. Our results also show that
HTST of HSZ for 4 h sharply decreases the total
amount of acid centers and the concentration of acid
centers of both types. An increase in the time of HTST
of HSZ gradually decreases the concentration of weak-
ly acidic centers. However, after a 8-h steam treatment
of HSZ, the concentration of strongly acid centers and
the total acidity slightly increase as compared to the
concentration of strongly acidic centers after a 4-h
HTST. It is known [8] that HTST of HSZ first of all
eliminates nonskeleton Al from the cationic sites and
transfers it into the Al2O3 phase. Under definite con-
ditions, HTST of HSZ can form centers with enhanced

activity (EAC), including bridging OH groups and Al
atoms whose bonds with the crystal lattice of the zeo-
lite are partially (or completely) decomposed under
HTST [11]. Probably, in our case, treatment of HSZ
(HHSZ-30-8 sample) with steam for 8 h, similar strong
centers leads to additional formation of and, as a re-
sult, their concentration somewhat increases.

The steam treatment at a higher temperature and for
a longer time results in a further decrease in the zeo-
lite acidity due to dealumination of the zeolite skele-
ton [13]. Indeed, an increase in the HTST duration to
12 h decreases the amount of strongly and weakly
acidic centers and weakens their strength. The change
in HSZ acid properties under HTST at a high tempera-
ture should change the zeolite activity and selectivity
in the process studied. Data on the catalytic properties
of the initial HHSZ-30 zeolite and its steam-treated
samples are listed in Table 3.

As seen, the yield of products of the conjugate PBF
conversion on HHSZ-30 and on HHSZ-30 after HTST
correlates with the acid properties of the catalyst.
Already with an HHSZ-30-4 sample, the yield of ole-
fins sharply increases, and the yield of arenes and
naphthalenes decreases within the entire temperature
interval. The content of propane and butane (initial
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Table 4. Derivatographic analysis of coked HSZ samples
������������������������������������������������������������������������������������

Parameter � HHSZ-30 � HHSZ-30-4 � HHSZ-30-8 � HHSZ-30-12
������������������������������������������������������������������������������������
Tmin (endotherms) in DTA curve, �C � 100 � 80 � 80 � �

Tmax (exotherms) in DTA curve, �C � 630 � 630 � 650 � 620
Tmax in DTG curve, �C � 170, 660�670 � 100�180, 620�660 � 100�200, 650 � 90�200, 630
Weight loss in stages, %, � � � �
within the temperature range, �C: � � � �

I stage � 1.5/20�300 � 2.0/30�310 � 3.0/60�320 � 2.5/50�260
II stage � 0.5/300�490 � 0.5/310�480 � 0.5/330�470 � 0.5/260�470
III stage � 14.5/490�750 � 9.0/480�700 � 8.5/470�700 � 6.5/470�700

Total weight loss � 16.5 � 11.5 � 12.0 � 9.5
������������������������������������������������������������������������������������

components of the reaction mixture) changes insig-
nificantly and fluctuates. Such a variation of the com-
position of the reaction products is probably caused
by an increase in the concentration of B centers (due
to dealumination of the zeolite skeleton) and strong L
centers (aluminum at the cationic sites) responsible
for olefin aromatization. However, in spite of a de-
crease in the total concentration of the acid centers in
the zeolite, the fraction of strongly acidic centers in-
creases (Table 2), and the residual amount of strongly
acidic centers is sufficient for cracking of C3�C4 al-
kanes. Therefore, their yield remains virtually un-
changed at varied HTST duration. The yield of meth-
ane and ethane on steam-treated HSZ samples sub-
stantially decreases as compared to the initial HHSZ-
30, especially at T � 600�C.

Such a change in the product composition shows
that HTST of the zeolite catalyst suppresses reactions
of redistribution to lower alkanes and arenes on the
strongly acidic centers [14]. It is interesting that, after
a high-temperature steam treatment of a zeolite and
with an increase in its duration, the fraction of heavy
hydrocarbons increases in both liquid and gas phases
of the catalyzate. For instance, on the background of
general decrease in the content of C4+ alkanes among
the reaction products, the amount of methane and eth-
ane falls especially sharply. At the same time, on the
background of general increase in the amount of C2�

C4 alkenes, the amounts of propylene and butenes in-
crease faster. A similar trend is observed for the liquid
products. Among the aromatic hydrocarbons, the ben-
zene content decreases faster. The contents of C5+
alkanes and C5+ alkenes increase with time of treat-
ment within the entire temperature interval. Prelim-
inary HTST of a zeolite catalyst changes not only its
activity and selectivity but also stability, which is
manifested in the character and degree of catalyst cok-
ing. The data obtained in DTA analysis of coked zeo-
lite samples are listed in Table 4.

The pronounced exothermic effect at T > 600�C,
corresponding to coke burning, is observed in the
DTA curves of all the HSZ samples. Zeolite samples
(excluding HHSZ-30-12) contain adsorbed water, and
their DTA curves show an endothermic effect at 80�
100�C. The decrease in the Tmin of this effect for sam-
ples subjected to HTST, compared to the initial HHSZ-
30, and the absence of such an effect for HHSZ-30-12
suggest an increase in the sample hydrophobicity be-
cause of dealumination of the zeolite skeleton.

The stages of the weight loss during calcination
within the 25�750�C range were recorded for each
HSZ sample. Stage I corresponds to loss of water
and weakly sorbed reaction products. Features of
the reaction course and the presence of methanol in
the reaction mixture cause irregular deactivation of the
catalyst along the bed. Three zones of methanol con-
version on the zeolite catalysts can be distinguished:
(A) zone of a spent catalyst, (B) zone of predomi-
nant conversion of methanol and dimethyl ether, and
(C) zone of reactions of hydrogen redistribution [15].
Hence, the weight loss in stage II can be assigned
to burning of the nonaromatic coke formed as a prod-
uct of olefin oligomerization in zone C. With regard
to high Tmax of the exothermic effect, the weight
loss in stage III corresponds to burning of the con-
densed aromatic coke formed in the zone of a spent
catalyst (A).

The temperature of the completion of nonaromatic
coke burning gradually decreases with increasing time
of HTST. This can be connected with a decrease in
the amount of B centers responsible for olefin olig-
omerization [12] because of a decrease in the alumi-
num amount in the zeolite skeleton. Although the
amount of nonaromatic coke on all the zeolite samples
remains constant, its condensation decreases with
increasing time of HTST. The maximum amount of
high-condensed coke was observed on HHSZ-30; it
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decreases with increasing time of HTST. The total
weight loss in calcination changes in parallel with
the concentration of the strongly acidic centers (Ta-
bles 2, 4). Along with a decrease in the amount of B
centers under HTST, their strength should increase in
accordance with quantummechanical calculations [16].
Then, as noted above, formation of EAC is possible.
In this case, the Tmax of coke burning does not de-
crease smoothly with increasing time of HTST, but
passes through a maximum (for HHSZ-30-8 sample).
The subsequent decrease in the Tmax of coke burning
for HHSZ-30-12 confirms the suggestion [10] that
these centers are unstable and decompose under the
more severe conditions of TVT.

Thus, rather clear correlations between their acid
and catalytic properties are observed for steam-treated
HSZ samples. The selected catalytic properties of zeo-
lites as functions of their acid characteristics change
in the following order:

HHSZ-30-12 > HHSZ-30-4 > HHSZ-30-8 > HHSZ-30
����������������������

Increase in total acidity of zeolites

In this series, the yield of C2�C4 alkenes at T =
500�C decreases, the yield of arenes at T = 500�C in-
creases, and the total loss in calcination of the coked
samples increases;

HHSZ-30-12 > HHSZ-30-8 > HHSZ-30-4 > HHSZ-30
�����������������������

Increase in the strength of acid centers of form II

In this series, the yield of C2�C4 alkenes at
T > 500�C decreases, and the yields of arenes at
T > 500�C and the yield of aromatic coke increase.

CONCLUSION

The activity of zeolites at low temperatures is con-
trolled by the total concentration of the acid centers.
With an increase in temperature (>500�C), the yield of
the main products is controlled by the strength of acid
centers. Similar trends are observed for samples with
different silicate ratios, i.e., different contents of alu-
minum set in the stage of the zeolite synthesis.
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Abstract�A mathematical model of a multistage process of thermocatalytic decomposition of 1-methyl-
cyclohexyl hydroperoxide in the presence of sodium stearate is developed. A procedure for calculating
the unknown rate and equilibrium constants of the elementary and overall reaction stages is described.
It is based on an analysis of the kinetic relationships in consumption of the initial products and accumulation
of the intermediate and final products of thermocatalytic decomposition, with account of the known con-
stants for individual stages.

Simulation in studies of the kinetics of chemical
transformations involves solution of the forward
and reverse problems of chemical kinetics. The for-
ward problem consists in calculating the current con-
centrations of the components from their known ini-
tial concentrations and the known rate constants of
the chemical reactions for all the elementary stages.
The reverse problem consists in determining the un-
known constants for selected stages from the known
constants for the remaining stages and the experi-
mentally estimated compositions of the multicompo-
nent mixture at selected moments.

Let us formulate and analyze the forward problem.
Let the dynamics of the component concentrations be
described by the equations

db1/d� = f1(b1, �, bn, k1, �, ks), b1�� = 0 = b1
in,

dbn/d� = fn(b1, �, bn, k1, �, ks), bn�� = 0 = bn
in, (I)

where b1, �, bn are unknown current concentrations;
b1

in, �, bn
in, known initial concentrations; k1, �, ks,

known constants; �, time; and f1, �, fn, preset kinetic
functions.

A theoretical calculation of the current concentra-
tions is confined to numerical integration of a sys-
tem of ordinary equations (I), e.g., by the Euler
method:

b1/� = j�� � b1
( j), �, bn�� = j�� � bn

( j),

b1
(0) = b1

in, �, bn
(0) = bn

in; j = 1, 2, �,

b1
( j) = b1

( j � 1) + �� f1(b1
( j � 1), �, bn

( j � 1), k1, �, ks),
. . . . . . . . . . . . . . . . . . . . . . . . . .

bn
( j) = bn

( j � 1) + �� fn(b1
( j � 1), �, bn

( j � 1), k1, �, ks), (II)

where �� is the integration step.

However, this approach is practically unacceptable,
since system (I) is typically a �rigid� system: It is
characterized by a wide scatter of the matrix eigen-
values d f1/dbj. Thus, to obtain a stable numerical
solution for (II), we have to use an extremely small
step, namely, the time range of interest reduced by 6�
10 orders of magnitude. Physically, this is due to the
simultaneous occurrence of �slow� and �very fast� re-
actions with incomparable durations of 103 against
10�7 s, as well as to the need to coordinate the integra-
tion step with the smallest of these time periods.

One way to overcome these difficulties lies in
the use of the method of steady-state concentrations,
which consists in a physically valid simplification of
the system (I) with the aim to eliminate the singu-
larity. The method implies classifying all the compo-
nents into unstable (free radicals, etc.) and stable.
Next, it is assumed that, after a small induction period
(10�2�10�6 s), the system is characterized by the dy-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 12 2004

1980 SYROEZHKO, BEGAK

namic equilibrium of the concentrations of the un-
stable components, when the rates of formation and
consumption of these components are equal. The cor-
responding equilibrium concentrations depend on the
current concentrations of the stable components and
slowly vary in time with them.

Under the assumptions made, system (I) is trans-
formed into

dc1/d� = �1(c1, �, cm, x1, �, xk, k1, �, ks), c1��= 0 = c1
in,

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

dcm/d� = �m(c1, �, cm, x1, �, xk, k1, �, ks), cm��= 0 = cm
in,

dx1/d� = 0 = �1(c1, �, cm, x1, �, xk, k1, �, ks),

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

dxk/d� = 0 = �k (c1, �, cm, x1, �, xk, k1, �, ks), (III)

where c1, �, cm, and x1, �, xk are the current con-
centrations of the stable and unstable components,
respectively.

We will express the concentrations x1, �, xk from
the second group of equations in system (III) as

x1 = x1(c1, �, cm, k1, �, ks),

xk = xk(c1, �, cm, k1, �, ks) (IV)

and substitute them into the first groups of equations
in system (III), which will yield eventually

dc1/d� = �1(c1, �, cm, k1, �, ks), c1�� = 0 = c1
in,

dcm/d� = �m(c1, �, cm, k1, �, ks), cm�� = 0 = cm
in, (V)

where �1, �, �m are the resultant kinetic functions.

System (V) is not rigid any more and can be inte-
grated without difficulties by the Euler method with
a fairly large step of 1�100 s. Physically, this transfor-
mation consists in changing from very fast to �infi-
nitely fast� reactions, which allows us, via the limit-
ing transition, to exclude from consideration small
time scales and to remove the corresponding restric-
tions imposed on the integration step.

For the overwhelming majority of real problems of
chemical kinetics, the dependences (IV) of the quasi-
equilibrium concentrations on the currents concentra-
tions of the stable components can be obtained analy-
tically. Specifically this method should be preferred,
since it not only significantly reduces the time re-
quired to solve the problem, but also makes it possible
to reveal certain relationships.

By way of example, let us consider the mechanism
of thermocatalytic decomposition of tertiary 1-methyl-
1-cyclohexyl hydroperoxide (MCHP). The figure pres-
ents the kinetic curves of decomposition of MCHP
and accumulation of the products formed. Based on
the kinetic data, the composition of the MCHP de-
composition products, and isotope analysis results,
the MCHP decomposition mechanism can be repres-
ented by a set of 47 reactions [1�6] (Table 1).

Along with monomolecular thermal decomposition,
MCHP undergoes bimolecular decomposition with
a solvent involved, as well as catalytic decomposi-
tion in the ROOH � NaSt and 2ROOH � NaSt com-
plexes [1�4]. Also, the MCHP dimers, (ROOH)2,
are involved in the decomposition. Oxygen-contain-
ing products (alcohols, acids) form inactive dimers
(ROH)2 and (RCOOH)2 and complexes with MCHP
(ROOH � RCOOH or ROOH � ROH). Alcohols and
acids are incorporated into the coordination spheres
of the initially formed complexes ROOH � NaSt to
form ternary complexes ROOH � NaSt � RCOOH or
ROOH � NaSt � ROH [2�6].

To simplify further calculations, we introduce
the designations for stable and short-lived species
(Table 2).

The rate constants of mono- and bimolecular de-
composition of MCHP have been determined earlier
[4, 5].

The rate constants k17 = 106 and k20 = 1.6 �
106 l mol�1 s�1 of recombination of the secondary
and tertiary peroxy radicals were calculated using the
known partial oxidizabilities of methylcyclohexane
k2/	

�

k6 and independently determined chain propaga-
tion constants k2 [1].

The estimated constants k16 = 109, k19 = 2.5 � 107,
and k29 = 3 � 102, l mol�1 s�1, were taken from
[7]. We determined more precisely the constants k13,
k14, k17, k19, k21, and k24 later, when comparing
the calculated and experimental rates of accumulation
of the corresponding products of MCHP decomposi-
tion during the process.

The calculated kinetic curves of accumulation of
the MCHP decomposition products at low conversions
(up to 10�15%) coincide with the experimental data
[the MCHP decomposition mechanism is described
by reactions (1)� (29)].

Further calculations should take into account the
influence of the reaction products [the MCHP decom-
position mechanism in the developed process is sup-
plemented by reactions (30)� (47)]. This affords an
adequate description of the thermocatalytic decompo-
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Table 1. Mechanism of thermocatalytic decomposition of MCHP (T = 130�C, [NaSt]0 = 4.7 	 10�3 M, [ROOH]0 = 0.3 M)
������������������������������������������������������������������������������������

Reaction � Reaction* � Constant
������������������������������������������������������������������������������������

(1) � ROOH 
 RO. + .OH � k1 = 9.5 	 10�7 s�1

(2) � ROOH + RH 
 RO. + H2O + R. � k2 = 4 	 10�7 l mol�1 s�1

(3) � ROOH + RH 
 2t-ROH � k3 = 1.5 	 10�6 l mol�1 s�1

(4) � 2ROOH 
� (ROOH)2 � K4 = 8.1 	 10�2 l mol�1

(5) � ROOH)2 
 RO. + t-ROO + H2O � k5 = 1.75 	 10�6 s�1

(6) � (ROOH)2 
 OH + t-ROO + t-ROH � k6 = 1.75 	 10�6 s�1

(7) � ROOH + NaSt 
� ROOH �NaSt � K7 = 1.57 	 101 l mol�1

(8) � ROOH �NaSt 
 RO. + .OH + NaSt � k8 = 4.2 	 10�4 s�1

(9) � ROOH + NaSt 
 1/2O2 + t-ROH + NaSt � k9 = 1 	 10�3 s�1

(10) � ROOH �NaSt + ROOH 
� 2ROOH �NaSt � K10 = 5.1 	 101 l mol�1

(11) � 2ROOH �NaSt 
 t-ROO. + RO. + NaSt + H2O � k11 = 2 	 10�4 s�1

(12) � 2ROOH �NaSt 
 2ROH + O2 + NaSt � k12 = 3.3 	 10�4 s�1

(13) � 2ROOH �NaSt + RH 
 H2O + Ac-(CH2)4Me + tROO. + R. � k13 = 7 	 10�5 l mol�1 s�1

(14) � RO. 
 Ac-(CH2)4CH2
. � k14 = 2 	 105 s�1

(15) � Ac-(CH2)4CH2
. + RH 
 R. + Ac-(CH2)4Me �

(16) � R. + .OH 
 1/4s-ROH + 3/4t-ROH � k16 = 1 	 109 l mol�1 s�1

(17) � 2t-ROO. 
 2RO. + O2 � k17 = 1 	 105 l mol�1 s�1

(18) � RO. + RH 
 t-ROH + R. � k18 = 5 	 10�4 l mol�1 s�1

(19) � R.+O2 
 s-ROO. + 3/4t-ROO. � k19 = 2 	 107 l mol�1 s�1

(20) � 2s-ROO. 
 s-ROH + Me-cycloC6H9=O � k20 = 1.6 	 106 l mol�1 s�1

(21) � ROOH + Ac
(CH2)4Me 
 RO. + Ac-(CH2)4Me � k21 = 1 	 10�3 l mol�1s�1

(22) � Me-C(O.)
(CH2)4Me 
 AcOH + Me(CH2)3CH2
. �

� � �
� OH �

(23) � Me(CH2)3CH2
. + RH 
 Me(CH2)3Me + R. �

(24) � Ac-(CH2)4Me + R. 
 Ac-CH(CH2)3Me +RH � k24 = 3 	 103 l mol�1 s�1

(25) � Ac-CH(CH2)3Me + O2 
 Ac-CH(OO.)
(CH2)3Me �
(26) � Me-C(OO.)
(CH2)3Me 
 BuCHO + AcO. �
(27) � BuCHO + 1/2O2 
 Me(CH2)3COOH �
(28) � AcO. + RH 
 CH4 + CO2 + R. �
(29) � R. + ROOH 
 1/4s-ROH + 3/4t-ROH + RO. � k29 = 3 	 102 l mol�1 s�1

(30) � ROOH + RCOOH 
� ROOH �RCOOH � K30 = 2.1 	 101 l mol�1

(31) � ROOH �RCOOH 
 RO. + .OH + RCOOH � k31 = 3.0 	 10�5 s�1

(32) � ROOH �RCOOH 
 1/2O2 + t-ROH + RCOOH � k32 = 2.7 	 10�4 s�1

(33) � ROOH + t-ROH 
� ROOH � t-ROH � K33 = 2.1 	 101 l mol�1

(34) � ROOH � t-ROH 
 RO. + .OH + t-ROH � k34 = 1.16 	 10�4 s�1

(35) � ROOH � t-ROH 
 1/2O2 + 2t-ROH � k35 = 2.09 	 10�4 s�1

(36) � ROOH + NaSt + RCOOH 
� ROOH �NaSt �RCOOH � K36 = 8.8 l2 mol�2

(37) � ROOH �NaSt �RCOOH 
 RO. + .H + NaSt + RCOOH � k37 = 9.6 	 10�5 s�1

(38) � ROOH �NaSt �RCOOH 
 1/2O2 + t-ROH + NaSt + RCOOH � k38 = 8.64 	 10�4 s�1

(39) � ROOH + NaSt + t-ROH 
� ROOH �NaSt � t-ROH � K39 = 5.1 l2 mol�2

(40) � ROOH �NaSt � t-ROH 
 RO. + .OH + NaSt + t-ROH � k40 = 7.45 	 10�4 s�1

(41) � ROOH �NaSt � t-ROH 
 1/2O2 + 2t-ROH + NaSt � k41 = 1.455 	 10�3 s�1

(42) � RCOOH + NaSt 
� RCOOH �NaSt � K42 = 28 l mol�1

(43) � t-ROH + NaSt 
� t-ROH �NaSt � K43 = 21.4 l mol�1

(44) � 2RCOOH 
� (RCOOH)2 � K44 = 8.18 l mol�1

(45) � 2t-ROH 
� (t-ROH)2 � K45 = 1.15 l mol�1

(46) � t-ROH 
 H2O + Me-cycloC6H9 � k46 = 1.5 	 10�5 s�1

(47) � t-ROH + CH3COOH 
 H2O + 1-Me-1-AcA-cycloC6H10 � k47 = 8 	 10�4 l mol�1 s�1

������������������������������������������������������������������������������������
* RH and ROOH are methylcyclohexane and MCHP, respectively; R., isomeric methylcyclohexyl radicals 1-Me-cycloC6H10

. ;
RO., alkoxy radicals 1-Me-1O.-cycloC6H10; s-ROO.-Me-cycloC6H10OO.; s-ROH, Me-cycloC6H10OH; t-ROO., 1-Me-1-OO.-
cycloC6H10; and t-ROH, 1-Me-1-HO-cycloC6H10.
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Table 2. Designations for reagent concentrations
������������������������������������������������������������������������������������

� Des- � � Des- � � Des-
Reagent � igna- � Reagent � igna- � Reagent � igna-

� tion � � tion � � tion
������������������������������������������������������������������������������������
ROOH � c1 � NaSt � c16 � (RCOOH)2 � c25
RH � c2 � R. � x1 � Methylcyclohexene � c27
(ROOH)2 � c3 � RO. � x2 � (t-ROH)2 � c26
ROOH �NaSt � c4 � t-ROO. � x3 � t
R
O
C
CH3 � c28
2ROOH �NaSt � c5 � OH � x4 � ROOH � c1s

**

t-ROH � c6 � s-ROO. � x5 � t-ROH � c6s
**

Ac(CH2)4Me � c7 � Ac(CH2)4CH2
. � x6 � AcOH � c10s

**

O2 � c8 � Me(CH2)3Me � c17 � RCOOH � c18s
H2O � c9 � RCOOH* � c18 � NaSt � c16s

**

MeCOOH(AcOH) � c10 � ROOH �RCOOH � c19 � Me
C(OH)
(CH2)4CH � x7
BuCOOH � c11 � ROOH � t-ROH � c20 � Bu. � x8
CH4 � c12 � ROOH �NaSt �RCOOH � c21 � Ac.CHPr � x9
CO2 � c13 � ROOH �NaSt � t-ROH � c22 � AcCH(OO.)Pr � x10
s-ROH � c14 � RCOOH �NaSt � c23 � PrCHO � x11
Isomeric methylcyclohexanones � c15 � t-ROH �NaSt � c24 � AcO. � c12
������������������������������	��������������������������	��������������������������
* Sum of acetic and valeric acids.

** Monomeric form of the reagent not involved in intermolecular interactions.

sition of tertiary hydroperoxide until exhaustive con-
version (see figure).

With increasing content of MCHP (0.1�0.35 M),
when the NaSt content is varied within (4.72�236) �

Kinetic curves of accumulation of the MCHP decompos-
ition products. T = 130�C, [NaSt] = 4.7 � 10�3 M. (c) Con-
centration, and (�) time. (1) Methylcyclohexanol, (2) sec-
ondary isomeric methylcyclohexanols, (3) 2-heptanone,
(4) isomeric methylcyclohexanones, (5) water, (6) acetic
acid, (7) valeric acid, (8) methane, (9) carbon dioxide,
(10) MCHP, (11) 1-methylcyclohexyl acetate, (12) 1-meth-
ylcyclohexene, and (13) consumption of methylcyclohexane.
(I ) Experiment and (II ) calculation.

10�4 M, the yields of alcohols grow relative to the un-
catalyzed reaction (Table 3).

An increase in the effective rate constant of MCHP
decomposition in the presence of sodium stearate at
55�60% conversions is certainly due to formation and
transformations of MCHP � ROH and MCHP � RCOOH
associates and ROOH � NaSt � ROH and ROOH �
NaSt � RCOOH complexes. The ratio of the radical
and molecular routes in MCHP decomposition (and,
consequently, the ratio of the main reaction products,
1-methylcyclohexanol : 2-heptanone) for these asso-
ciates and complexes may differ from those for ther-
mal and thermocatalytic process occurring at the ini-
tial moments of the reaction, when the influence of
oxygen-containing reaction products can be neglected.
Therefore, we carried out a series of experiments on
catalytic decomposition of MCHP in the presence of
1-methylcyclohexanol and valeric acid. We estimated
the limiting constants of the molecular and radical
decomposition of 1-MCHP in the presence of these
compounds: k31 = 3 � 10�5, k32 = 2.7 � 10�4, k34 =
1.16 � 10�4, and k35 = 2.09 � 10�4 s�1.

Using the portions of the plot of W
�

vs. the con-
centration of the monomeric form of acetic acid
[RCOOH]m, in which W

�
grows with increasing con-

centration of the free (monomeric) acid, we estimated
K30 at 21.0 
 1.1 l mol�1.
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The rates of the radical and overall decomposi-
tion of MCHP without NaSt proved to be lower than
those with NaSt. For example, at 130�C, [ROOH] =
[RCOOH] = 6.5 � 10�2 M, and [NaSt] = 4.7 � 10�3 M,
the limiting rate constants of the radical and overall
decomposition of MCHP exceed by a factor of 3.2
those for decomposition of ROOH under identical
conditions without NaSt. To understand why the rate
of radical (overall) decomposition of MCHP in the
presence of NaSt and RCOOH is independent of
the hydroperoxide concentrations at high [ROOH]0,
we have to assume formation of mixed complexes
NaSt � ROOH � RCOOH. In this case, the catalytic
decomposition of MCHP in the presence of NaSt and
ROOH is described by the scheme

�
 free radicals and molecular products,�
k8 + k9

ROOHfree + NaSt 
 [NaSt � ROOH]�
��
K7

(48)

[NaSt � ROOH] + ROOHfree

 [NaSt � 2ROOH]�
��
K10

� 
 free radicals and molecular products,�
k11 + k12
� (49)

ROOHfree + RCOOHproducts

 [ROOH � RCOOH]

� 
 free radicals and molecular products,�
k31 + k33
�

�
��
K30

(50)

�
��
K36
 [ROOH � NaSt � RCOOH] �
 products,�

k37 + k38
�

ROOHfree + NaStfree + RCOOHproducts

(51)

RCOOHproducts + NaStfree
�
��
K42
 NaSt � RCOOH. (52)

The constants K7, K10, k8, k9, k11, and k12 were
determined earlier.

The rate of the overall decomposition of MCHP is
equal to

����������

W� = �������������������������������������������������������������
[NaSt]0 [ROOH]0 K7(k8 + k9) + K7K10(k11 + k12) [ROOH]0 + K36[RCOOH]free (k37 + k38)

1 + K7 [ROOH]0 + K7K10[ROOH]0
2 + K36 [ROOH]0 [RCOOH]products + K42[RCOOH]free

+ K30 [ROOH]0 [RCOOH]free (k31 + k32). (VI)

����������

Using the plot of (VII) describing the catalytic de-
composition of hydroperoxide, at known K7, K10, k8,
k9, k11, and k12, under conditions (VIII), we obtained
K36 = 8.8 
 0.8 l2 mol�2, and then, using the depen-
dence of W

�
on [ROOH]0 in the presence of acids, all

other constants being known ([NaSt] = 4.7 � 10�3 M),
we obtained K42 = 28 
 1.5 l mol�1:

W
�

 K30 [ROOH]0 [RCOOH]products (k31 + k32)

= f [RCOOH]free, (VII)

1 + K7 [ROOH]0 + K7 K10 [ROOH]0
2

+ K36[ROOH]0[RCOOH]products >> K42[RCOOH]free. (VIII)

Likewise, we obtained K33 = 21 
 1.1 and K43 =
21.4 
 1.2 l mol�1 and K39 = 5.1 
 0.3 l2 mol�2.

The dimerization constants for acetic acid and
1-methylcyclohexanol were reported in [7]. The con-
stants for the radical and molecular routes of decom-
position of ternary complexes k37, k38, k40, and k41
were determined experimentally.

We write the expression for the elementary rates
of irreversible reactions in the mathematical model
(the rates Ri and the rate constants ki of the reaction
are numbered in accordance with the numbers of the
reaction equations in the model).

����������
Rates of the elementary reactions of MCHP decomposition (IX)

R1 = k1 c1s R9 = k9 c4 R17 = k17 x3
2 R29 = k29 c1s x1 R38 = k38 c21

R2 = k2 c1s c2 R11 = k11 c5 R18 = k18 c2 x2 R31 = k31 c19 R40 = k40 c22
R3 = k3 c1s c2 R12 = k12 c5 R19 = k19 c8 x1 R32 = k32 c19 R41 = k41 c22
R5 = k5 c3 R13 = k13 c2 c5 R20 = k20 x5

2 R34 = k34 c20 R46 = k46 c6s
R6 = k6 c3 R14 = k14 x2 R21 = k21 c1s c7 R35 = k35 c20 R47 = k47 c6s c10s
R8 = k8 c4 R16 = k16 x1 R24 = k24 c7 x1 R37 = k37 c21

����������
Note. k47 is the rate constant of accumulation of tert-methylcyclohexyl acetate.
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It is seen that the expressions for R15, R22, R23,
and R25�R28 are lacking; the rate constants of the cor-
responding reactions are unknown. We show below
that, when the current concentrations of the radicals
involved in the process are steady-state, there is no
need to precisely know the absolute values of the rates
of these reactions. They can be derived from the other,
known rates of reactions describing the MCHP de-
composition mechanism.

The initial concentrations are known: [ROOH]0 =
0.3, [RH]0 = 7.5, and [NaSt]0 = 4.72 � 10�3 M. The
concentration of the dissolved oxygen in solution
was estimated experimentally at (1 
 0.1) � 10�4 M.
The oxygen evolving during the process leaves the re-
action zone.

We have to establish the dependences to be used
for calculating for any moment the concentrations
c3�c5, c19�c26 for the complexes formed by equilib-
rium reactions. Also, we have to calculate the concen-
trations of free reactants (c1s, c6s, c10s, c16s, c18s) at
any moment.

We assume that the concentrations of the above-
listed complexes are steady-state, and the reactions
in which the complexes are consumed do not af-
fect the equilibrium reaction of their accumulation.
Then, the concentrations of the complexes can be ex-
pressed as

c3 = K4c1s2, c4 = K7c1sc16s,

c5 = K10c1sc4, c19 = K30c1sc18s,

c20 = K33c1sc6s, c21 = K36c1sc16sc18s,

c22 = K39c1sc16sc6s, c23 = K42c18sc16s,

c24 = K43c6sc16s, c25 = K44c218s,

c26 = K45c26s. (X)

Next we determine the concentrations of free hy-
droperoxide, tert-methylcyclohexanol, acetic acid, and
catalyst and also the sum of the concentrations of
acetic and valeric acids (RCOOH) by the balance
equations

c1 = c1s + c3 + c4 + c5 + c19 + c20 + c21 + c22,

c6 = c6s + c20 + c22 + c24 + c26,

c10 = c10s + c19 + c21 + c23 + c25,

c16 = c16s + c4 + c5 + c21 + c22 + c23 + c24,

c18 = c18s + c19 + c21 + c23 + c25. (XI)

We introduce a number of simplifications, name-
ly, c4 + c5 + c21 + c22 < c16 = 4.72 � 10�3 M (� = 0),
and the dimer concentration c3 does not exceed
7.2 � 10�3 M, since it is equal to K4[ROOH]2,

where K4 = 0.081 l mol�1. Then c1s � c1 � c19 � c20
holds.

Analysis of K44 and K45 shows that the concentra-
tions of the dimers c25 and c26 are low, and, hence,
c21 + c22 + c23 + c24 = 4.72 � 10�3 M. This gives

c6s � c6 
 c20, c10s � c10 
 c19, c18s � c18 
 c19. (XII)

Since K30 = K33, we obtain

c1 = c1s(1 + K30c18s + K33c6s), c6 = c6s + K33c6sc1s,

c10 = c10s + K30c10sc1s, c18 = c18s + K30c18sc1s, (XIII)

or

c6s = c6 /(1 + K33c1s), c10s = c10 /(1 + K30c1s),

c18s = c18 /(1 + K30c1s),

c1 = c1s[1 + K30c18 /(1 + K30c1s) + K33c6 /(1 + K33c1s)].
(XIV)

Hence,

c1 = c1s[1 + 21(c1s + c6 + c18)]/(1 + 21c1s). (XV)

We obtain, eventually

c1s = � (D2 + 84c1 
 D)/42 ,
��������
�
� (XVI)

where D = 1 � 21(c1 � c6 � c18).

From the balance in the catalyst we obtain

c16s = 4.72 	 10�3/(1 + K7c1s + K7K10c21s

+ K36c1sc18s + K39c1sc6s + K42c18s + K43c6s). (XVII)

All the assumptions suggest that, at the moment
� = 0, when c6 = c6s = c10 = c10s = c1s = c18s = 0 M,
c1s = c1 = 0.3 M, which is not a very rigorous value.

We obtain a more rigorous value of c1 by solving
a transcendent equation (� = 0).

c1s = c1 
 c3 
 c4 
 c5, c16s = c16 
 c4 
 c5,

c3 = K4c1s2, c4 = K7c1sc16s,

c1 = 0.3 mol dm�3, c16 = 4.72 	 10�3 M. (XVIII)

With K4 = 0.081, K7 = 15.7, and K10 = 51 l mol�1,
simple transformations give

c1s + 0.081c2
1s 
 4.72 	 10�3/(1 + 15.7c1s + 791.28c2

1s)

(IXX)
 0.29528 = 0.
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We solve this equation and find c1s = 0.2887 M �
c1, � = 0. Thus, the inaccuracy due to the assumptions
made is very small and decreases with increasing re-
action time �.

The condition of steady state for the concentrations
of the radicals xi (i = 1, �, 12) gives

dx1/d� = R2 + R13 + R14 + R18 + R21


 R16 
 R19 
 R29 = 0,

dx2/d� = R1 + R2 + R5 + R8 + R11 + 2R17 + R21

+ R29 + R31 + R40 + R34 + R37 
 R14 
 R18 = 0,

dx3/d� = R5 + R6 + R11 + R13 
 2R17 + 0.75R19 = 0,

dx4/d� = R1 + R5 + R8 + R31 + R34

+ R37 + R40 
 R16 = 0,

dx5/d� = 0.25R19 
 2R20 = 0,

dx6/d� = R14 
 R15 = 0,

dx7/d� = R21 
 R22 = 0,

dx8/d� = R22 
 R23 = 0,

dx9/d� = R24 
 R25 = 0,

dx10/d� = R25 
 R26 = 0,

dx11/d� = R26 
 R27 = 0,

dx12/d� = R26 
 R28 = 0.

�
�
�
�
�
�
�
�
�
�
�
�
�(XX)
�
�
�
�
�
�
�
�
�
�
�
�
�

Simple transformations yield

x1 = 8(R2 + 0.5R6 + R11 + R13 + R21)/K19c8,

x2 = (R1 + R2 + 2R5 + R8 + 2R11 + R6 + R13

+ 0.75K19c8 x1 + R21 + K29c1 x1 + R31

+ R34 + R37 +R40)/(K14 + K18c2),

������������������
x3 = �(R5 + R6 + R11 + R13 + 0.75K19c8 x1)/2k17,

x4 = (R1 + R5 + R8 + R31 + R34 + R37 + R40)/k16x1,

�����
x5 = �k19 x1c8 /8k20 .

�
�
�
�
�
�
�(XXI)
�
�
�
�
�
�

Thus, knowing the concentrations of the molecular
products and radicals xi (i = 1, �, 5), we can obtain
the desired Ri values.

We now write a system of differential equations de-
scribing the thermocatalytic decomposition of MCHP
in the presence of sodium stearate in a methylcyclo-
hexane solution under the starting conditions ci (0) at
� = 0 dcn /d� (cn is the current concentration of ith pro-
duct, mM):

dc1/d� = 
R1 
 R2 
 R3 
 R5 
 R6 
 R8


 R9 
 R11 
 R12 
 R13 
 R21 
 R29 
 R31


 R32 
 R34 
 R35 
 R37 
 R38 
 R40 
 R41,

c1(0) = 0.3 M;

dc2/d� = 
R2 
 R3 
 R13 
 R15 
 R18 
 R23
+ R24 
 R28;

c2 (0) = 7.5 M;

dc6/d� = 2R3 + R6 + R9 + 2R12 + 0.75R16

+ R18 + 0.75R29 + R32 + R35 + R38

+ R41 
 R46 
 R47,

c6(0) = 0,

dc7/d� = R13 + R15 
 R21;

c7(0) = 0;

dc8/d� = 0;

c8(0) = 1 	 10�4 M;

dc9/d� = R2 + R5 + R11 + R13 + R46 + R47;

c9(0) = 0;

dc10/d� = R22 
 R47,

c10(0) = 0;

dc11/d� = R27,

c11(0) = 0;

dc12/d� = R28,

c12(0) = 0;

dc13/d� = R28,

c13(0) = 0;

dc14/d� = 0.25R16 + R20 + 0.25R29,

c14(0) = 0;

c15(0) = 0;

dc16/d� = 0,

c16(0) = 4.72 	 10�3 M;

dc17/d� = R23,

c17(0) = 0;

dc27/d� = R46,

c27(0) = 0;

dc28/d� = R47,

c28(0) = 0;

c18(0) = c10 + c11 (at any moment).

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�(XXII)
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
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Thus, the set of equations (XXII) constitutes the
mathematical model of MCHP decomposition in
the presence of sodium stearate. Table 1 lists the re-
action rate constants (determined experimentally and
partially found in the literature).

To verify the adequacy of the mathematic model
with a real process, it is necessary to solve the system
of differential and nonlinear equations (XIV), (XVIII),
(XX), (XXII) and compare the calculated concentra-
tions of the reagents with the experimental data (see
figure and Table 3). We solved the system on a PC.
The solution was optimized in accordance with the
criterion of the best agreement of the experimental
and calculated data by more precisely determining
the constants whose precise numerical values were
unknown. The system of differential equations was
solved by the Euler method:

ci
j + 1 = ci

j + (dci /d�)
jh (XXIII)

with a constant step h of 25 s for the time range 0�3 h.

For all the products yielded by MCHP decomposi-
tion, the calculated and experimental kinetic curve
agree within 5% (see figure). Using the data obtained,
we calculated the contributions from the radical FR
and chain FC routes in the MCHP decomposition over
the time range of interest:

FR = 
(R1 + R2 + R5 + R6 + R8 + R11 + R13

+ R29 + R31 + R34 + R37 + R40)/(dc1/d�), (XXIV)

FC = 
R29/(dc1/d�). (XXV)

Our calculation showed that FC asymptotically
approaches zero, and FR tends to 0.368 in the course
of time, which is close to the experimental data.

CONCLUSION

A mathematical model of a multistage thermoca-
talytic process of decomposition of 1-methylcyclo-
hexyl hydroperoxide in the presence of sodium stea-
rate was developed, which adequately describes the
experimentally observed relationships. A procedure
for searching for the unknown rate and equilibrium
constants of the elementary and overall reaction stages
was also developed. The procedure utilizes the steady-
state concentrations of the unstable components and
kinetic relationships for analytical determination of
the stable components (initial, intermediate, and final
reaction products), using the known constants for se-
lected elementary stages of the process of interest.
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Abstract�The thermodynamic and structural parameters of complexes formed by secondary and tertiary
alcohols and hydroperoxides with carbonyls, carboxylates, and acetylacetonates of variable-valence metals
were determined. The complexes of s and 3d elements with hydroperoxides have different structures.

The controlling role of 3d-element carboxylates and
acetylacetonates in oxidation of n-alkanes and cyclo-
alkanes is manifested in the stage of catalytic decom-
position of hydroperoxides and in competitive reac-
tions of RO

.
2 radicals with the catalyst, initial subs-

trate, and intermediates formed in oxidation [1]. The
difference in the stability and lability of the resulting
complexes is the key factor responsible for the specif-
ic controlling effect of these catalysts.

The aim of this study was to examine the reaction
of transition metal carbonyls, carboxylates, and acetyl-
acetonates with secondary and tertiary alcohols and
hydroperoxides and to compare the catalytic activities
of s and 3d elements in decomposition of tertiary
hydroperoxides.

EXPERIMENTAL

The objects of study (ligands) were 1-methylcy-
clohexyl hydroperoxide (1-MCHP), cyclohexyl hy-
droperoxide (CHP), cyclohexanol (CH), and 1-meth-
yl- and 4-methylcyclohexanol (1- and 4-MCH). Main-
group and transition metal [Li(I), Co(II), Cr(III),
Ni(II), Cu(II)] stearates and acetylacetonates, and also
metal carbonyls Cr(CO)6 and Mo(CO)6 were used as
complexing agents.

The 1H NMR spectra of hydroperoxides in CCl4 and
n-heptane (0.625�2.0 M) were recorded on RYa-2310
and Tesla BS-497 spectrometers operating at 100 MHz
in the temperature range from �50�C to 22�C; the
1H NMR spectra of alcohols were taken at 15�50�C.

The broadening and shifts of signals in the 1H NMR
spectra of HO and HOO groups of alcohols and hy-

droperoxides dissolving the catalyst suggest the pres-
ence of labile paramagnetic complexes (Figs. 1�3).
The position and linewidth of the NMR signals of
hydroperoxide and alcohol molecules in complexes

Fig. 1. Chemical shift � of HO and HOO groups in the
1H NMR spectra of alcohols and hydroperoxides vs. their
concentrations [ROH] and [ROOH] in heptane at (1, 1�) �20,
(2, 2�, 4, 4�) �10, and (3, 3�) 23�C. Group: (1, 1�, 2, 2�) OOH
in 1-MCHP, (3, 3�) OH in 1-MCH, and (4, 4�) OOH in CHP;
(1��4�) in the presence of 2 � 10�3 M Mo(CO)6.

Fig. 2. Chemical shift � of the HOO group in the 1H NMR
spectra of CHP vs. its concentration [ROOH] in heptane
at -20�C (1) in the absence of a catalyst and in the presence
of 2 � 10�2 M (2) Mo(CO)6 and (3) Co(acac)2.
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Fig. 3. Temperature dependence of signal broadening log �
in the 1H NMR spectra of 1-MCHP and 1-MCH ([ROOH] =
[ROH] = 0.25 M) in heptane in the presence of 2 � 10�2 M
(1, 3) Mo(CO)6 and (2) Co(acac)2.

are governed by the temperature and concentrations
of the initial substrates.

The linewidths and shifts of signals in the 1H NMR
spectra are described by the Swift�Connick equations
[2]. Consideration of special cases [3] under condi-
tions of slow and fast exchange of ligands allows de-
termination of the thermodynamic and structural pa-
rameters of complex formation in the systems: equi-
librium constants K; enthalpy of complex formation,
�H; lifetime of ligands in the coordination sphere
of the metal, �1; activation energy of ligand elimina-
tion from the coordination sphere, Ea; and distances
between the electron donor and acceptor in the com-
plex, l.

The slow and fast ligand exchange can be distin-
guished by the temperature dependence of the line-
widths of the 1H NMR signals analyzed. In the first
case, the linewidth increases with temperature, and in
the second, it decreases. From the equation describing
the complex formation

MLn + XOH = MLn �XOH (1)

[MLn is a compound of a variable-valence metal, XOH
is free hydroperoxide (ROOH) or alcohol (ROH),
MLn �XOH is paramagnetic labile complex], we can
obtains provided that MLn << [XOH], the complex
concentration:

(2)[MLn �XOH] = [MLn]0[XOH]0 /(1 + K[XOH]0),

where [XOH]0 and [MLn]0 are the initial concentra-
tions of the ligand (hydroperoxide or alcohol, respec-
tively) and variable-valence metal.

At a long lifetime of the ligand in the coordination
sphere formed by the central atom (�1 >> �21, where
�1 is the lifetime of ligand in the coordination sphere
of the metal and �21 is the transverse relaxation time
of the ligand in the coordination sphere), the Swift-
Connick equation for broadening �1/T2p has a simple
form

�1/T2p = P1�1
�1, (3)

where P1 is the mole fraction of ligands and �1/T2p is
paramagnetic broadening.

At a short lifetime of ligand in the coordination
sphere of an ion (�21 >> �1), the paramagnetic broad-
ening and paramagnetic shifts (ppm) are given by
expressions (4) and (5), respectively:

�1/T2p = P12� (D + C), (4)

� = �P1�a, (5)

T2p = 0.5(2���) = ���, (6)

where D is the contribution of the dipole-dipole elec-
tron-nuclear interaction in the complex of a transition
metal with the ligand; C, the contribution of contact
(isotropic) hyperfine interaction caused by delocaliza-
tion of the unpaired electron of metal to the ligand; �,
a coefficient; and ��, the line broadening measured
at half-maximum (Hz).

From expressions (4) and (5) we obtain expressions
(7) and (8) [4] allowing determination of the required
thermodynamic and structural parameters of the com-
plexes:

��1[MLn]0 = [�1/(�a)](1/K + [ROOH]0), (7)

[MLn]0/�� = 1/2(D + C)(1/K + [ROOH]0). (8)

The dependences of the shifts �� and broaden-
ings �� on the concentration of alcohol or hydroper-
oxide, typical of the complexes studied, are shown in
Figs. 1�4. The different directions of paramagnetic
shifts of the 1H NMR signals in complex formation
with Mo(CO)6 (downfield shift for ROOH and upfield
shift for ROH) and the opposite signs of the signal
shifts in complex formation of ROOH and ROH with
Co(acac)2 suggest different mechanisms of delocaliza-
tion of the spin density from the metal to the ligand.
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The distance between the oxygen atoms in ROOH
is 0.1475 nm, and the O�H bond length is 0.095 nm.
The quantum-chemical calculations by the extended
H�uckel method give the electronic structure of the
ROOH molecule: the charge on the oxygen atoms is
�0.59 (C�O) and �0.67 (O�H), and the charge on the
hydrogen atom, +0.64.

The charge on atoms, the bond orders, and popula-
tion of the �O�O bond vary only slightly with the
structure of radical R

.
; however, introduction of polar

substituents into radical R
.

has a noticeable effect.
The electronic structure of ROOH is mainly charac-
terized by two unshared pairs localized on the 2pyO�

and 2pzO� orbitals of oxygen atoms, which play an
important part in the formation of the H�X bonds and
in the weakening of the O�O bond in complexation
with electron donors and acceptors. The lowest un-
occupied molecular orbital is antibonding with re-
spect to the O�O bond (it has a node located between
the oxygen atoms), while the highest occupied molec-
ular orbital is nonbonding and is close to the oxygen
atomic orbital occupied by the unshared electron pair.
The lower the energy level of the lowest unoccupied
molecular orbital, the easier the reaction of the O�O
group in ROOH with nucleophilic reagents. It would
be expected that the associates of ROOH formed by
H-bonds with bases should be preferentially formed
along the 1s atomic orbital of hydroperoxide hydrogen
and the 2pz orbitals of the base heteroatom, and those
with acids, along the 2pyO� orbital of ROOH.

Applying Eqs. (7) and (8) to analysis of the ranges
of fast exchange, we obtain the enthalpies of complex
formation H + E (E is the activation energy of elec-
tronic relaxation, equal to 4.2 kJ mol�1). The hyper-
fine coupling constant a was determined from the
dependence [MLn]/� = f [ROOH] (Fig. 4). From the
concentration dependence of broadening under con-
ditions of fast exchange (Fig. 5), we determine by
Eq. (8) the sum (D + C), i.e., the dipolar and sca-
lar contributions. In complexes with alcohols [5] un-
der conditions of fast exchange, the scalar contribu-
tion (S = 0.25a2�) can be neglected, and for com-
plexes with ROOH (larger broadening in comparison
with the shifts), all the observed broadenings in the
1H NMR spectrum can be accounted for by the di-
polar contribution D. Applying Eq. (3) to analysis of
the ranges of slow exchange, we calculate the lifetime
of ligands in the coordination sphere and the activa-
tion energy of ligand elimination from the coordina-
tion sphere.

In the complexes Mo(CO)6�ROOH (CHP and
1-MCHP), Co(acac)3�1-MCH, Co(acac)3�4-MCH,

Fig. 4. Relative chemical shifts MLn/� of the signals in
the 1H NMR spectra of hyroperoxides and alcohols vs.
the initial concentrations [ROH]0 and [ROOH]0 in the
presence of complexing agents at various temperatures:
(1) 1-MCH, (2, 3, 6) 1-MHCP, (4) CH, (5, 8) CHP,
(7) 4-MCH (cis), and (9) 4-MCH (trans). (1) [Mo(CO)6] =
1 � 10�2 (23�C), (2) [CoSt2] = 7 � 10�3 (26�C),
(3) [Co(acac)2] = 1 � 10�2 (�10�C), (4) [CrSt3] = 7 � 10�2

(23�C), (5) [Co(acac)2] = 1 � 10�2 (0�C), (6) [Mo(CO)6] =
2 � 10�2 (�20�C), (7, 9) [Co(acac)2] = 3.25 � 10�2

(50�C), and (8) [Mo(CO)6] = 2 � 10�2 M (�10�C).

Fig. 5. Relative broadening MLn/	� in the 1H NMR spec-
tra of hydroperoxides and alcohols vs. their concentrations
[ROOH] and [ROH] in the presence of complexing agents
at various temperatures. (1) [Co(acac)2] = 1 �10�2 (�10�C),
(2) [Mo(CO)6] = 2 � 10�2 (�20�C), and (3) [Cr(acac)3] =
7 � 10�2 M (23�C). (1) 1-MHCP, (2) CHP, and (3) 1-MCH.
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Table 1. Structural parameters of complexes of ROOH and ROH with the compounds of variable-valence metals
([ROOH] = 0.05�2 M)
������������������������������������������������������������������������������������

Complex � D + C, Hz � l, nm � a, Oe � T, 	C � [Cat.] 
 103, M
������������������������������������������������������������������������������������
Co(acac)2�1-MCHP in heptane � 401 � 0.29 � +2.7 � �10 � 10
Co(acac)2�CHP in heptane � 503 � 0.28 � +0.5 � 0 � 10
CoSt2�1-MCHP in CCl4

* � 796 � 0.26 � �7.6 � 22 � 7
CrSt3�CH in CCl4 � � 0.28 � �0.34 � 22 � 70
Mo(CO)6�1-MCHP � 49 � 0.41 � 0.28 � �20 � 20
Mo(CO)6�1-CHP � 59 � 0.40 � 0.375 � �10 � 20
Mo(CO)6�1-MCH � 95 � 0.38 � �0.16 � 23 � 20
Cr(CO)6�CH � 93 � 0.38 � � � 23 � 20
Cr(acac)3�1-MCH � 310 � 0.30 � �0.25 � 23 � 70
Cu(acac)2�1-MCH � � 0.24 � �1.4 � 20 � 7
Co(acac)3�4-MCH � 672(e, cis) � 0.265 � 1.18 � 50 � 32.5

� 550(a, trans) � � 0.495 � 50 � 32
Co(acac)2�1-MCH in n-heptane � 400 � 0.29 � 1.92 � 23 � 20
������������������������������������������������������������������������������������
* Evaluation by Eq. (7) is correct for complexes with an equimolar stoichiometric ratio.

and Co(acac)2�1-MCH (downfield shift), the hyper-
fine coupling constant is positive. In complex forma-
tion of ROH and ROOH with acetylacetonates, the
most probable is delocalization of the spin density
along the conjugation system [4, 5]. In complexes of
Co and Cu carboxylates with ROOH (Table 1), the
spin density is delocalized by the polarization mech-
anism (parameter a is negative). The hyperfine coupl-
ing constant is affected by the steric hindrance in

Table 2. Thermodynamic parameters of complex forma-
tion of ROOH and ROH with carbonyls, carboxylates, and
acetylacetonates of variable-valence metals
����������������������������������������

� Ea,
�

�H, � �1 
 104,
Complex � � � s

� kJ 
 mol�1
� kJ 
 mol�1

� (T, 	C)
����������������������������������������
Co(acac)2�1-MCHP� 31.6 � 24.4 �4.8 (�40)
Co(acac)2�CHP � 32.2 � 26.5 �5.1 (�40)
Co(acac)2-CH � 38.7 � 34.5 �
Co(acac)3�4-MCH � 18.5 � 14.3 �2.35 (50)
CrSt3�1-MCHP � 28.2 � 24 �3.1 (�23)
Cr(acac)3�1-MCH � 22.8 � 18.6 �1.8 (23)
Cr(CO)6�CH � 21 � 16.9 � �

Mo(CO)6�1-MCHP � 19.6 � 15.3 �5.2 (�40)
Mo(CO)6�CHP � 20.6 � 16.4 � �

Mo(CO)6�1-MCH � 21 � 16.8 �6.5 (�40)
Mo(CO)6�cyclo- � 12.1 � 8.0 �3.5 (�40)
hexene�1-MCHP � � �
Cu(acac)2�1-MCHP� 33.5 � 29.2 � �

Ni(acac)2�1-MCH � 34.5 � 30.3 � �

����������������������������������������

complex formation and also by the electron-donor
power of the initial ligands. Of no small importance
is the shielding of the coordinated 3d transition metal,
which is evident from a comparison of the parameter
a for metal carboxylates and acetylacetonates with
the same ligands (Table 1).

With account of the fact that, for the complexes
studied, the dipolar interaction makes the main con-
tribution to the linewidth of the 1H NMR signal (D >>
C) [5], the distance between the metal and the ligand
nucleus in the complex (l) can be determined with
a sufficient accuracy:

D = 4/3S(S + 1)(�e
2 �n

2 h2/ l6)�c, (9)

where �e and �n are gyromagnetic ratios of electron
and the nucleus, respectively; h is the Planck constant;
� is the correlation time of dipolar interaction varied
in the range 10�11�10�12 s [in calculations, �c and
S (spin quantum number) are taken to be 10�12 s and
0.5, respectively].

From these data we calculated the structural pa-
rameters of the complexes studied (Table 1). From
the temperature dependences of broadening of the
1H NMR signals for HO and HOO groups of alcohols
and hydroperoxides (Fig. 3), we evaluated the ther-
modynamic and kinetic parameters of the complexes
(Table 2).

In the temperature range studied the hydroperox-
ides enter into a slow ligand exchange at low temper-
atures and into fast exchange at a higher temperature.
The sum of dipolar and scalar contributions to the
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signal broadening is greater for ROOH than that for
structurally related ROH. The equatorial and axial
stereoisomers of secondary alcohol (4-MCH) form
with Co(acac)3 complexes of varied stability. Com-
plex formation with the sterically nonhindered equa-
torial cis isomer proceeds more easily (Table 1).

The activation energy of ROOH and ROH elimina-
tion from the coordination sphere of Cr(CO)6 and
Mo(CO)6 is 19.6�21.0 kJ mol�1. These values are
typical of the energy of hydrogen bonds of metal
cabonyls with hydroperoxides.

The lifetime of ROOH or ROH molecules in the
solvation shell of Mo(CO)6 is significantly longer
than that of diffusion pairs in liquids. Since the life-
time of ligand in the coordination sphere of metal is
nine orders of magnitude longer than the characteristic
time of elemental events in chemical processes, it
would be expected that the orientation of molecules
due to outer-sphere complex formation should pro-
mote the catalysis.

The enthalpy of complex formation of ROOH and
ROH with Co(II), Cr(III), Cu(II), and Ni(II) stearates
and acetylacetonates is higher than that for similar
complexes of Mo(CO)6, and the distance between the
donor and acceptor is shorter. All these characteristics
are typical of 	anisotropic
 complexes intermediate
between inner-sphere and outer-sphere complexes.
The activation energy of ligand elimination from the
coordination sphere of Co(II), Cr(III), Cu(II), and
Ni(II) exceeds the energy of H-bond; however, this
does not allow an unambiguous conclusion that of
only a coordination bond exists. The thermodynam-
ic parameters of complexes of 1-MCHP and CHP with
the same catalyst are virtually the same. The data ob-
tained (Table 2) show that there is a clear correspon-
dence between the capability of a transition metal ion
for complex formation and its catalytic activity in ox-
idation of alkanes and cycloalkanes and also decompo-
sition of ROOH [1]. The activation energy of ROOH
elimination from the coordination sphere of Cr(III) is
lower, compared to the Co(II), Cu(II), and Ni(II)
complexes. This can account for the enhanced activity
of Cr(III) in catalytic decomposition of ROOH.

The presence of vacant d-electron levels in vari-
able-valence metals determines their capability for
complex formation with oxidation products of various
hydrocarbons (saturated, olefin, and aromatic). With
increasing electronegativity of 3d transition metals,
the stability of complexes of their acetylacetonates
with ROOH and ROH grows, compared to acetyl-
acetonates of 3d transition metals with a small num-

ber of d electrons. The presence of various oxidation
states (from 2 to 6) is typical of metals with a small
number of d electrons (V and Cr). Delocalization of
� electrons of the enol form of acetylacetonate and
d electrons of the metal over the chelate ring is typical
of inner-sphere coordination compounds [Mn(III),
Fe(III), Co(III), and Cu(II) acetylacetonates], and
delocalization of only � electrons over the chelate
ring is more probable for Ni(II), Co(II), and Zn(II)
acetylacetonates. Data on the mechanism of delocal-
ization of the spin density in complexes of alcohols
and hydroperoxides with compounds of 3d transition
metals are contradictory [4�7].

The chemical shift is only a qualitative indication
of changes in the electron density in formation of
chemical bonds, since the local paramagnetic contri-
bution arises from the anisotropy of electron density
distribution at the atom for which the chemical shift
is measured. The contact shift in octahedral complexes
of 3d transition metal acetylacetonates is caused
by delocalization of the electron density from the met-
al to ligand or from the ligand to metal. The charge
transfer from the metal to ligand should give rise to
delocalization of the positive spin. The charge transfer
from the ligand to metal should give rise to delocali-
zation of the positive spin for the d5�d9 configuration
and delocalization of the negative spin for the d1�d 4

configuration [7]. The more probable is the delocal-
ization of the electron from the metal to ligand, in-
volving � orbitals of the ligand, which only slightly
differ in the energy from the nonbonding d orbitals
of the metal, rather than � orbitals.

The acetylacetonate anion and carbon monoxide are
ligands in which the donor atom contains a pair of
electrons capable of formation of � bond and low-
energy vacant � antibonding orbital which can accept
an electron pair from a metal atom to form a dative
bond. The acetylacetonate anion is a 	hard
 base,
which is caused by the planar structure of the ring and
conjugation due to strong � electron interaction along
the ring. In the complex ROOH�catalyst, the ROOH
anion is activated and decomposes homolytically, and
the oxidation state of the transition metal ion changes
by the mechanism of single-electron transfer.

In this reaction, s and 3d transition metal carbox-
ylates are more active than the corresponding chelates,
which is caused by the difference in the electron den-
sity at the central coordinating atom of the catalyst
in these compounds and at the oxygen atom of the
ROOH group (Table 1). The IR spectra of 1-MHCP
[1], measured in the presence of Li(I), Co(II), and
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Cu(II) carboxylates, show, in combination with the
1H NMR data, that, in the presence of the above cat-
alysts, the hydrogen bond in ROOH self-associates
is replaced by hydrogen bonds of ROOH with oxygen
atoms of the carboxylate. At the same time, the ob-
served chemical shift of the OH group (upfield shift)
suggests formation of a coordination bond between
the metal ion (s and 3d ) and the oxygen atom of the
OOH group in ROOH. In complexes of s and 3d tran-
sition metal carboxylates with ROOH, the electron
density on the oxygen atom of the OOH group of
1-MCHP increases.

In complex formation of lithium stearate with
1-MCHP, the shift of the electron density to the oxy-
gen atom of the OOH group in ROOH [8] can be un-
derstood with account of the electrostatic effect of
Li+ ion, local polarity of the carboxylate anion, and
polarizability of 1-MHCP as a result of formation of
H-bond. In complexation of 3d transition metal stea-
rates, this explanation is probably incorrect since the
shifts of the 1H NMR signals of OOH are significant.
It is most likely that both donor and the acceptor prop-
erties of ROOH are manifested in complex formation.

The acceptor properties of hydroperoxides are
manifested as a result of transfer of the electron den-
sity from the metal ion to the free antibonding orbital
(nonbonding valence orbital) of the peroxide bond. In
ROOH, this orbital has predominantly the 2p* char-
acter. In this interaction, the occupied orbital of the
donor overlaps with the vacant orbital of the acceptor.
The efficiency of interaction is governed by the over-
lap integral. The overlapping orbitals should corre-
spond to each other in symmetry. For ions of metals
in the lower oxidation states [Cr(II), Fe(II), Cu(I),
Co(II), and oxovanadium VO(IV)] in the reaction with
H2O2, the overlap of the orbitals in the transition state
(d
p�* ) results in the formation of a � complex [9].
The probability of formation of this bond grows with
increasing number of d electrons of the metal. For-
mation of �* bonds with organic reagents is typical
of Cu(I), Cr(II), Fe(II), and Co(II) ions [10]. It should
be noted that we used the concept of � and � bond
by convention with account of the local symmetry of
the O�O bond. 	Hard
 Lewis acids [Li+, Na+, K+,
Mg2+, Ca2+, Sr2+, Ti(IV), etc] form no � bonds.

The appearance of electrons on the antibonding or-
bital of ROOH results in weakening of the O�O bond.
As a result of its decomposition, a radical or a radical
ion of the peroxy compound and an oxidized metal
ion (Mn + 1) are formed.

The donor properties of ROOH are related to the
possibility of electron density transfer by the acceptor

from the 2p nonbonding orbitals of the hydroperox-
ides. The population of oxygen p orbitals in ROOH,
on which the unshared pair is localized [9], is close
to that of pure atomic orbitals. In this case, the orbit-
als overlap at the electron transfer p
d from the non-
bonding p orbital of ROOH to the vacant orbital of
the 3d transition metal ion. This type of bonding is
typical of 3d transition metals Cu(II), Mn(III), Fe(III),
and Co(III). In these reactions, a one-electron reduc-
tion of metal is very probable. The data obtained show
that the mechanism of donor�acceptor interaction is
influenced by the geometry of 3d transition metal
compound (acetylacetonate or carboxylate) and by
the splitting of the central atom levels and the number
of electrons on the valence orbitals. When � bonds
between ROOH and metal ion Co(II), Cu(II), Ni(II),
or Mn(III) in high-spin octahedral complexes are
formed, only decomposition of ROOH is observed.
The �-bonding between the central atom of the cat-
alyst and ROOH molecule in the case of Mo, W, V,
and Cr compounds activates the ROOH molecule for
its reaction with an olefin to form the epoxide. The
ROOH molecule is activated by interaction of its �*

orbital with the t2g orbital of the metal ion.

In complexation of Mo and Cr carbonyls, only
the outer-sphere coordination of ROOH is possible.
For example, in Cr(CO)6 chromium atom uses six
d2sp3 hybrid orbitals and forms a � bond with six
carbon atoms of CO groups octahedrally arranged
around this atom. The filled d orbitals of chromium
dxy, dxz, and dyz have the same arrangement (sym-
metry) as the antibonding �x

* and �y
* orbitals of

CO. The back donation of d electrons from the metal
to the antibonding orbitals of CO ligands decreases
the � bonding between the C and O atoms, so that
the carbon-oxygen bond in the carbonyl is not triple.
The ligands are strongly bound to the metal [11].
The M�C and C�O bond lengths in Cr(CO)6 are 0.19
and 0.11 nm, and in Mo(CO)6, 0.2 and 0.11 nm, re-
spectively.

In the complexes studied, the distance between
the central atom and ligand (ROOH and ROH) is
0.38�0.40 nm (Table 1). The structural parameters
and energy characteristics obtained correspond to out-
er-sphere coordination, probably caused by H bond-
ing. The structural parameters of the other complexes
correspond to an intermediate state between inner-
and outer-sphere complexes (Table 1). For example,
the Co�O bond length in Co(acac)2 is 0.205 nm, and
that in Co(acac)2�1-MCHP and Co(acac)2�CHP, 0.29�
0.28 nm, respectively. Cobalt(II) stearate coordinates
1-MCHP more strongly (l = 0.26 nm) than Co(acac)2,
which decreases the energy barrier of the reaction.
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These results are in a good agreement with published
data [7, 8, 12�14]. The products formed in decompos-
ition of ROOH (alcohol and water) will competitively
coordinate to the catalyst, which inhibits the reaction.

The shift of the electron density from the oxygen
atom of ROOH to the metal in complex formation
with Co(acac)2 cannot be explained, since the charge
on the �-atom of the OOH group should increase in
this case [4]. In the complexes of Co(acac)2 with
ROOH, the pseudocontact interaction resulting in sig-
nificant shift of the signal in the 1H NMR spectrum
plays an important role. In complexes of acetylaceton-
ates with ROH, formation of an H bond is not ruled
out [7].

The abnormal catalytic activity of chromium com-
pounds [Cr(ac)3, CrSt3 (where ac is acetate and St
is stearate anion), Cr(acac)3, and Cr(CO)6] can also
be caused by the possible competitive formation of
ROOH complexes with coordination through �- or
�-oxygen atom [5]. It seems likely that, in the systems
ROOH�catalyst, complexes of both types are formed
and their ratio depends on the nature of metal and
ROOH. The mobility of unshared electron pairs, i.e.,
the electron-donor power of both oxygen atoms in
the hydroperoxide molecule, is virtually the same.
The acceptor power of oxygen atoms of hydroperox-
ides varies: the energy level of the O� atom is higher
than that of the O� atom. To compounds of metals
with larger atomic numbers (Fe, Co, and Cu), ROOH
should predominantly coordinate through the O�

atom, while with Mo(0), VO2+, Cr(VI), and in part
Cr(III) the coordination through the O� atom is pos-
sible.

It is likely that the differences in the structure of
the complexes studied and complexes of 3d transition
metal acetylacetonates with methanol [4] are caused
by the geometric structure and spatial arrangement
of bulky compared to methanol, molecules of cyclic
alcohols and hydroperoxides. A small molecule of
coordinated methanol can approach the metal ion
by 0.13�0.18 nm and enter into the inner coordina-
tion sphere. Bulky molecules of cyclic alcohol or hy-
droperoxide are situated at a significantly longer dis-
tance (0.24�0.30 nm). Contrary to published data
[4] concerning the existence of two coordination
spheres in the complexes Co(acac)2�tert-butyl hydro-
peroxide and Co(acac)2�tert-amyl hydroperoxide, for
the cyclic alcohols and hydroperoxides studied here
in the temperature interval examined we did not ob-
served complete exchange of ligands between the in-
ner and outer spheres.

CONCLUSIONS

(1) Acetylacetonates and stearates of 3d transition
metals form anisotropic complexes with cyclohexanol
and cyclohexyl hydroperoxide and their methyl-sub-
stituted derivatives, intermediate between inner- and
outer-sphere complexes; molybdenum and chromium
hexacarbonyls form labile outer-sphere complexes.

(2) In complex formation of hydroperoxides with
carboxylates or acetylacetonates of 3d transition met-
als, both donor and acceptor properties of hydroper-
oxides are manifested, depending on the number of
electrons on the d level of metal and its oxidation
state. This results in different mechanisms of delocal-
ization of the electron density.
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Abstract�The kinetics of formation of dimethoxymethane by acetalization of formaldehyde with methanol,
catalyzed by silicotungstic heteropoly acid, were studied.

Dimethoxymethane (DMM) is a colorless solvent
with a low boiling point, low viscosity, and an excel-
lent dissolving power. It finds application in organic
and pharmaceutical syntheses, paint and varnish indus-
try, as a washing solvent, as component of cleaning and
degreasing solvents, in production of adhesives and
plastics, as a fuel additive, and as a component of in
technical aerosols and in household chemistry articles.

The starting reagents for preparation of DMM are
formaldehyde (FA) and methanol (M). These are read-
ily accessible and cheap chemicals, which, combined
with their acceptable production costs, affords a cheap
commercial DMM. The overall reaction of DMM
formation can be represented schematically as

2CH3OH + HCHO ��
��
Cat.

CH2(OCH3)2 + H2O.

Since recently, commercial plants have been using
as catalysts ion-exchange resins, which afford DMM
in high yields but degrade during the reaction into
small particles clogging the column, lose their activity
under exploitation, and need either regeneration or
replacement [1]. Also, inorganic acids such as sulfuric
acid have been tested as catalysts, but they cause
many nuisances like corrosion activity, environmental
pollution, the need for neutralization of wastewater,
and irreversible loss of the acid [2].

We believe that tungstic heteropoly acids and, in
particular, silicotungstic heteropoly acid H4SiW12O40
(STA), are suitable as catalysts. The trials on labora-
tory batch and continuous-operation units showed that
tungstic heteropoly acids can be successfully applied
as catalysts in synthesis of DMM.

In the context of development of the optimal pro-
cedure for isolation and purification of DMM, it is
necessary to analyze the kinetic aspects of its syn-
thesis, which constituted the aim of this study.

EXPERIMENTAL

In experiments, we used a water-methanol solution
of formalin containing 37 wt % FA; the amount of
FA was determined by the sodium sulfate technique,
and that of M, by gas chromatography. We used M
purified by distillation; gas chromatographic analysis
showed that it contained residual water only. Analyt-
ically pure silicotungstic heteroply acid was dried by
calcination at 250�C for 3 h.

The kinetic relationships were experimentally stud-
ied in a glass reactor (V = 100 ml) equipped with
a water jacket, two ground-glass joints connecting
the reactor with a reflux condenser and a thermometer,
and a sampler. To exclude hot spots, the reaction
mixture was stirred with a magnetic stirrer. A constant
temperature in the reactor was maintained by water
circulating between the thermostat and the reactor
jacket, with the temperature monitored within the lat-
ter. A water thermostat connected to the reactor case
was operated in the forced-circulation mode.

The reaction mixture was prepared by mixing M,
FA, and water to achieve the desired ratio of the re-
actants, whereupon the required amount of the result-
ing mixture was sampled, weighed on an analytical
balance, and placed in the reactor. When the desired
temperature was established in the reactor, the required
amount of STA was added, from which moment the
time of the process was measured. Samples (0.2 ml)
were taken at regular intervals; a sample was added to
5 ml of aqueous NaOH of the concentration required
for neutralizing the acid contained in the taken volume
of the reaction mixture, and the mixture contained in
the test tube was thoroughly stirred.

All the samples were analyzed chromatographical-
ly on a Tsvet 500 gas chromatograph with a flame-
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ionization detector and a 2000 � 3 mm steel column
packed with Polysorb (0.16�0.2 mm grains). The car-
rier gas was nitrogen; the flow rate of nitrogen and
hydrogen was 30, and that of air, 300 cm3 min�1.
The temperatures of the column, detector, and vapor-
izer were 150�C. The relative error of analysis
was 3%.

As mentioned above, DMM is formed by a two-
stage reaction between M and FA:

HCHO + CH3OH ��
��

k1

k
�1

HOCH2OCH3, (1)

HOCH2OCH3 + CH3OH ��
��

k1

k
�2

CH2(OCH3)2 + H2O. (2)

The rate of formation of hemiacetal (HA) is very
high [3], with the equilibrium strongly shifted toward
its formation [4]. Since M was taken in excess in all
the experiments, we assumed that the whole amount
of FA was in the form of HA. Thus, we developed
a kinetic model taking into account reaction (2) only.
We described the DMM formation rate of by the dif-
ferential equation

dcDMM/d� = k �2 cPA cM � k �
�2 cDMM cH2O

,

where k �2 and k �
�2 are the effective rate constants,

l min�1 mol�1; cPA, cM, cDMM, and cH2O, concentra-
tions (M) of PA, M, DMM, and water, respectively.

This equation was solved by the Runge-Kutta
method. The rate constants were calculated by the
least-squares method. Figure 1 shows the typical ki-
netic curves of DMM formation.

The dependence of the effective rate constants k �2
and k �

�2 on the catalyst concentration was described
by the equation

k �2 = k2 c n
cat, k �

�2 = k
�2 c m

cat,

where k2 and k
�2 are true rate constants, l2 min�1 mol�2;

ccat, catalyst concentration, M; and n and m, reaction
orders with respect to the catalyst.

Figure 2 shows that the logarithm of the effective
rate constants linearly varies with the logarithm of
the catalyst concentration. The orders with respect to
the catalyst are identical for the constants k�2 and k�

�2,
namely, 1.43.

The constants k2 and k
�2 were calculated by the

equations

k2 = k �2 /c1.43
cat , k

�2 = k �
�2 /c1.43

cat .

Fig. 1. Kinetic curves of DMM formation at (1) 303,
(2) 308.3, (3) 313.3, and (4) 318.3 K. M : FA molar ratio
2 : 1. (cDMM) DMM concentration, and (�) time. (Solid
line) Calculated values and (black squares) experimental
values at ccat = 0.1298 M.

Fig. 2. Variation of the effective rate constants (1) k �2 and
(2) k �

�2, of DMM formation with the catalyst concentration
ccat at 313.3 K.

The temperature dependence of the rate constant
is described by the Arrhenius equation (see table),
and it was used for determining the expressions for
k2 = f (T ) and k

�2 = f (T ) (activation energy, J mol�1;
temperature, K):

k
�2 = 6.798 � 1011 e .�84 690/RT

k2 = 1.478 � 1013e ,�88 800/RT

Rate constants k2 and k
�2 at different temperatures

����������������������������������������

T, K
� k2 � k

�2
����������������������������
� l2 min�1 mol�2

����������������������������������������
303 � 0.007421 � 0.001855
308.3 � 0.01318 � 0.002784
313.3 � 0.02226 � 0.005566
318.3 � 0.03897 � 0.008165
323.1 � 0.06679 � 0.01484

����������������������������������������
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Fig. 3. Variation of the rate constants (1) k �2 and (2) k �
�2,

of DMM formation with the initial water concentration
c0

H2O at 313.3 K.

Using the dependences of k2 and k
�2 (T = 313.3 K)

on the initial concentration of water in the system
(Fig. 3), we derived the expressions

k2 = 0.02493 � 0.000161c0
H2O,

k
�2 = 0.0069 � 0.00008454c0

H2O.

These dependences suggest that the rate constants
k2 and k

�2 are weakly dependent both on the initial
water concentration in the system and, evidently, on
the composition of the reaction mixture as a whole.

CONCLUSION

A kinetic model was developed for synthesis of
dimethoxymethane from methanol and formalde-
hyde, catalyzed by silicotungstic heteropoly acid
H4SiW12O40. The dependences of the rate constants
of the process on the temperature and composition
of the medium were obtained.
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Abstract�The reactions of methylhydrazine and hydrazine hydrate with chlorinated pyridazines and
pyridazones were studied.

The reactivity of hydrazine and methylhydrazine
toward aliphatic and aromatic compounds has been
well studied [1, 2]. However, data on reactions of
hydrazine and methylhydrazine with heterocycles and,
in particular, with pyridazines are scarce. The interest
in the chemistry of hydrazine is determined by its
diverse applications in science and technology. In
particular, hydrazine derivatives are widely used in
medicine as physiologically active compounds exhib-
iting antitubercular, anticancer, radiation-protective,
and other effects; in agriculture, as plant growth regu-
lators and stimulants, as insecticides, fungicides, and
hebricides; and in industry, for preparing synthetic
fibers, films, and coatings [3, 4].

In this study we examined the reactions of hydra-
zine hydrate and methylhydrazine with some chlo-
rinated pyridazines and pyridazones.

In the pyridazine series, available substrates for nu-
cleophilic substitution are 4,5-dichloro-6-pyridazone
I, 1-methyl-4, 5-dichloro-6-pyridazone II, 3, 4, 5-tri-
chloropyridazine III, 3,6-dichloropyridazine IV, and
3-methyl-6-chloropyridazine V [5�8]:

�
���
��O

N

N

�R�
Cl

Cl

�
�

Cl

Cl

�Cl

�N

N

�Cl

�N

N�
R

I, II III IV, V

�
���
��O

N

N

�R�
Cl

Cl

�
�

Cl

Cl

�Cl

�N

N

�Cl

�N

N�
R

I, II III IV, V

where R = H (I), Me (II, V), Cl (IV).

It is known that pyridazone I reacts with ammonia
[9], alkylamines [10], and hydrazine [11] selectively

with chlorine substitution at the 4-position of the pyr-
idazine ring. This is due to the activating effect of
the keto group on the 4-position in I [10, 12]. How-
ever, it has been reported [13, 14] that the reaction
of I with ammonia yields a mixture of 4-amino-5-
chloro-6-pyridazone VI and 5-amino-4-chloro-6-pyr-
idazone VII.

Our experiments showed that pyridazone I reacts
with methylhydrazine in 2-propanol strictly specifical-
ly to give 4-(1-methylhydrazino)-5-chloro-6-pyrida-
zone VIII in 95% yield. In methylation of VIII with
dimethyl sulfate in methanol in the presence of sodi-
um, the reaction occurs selectively at the 1-posi-
tion of the pyridazine ring, giving 1-methyl-4-(1-
methylhydrazino)-5-chloro-6-pyridazone IX in 37%
yield.

It is known [11] that the reaction of I with 95%
hydrazine in methanol yields exclusively 4-hydrazino-
5-chloro-6-pyridazone X. Its structure was determined
by hydrogenation (Pd/C) and independent synthesis of
the dechlorination products. However, under the ex-
perimental conditions, the reaction of I with 100% hy-
drazine hydrate in ethanol yields a mixture of pyrida-
zone X and 5-hydrazino-4-chloro-6-pyridazone XI in
29 and 48% yields, respectively, which is confirmed
by the 1H NMR and TLC data, and also by depression
of the melting point, observed on mixing X and XI.

Then we performed methylation of X with dimeth-
yl sulfate. The reaction was performed in the system
10% aqueous NaOH solution�CHCl3 in the presence
of Et4NI. The reaction occurs selectively at the N1

atom of the hydrazine moiety, yielding pyridazone
VIII:
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It is known that the reaction of pyridazone II with
various amines occurs selectively with the substitution
of chlorine at the 4-position of the pyridazine ring
[10]. We also studied the reactions of pyridazone II
with methylhydrazine and hydrazine hydrate. Pyrida-
zone II does not react with methylhydrazine in reflux-
ing alcohols (methanol, 56�C, 30 h; ethanol, 78�C,
30 h; 2-propanol, 86�C, 30�C; 1-butanol, 110�C,
30 h) and is recovered unchanged from the reaction
mixture. The attempted reaction of II with 100% hy-
drazine hydrate in ethanol and 2-propanol results in
tarring.

It is known that pyridazine III is synthesized by
the reaction of I with POCl3 [6]; acidolysis of III in
glacial acetic acid eliminates chlorine from the 3-posi-
tion of the pyridazine ring to give tion of I.

Our experiments showed that pyridazine III reacts
with methylhydrazine in 2-propanol at 45�C selective-
ly with substitution of the 5-Cl atom to give 5-(1-
methylhydrazino)-3,4-dichloropyridazine XII in 40%
yield. Acidolysis of XII in glacial acetic acid at 60�C
gives pyridazone VIII in 10% yield:

III
�
����Cl

MeN
�NH2

NH
N

����

MeNHNH2

i-PrOH
���

XII
�Cl

AcOH
VIIIIII

�
����Cl

MeN
�NH2

NH
N

����

MeNHNH2

i-PrOH
���

XII
�Cl

AcOH
VIII

The starting substrates IV and V were prepared
by the procedures described in [7, 8, 15]. We found
that pyridazine IV in ethanol at 78�C reacts with
methylhydrazine selectively with substitution of one
chlorine atom to give 3-(1-methylhydrazino)-6-chlo-
ropyridazine XIII in 55% yield. The reaction of V
with methylhydrazine in 1-butanol at 110�C gives
3-methyl-6 -(1-methylhydrazino)pyridazine XIV in
32% yield:

IV, V ����

MeNHNH2

�MeN�NH2

�N

N�
R

XIII, XIV

IV, V ����

MeNHNH2

�MeN�NH2

�N

N�
R

XIII, XIV

where R = Cl (XIII), Me (XIV).

EXPERIMENTAL

The 1H NMR spectra were measured on a DPX-300
spectrometer (300 MHz), solvent DMSO-d6, internal
reference TMS. The elemental analysis was performed
on a Hewlett�Packard automatic C, H,N analyzer.
The melting points were determined on a PTP device.
The TLC analysis was performed on Silufol UV-254
plates (eluent 90 vol % CHCl3�10 vol % MeOH), de-
velopment with UV light and iodine vapor.

4,5-Dichloro-6-pyridazone I and 1-methyl-4,5-di-
chloro-6-pyridazone II were prepared by the proce-
dure described in [5].

3,4,5-Trichloropyridazine III. To 10 ml of POCl3
we added with stirring 3 g of I. The mixture was
stirred at 70�C for 6 h, after which excess POCl3 was
distilled off. The residue was cooled to 0�2�C and
carefully neutralized with 5% aqueous NaOH. The pre-
cipitate of III was filtered off and dried in air; yield
1.45 g (43%), mp 56�58�C.

Found, %: C 26.10, H 0.01, N 15.20.

C4HCl3N2.

Calculated, %: C 26.16, H 0.01, N 15.26.

4-(1-Methylhydrazino)-5-chloro-6-pyridazone
VIII. (a) A 5-g portion of I was dissolved in 85 ml of
2-propanol, and a solution of 2.9 g of methylhydra-
zine in 15 ml of 2-propanol was added. The mixture
was refluxed with stirring for 2 h, after which it was
cooled and kept for 12 h at 0�C. The precipitate of
VIII was filtered off and dried in air; yield 5.04 g
(95%), mp 144�146�C (dec.). 1H NMR spectrum, �,
ppm: 12.40 s (1H, NH in heterocycle), 8.19 d (1H,
CH), 4.77 s (2H, NH2), 3.40 s (3H, Me).

Found, %: C 34.31, H 0.04, N 32.05.

C5H7ClN4O.

Calculated, %: C 34.38, H 0.04, N 32.09.

(b) A 2-g portion of X was dissolved in 20 ml of
10% aqueous NaOH, and 3.25 g of Et4NI was added.
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The mixture was heated with stirring to 30�C, and
2.1 ml of dimethyl sulfate in 20 ml of chloroform
was added. The resulting mixture was stirred at 40�C
for 10 h, cooled, and settled. The aqueous layer was
treated with a 20-ml portion of chloroform. The ex-
tract was combined with the organic phase, the sol-
vent was distilled off, and the precipitate of VIII was
dried in air and recrystallized from ethanol; yield
0.21 g (10%).

(c) A 2-g portion of XII was dissolved in 50 ml of
glacial acetic acid. The mixture was stirred at 60�C
for 12 h, cooled, and kept at 0�5�C for 12 h. The pre-
cipitate of VIII was filtered off, dried in air, and
recrystallized from ethanol; yield 0.19 g (10%).

1-Methyl-4-(1-methylhydrazino)-5-chloro-6-pyr-
idazone IX. A 2-g portion of Na was dissolved in
30 ml of methanol, 3 g of VIII was added, the mix-
ture was heated to 35�40�C, and a solution of 3 ml
of dimethyl sulfate in 5 ml of methanol was slowly
added with stirring. The mixture was stirred at 35�
40�C for an additional 14 h and cooled; excess meth-
anol was distilled off. The residue was mixed with
20 ml of 10% aqueous NaOH and treated with 50 ml
of chloroform. Excess chloroform was distilled off,
and the precipitate of IX was filtered off and dried
in air; yield 1.22 g (38%), mp 136�137�C. 1H NMR
spectrum, �, ppm: 8.19 s (1H, CH), 4.82 s (2H, NH2),
3.57 s (3H, CH3 in heterocycle), 3.38 s (3H, Me).

Found, %: C 38.15, H 4.72, N 29.68.

C6H9ClN4O.

Calculated, %: C 38.19, H 4.77, N 29.71.

4-Hydrazino-5-chloro-6-pyridazone X and 5-hy-
drazino-4-chloro-6-pyridazone XI. A 3.3-g portion
of I was dissolved in 60 ml of ethanol. This solution
was heated to 70�75�C, and 3 g of 100% hydrazine
hydrate in 10 ml of ethanol was added. The mixture
was stirred at 70�75�C for 4 h and cooled; the pre-
cipitate containing a mixture of X and XI was filtered
off and dried in air. To separate X and XI, the mixture
was boiled in 50 ml of water and filtered while hot to
separate difficultly soluble pyridazone XI. The mother
liquor was cooled, and the precipitate of X was fil-
tered off and dried; yield 0.95 g (30%), mp 195�C.
1H NMR spectrum, �, ppm: 12.30 s (1H, CH), 8.07 s
(1H, NH in heterocycle), 7.63 s (1H, NH), 4.62 s (2H,
NH2).

Found, %: C 29.83, H 3.09, N 34.80.

C4H5ClN4O.

Calculated, %: C 29.91, H 3.11, N 34.89.

For 5-hydrazino-4-chloro-6-pyridazone XI: yield
1.55 g (48%), mp 189�C. 1H NMR spectrum, �, ppm:
12.29 s (1H, CH), 8.07 s (1H, NH in heterocycle),
7.60 s (1H, NH), 4.50 s (2H, NH2).

Found, %: C 29.90, H 3.10, N 34.85.

C4H5ClN4O.

Calculated, %: C 29.91, H 3.11, N 34.89.

Mixing of X (Rf 0.11) and XI (Rf 0.35) showed
20�C depression of the melting point.

5-(1-Methylhydrazino)-3,4-dichloropyridazine
XII. A 3-g portion of III was dissolved in 30 ml of
2-propanol. The solution was heated with stirring to
40�C, a solution of 1.87 g of methylhydrazine in 5 ml
of 2-propanol was added, and the mixture was stirred
at 45�C for 10 h, cooled, and kept at 0�2�C for 12 h.
The precipitate of XII was filtered off and dried in air;
yield 1.27 g (40%), mp 116�117�C. 1H NMR spec-
trum, �, ppm: 9.11 s (1H, CH), 4.99 s (2H, NH2),
3.40 s (3H, Me).

Found, %: C 30.98, H 3.10, N 28.95.

C5H6Cl2N4.

Calculated, %: C 31.09, H 3.11, N 29.01.

3-(1-Methylhydrazino)-6-chloropyridazine XIII.
A 30-g portion of IV was dissolved with stirring in
200 ml of ethanol, a solution of 19.4 g of methyl-
hydrazine in 40 ml of ethanol was added, the mixture
was stirred at 70�80�C for 1 h, and the solvent was
distilled off. The residue was stirred with 200 ml
of water at 50�60�C until it completely dissolved.
The resulting mixture was cooled, and the precipitate
of XIII was filtered off, dried in air, and crystallized
from water or benzene; yield 17.5 g (55%), mp 110�
111�C. 1H NMR spectrum, �, ppm: 3.33 s (3H, Me),
4.61 s (2H, NH2), 7.23 d (1H, CH in heterocycle),
7.53 d (1H, CH in heterocycle).

Found, %: C 37.3, H 4.3, N 34.9.

C5H7ClN4.

Calculated, %: C 37.9, H 4.4, N 35.1.

3-Methyl-6-(1-methylhydrazino)pyridazine XIV.
A solution of 2.24 g of methylhydrazine in 10 ml of
1-butanol was added with stirring to a solution of
2.5 g of V in 25 ml of 1-butanol. The mixture was
stirred at 108�111�C for 1 h, and excess solvent was
distilled off. The residue was dissolved in 25 ml of
water and treated with 50 ml of chloroform. Excess
chloroform was distilled off, and the precipitate of
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XIV was filtered off, dried in air, and recrystallized
from CCl4; yield 0.91 g (32%), mp 73�75�C. 1H
NMR spectrum, �, ppm: 3.30 s (3H, Me), 4.38 s (2H,
NH2), 7.06 d (1H, CH in heterocycle), 7.39 d (1H,
CH in heterocycle).

Found, %: C 52.3, H 7.1, N 40.4.

C6H10N4.

Calculated, %: C 52.2, H 7.2, N 40.6.

CONCLUSIONS

(1) In the reaction of 4,5-dichloro-6-pyridazone
with methylhydrazine, the nucleophilic substitution of
chlorine occurs selectively at the 4-position of the ring
to give 4-(1-methylhydrazino)-5-chloro-6-pyridazone
(yield 95%), whereas the reaction of 4,5-dichloro-6-
pyridazone with hydrazine hydrate gives a mixture of
products of chlorine substitution at the 4-and 5-posi-
tions (yield 30 and 48%, respectively).

(2) 3,4,5-Trichloropyridazine reacts with methyl-
hydrazine in 2-propanol selectively with substitution
of the 5-Cl atom to give 5-(1-methylhydrazino)-3,4-
dichloropyridazine in 40% yield. Acidolysis of 5-(1-
methylhydrazino)-3,4-dichloropyridazione in glacial
acetic acid gives 4-(1-methylhydrazino)-5-chloro-6-
pyridazone (yield 10%).
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Abstract�Cleaning action and surfactant properties of a series of alkyl glucosides, having high detergent
power, emulsifying capacity, and biodegradability and low foaming capacity, were studied. The effects of
various factors on the cleaning action of the surfactants and compositions on them were investigated, allow-
ing prediction of the cleaning effect on the basis of data on physicochemical characteristics of the solutions
and process parameters.

Today there is a tendency to reduce the use of cer-
tain classes of surfactants polluting the environment
and to change them for new ones [1�3]. According-
ly, efforts are being made to develop new classes of
surfactants with reduced foaming capacity and mild
action, which operate at a lower temperature, with
synergistic action of their components [3�6]. Such
new surfactants should be environmental friendly and
cost efficient.

Alkyl glucosides only recently started to be used
in production of detergents, and, therefore, their prop-
erties are little studied. Some of them demonstrate
very good surfactant properties [7�9]. These surfac-
tants are stable in alkaline and acidic solutions and
show careful action with respect to color retention.
The use of this class of surfactants for production of
detergents shows promise not only from the efficiency
standpoint, but also in view of the environmental pro-
tection. Alkyl glucosides are characterized by high
biodegradability, as being manufactured from natural
raw materials. At the same time, these are mild, low-
toxic surfactants providing no skin irritation. Large-
scale application of alkyl glucosides was previously
limited by their high cost. However, in recent years,
the cost demonstrates a steady tendency to decrease.

Till now researchers mostly focused on long-chain
alkyl glucosides with a broad distribution of the num-
ber of carbon atoms in the chain (C10�C18) [8, 9].
Short-chain compounds virtually have not been stud-
ied. However, such alkyl glucosides are of interest in
view of the fact that they may have low foaming and
good emulsifying properties.

In this study, we examined the relationships between
the physicochemical characteristics of alkyl gluco-

sides C6H11O5�O�CnH2n + 1 and their cleaning prop-
erties. The results were then compared with those ob-
tained for the known anionic and nonionic surfactants:
linear sodium alkylbenzenesulfonate [SABS, C10�14�

(C6H4)�SO3Na], sodium alkylsulfonate (C12�18�

SO3Na), Syntanol DS-10 [C10�18�O(C2H4O)10H],
Syntanol ALM-10 [C12�14� O(C2H4O)10H], and Neo-
nol AF9-12 [C9H12�C6H4�O(C2H4O)12H]. We also
studied the effect of the length of the hydrocarbon
chain on the cleaning action and surfactant properties
in the homologous series of alkyl glucosides with
short (C6, C8, and C8�10) and long (C8�16 and C12�14)
chains. It should be pointed out that the short-chain
alkyl glucosides studied are new compounds, and their
cleaning action and surfactant properties have not
been investigated yet.

The cleaning action was determined from the white-
ness of laundered cotton fabric samples [10]. Then
the cleaning action in the test solutions was compared
with that obtained in a reference solution, Mref,
under similar conditions. The reference solutions con-
tained linear sodium alkylbenzenesulfonate (1 g l�1)
and sodium tripolyphosphate (2 g l�1) in accordance
with GOST (State Standard) 22 567.15�95. To elim-
inate some side effects, we used the relative cleaning
action of a compound Mrel = M /Mref as a basic param-
eter in analysis of the results.

It follows from the concentration dependences
of the relative cleaning action of alkyl glucosides
(Table 1) that the cleaning effect increases as the
hydrocarbon chain becomes longer. Short-chain alkyl
glucosides (C6 and C8) demonstrate low cleaning
action, while that of alkyl glucoside C8�10 is higher
as compared to SABS and sodium alkylsulfonate
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Cleaning effect of surfactants, Mrel.max, vs. their concen-
tration c: (1) SABS, (2) Neonol AF9-12, (3) alkyl glucoside
C8�16, and (4) alkyl glucoside C12�14.

(Volgonate). Alkyl glucosides C8�16 and C12�14 de-
monstrated very high cleaning effect, which ex-
ceeded that of all the previously studied surfactants.
The cleaning effect of alkyl glucoside C12�14 was
found to be slightly higher then that of C8�16.

Previously, we have shown [10, 11] that, for sur-
factants and detergents, the dependence of the relative
cleaning action Mrel on their concentration c in
aqueous solutions, being plotted in the reciprocal co-
ordinates, is a linear function expressed by Eq. (1).

Mrel = ������ ,
� + c

Mrel.max
(1)

where Mrel.max and � are the parameters suggested as
quantitative characteristics of the cleaning power of
detergents.

Data on the cleaning effect of alkyl glucosides
show that Eq. (1) is valid for this class of surfac-
tants. The figure demonstrates the dependence of
the reciprocal of Mrel.max on the reciprocal of c for
alkyl glucosides SABS and Neonol AF9-12. As seen,
the cleaning effect of alkyl glucosides C12�14 and
C8�16 is higher.

The cleaning effect of the conventional anionic and
nonionic surfactants (Table 1) depends on their struc-
ture and physicochemical characteristics, such as
the work of adsorption Wa, limiting adsorption �m,
critical micelle concentration CMC, and work of
micelle formation Wm. In this study, we examined
whether the general structure-property relationships
are valid for alkyl glucosides.

Table 1 summarizes the physicochemical charac-
teristics of alkyl glucosides, determined from the ex-
perimental surface tension isotherms. The results re-
veal that the work of adsorption increases with in-
creasing length of the alkyl chain of surfactants. Since
the work of adsorption is a measure of the surface
activity, which, in turn, controls the cleaning effect,
it may be suggested that an increase in the work of ad-
sorption causes to a significant extent an increase in
the cleaning effect in the series of alkyl glucosides
and formulations based on them.

The cleaning action is also associated with the crit-
ical micelle concentration. Cleaning requires a certain
amount of a surfactant for wetting of the surface to be
cleaned, emulsification of liquid pollutants and sus-
pension of solid pollutants, foaming, and protection

Table 1. Relative cleaning effect Mrel and surfactant properties of alkyl glucosides and several anionic and nonionic
surfactants*

������������������������������������������������������������������������������������

Surfactant
� Mrel at indicated c, g l�1 �

�m �106, � Wa,
� cCMC, � Wm,

������������������������������������ � � �
� 0.5 � 1.0 � 3.0 � 5.0 � 10.0 � mol m�2

� kJ mol�1
� g l�1

� kJ mol�1

������������������������������������������������������������������������������������
Alkyl glucoside: � � � � � � � � �

C6 � 0.06 � 0.10 � 0.17 � 0.20 � 0.23 � 3.0 � 23.4 � 5.86 � 18.9
C8 � 0.10 � 0.16 � 0.27 � 0.31 � 0.37 � 3.0 � 25.6 � 3.56 � 20.4
C8�10 � 0.23 � 0.36 � 0.58 � 0.65 � 0.71 � 2.9 � 31.1 � 0.92 � 23.8
C12�14 � 0.56 � 0.75 � 0.90 � 0.98 � 1.02 � 2.8 � 41.0 � 0.01 � 35.1
C8�16 � 0.53 � 0.71 � 0.85 � 0.92 � 0.97 � 2.9 � 39.2 � 0.02 � 33.3

SABS � 0.19 � 0.33 � 0.53 � 0.59 � 0.69 � 3.4 � 26.3 � 1.420 � 23.7
Volgonate � 0.18 � 0.29 � 0.54 � 0.61 � 0.70 � 3.5 � 26.1 � 1.170 � 23.8
Syntanol DS-10 � 0.52 � 0.61 � 0.65 � 0.69 � 0.72 � 2.9 � 36.7 � 0.046 � 34.0
Neonol AF9-12 � 0.53 � 0.65 � 0.68 � 0.70 � 0.74 � 2.6 � 38.5 � 0.061 � 33.0
Syntanol ALM-10 � 0.47 � 0.57 � 0.63 � 0.66 � 0.70 � 2.9 � 33.8 � 0.086 � 31.3
������������������������������������������������������������������������������������
* (�m) Limiting adsorption, (Wa) work of adsorption, (CMC) critical micelle concentration, and (Wm) work of micelle formation.
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from resorption. After establishment of the critical
micelle concentration, the fatty and solid pollutants
are additionally stabilized in the surfactant micelles.
With increasing surfactant concentration in the solu-
tion, the solubilization increases, as new coarser mi-
cellar structures are formed, providing an additional
potential for retention of pollutants. Table 1 shows
that, with increasing length of the hydrocarbon chain
in the alkyl glucoside molecules, their CMC decreases
and work of adsorption increases. Therefore, these
factors can also enhance the cleaning effect with in-
creasing length of the chain.

The limiting adsorption is controlled in our case by
the chemical nature of the polar fragment of a sur-
factant, which is the same in all the alkyl glucosides
studied. Therefore, the limiting adsorption should be
constant throughout the homologous series (Table 1),
being about 2.9 mol m�2.

The hydrophilic�lipophilic balance (HLB) for the
alkyl glucosides is as follows: C6 17, C8 16, C8�10
14�12, C12�14 14�12, and C8�16 16�14, suggesting
that these surfactants are direct-emulsion emulsifiers.

Alkyl glucosides C8�16 and C12�14 demonstrate
a higher cleaning effect as compared to nonionic sur-
factants examined in this study (Table 1). According-
ly, they have a higher work of adsorption and lower
CMC.

The cleaning effect of alkyl glucoside C8�10 is
slightly higher than that of SABS. Correspondingly,
this glucoside has a higher work of adsorption and
lower limiting adsorption and CMC (Table 1).

Thus, the general structure�property relationships
typical of the conventional nonionic and anionic sur-
factants are valid for alkyl glucosides too.

We also studied the cleaning effect of 1 : 1 (by
weight) surfactant�soda binary mixtures. Table 2
shows that, for alkyl glucosides C8�10 and C12�14,
the cleaning effect of such mixtures is considerably
higher over the entire experimental concentration range
as compared to SABS�soda mixtures.

The foaming capacity of the alkyl glucosides was
determined by the Ross�Miles method, which is ac-
cepted as a standard procedure in many countries.
The measurements were carried out at a constant con-
centration (0.5 g l�1) and temperature (20�C) (Table 3).
As seen, short-chain glucosides demonstrate very low
foaming capacity, allowing their use in those cases
when foaming is undesirable. The foaming capacity
of alkyl glucosides C8�10, C12�14, and C8�16 is lower
than that of SABS, making it possible to use them

Table 2. Relative cleaning effect Mrel of 1 : 1 surfactant�
soda binary mixtures
����������������������������������������

Surfactant
� Mrel at indicated c, g l�1

����������������������������
� 0.5 � 1.0 � 3.0 � 5.0 � 10.0

����������������������������������������
Alkyl glucoside: � � � � �

C6 � 0.41 � 0.59 � 0.68 � 0.72 � 0.80
C8 � 0.46 � 0.62 � 0.73 � 0.81 � 0.87
C8�10 � 0.70 � 0.93 � 1.17 � 1.27 � 1.32
C12�14 � 0.82 � 1.10 � 1.48 � 1.58 � 1.65

SABS � 0.67 � 0.86 � 0.99 � 1.02 � 1.05
����������������������������������������

Table 3. Foaming capacity of alkyl glucosides and sodium
alkylbenzenesulfonate
����������������������������������������

Surfactant
� Foam height, mm, at indicated �, min
����������������������������
� 0 � 3 � 5

����������������������������������������
Alkyl glucoside: � � �

C6 � 2 � 0 � 0
C8 � 4 � 0 � 0
C8�10 � 90 � 79 � 78
C12�14 � 98 � 86 � 83
C8�16 � 109 � 96 � 94

SABS � 118 � 105 � 100
����������������������������������������

instead of SABS in low-foam detergents. Alkyl glu-
coside C12�14 has a higher cleaning effect and lower
foaming capacity as compared to C8�16, which makes
it preferable to use the former surfactant in produc-
tion of detergents.

We studied the cleaning effect of alkyl glucosides
C8�10, C12�14, and C8�16 at 30�C (Table 4). The results
show that the difference in the cleaning effect of
the alkyl glucosides and SABS at lower temperature
(30�C) becomes even stronger than that at 80�C.
Therefore, these surfactants are preferable in produc-
tion of low-temperature detergents.

Alkyl glucosides C8�10, C12�14, and C8�16 and
mixtures based on them can be used as components of
detergent formulations intended for strongly polluted
surfaces, i.e., in those cases when highly concentrated
detergents are needed. The high cleaning power of the
alkyl glucosides and mixtures on their basis allows
considerable improvement of the quality of formula-
tions with the total amount of an active compound
remaining unchanged. Furthermore, the use of alkyl
glucosides allows reduction in the total surfactant
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Table 4. Relative cleaning effect Mrel of surfactants at 30 and 80�C
������������������������������������������������������������������������������������

Surfactant

� Mrel at indicated c, g l�1

���������������������������������������������������������������������
� 0.5 � 1.0 � 3.0 � 5.0 � 10.0 � 0.5 � 1.0 � 3.0 � 5.0 � 10.0
���������������������������������������������������������������������
� 30�C � 80�C

������������������������������������������������������������������������������������
Alkyl glucoside: � � � � � � � � � �

C8�10 � 0.20 � 0.29 � 0.46 � 0.51 � 0.57 � 0.23 � 0.36 � 0.58 � 0.65 � 0.71
C12�14 � 0.45 � 0.59 � 0.70 � 0.77 � 0.81 � 0.56 � 0.75 � 0.90 � 0.98 � 1.02
C8�16 � 0.43 � 0.57 � 0.68 � 0.72 � 0.77 � 0.53 � 0.71 � 0.85 � 0.92 � 0.97

SABS � 0.13 � 0.21 � 0.37 � 0.41 � 0.48 � 0.19 � 0.32 � 0.53 � 0.59 � 0.69
������������������������������������������������������������������������������������

Table 5. Basic factors controlling the cleaning capacity of surfactants and formulations and conditions necessary to
enhance their cleaning effect
������������������������������������������������������������������������������������

Stage of cleaning
� Physicochemical characteristics �

Investigated range
� Conditions necessary

� and factors of influence � � to increase the effect*

������������������������������������������������������������������������������������
Adsorption � Work of adsorption � 26�41 kJ mol�1 � �

� Limiting adsorption � (2.6�3.5) � 10�6 mol m�2 � �

Wetting and replace- � Surface tension at the cleaning � 40�29 mJ m�2 � 	os 
 	wo + 	ws
ment of pollutants � solution�air interface 	w � �
Emulsifying � Hydrophilic�hydrophobic balance � 5�17 � 8�14
Solubilization � CMC � 0.01�1.40 g l�1 � �
������������������������������������������������������������������������������������
Process conditions � Addition of alkali salt � 25/75�75/25 � 50/50

� (surfactant/salt weight ratio) � �
� Temperature � 30�85�C �Mt

max = 8.65M 30
max e�661/T

� Concentration � 0.5�50.0 g l�1 �Mrel = Mrel.max c/(� + c)
� Mechanical activation (agitation rate) � 50�200 rpm � �

������������������������������������������������������������������������������������
* Increase (�) or decrease (�) in the factor value results in increasing cleaning capacity; (�wo, �ws, �os) surface tension at

the aqueous surfactant solution�nonpolar pollutant, surfactant solution�solid surface, and pollutant�solid surface interfaces,
respectively.

content with the quality of the formulation remaining
unchanged. This is important not only from the stand-
point of economy, but also in view of the environ-
mental protection demands (discharge of organics to
the environment decreases).

Short-chain alkyl glucosides C6 and C8 can be used
as components facilitating dissolution of surfactants
and various additives in water, i.e., as hydrotropes.
The estimated HLB values suggest that short-chain
alkyl glucosides can be effective emulsifiers of the
first kind. As known, recently a need arose in devel-
opment of low-foam surfactants [2]. Since the clean-
ing effect of short-chain alkyl glucosides considerably
increases in the presence of mineral salts, they can be
used in emulsifying low-foam detergents.

Based on data on the cleaning effect and surfactant
properties of various classes of surfactants and for-
mulations, we obtained the dependences of the clean-
ing capacity on various factors. The basic physico-
chemical characteristics, factors of influence, and con-
ditions necessary to enhance the cleaning effect are
summarized in Table 5. These results allow prediction
of the cleaning power of surfactants and formulations
based on them.

It can be seen that in the concentration range
practically significant for laundering of fabric
(0.5�5.0 g l�1), the maximum cleaning effect and,
accordingly, high Mrel.max and low � [Eq. (1)]
are demonstrated by surfactants having the fol-
lowing physicochemical characteristics: Wa = 38�
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41 kJ mol�1, �m = (2.6�2.9) � 10�6 mol m�2, and
CMC = 0.01�0.06 g l�1.

Addition of alkali salts (soda, sodium metasilicate,
and sodium tripolyphosphate) enhances the cleaning
effect of the mixtures by 30�100% as compared to
the individual surfactants.

CONCLUSIONS

(1) A study of the cleaning effect and surfactant
properties of a series of alkyl glucosides, C6, C8,
C8�10, C8�16, and C12�14 revealed that, with increasing
length of the hydrocarbon chain, the critical micelle
concentration of the alkyl glucosides decreases, the
work of adsorption increases, and the limiting adsorp-
tion remains approximately constant. Accordingly, the
cleaning effect increases. The surfactants studied de-
monstrate good cleaning and emulsifying properties
and low foam. Recommendations are made on prac-
tical use of the alkyl glucosides in detergent formula-
tions.

(2) Systematization is made of the basic factors
controlling the cleaning properties of surfactants and
formulations and also of conditions necessary to en-
hance the cleaning effect.
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Abstract�The results of an experimental study of how pH varies in the course of a reaction between sodium
sulfite and carbonyl compounds are presented.

It is commonly believed that, of all carbonyl com-
pounds, only formaldehyde can react with sodium sul-
fite with a nearly quantitative yield [1]. However,
this is far from being the case. A similar reaction
proceeds to a large extent with acetaldehyde, too [2],
even though at lower rates and smaller maximum con-
version. If the HA acid is introduced dropwise,
following a certain program, the process occurs quan-
titatively with numerous carbonyl compounds. [2�4].
As this process is used industrially, in particular, in
manufacture of greasing and emulsifying formulations
for leather and fur [5�7], it was of interest to study
it in more detail.

The experiment was carried out as follows. A re-
actor with a mechanical or magnetic stirrer and elec-
trodes for pH measurements was charged with a cer-
tain amount of a preliminarily prepared solution of
Na2SO3 (commonly 100 ml of a 0.5�1.3 M solution)
and agitation was switched on. After that, a calculated
amount of a carbonyl compound (most frequently,
also in the form of a preliminarily prepared solution)
was introduced and the variation of the pH values was
monitored. Commonly, these values increased rather
rapidly. At some instant of this rise, a 5�10 N solution
of a mineral or carboxylic HA acid started to be in-
troduced in an amount equivalent to the content of
Na2SO3 in the starting reaction mixture. The acid was
introduced for 10�150 min. High concentrations of
the HA acid were chosen in order to avoid a strong
dilution of the reaction mixture and the inevitably
resulting distortion of the results obtained. After about
90% of the calculated amount of the acid was intro-
duced, the rate of its introduction was considerably
lowered or a more diluted acid was used. This was

done in order not to pass through the point corre-
sponding to the 100% conversion of the carbonyl
compound (see table). Simultaneously, the reaction
mixture was sampled to determine the content of
the carbonyl compound and the sum of Na2SO3 and
NaHSO3.

In those cases when the solubility of a carbonyl
compound in water was insufficient, attempts were

Effect of the nature of a carbonyl compound on the pH
value reached by the end of the 2nd minute after the
introduction of this compound into a Na2SO3 solution
(pH1) and by the time of its nearly complete consumption
(pH2) (equimolecular amounts of the reagents)
����������������������������������������

Carbonyl compound, �
pH0

* �
pH1

�
pH2mole � � �

����������������������������������������
Aldehyde: � � �

acetic, 0.10 � 10.05 � 12.82 � 6.25
propionic, 0.10 � 10.25 � 12.65 � 6.21
benzoic, 0.10 � 10.02 � 11.42 � 6.23
meta-nitrobenzoic, 0.05 � 9.40 � 11.36 � 6.43
para-chlorobenzoic, 0.05 � 9.82 � 11.15 � 6.32
ortho-nitrobenzoic, 0.05 � 9.45 � 10.95 � 6.70
para-nitrobenzoic, 0.05 � 9.45 � 10.65 � 6.25
meta-bromobenzoic, 0.05 � 9.85 � 10.38 � 6.65

Ketone: � � �
acetone, 0.10 � 9.75 � 11.50 � 6.25
cyclohexanone, 0.10 � 10.43 � 11.51 � 6.15
methyl butyl ketone, 0.10 � 9.94 � 10.45 � 6.22
acetophenone, 0.10 � 10.25 � 10.46 � 6.55

����������������������������������������
* Before introduction of a carbonyl compound.
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made to raise the solubility by introducing 5�30 vol %
water-soluble alcohols into the reaction mixture.
When these attempts failed, the carbonyl compound
was preliminarily dissolved in an appropriate or-
ganic solvent and the resulting solution was intro-
duced, together with a Na2SO3 solution in a 1 : (1�1.5)
ratio by volume, into the reactor, with the emulsion
maintained by means of agitation in a state uniform
throughout the volume. In some cases, in particular,
when the densities of the aqueous and organic phases
differed by a factor of 1.5 and more, the process under
consideration was performed in a bead mill with oc-
casional monitoring of the pH value of the aqueous
phase outside the working zone of the reactor.

Figure 1 shows how the pH values in the systems
Na2SO3�acetaldehyde and Na2SO3�acetone vary with
the amount of acid introduced and the correspond-
ing variation of the concentrations of carbonyl com-
pounds. A significant change in behavior on passing
from an aldehyde to a ketone is well seen. In the case
of the aldehyde, the initial pH value is considerably
higher and falls as the amount of the acid introduced
increases at a substantially slower rate, whereas the
concentration of the carbonyl compound, contrari-
wise, decreases faster. This behavior is observed until
the conversion of the carbonyl compound exceeds
80�85%, and after that the dependences for the alde-
hyde and ketone are described by virtually the same
curve.

In an aqueous solution of Na2SO3, there exists
the equilibrium

Na2SO3 + H2O �� NaHSO3 + NaOH. (I)

If a carbonyl compound is introduced into such
a solution, the following reaction occurs:

k2
�C=O + NaHSO3 �� �C(OH)SO3Na. (II)

This reaction results in that the equilibrium of re-
action (I) is shifted to the right, and this predetermines
a rise in the pH value of the reaction mixture. For
aldehydes with high reactivity in reaction(II), the rise
in the pH value is rather significant. In particular,
at the initial concentrations of acetaldehyde and
Na2SO3 equal to 1 M, the pH value changes from
9.4 at � = 0 to 13.5 during the first 37 min and,
further, to 13.7 at � = 1500 min. Such a variation
of the pH value with time [the function pH = f (�)
was recorded automatically] can be easily recalculated
to a kinetic curve of NaOH accumulation (for the case
in question, this is the range 3 � 10�5

��0.5 M),

Fig. 1. (1, 3) pH value and (2, 4) the corresponding con-
centrations of carbonyl compounds vs. the amount nHA
of HCl introduced into the systems (1, 2) Na2SO3�acetal-
dehyde and (3, 4) Na2SO3�acetone. Dosage of each reagent
0.098 M; temperature 23�C, agitation with a magnetic stirrer.

which can be graphically differentiated to obtain
values of dcNaOH/d�.

Summation of the stoichiometric equations (I) and
(II) yields the reaction equation

�C=O + Na2SO3 + H2O � �C(OH)SO3Na + NaOH, (III)

according to which the rate of NaOH accumulation
must be equal to the consumption rates of both
Na2SO3 and the carbonyl compound. This makes it
possible to express the rate of reaction (II) in terms of
the rate of NaOH accumulation:

dcNaOH����� = ����� = k2 cNaHSO3
.

dc �C=O

d�d�
c �C=O (1)

The concentrations of reagents in Eq. (1) are re-
lated to the concentration cNaOH by the following ex-
pressions

c
�C=O = � cNaOH ,c

�C=O
0 (2)

cNaHSO3
= �������������������� .

6.3 � 10�8(cNaHSO3
� cNaOH)0

cNaOH
(3)

Substitution of Eqs. (2) and (3) into (1) gives
the formula for evaluation of k2. The value of k2 for
acetaldehyde was approximately 40000 M�1.

The value of k2, estimated for acetone in a simi-
lar way, is approximately three orders of magnitude
smaller. Therefore, the maximum conversion of a car-
bonyl compound by Eq. (III), �max, is only several
percent, against 40% and more for acetaldehyde. As
(0.7�0.8)�max is reached during the first several
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Fig. 2. Automatically recorded variation of the pH value
with time � at different concentrations of sulfuric acid
introduced in the course of the reaction between acetone
and Na2SO3 at 17�C. Dosage of each reagent 0.10 mole.
H2SO4 concentration (equiv l�1): (1) 8.6 and (2, 3) 1.05.

minutes, the corresponding rise in the pH value can
be used for a rough estimate of the reactivity of a car-
bonyl compound under the chosen conditions (see
table).

To raise the rate of the reaction between Na2SO3
and carbonyl compounds and make this reaction vir-
tually quantitative, it is necessary to take the HA acid
instead of water in the stoichiometric equation (III).
This leads to the reliably practically substantiated
stoichiometric equation

�C=O + Na2SO3 + HA � �C(OH)SO3Na + NaA. (IV)

In accordance with this equation, for 1 mol of a car-
bonyl compound to be converted into a hydrosulfite
derivative, it is necessary to introduce 1 mol of HA
acid (1 mol-equiv for polybasic acids), in a good
agreement with the data in Fig. 1.

Equation (IV) can be obtained by summing up
the stoichiometric equations (I), (II), and (V):

NaOH + HA � NaA + H2O. (V)

In this case, the role of the acid consists only in
neutralization of the alkali accumulated in accordance
with Eq. (III). However, such a function of the acid
cannot be accepted as the only one, because it was
established experimentally that reaction (IV) may
occur quantitatively and at a comparable rate in a vir-
tually anhydrous medium, i.e., between solutions of
carbonyl compounds in organic solvents and solid
Na2SO3 (with a bead mill as a reactor). As for the
aqueous medium, reaction (V) accelerates reaction (II),
and does so the more strongly, the larger the value of
k2. However, as shown by the experiment, the system
of reactions (I) + (II) + (V) [ or (III) + (V)] cannot
ensure a quantitative extent of reaction (IV) by itself

even at very large values of k2. This occurs if the stoi-
chiometric equation (IV) is represented as a sequence
of reactions (II) and (VI):

Na2SO3 + HA � NaHSO3 + NaA. (VI)

Most part of a carbonyl compound whose reactivity
is comparable with, or is significantly lower than
that of acetone is consumed in accordance with this
scheme. Also by this scheme occur the final stages
of reactions involving more reactive aldehydes (after
curves 1 and 3 in Fig. 1 merge).

As mentioned in [8], more than 80�90% of the ini-
tial amount of Na2SO3 is selectively converted into
NaHSO3 under model conditions in the case of hy-
drochloric or nitric acids. The competitive capacity
of reaction (VI) is high as compared with the reac-
tions in which H2SO3 (SO2(d) + H2O is formed from
NaHSO3 and spherical nickel hydroxide, or other min-
eral or carboxylic acids are used. This offers a clear
view of why even high rates of introduction of the HA
acid, dnHA/d�, in systems with cNa2SO3

> 0.2 mol kg�1

do not lead to decomposition of the hydrosulfite de-
rivative even in local zones formed immediately after
the introduction of a drop of concentrated acid into
the reaction mixture. And only at very low residual
concentrations of Na2SO3 it is appropriate to make
lower the rate of introduction of the HA acid, which
can be most easily done by taking 0.5�1 N solutions
instead of 5�10 N solutions and by maintaining a near-
ly constant rate of introduction of the solution itself.
Naturally, the latter rate can be lowered too, which
has no effect on the function pH = �(nHA), as de-
monstrated by a direct experiment.

The rate of introduction of the HA acid fully pre-
determines not only the process duration, but also
the function pH = f (�), as can be well seen in Fig. 2.
One and the same process can be completed quanti-
tatively in periods of time that differ by a factor of
10 and more. At a high rate dnHA/d�, it is possible to
pass, in the final stages, the point at which c�C=O � 0,
with the concentration of the carbonyl compound in-
creased because of the decomposition of the hydro-
sulfite derivative (Fig. 1). At low rate, the process
duration may become too long. At the same time, it is
possible to obtain a more acceptable (if not the opti-
mal) variant by considerably lowering dnHA/d�. Hence
follows that process (IV) under consideration occurs
in a clearly pronounced diffusion mode, with the
mechanical introduction of the HA acid into the sys-
tem being the rate-determining stage.

It was established that the quantitative character-
istics of the function pH = �(nHA) are virtually in-
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dependent of the nature of an HA acid (confirmed for
hydrochloric, hydrobromic, formic, acetic, chloro-
acetic, trichloroacetic, sulfuric, oxalic, malonic, ortho-
phosphoric, and citric acids; the differences in pKa
values between the first and subsequent stages of dis-
sociation of polybasic acids are of no fundamental
importance). Also unimportant is the presence in so-
lution in amounts of up to 20 wt % of water-soluble
organic substances (e.g., propanol-2, ethyl cellosolve).
However, these characteristics strongly depend on
the ratio of the initial concentrations of the carbonyl
compound and Na2SO3. This is readily illustrated by
the data in Fig. 3, in which the ratio between the num-
ber of mol-equiv of the acid introduced and the initial
concentration of the reagent taken in deficiency is
plotted along the abscissa axis. It was confirmed ex-
perimentally that, with the data presented in this form,
it is the ratio of the initial concentrations of Na2SO3
and the carbonyl compound that is important. At dif-
ferent initial concentrations of these reagents, but
equal ratios of these concentrations, the dependence in
the coordinates of Fig. 3 will be represented by actual-
ly a single curve.

Curves describing how the pH value varies upon
introduction of the acid in the case of reaction (VI)
occurring under model conditions with the use of HCl
and a number of other acids are plotted in Fig. 3 as aux-
iliary lines. For these curves, the quantity chosen to be
plotted along the abscissa axis is also nHA/n0

Na2SO3
.

This is done to facilitate the interpretation of how
the pH value varies in the case when the carbonyl
compound and Na2SO3 are taken in excess in carrying
out the main process.

As can be seen from a comparison of curves 1
and 2 in Fig. 3, the excess of acetone leads to higher
pH values over virtually the entire range of varia-
tion of the molar ratio of the amounts of acid and
a reagent taken in deficiency. The only exception
are the values close or equal to unity, when the cur-
ves under consideration converge to a point. This
circumstance is quite understandable, because such
an excess will favor a decrease in the running concen-
trations of Na2SO3 and will shift the equilibrium of
reaction (I) to the right; and the higher the reactivity
of a carbonyl compound and its concentration, in
the more alkaline medium will the process develop
(Fig. 1).

In the case of an excess of Na2SO3, the amount of
the acid introduced will be constituted by the amount
consumed for a quantitative conversion of the car-
bonyl compound by reaction (IV) and for partial con-
version of the excess amount of Na2SO3 into NaHSO3
on reaching pH 6.3�6.5, which corresponds to the in-

Fig. 3. Variation of the pH value in the course of
(1�3) process (IV) and (4�6) its stage (VI) under model
conditions with the relative amount of the acid introduced,
nHA/n0 (n0, amount of the reagent taken in deficiency).
Temperature 23�C, agitation with a magnetic stirrer. Dosage
(mole): Na2SO3: (1, 2) 0.05 and (3, 6) 0.10; acetone:
(1, 3) 0.05 and (2) 0.10. Acid: (1�4) hydrochloric, (5) mo-
nochloroacetic, and (6) para-toluenesulfonic acid.

stant (denoted by the horizontal line) when the re-
sidual amount of the reacting carbonyl compound will
approach to zero (see table).

As can be seen in Fig. 3 (curves 4�6), the frac-
tion of Na2SO3 consumed in reaction (VI) by the in-
stant of time when this pH value is reached depends
on the nature of an HA acid used. It is about 50%
for HCl, 40% for HNO3, 33�35% for NaHSO4 and
ClCH2COOH, 17% for para-CH3C6H4SO3H, etc. If
the fractions corresponding to the above percentages
are denoted by �, the following formula can be sug-
gested for calculating the number of moles (mol-equiv)
of the acid to be introduced for reaching pH �6.3�6.5
in the case of an excess amount of Na2SO3:

nHA = n0
�C=O + �(n0

Na2SO3
� n0

�C=O). (4)

Equation (4) is highly important for several rea-
sons. First, the quantity nHA is one of the most easily,
rapidly, and accurately determinable in a kinetic ex-
periment. At the same time, simultaneous monitoring
of pH and nHA can furnish a sufficient information
about the course of the process in such an exper-
iment. Second, the lower the reactivity of a carbonyl
compound, the larger excess of Na2SO3 is necessary
to faster obtaining a hydrosulfite derivative in a
quantitative yield. In this case, not only the value of
nHA/n 0

Na2SO3
is important, but also that of �. Naturally,

the choice should ensure the highest value of �. Third,
Eq. (4) shows how the instant of completion of the
target process can be determined if there are no other
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Fig. 4. pH value vs. the amount of hydrochloric acid, nHCl,
introduced in the course of reaction between para-oxy-
benzaldehyde with Na2SO3 at different amounts of para-
oxybenzoic acid introduced with the aldehyde. para-Oxy-
benzoic acid impurity (mole): (1) virtually absent, (2) 0.010,
and (3) 0.018.

reliable methods that can be used for this purpose:
It is necessary to introduce a calculated amount of
the acid in such a way that the intermediate pH value
is not lower than 6.3�6.5.

A number of long-stored carbonyl compounds,
especially aldehydes, contain as impurities products
of their oxidation by atmospheric oxygen, which, in
particular, include acids. As the strength of an acid
in performing process (IV) is of no importance in
a rather wide range of its values, acid impurities in
aldehydes do not interfere with the process under con-
sideration. The amount of a mineral or carboxylic acid
to be introduced to ensure a quantitative conversion
of a carbonyl compound into a hydrosulfite deriv-
ative is simply decreased by the number of mol-equiv
of the acid coming as impurity with the aldehyde
(Fig. 4).

CONCLUSIONS

(1) The variation of the pH value with time upon
introduction of a water-soluble reactive aldehyde into
a Na2SO3 solution makes it possible to estimate the
rate constant of an exceedingly fast reaction of this
aldehyde with NaHSO3.

(2) In the case of a dropwise introduction of a min-
eral or carboxylic acid into the system constituted
by sodium sulfite and a carbonyl compound, there
exist two pathways of intermediate conversion of
Na2SO3 into NaHSO3. The competitive capacity of
these pathways depends on the nature and reactivity
of a carbonyl compound, Na2SO3 concentration (es-
pecially in the range � 0.2 M), presence and amount
of water in the system, but is virtually independent of
the nature of an acid being added.

(3) Quantitative conversion of a carbonyl compound
into a hydrosulfite derivative not only in a virtually
anhydrous medium, but also in aqueous and aqueous-
organic media, is provided by a fast reaction of Na2SO3
with an acid to give NaHSO3 and a salt of the acid.
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Abstract�Adsorption and chemisorption of bovine serum albumin on polystyrene particles obtained by
dispersion polymerization and containing graft polystyrene/polyvinylpyrrolidone copolymers and carboxy
groups of the initiator in the surface layer were studied.

Binding of immunochemicals to the surface of
micrometer polymer particles facilitates observation
of immunochemical reactions, allows modeling of the
behavior of biological objects and, in particular, bac-
teria or elements of blood, and improves the perfor-
mance of diagnostic tests [1]. Such monodisperse po-
lystyrene (PS)-based particles with a modified struc-
ture of the surface layer were obtained by dispersion
polymerization of styrene in alcoholic solutions in the
presence of polyvinylpyrrolidone (PVP) and 4,4�-azo-
bis(4-cyanoisovaleric acid) (CVA) as an initiator [2].
The surface layer of these particles is composed by
in situ formed graft PS/PVP copolymers, which, being
diphilic, better stabilize the dispersion than the initial
PVP. The carboxy groups of the initiator are localized
at the ends of the side chains of PS, and, being ion-
ized, impart a surface charge to the particles, thus
providing their additional stabilization by virtue of
the electrostatic factor. Hydrophilization of the par-
ticles through the effect of the PVP blocks of the graft
copolymers can reduce the probability of nonspecific
hydrophobic interactions in the surface layer in the
course of immunochemical reactions.

Previously, we have shown [2] that the size of
monodisperse PS particles, as well the concentration
of the carboxy groups on their surface, can be con-
trolled in the course of synthesis by varying the re-
agent concentrations, composition of the dispersion
medium, and polymerization temperature. At the same
time, it was found that these factors also influence
the structure of the resulting graft copolymers. The
structure of the surface of the resulting PS particles
may determine their capacity for adsorption and co-

valent binding of proteins, and, therefore, their effec-
tiveness as carriers for immunochemicals. Therefore,
in order to obtain particles in which the structure of
the surface layer would be optimal for binding of bio-
ligands, we examined this study the effect of the graft
copolymers on these characteristics.

EXPERIMENTAL

Polystyrene latexes were obtained by CVA-initiated
dispersion polymerization of styrene at 351 �1 K in
ethanol containing 7 wt % double-distilled water. As
an initial steric stabilizer we used medical grade PVP
with MW 35000 � 5000 (Farmakon Joint-Stock Com-
pany, St. Petersburg, Russia). Synthesis, purification,
and analysis of the resulting PS particles for their dis-
persity and surface functionality, and also the meth-
ods for partial extraction of the graft copolymers from
the surface layer of the particles and of an IR spectro-
scopic and conductometric study of their structure and
composition are described in detail in [2]. Table 1
listed the compositions of the reaction mixtures and
characteristics of the resulting PS particles used to
their capacity to bind protein.

As an adsorbate we employed bovine serum albu-
min (BSA), which is widely used in immunoassay
as a carrier for small antigens and also as a blocking
agent for protection of a hydrophobic surface from
nonspecific interactions with proteins from the sample
to be analyzed. Purification and analysis of BSA are
described elsewhere [3]. Covalent binding of BSA to
the surface of PS microspheres was carried out after
preactivation of the surface carboxy groups with wa-
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Table 1. Conditions of synthesis and characteristics of PS particles*

������������������������������������������������������������������������������������

Sample �[Styrene],� [PVP], � [CVA], wt %�Diameter,� Particle dispersivity � � [COOH], �
� � � � ����������������� � �no. � M �

g l�1 � relative �
�m � � Ssp, m2 g�1 � mg-equiv m�2 � pHIEP

� � � to [PVP] � � K � �, % � � �
������������������������������������������������������������������������������������

1 � 1.53 � 20 � 2.0 � 1.36 � 1.0011 � 3.4 � 4.20 � 1.7 � 2.0
2 � 1.72 � 20 � 2.0 � 1.46 � 1.0038 � 6.2 � 3.80 � 1.5 � 2.3
3 � 1.92 � 10 � 4.0 � 2.50 � 1.0013 � 3.6 � 2.28 � 2.8 � 2.2
4 � 1.92 � 15 � 2.7 � 1.90 � 1.0035 � 5.9 � 3.01 � 1.4 � 2.1

������������������������������������������������������������������������������������
* (K ) Polydispersity factor, K = Dm /Dn, where Dm and Dn are the weight-average and number-average diameters, respectively;

(�) room-mean-square variance; and (IEP) isoelectric point.

ter-soluble 1-[3-(dimethylamino)propyl]-3-ethylcarbo-
diimide hydrochloride (Sigma) in the presence of
N-hydroxybenzotriazole (Sigma), which were taken
in the equimolar proportion relative to the surface car-
boxy groups [4]. The process was carried out at 0�C in
10�2 M 2-(N-morpholino)ethanesulfonic acid (MESA,
Reanal) (pH 5.5) for 15 min. Then these reagents were
removed by centrifugation; the PS particles were re-
dispersed in the MES solution; 0.05�1.50 mg ml�1

BSA solution in the same buffer was added; and
the system was allowed to stand for 24 h at 20�C.

When the activation and covalent binding stages
are performed separately, the carboxy groups of

Fig. 1. IR spectra: (a) PS, (b) PVP, and alcoholic extracts
from the surface of the latex sample nos. (c) 1, (d) 2, (e) 3,
and (f) 4. (A) Absorbance and (�) wave number.

the protein are not activated and not involved in
the chemical interaction leading to cross-linking of
the protein globules and distortion of their native con-
formation. Adsorption was performed under the same
conditions, but without preactivation of the carboxy
groups. The protein concentration before and after
the interaction with the particles was determined by
high-performance monolithic chromatography (HPMC)
on a CIMR DEAE anion-exchange membrane (BIA
Separations, Ljubljana, Slovenia) [5, 6]. The BSA-
modified particles were redispersed for storage in the
phosphate buffer (pH 7.4) and then used for studying
their surface electrical properties.

The � potentials of the resulting particles before
and after modification with BSA were determined by
the standard microelectrophoresis method at a NaCl
concentration of 10�3 and 10�2 M over the pH range
2.0�10.9. Calculation was performed by the Helm-
holtz�Smoluchowski equation [7]. In carrying out
the microelectrophoresis, we used double distilled
water with a conductivity of 1.2 � 10�4 ��1 m�1 and
reference solutions of HCl, NaOH, and NaCl. Be-
fore the study, the latexes were equilibrated for
24 h with a NaCl solution of a given concentration
and pH.

The interaction of the surface of the particles with
the protein was studied with samples differing in the
structure of PS/PVP graft copolymers in the surface
layer (Table 1). Sample nos. 1 and 2 were prepared at
a low styrene concentration and a sufficiently high
PVP content in the reaction mixture, to obtain a struc-
ture with a large amount of grafted short PS chains
[2, 8]. With increasing styrene concentration, the av-
erage length of the grafted PS chains grows (sample
no. 2). With increasing PVP content in the reaction
mixture (sample nos. 3 and 4), the grafting number
decreases because of the decrease in the initiator/PVP
ratio. Nevertheless, the weight percentage of the PVP
and PS units in the graft copolymers extracted from
the surface of the samples, determined from the IR
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Table 2. Results of analysis of PS/PVP graft copolymers extracted from the surface of PS particles into alcoholic alkaline
solutions
������������������������������������������������������������������������������������

� Content of PS/PVP co- � �
Content

	 � Content of PS/PVP co- � �
Content� polymers in extract � �

of PVP
	 � polymers in extract � �

of PVP�������������������������� � 	 �������������������������� �
�% relative to the weight� � �

units,
	 �% relative to the weight� � �

units,

� of PS particles �
mg m�2

� �
wt %

	 � of PS particles �
mg m�2

� �
wt %

�����������������������������������������
������������������������������������������
1 � 0.40 � 0.96 � 1.22 � 53 	 3 � 0.26 � 1.15 � 1.07 � 50
2 � 0.37 � 0.95 � 1.19 � 53 	 4 � 0.63 � 2.10 � 1.13 � 51

������������������������������������������������������������������������������������
* Intensity ratio of the bands at 1674 (C=O of the lactam group in PVP) and 700 cm�1 (C�H bending vibrations of the aromatic

rings in PS) [9].

spectra (Fig. 1), falls in a narrow range, only slightly
deviating from the 1 : 1 ratio (Table 2).

Vigorous washing of the PS particles does not pro-
vide complete removal of the graft copolymers con-
taining the PVP units from the surface layer, as de-
monstrated by the inversion of the sign of the � po-
tential of the samples studied over the pH range 2.0�
2.3 (Fig. 2, curves 1, 2). Note that such an inversion
is not typical of the PS particles obtained by CVA-ini-
tiated polymerization, but in the absence of the steric
stabilizer [10]. The lactam groups of PVP units on the
surface are capable of protonation in strongly acidic

solutions [11], which gives rise to a positive charge
on the surface of the particles.

At the same time, preliminary washing of the par-
ticles before adsorption or chemisorption of the pro-
tein prevented washout of weakly bound copolymer
chains from the surface and of their binding to BSA in
solution, which was observed when the particles were
washed only with water. This is supported by the lack
in the HPMC chromatograms of the peaks of conju-
gates with a retention time longer than that of the ini-
tial BSA (Fig. 3).

Fig. 2. Effect of pH on the � potential of the particles of latex sample nos. (a, b) 1, (c, d) 2, (e, f) 3, and (g, h) 4. NaCl con-
centration (M): (1, 3, 5) 10�3 and (2, 4, 6) 10�2. Latexes: (1, 2) initial, (3, 4) modified by chemisorbed BSA, and (5, 6) modified
by physisorbed BSA under conditions of (a, c, e, g) minimal and (b, d, f, h) maximal sorption (Table 3).

Fig. 3. Chromatograms of BSA solutions (1) before and (2) after interaction with latex sample no. 2, and (3) after chemisorption.
(Irel) Relative peak intensity and (�) time.
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Table 3. Adsorption and chemisorption of BSA on PS
particles
����������������������������������������
Sam-� BSA, � BSA, ceq, g l�1 � �BSA, mg m�2

� ������������������������������
ple � c0, � adsorp- � chemi- � adsorp- � chemi-
no. � g l�1 � tion � sorption � tion � sorption

����������������������������������������
1 � 0.30 � 0.18 � 0.17 � 0.57 � 0.60

� 2.40 � 2.04 � 1.73 � 1.66 � 3.20
2 � 0.30 � 0.15 � 0.15 � 0.77 � 0.77

� 2.40 � 2.05 � 1.84 � 1.79 � 2.86
3 � 0.15 � 0.10 � 0.12 � 0.28 � 0.17

� 2.10 � 1.73 � 1.6 � 2.11 � 2.85
4 � 0.15 � 0.10 � 0.10 � 0.24 � 0.24

� 2.10 � 1.54 � 1.60 � 2.66 � 2.37
����������������������������������������

Modification of the surface of the particles with
the protein resulted in a drift of IEP of all the sam-
ples studied from pH 2.0�2.3 to 3.6�5.0. As the sur-
face was covered with BSA, IEP changed, taking
values mostly lower than IEP of the native protein
(4.8�5.2) [12].

To elucidate the contribution of the graft copoly-
mers of the surface layer to sorption, it was advisable
to compare the chemisorption and adsorption iso-

therms of BSA (Fig. 4) and also the isoelectric points
for various samples (Table 3).The limiting adsorption
increases in the series of sample nos. 1�4 from 1.6 to
2.7 mg m�2. For sample nos. 1 and 2, the chemisorp-
tion continues to increase over the entire experimental
range of BSA concentration. The noticeable excess of
the chemisorption over the adsorption at high BSA
concentrations, observed for these samples (Figs. 4a
and 4b, curves 1, 2), can be attributed to loosening
of the surface of the particles in the course of activa-
tion of their carboxy groups and further interaction
with BSA. Such a loosening is promoted by vigorous
washing of the particles with hot alkaline alcohol, to
extract graft copolymers weakly bound to the surface.
In the case of sample no. 1, the extraction is facili-
tated by the presence of carboxylate anions at the
ends of relatively short grafted PS chains (Table 2).
The grafted chains of sample no. 2 are longer and are
more tightly bound to the surface, and, therefore,
the surface loosens to a lesser extent in this case. As
a result, the difference between the chemisorption and
adsorption decreases.

Sample nos. 3 and 4 show a knee in the initial sec-
tion of the isotherm, suggesting hindered sorption at
low protein concentration in solution (Figs. 4c and
4d, curves 1, 2). Insertion of small amounts of the pro-
tein into the surface layer may be unfavorable because

Fig. 4. Isotherms of (1) chemisorption and (2) physisorption �, and pH of isoelectric point of particles of latex sample nos.
(a) 1, (b) 2, (c) 3, and (d) 4 after (3) chemisorption and (4) physical adsorption of BSA. (ceq) Equilibrium concentration of BSA.
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of the decreasing contribution of the entropy to the en-
ergy of the system as a result of a decrease in the flex-
ibility of the hydrophilic segments of PVP graft co-
polymers. However, with increasing BSA concentra-
tion in solution, the amount of bound protein increases,
and at the maximum chemisorption (2.9 mg m�2, sam-
ple no. 3) and adsorption (2.7 mg m�2, sample no. 4),
1 �m2 of the surface contains as much as 2.3 � 104

and 2.5 � 104 BSA globules, respectively. These val-
ues reach the maximum amount of adsorption on the
surface of the hydrophobic PS particles containing no
graft copolymers in the surface layer (2.5 � 104 BSA
globules per 1 �m2 [12�14], suggesting a dense pack-
ing of the protein globules on the surface of the result-
ing particles. Thus, hydrophilization of the surface of
the particles by virtue of PVP units of the graft co-
polymers does not hinder the effective binding of the
protein. It should be pointed out that adsorption, i.e.,
concentration of the protein globules in the surface
layer, is the first stage of interaction in covalent bind-
ing of the protein also. Therefore, the observed close
values of the chemisorption and adsorption suggest
that the conformation of BSA is preserved in the
course of its binding by the standard carbodiimide
method, since, in this case, the area occupied by one
BSA globule in the surface layer remains unchanged
and the size of the globule corresponds to the hydro-
dynamic radius of BSA (3.6 nm) [13].

The isoelectric point of sample no. 1, equal to 4.7�
4.8 at the minimal chemisorption (Fig. 4a), falls in
the IEP range characteristic of native BSA, suggesting
that the surface is totally shielded by the protein.
However, with the surface concentration of BSA in-
creasing to 3.2 mg m�2, 2.8 � 104 protein molecules
per 1 �m2 of the surface, IEP unexpectedly decreases
to 4.0. This indicates that the effective specific surface
area of sample no. 1 increases because of its loosen-
ing; the decrease in IEP suggests the formation of
a loose mosaic structure, which permits both PS/PVP
copolymers and BSA globules to move toward the
slip boundary. For sample no. 2, the decrease in IEP
with increasing chemisorption is slightly less pro-
nounced (Fig. 4b), which is caused by the higher
stability of the surface structure. The evolution of
the IEP in sample nos. 1 and 2 with increasing adsorp-
tion of BSA is similar to that occurring in the case
of chemisorption.

The isoelectric points of the samples modified by
chemisorbed BSA may fall beyond the IEP range of
native BSA for several reasons. Even in the case
of full shielding of the substrate surface by the pro-
tein, this can be a result of chemical interaction of
its amino groups with the carboxy groups of the sur-

face. For example, in the case of sample no. 3, IEP
is not higher than 4.1, being considerably lower than
that of native BSA. At the same time, after the protein
was adsorbed on this sample, IEP increased to 5.0
(Fig. 4c). However, for sample nos. 1 and 2, IEP de-
creased not only in the case of chemisorption, but
also in adsorption, suggesting a noticeable effect on
IEP of PS/PVP copolymers, which do not permit BSA
to fully shield the surface of the particles. Only for
sample no. 4, the constancy of high IEP values at any
coverage of the surface with BSA and any type of
binding suggests that BSA is well exposed at the
slip boundary (Fig. 4d). It is obvious that the surface
of the particles of this sample has the most stable
structure, which was formed with participation of the
grafted PS chains with the minimum amount of the
longest grafted PS chains among all the samples stud-
ied (two chains 100 monomer units long, on the av-
erage [2]). The lack of surface loosening in the case
of sample no 4 is also supported by the low difference
between the adsorption and chemisorption throughout
the isotherms. Since the graft copolymers have in this
sample the minimum amount of grafted PS chains,
free segments of the PVP backbone can interact addi-
tionally with the amino groups of BSA through coor-
dination to the lactam groups. As a result, the adsorp-
tion of BSA is the highest for this sample.

The effects of the binding mode and BSA concen-
tration in the surface layer of the particles (Table 3)
on their � potential are shown in Fig. 2. As the sorp-
tion of BSA increases, the � potential of the particles
decreases in absolute value for all the samples (Fig. 2,
curves 3�6), suggesting that the insertion of the pro-
tein globules into the surface layer of the particles
causes a shift of the slip boundary toward the bulk of
the solution. However, after chemisorption of a small
amount of BSA, the negative � potential of the par-
ticles in the alkaline range appeared to be slightly
higher in absolute value than after adsorption of the
same amount of the protein (Figs. 2a, 2c, 2e, 2g). It
may be suggested that, thanks to the spacer function
of the PVP backbone, BSA globules chemically bound
to the side PS chains of the graft copolymers via
the terminal carboxy groups are more mobile. As pH
increases, they can move toward the slip boundary
with increasing negative charge of both the surface of
the particle and the BSA globules. Quite the contrary,
at high coverage of the surface of sample nos. 1 and
2 with BSA, the pH dependences of � potential, ob-
tained for different binding modes, are virtually co-
incident (Figs. 2b, 2d), regardless of the large chemi-
sorption. With the densest packing of BSA globules
on the surface of sample nos. 3 and 4, the high neg-
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ative � potentials are reached in the case of adsorption
binding of the protein (Figs. 2f, 2h). These facts re-
veal the limited conformational flexibility in the sur-
face layer, as it is saturated with the protein.

CONCLUSIONS

(1) Adsorption and chemisorption of bovine serum
albumin on polystyrene particles allow reaching the
adsorption capacity corresponding to the limiting ad-
sorption. Therefore, hydrophilization of the surface
through introduction of the steric stabilizer in the sur-
face layer does not hinder the protein binding.

(2) The structure of the graft polystyrene/poly-
vinylpyrrolidone copolymer has a considerable effect
on the stability of the surface structure of the particles
and, accordingly, on the adsorption and chemisorption
isotherms, and also on the surface electrical properties
of the particles after the protein was bound.

(3) The most stable surface structure of the parti-
cles is formed when a small amount of long poly-
styrene chains is grafted to the polyvinylpyrrolidone
chain. In this case, the resulting particles can effec-
tively bind the protein through both chemical inter-
action of the amino groups of BSA with the surface
carboxy groups and coordination interaction in phys-
isorption. As a result, the adsorption and chemisorp-
tion isotherms are virtually coincident. The isoelectric
points of the particles modified with BSA approach
that of native BSA already at a low surface concen-
tration of the protein and maintain their values until
the complete coverage of the surface. This suggests
that the protein globules are exposed at the slip
boundary and, therefore, are accessible further im-
munochemical reactions.
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Abstract�The efficiency of treatment of paper prepared from 100% sulfite cellulose with basic agents
(solutions of magnesium alkoxides or methoxycarbonate in alcohols or in supercritical carbon dioxide) to
neutralize acid was studied, as influenced by the following factors: concentration of a basic agent in the neu-
tralizing solutions, repetition of impregnation of paper with a neutralizing solution and hydrolysis of the neu-
tralizing agent after each impregnation cycle, temperature and pressure of supercritical carbon dioxide, mixing
of a neutralizing agent with supercritical CO2, and conditions (dynamic or static) the paper treatment with
a neutralizing solution.

Numerous libraries all over the world, including
Russia, have accumulated a great number of decrepit
and damaged documents. It is known that paper is de-
stroyed due to hydrolytic breakdown of cellulose
catalyzed with acids. Acids of various origins are
present in paper: auxiliary acid additives (bleaches,
sizing compounds) used in paper making, acid inc,
paints, and pigments. A paper can be acidified with
atmospheric sulfur, carbon, and nitrogen oxides, its
acidity can increase on heating, moistening, and il-
lumination. In order to weaken the negative effect of
acids accumulated in paper, we must not only increase
its pH to 8, but also provide a sufficiently large ex-
cess bacisity (henceforth the base stock) (no less than
300 mg-equiv kg�1) to decelerate paper aging and de-
struction in prolonged storage [1].

The modern high-performance technique must en-
sure large-scale treatment of stitched paper documents
[2�5]. The simplest solution of this problem is to treat
books and paper documents with a neutralizing agent
in organic solvents. However, in large-scale treat-
ment, this technique consumes a very large volume
of an organic solvent. Furthermore, organic solvents
destroy and deform covers, smear inc, and distort the
color pattern.

Analysis of domestic and foreign data on large-
scale conservation of paper documents by their treat-
ment with various basic agents to neutralize acid
[1, 2�11] shows that, in solution of this problem, the
most promising neutralizing agents are alkaline-earth
alkoxides and, in particular, magnesium alkoxides and
their carbonate derivatives, in a supercritical carbon
dioxide fluid. These compounds are the most effective
and widely approved basic agents. In their use, the pH
of the initial acid paper and the base stock can be
raised to 8�10 and 200 mg-equiv kg�1, respectively,
depending on the kind and state of paper (age, pH),
treatment procedures and also kind and concentration
of alkaline-earth alkoxides [4�6, 8, 10].

The processing of paper with alkaline-earth alkox-
ides in supercritical carbon dioxide (SC CO2) ensures
its highly efficient, safe, and wasteless conservation.
These advantages are governed by the specific prop-
erties of supercritical CO2 as solvent [12]: (1) SC
CO2 dissolves the most effective basic agents suitable
for neutralizing paper under controllable conditions;
(2) the solubility of basic agent can be varied by vary-
ing the thermodynamic parameters (T, P) of super-
critical CO2 or introducing an additional organic sol-
vent; (3) owing to low surface tension and high dif-
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Fig. 1. Sign and value of the surface electrical charge of
paper prepared from 100% sulfite cellulose (�pH) vs. pH
of paper. (1) initial SFI paper, (2) treatment with water
and alcohol, (3) treatment with NH4COONH2 in aqueous
alcohol and (4) treatment with alcoholic solutions of
Mg(CH3O)2 and Mg(CH3O)2 �nCO2 n = (0.6�1.0).

fusion coefficient of SC CO2 molecules, the neutraliz-
ing agent in SC CO2 quickly penetrates into pores and
paper fibers and uniformly impregnates the paper; and
(4) the basic agents in SC CO2 can be easily regen-
erated and reused. Owing to these features of SC CO2,
the time-consumption of paper treatment considerably
decreases and paper documents can be neutralized in
the stitched state.

Carbon dioxide has low critical parameters (T =
31�C, P = 7.3 MPa) suitable for treatment of paper.
The supercritical CO2 fluid is chemically inert, non-
toxic, odorless, fire and explosion safe, and com-
mercially available.

The use of supercritical CO2 in combination with
other organic solvents instead of aqueous and organic
solutions commonly used for neutralizing paper al-
lows minimization of the negative effect of solvents
on the color intensity and tint of inc, paints, and pig-
ments and on the state of sizing compounds.

Although supercritical gases have come into use for
treatment of paper documents in some countries; in
Russia, supercritical gases are not applied in large-
scale treatment of paper document in spite of a certain
progress in this direction.

EXPERIMENTAL

In our experiments we used samples of paper pre-
pared from 100% medium-porous sulfite cellulose
(SFI) with pH 5.5�6.3.

Magnesium alkoxides (methoxide and ethoxide)
and magnesium methoxycarbonate (MMC) were used
as neutralizing basic agents.

The main characteristics of paper (pH, base stock,
value and sign of the surface electric charge, phys-
icomechanical parameters, reflection coefficient) were
determined before and after processing the paper by
standard techniques. It was reported in [1, 2, 11, 13]
that there is a correlation between the pH of paper and
its main characteristics (folding endurance, tensile
strength, reflection coefficient). In our experiments,
pH was determined in aqueous extracts from paper
and directly on the surface of paper. The pH measured
on the surface of paper characterizes the uniformity of
impregnation of paper with the basic agent. The value
and sign of the surface electric charge of paper were
determined by the method of the suspension effect.
The base stock in paper was determined either by
titration with acid or by determination of magnesium
content by atomic absorption spectroscopy. The same
characteristics were also determined for paper samples
subjected to artificial aging in a TABAI climatic
chamber at 80�C and 65% relative humidity under
conditions simulating a 75-year aging.

In separate experiments, we elucidated how basic
agents are accumulated in paper and determined the
amount of basic agent ensuring both the prescribed
base stock and stability of paper in long-term storage.
In the first experiments, paper samples were treated
with methanolic and ethanolic solutions of magnesium
alkoxides. For comparison, alcoholic solutions of
ammonium carbamate were also tested. In these ex-
periments, a standard sample of paper was immersed
into a solution containing 0.1�5.0 wt % of basic agent
and allowed to stand for 15�40 min. Our results are
shown in Figs. 1 and 2.

Figure 1 shows that treatment of paper with basic
agent changes the sign of the surface electric charge.
Under these conditions, the zero-charge point shifts
to the basic region. For both the initial paper and pa-
per treated with water and alcohol the zero-charge
point is observed at pHzcp � 6. After processing of
paper with alcoholic solutions of ammonium carba-
mate and magnesium alkoxide, the zero-charge point
shifts to pHzcp �9 and �11, respectively. Figure 1
shows a correlation between the surface electric charge
of paper and its pH for different kinds of basic agents
used for paper treatment. With the Mg2+ content
in the paper increasing to 0.15�0.28 wt % , the pH
of paper increases to 10�10.5, and the base stock,
to 150�220 mg-equiv kg�1. Further accumulation of
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a basic agent in the paper does not affect the pH but
leads to a steady increase in the base stock (Fig. 2).

The table shows how treatment of SFI paper (initial
and artificially aged) with alcoholic solutions of mag-
nesium methoxycarbonate (1.0, 2.5 and 5.5 wt %)
affects its main characteristics. Similar effects were
observed for paper treated with alcoholic solutions
of magnesium methoxide and magnesium ethoxide of
the same concentration.

We found that, after a single treatment of paper
with alcoholic solutions of magnesium methoxycar-
bonate (C � 2.5 wt %), its pH exceeds 10 and the base
stock becomes larger than 300 mg-equiv kg�1. Testing
of this paper sample showed that the single treatment
of paper provides its stability during 75-year storage
under common conditions.

In treatment of paper with dilute alcoholic solu-
tions of magnesium methoxycarbonate (0.1�1.0 wt %),
the base stock of �300 mg-equiv kg�1 is reached only
after repeated treatments with intermediate hydrolysis
of the applied basic agent after each treatment cycle.
Thus, the total base stock in paper is formed due to
gradual accumulation of hydrolysis products of basic
agent. We found that fivefold treatment of paper by
the above-described procedures increases the base stock
by an order of magnitude as compared to single treat-
ment. These results were used in developing a tech-
nique for paper treatment with basic agent in super-
critical carbon dioxide.

Figure 3 shows the scheme of our experimental
device for paper treatment with a basic agent in super-
critical carbon dioxide.

A supercritical carbon dioxide solution of a basic
agent was prepared in a mixer 1 (350 cm3) equipped

Fig. 2. pH of paper vs. base stock B and magnesium
concentration C in paper. Basic agent: (1) alcoholic so-
lutions of Mg(CH3O)2 and Mg(CH3O)2 �nCO2 (n = 0.6�
1.0) and (2) Mg(CH3O)2 �nCO2 in super-critical CO2
(n = 1.0�2.0).

with a magnetic stirrer. The treatment of paper with
a basic agent in supercritical carbon dioxide was car-
ried out in a reactor 2 (350 cm3). The temperature was
monitored with a TSP thermistor thermometer, and
the pressure, with MTI-0.6 standard pressure gages
and LKh-412 pressure sensors (grade of accuracy 0.6).
All the parameters were recorded with a PC.

In our experiments, the pressure was varied from 7
to 20 MPa; temperature, from 30 to 60�C; and the con-
tent of a basic agent in SC CO2, from 8 to 30 wt %.

We tested various procedures for preparing super-
critical carbon dioxide solutions of a basic agent:
(1) a weighing bottle containing an alcoholic solution
of the basic agent was placed in the mixing chamber;
(2) an alcoholic solution of the basic agent applied to

Change in the characteristics of paper prepared from 100% sulfite cellulose (initial and artificially aged) after treatment
with alcoholic solutions of magnesium methoxycarbonate
������������������������������������������������������������������������������������

MMC,
�

�age ,
� Reflection � Tensile � pH �

Base stock,� � � �������������������������
wt % � days � coefficient � strength, � contact � extraction � mg-equiv kg�1

� � R00 � N � method � method �
������������������������������������������������������������������������������������
Without treat- � 0 � 0.725 � 77.2 � 5.0 � 5.5 � 6.0 � �

ment � 9 � 0.606 � 65.0 � 11.0 � 5.2 � � � �

1.0 � 0 � 0.751 � 76.1 � 5.2 � 10.1 � 10.0 � 115
� 9 � 0.609 � 71.3 � 10.3 � 8.5 � � � Absent

2.5 � 0 � 0.739 � 79.6 � 6.4 � 10.2 � 10.6 � 290
� 9 � 0.568 � 76.6 � 9.8 � 9.5 � � � 20

5.5 � 0 � 0.764 � 94.2 � 6.5 � 10.2 � 10.2 � 610
� 9 � 0.645 � 78.7 � 9.4 � 10.3 � � � 70

������������������������������������������������������������������������������������
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Fig. 3. Scheme of an experimental device for paper treat-
ment with a basic agent in supercritical carbon dioxide to
neutralize acid: (1) mixer, (2) reactor, (3) regenerator,
(4) high-pressure pump, (5) heater, (6) thermocom-
pressor, (V1�V5) shutoff valves, and (M1�M5) pressure
gages.

a porous support was placed in a mixing chamber; and
(3) an alcoholic solution of a basic agent was intro-
duced in portions into the mixing chamber during
pumping of CO2. The introduced alcoholic solution
of a basic agent was mixed with supercritical CO2
fluid with a magnetic stirrer. Both static and dynamic
procedures for application of alcoholic solution of
a basic agent to paper were tested. The content of
the basic agent in supercritical CO2 was determined
by gravimetric, atomic-absorption spectroscopic, chro-
matographic, and spectroscopic techniques.

We found that the maximum solubility of the basic
agents under consideration in supercritical CO2 con-
taining 20% methanol or ethanol does not exceed
0.1 wt % even at the highest T and P. Therefore, after
a single, even prolonged (8 h) processing of paper
with the basic agent in SC CO2, the base stock in
the paper was relatively small (�100 mg-equiv kg�1).

In order to increase the base stock, we used re-
peated impregnation of paper with a basic agent in
SC CO2, followed by hydrolysis of the basic agent
after each impregnation stage. Such a procedure was
preliminarily tested for treatment of paper with dilute
alcoholic solutions of a basic agent. Under these con-

ditions, the base stock increases to 300 mg-equiv kg�1

and more, depending on the treatment parameters.

In the course of our experiments, we optimized
the separate process stages. We found that the largest
base stock is reached in paper treatment under dy-
namic conditions, in pumping of CO2 through a re-
actor at a rate of 300 cm3 min�1 (temperature 38�
40�C, pressure 11�13 MPa). To improve mixing of
alcoholic solutions of a basic agent with SC CO2, the
mixing chamber was equipped with a magnetic stirrer.

The paper treatment with a basic agent in SC CO2
was carried out in three stages: (1) treatment of paper
with SC CO2 containing approximately 1 wt % meth-
anol to remove the soluble products of cellulose de-
gradation; (2) treatment of the paper with a basic
agent in SC CO2, and (3) treatment of paper with pure
SC CO2. Each of these stages was carried out for no
more than 0.5 h. The second and third stages were
repeated 4�5 times, with intermediate pressure relief
to atmospheric pressure and exposure of the paper to
air for 1 h.

A methanolic solution of magnesium metoxycar-
bonate (up to 8 wt %) is recommended as the neutral-
izing agent solution. The tests of our technique for
paper treatment showed its high efficiency: in a set
of experiments, we obtained paper with pH 10.5 and
the base stock of 300 mg-equiv kg�1.

CONCLUSIONS

(1) The effective neutralization of paper (pH > 8,
base stock 300 mg-equiv kg�1) is reached by its re-
peated impregnation with dilute (<0.1 wt %) alcoholic
or supercritical CO2 solutions of a basic agent (mag-
nesium methoxide or magnesium methoxycarbonate),
with hydrolysis of the applied basic agent after each
treatment stage.

(2) An experimental device for paper treatment
with a basic agent in supercritical CO2 to neutralize
acid was constructed and the optimal conditions of
neutralization of paper prepared from 100% sulfite cel-
lulose were found: the use of magnesium methoxide
or methoxycarbonate as basic agents, temperature
38�40�C, pressure 11�13 MPa, and CO2 pumping
rate 300 cm3 min�1.

(3) The tretment of paper with a basic agent in
supercritical CO2 decreases the consumption of or-
ganic solutions of basic agents by almost two order
of magnitudes; it decreases the detrimental environ-
mental effect of the organic solvents and the cost of
paper conservation. This technique shows much prom-



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 12 2004

TREATMENT OF PAPER WITH BASIC AGENTS IN ALCOHOLS 2021

ise for developing a semicommercial installation for
large-scale treatment of books and other paper docu-
ments.
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Abstract�The inhibiting effect of fullerenes on thermal oxidative degradation of copolymers of methyl
methacrylate with methacrylic acid and methacrylamide at 340�C was studied.

Fullerenes C60 and C70 are heat-resistant inorganic
compounds consisting of 60 and 70 carbon atoms
arranged on the surface of a sphere and an ellipsoid,
respectively [1�9]. Both C60 and C70 inhibit radical
chain reactions of anaerobic thermal decomposition of
poly(methyl methacrylate) (PMMA) and polystyrene
(PS), as well as branched chain reactions of thermal
oxidative (in an oxygen atmosphere) degradation of
PMMA, PS, and methyl methacrylate (MMA) copoly-
mers.

The inhibiting effect of fullerenes on chain reac-
tions of polymer degradation is due to reactions of
C60 and C70 with macroradicals to form thermally
stable diamagnetic compounds [7]. It has been shown
that fullerenes C60 and C70 inhibit thermal oxidative
degradation of PMMA only up to 320�C. This is
the limit above which fullerenes are not effective as
inhibitors of thermal oxidative degradation of PMMA
[3, 4].

At high temperatures (290�320�C), C60 and C70
are more effective antioxidants in thermal oxidative
degradation of PMMA than the known organic anti-
oxidants: sterically hindered amines, phenols, and
sulfur- and phosphorus-containing compounds [3�8].
Organic antioxidants inhibit the thermal oxidative de-
gradation of polymers only up to 280�290�C [10, 11].

Experiments on thermal oxidative degradation of
PMMA and of MMA copolymers with various co-
monomers at 304�C have shown [12, 13] that MMA
copolymers with methacrylic acid (MAAc) and meth-
acrylamide (MAAm) are more heat-resistant than
PMMA.

Therefore, it seems appropriate to study the effect
of C60 and C70 on thermal oxidative degradation of
MMA�MAAc and MMA�MAAm copolymers at tem-
peratures above 320�C.

EXPERIMENTAL

A procedure for preparing and purifying C60 and
C70 has been described elsewhere [14, 15]. The purity
of C60 was 99.9%, and that of C70, 98%. The crude
mixture contained about 80% C60 and 20% C70.

Copolymers of MMA were prepared similarly to
PMMA according to [1]. MMA and MAAc were sep-
arated from the inhibitors and distilled under reduced
pressure; MAAm (commercial product) was used
without additional purification.

Transparent films of polymers with and without
C60 and C70 additives were prepared from polymer
solutions by casting onto a glass surface, after which
they were dried in a vacuum at 60�80�C; the film
thickness was about 100 �m.

The oxidation of C60 and C70 was studied by differ-
ential scanning calorimetry (DSC) with a Perkin�
Elmer DSK-7 device in the range 100�500�C at an
oxygen flow rate of 40 ml min�1 and a heating rate of
5 deg min�1. The thermal oxidative degradation of
the copolymers was studied by thermal gravimetric
analysis at 340�C and oxygen pressure of 200 mm Hg.

Figures 1a and 1b show the DSC curves character-
izing the oxidation of C60 and C70, respectively. It
is seen that an appreciable oxidation of C70 starts



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 12 2004

INHIBITING EFFECT OF FULLERENES C60 AND C70 2023

Fig. 1. DSC curves of (a) C60 and (b) C70 in oxygen: (Q) thermal flow and (T ) temperature.

Fig. 2. Curves of the weight loss �m in thermal oxidative degradation of copolymers. T = 340�C, pO2
= 200 mm Hg.

(�) Time. (a) Copolymer of MMA with (1) 5 and (3) 10 mol % MAAm or (2) 15 mol % MAAc, no additives; (b) copolymer
of MMA with 15 mol % MAAx (1) without additives and (2�4) with addition of fullerenes (mol kg�1, �103): (2) C70 8.3,
(3) mixture of C60 with C70 7.8, and (4) C60 7.8; (c) copolymer of MMA with 5 mol % MAAm (1) without additives and
(2) with addition of 11 � 10�3 mol kg�1 C60; (d) copolymer of MMA with 10 mol % MAAm (1) without additives and
(2) with addition of 9.5 � 10�3 mol kg�1 C60.

at 340�C, with the maximum oxidation rate (dip in
the DSC curve) observed at 388�C. Oxidation of C60
(Fig. 1a) starts at 370�C; the temperature of the max-
imum oxidation rate was not determined, because no
dip was observed in the DSC curve, but it is apparent-
ly no less than 500�C. Our experimental data suggest
that the theoretical temperature limits Tlim for C60 and
C70 as high-temperature antioxidants will be in the
range 340�C � Tlim � 390�C for C70 and 370�C �
Tlim � 500�C for C60.

Our experiments on thermal oxidative degradation
of the copolymers were performed at 340�C, since
the rate of oxidation of the more reactive fullerene C70
becomes appreciable at this temperature (Fig. 1b).

At 340�C and an oxygen pressure of 200 mm Hg,
PMMA degrades completely in 10�15 min. Copo-
lymers of MMA with 15 mol % MAAc and with 5
and 10 mol % MAAm are considerably more heat-
resistant under these conditions (Fig. 2). It is interest-
ing that the copolymer of MMA with 10 mol %
MAAm, despite the lower content of the second co-
monomer, decomposes at a lower rate than the co-
polymer of MMA with 15 mol % MAAc (Fig. 2a,
curves 2, 3). Deceleration of the degradation of the co-
monomers, compared to PMMA, is due to a reaction
between the neighboring macromolecular units to give
of six-membered rings containing anhydride (MMA�
MAAc) and imide (MMA�MAAm) groups [12, 13].
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The six-membered rings terminate the depolymeriza-
tion process propagating along the macrochain. These
rings inhibit, as shown in [7], the chain oxidation,
catalyzing the molecular pathway of decomposition of
hydroperoxides formed by oxidation of the polymer
and thus decreasing the amount of free radicals in the
reaction zone.

Fullerenes C60, C70, and C60 + C70 (80 : 20) inhibit
the thermal oxidative degradation of the MMA�
15 mol % MAAc copolymer at 340�C; the inhibiting
effect of the individual fullerenes and their mixture is
the same (Fig. 2b). Fullerene C60 inhibits the thermal
oxidative degradation of MMA�MAAm copolymers
(Figs. 2c, 2d); in the case of the copolymer with a
higher (10 mol %) MAAm content, there is a short in-
duction period in the kinetic curve (Fig. 2d, curve 2).
The stronger stabilizing effect may be due to the
formation of the six-membered imide ring, which
probably decelerates the depolymerization more ef-
fectively than does the anhydride ring.

CONCLUSIONS

(1) In an oxygen atmosphere at 340�C, copoly-
mers of methyl methacrylate with methacrylic acid
and with methacrylamide degrade considerably more
slowly than poly(methyl methacrylate).

(2) Fullerenes C60 and C70 and a crude mixture of
these fullerenes decelerate the thermal oxidative de-
gradation of the above copolymers.
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Abstract�State reference samples were developed for determining the content of mercaptan sulfur in
petroleum products, and a method for metrological certification of these samples by the certified meas-
urement procedure was approbated.

One of the major tasks in assessment of the quality
of petroleum products is to determine the content
of the mercaptan sulfur (MS) because mercaptans
cause corrosion and impair the strength of metals and
other materials contacting them under conditions of
production, application, and storage [1, 2].

The MS in petroleum products is mainly deter-
mined by potentiometric titration with an ammonia
solution of silver nitrate, using a silver sulfide indi-
cator electrode [3].

For metrological provision of procedures used to
determine the MS content in petroleum products by
analytical monitoring laboratories of petrochemical
and oil-refining industry, state reference samples of
MS content in petroleum products (MS SRSs) are
required.

There are no samples of this kind in Russia today.
Such samples, however, are demanded by fuel- and
energy-producing enterprises for internal and external
checkout in the assessment of the quality of petroleum
products. This fact stimulated the development and
production of MS SRS.

The goal of this study was to develop and metro-
logically certify the first batches of MS SRS.

EXPERIMENTAL

State reference samples SM-0.001-EK, SM-0.003-
EK, SM-0.005-EK, SM-0.01-EK, and SM-0.03-EK
with the rated MS content of 0.001, 0.003, 0.005,
0.010, and 0.030 wt %, respectively, were prepared
by dissolution of an accurately weighed portion of

phenylmethanethiol (Merck, Germany). As matrix
material we used isooctane or decane (Merck, Ger-
many).

An ammonia solution of copper(II) sulfate was
prepared as described in [4]. A 3.9-g portion of cop-
per(II) sulfate hydrate was dissolved in 700 ml of
distilled water in a 1000-ml volumetric flask, a 25%
ammonia solution was added until the precipitate of
the basic copper(II) salt dissolved completely, after
which an additional 50 ml of 25% ammonia was in-
troduced, and the solution was brought to the mark
with distilled water. The concentration of the am-
monia solution of copper(II) sulfate was determined
with a reference solution of sodium thiosulfate, which,
in turn, was standardazied with a Grade 1 SRS of
potassium bichromate (SRS 2215�81).

The certification of MS SRSs was performed by
the measurement procedure1 (MP) for determining
MS in petroleum products [4]. According to this MP,
a sample of MS SRS was weighed in a weighing bot-
tle and quantitatively transferred into a 100-ml sepa-
ratory funnel, for which purpose the weighing bottle
was washed no less than three times with 2�3-ml por-
tions of toluene. Then the titrant, ammonia solution of
copper(II) sulfate, was added to the separatory funnel
from a 2-ml Class 2 buret (scale division 0.01 ml) in
the amount of 90% relative to the calculated amount
required for the titration. The mixture was shaken
����������
1 Improved by the Ekros Research and Production Association;

the procedure is hereinafter designated as EK 03-2003-NP;
certified by the Ural Research Institute of Metrology, Federal
State Unitary Enterprise (Certificate no. 253.12.02.129/2003).
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Table 1. Metrological characteristics of MS SRSs
�������������������������������������

SRS
�No. in State�

MS,* %
�Error,**

� Register � � rel. %
�������������������������������������
SM-0.001-EK � 8415-2003 �0.0009�0.0011� �10
SM-0.003-EK � 8416-2003 �0.0027�0.0033� �5
SM-0.005-EK � 8417-2003 �0.0045�0.0055� �5
SM-0.01-EK � 8418-2003 �0.0090�0.0110� �3
SM-0.03-EK � 8419-2003 �0.0270�0.0330� �3
�������������������������������������
* Certified range of weight percentage.

** Admissible error for a confidence level of 0.95.

with a PE-6410 agitation device (Ekros Research and
Production Association) for 5 min. Then sodium chlo-
ride was added in portions in the amount required for
complete phase separation in the separatory funnel,
and titration was performed until the aqueous phase
acquired a light blue tint not disappearing after vig-
orous shaking for 5 min.

MS in MS SRSs was determined by potentiomet-
ric titration [3] on an I-160M ion meter with a stan-
dard silver chloride (ESr-10103) and the indicated
silver sulfide (ESS-01) electrodes.

In the development of MS SRSs, we used a mixing
procedure for their preparation. It involved preparation
of the SRS material from the starting materials by
their dissolution. First, we chose the matrix and sub-
stance materials ensuring the required MS content.
Among the starting materials for preparing SRSs, we
chose those with which the composition and structure
of SRSs did not change after mixing [5].

Additional requirements to the matrix material
were as follows: inertness to the material of vials
(polyethylene terephthalate) used for MS SRS storage;
availability and low cost of the chemicals. It is known
that permanent components of light petroleum prod-
ucts are paraffin, naphthenic, and aromatic hydrocar-
bons [1]. From the viewpoint of these requirements,
paraffin hydrocarbons seem to be the most suitable as
the matrix material for MS SRSs.

Potentiometric titration curve of an SM-0.001-EK SRS
sample: (�E ) Potential difference and (V ) titrant (ammonia
solution of silver nitrate) volume.

Among thiols, we chose phenylmethanethiol, as it
has a relatively high boiling point (bp 194�C) and
hence is relatively low-volatile; also, it meets the re-
quirements formulated in [5]. Furthermore, the mo-
lecular weight of phenylmethanethiol is fairly high,
which allows more accurate weighing in preparation of
MS SRSs; it is also unlimitedly soluble in the avail-
able saturated hydrocarbons (e.g., isooctane, decane).

To prepare batches of reference samples, we devel-
oped a procedure ensuring preparation of SRSs with
the metrological characteristics falling within the
prescribed limits [6] (Table 1).

The first batches of MS SRSs were certified ac-
cording to MP EK 03-2003-NP. Measurements were
performed for all the rated values of the MS weight
percentage. The experimental results obtained in cer-
tification of the MS SRSs are given in Table 2.

Taking into account the destination of the MS
SRSs, we determined MS in these samples according
to GOST (State Standard) R 52030�2003 [3] by
potentiometric titration with an ammonia solution
of silver nitrate (see figure). Comparison of the re-
sults of MS determination in MS SRSs by the certi-
fied MP and by the procedure prescribed by GOST
R 52030�2003 (Table 2) shows that they are virtually
identical.

Our next task was to assess the stability of MS
SRSs. The stability of MS SRSs was determined ac-
cording to the methodical instructions [7] by estima-
tion of how the weight fraction of mercaptan sulfur
in the samples dn = Xi � X0 and instability error Un =
�dn + (1 � �)Un � 1 (where Xi is the current result
of measuring the weight fraction of MS in MS SRS;
X0, control result; �, coefficient chosen in the range
from 0.1 to 0.3 depending on the ratio �(�)/�X [7])
vary in storage. The weight fraction of MS in the
samples was determined by the certified MP EK
03-2003-NP.

According to the methodological instructions [7],
the number of measurements is chosen depending on
the �(�)/�X ratio. Table 2 shows that this ratio is less
than 0.5 for all the samples, i.e., the minimum number
of measurements for estimating the instability error
is four.

Taking into account this fact and expecting that
the samples would be stable for no less than 2 years,
we performed measurements at 6-month intervals. For
the monitoring, we chose the samples with the lowest,
highest, and medium rated weight percentage of MS:
SM-0.001-EK, SM-0.005-EK, and SM-0.03-EK. The
samples were stored under normal climatic conditions:
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Table 2. Results of determining the weight fraction of MS in MS SRSs
������������������������������������������������������������������������������������

� MS content,* wt % �
�����������������������������������������������������������

SRS � by MP EK 0.3-2003-NP � according to GOST R 52 030�2003 � �(X1 � X2)/X1�
�����������������������������������������������������������
� X1 � Sr � X2 � Sr �

������������������������������������������������������������������������������������
SM-0.001-EK � 0.0101 � 0.025 � 0.00095 � 0.054 � 0.060
SM-0.003-EK � 0.00302 � 0.012 � 0.00301 � 0.040 � 0.003
SM-0.005-EK � 0.00499 � 0.004 � 0.00499 � 0.030 � 0
SM-0.01-EK � 0.01001 � 0.003 � 0.00998 � 0.010 � 0.003
SM-0.03-EK � 0.03005 � 0.002 � 0.02970 � 0.012 � 0.012
������������������������������������������������������������������������������������
* Five replicate measurements, confidence level 0.95.

Table 3. Assessment of the stability of MS SRSs in storage
������������������������������������������������������������������������������������
Storage time, months � Xi, % � dn = Xi � X0 � �dn � (1 � �)Un � 1 � Un
������������������������������������������������������������������������������������

SM-0.001-EK

0 � 0.00101 � 0 � 0 � 0 � 0
6 � 0.00100 � 10�5 � 3 � 10�6 � 0 � 3 � 10�6

12 � 0.00101 � 0 � 0 � 2.1 � 10�6 � 2.1 � 10�6

18 � 0.00099 � 2 � 10�5 � 6 � 10�6 � 1.5 � 10�6 � 7.5 � 10�6

24 � 0.00101 � 0 � 0 � 5.3 � 10�6 � 5.3 � 10�6

SM-0.005-EK

0 � 0.00502 � 0 � 0 � 0 � 0
6 � 0.00502 � 0 � 0 � 0 � 0

12 � 0.00498 � 2 � 10�5 � 6 � 10�6 � 0 � 6 � 10�6

18 � 0.00499 � 10�5 � 3 � 10�6 � 4.2 � 10�6 � 7.2 � 10�6

24 � 0.00498 � 2 � 10�5 � 6 � 10�6 � 5 � 10�6 � 1.1 � 10�5

SM-0.03-EK

0 � 0.03005 � 0 � 0 � 0 � 0
6 � 0.03002 � 3 � 10�5 � 9 � 10�6 � 0 � 9 � 10�6

12 � 0.02997 � 8 � 10�5 � 2.4 � 10�5 � 6.3 � 10�6 � 3 � 10�5

18 � 0.02998 � 7 � 10�5 � 2.1 � 10�6 � 2.1 � 10�5 � 2.3 � 10�5

24 � 0.02997 � 8 � 10�5 � 2.4 � 10�5 � 1.6 � 10�5 � 4 � 10�5

������������������������������������������������������������������������������������

temperature of 25�10�C, relative humidity of �80%
at 25�C, and atmospheric pressure of 100 � 4 kPa.

The results obtained in assessing the stability of
MS SRSs are listed in Table 3. These results show
that the highest values of Un for all the samples tested
(7.5 � 10�6, 1.1 � 10�5, and 4 � 10�5) do not exceed 2/3
of the certification errors (6.7 � 10�5, 1.7 � 10�4, and
6 � 10�4, respectively), which, according to [7], indi-
cates that the samples are stable for at least 24 months.

As noted above, the other MS SRSs developed are
similar solutions of phenylmethanethiol in isooctane
or decane with intermediate MS weight fractions.
Therefore, there is good reason to believe that the
SM-0.003-EK and SM-0.01-EK samples will also be

stable for no less than 24 months. Thus, by now we
can warrant that the shelf life of the MS SRSs devel-
oped is 2 years.

The SRSs developed successfully passed the met-
rological expertise at the Ural Research Institute of
Metrology, were approved by the Scientific and Tech-
nical Committee of the RF Committee for Standards
(Gosstandart), and were included in the State Register
of approved reference samples (Table 1).

CONCLUSION

The procedures for preparation and certification
of state reference samples with rated mercaptan sul-
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fur content in petroleum products (SM-0.001-EK,
SM-0.003-EK, SM-0.005-EK, SM-0.01-EK, and
SM-0.03-EK; rated mercaptan sulfur content 0.001,
0.003, 0.005, 0.010, and 0.030 wt %, respectively)
were developed. The first batches of separate types
of the samples were obtained, and their metrological
characteristics were determined. The admissible rela-
tive errors for these samples do not exceed �10, �5,
�5, �3, and �3%, respectively.
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Abstract�The surface tension and density of a sodium hydroxide melt were determined experimentally in
a wide temperature range.

A study of the surface tension of a sodium hy-
droxide melt is of theoretical and practical importance,
because sodium hydroxide can be used as a com-
ponent of a flux for brazing of zinc and zinc�alumi-
num alloys [1]. The surface tension to the adhesion
ratio in Young’s equation can be used to judge
the wettability of the solid surface with a liquid. Data
on the density of sodium hydroxide density in the
temperature range from 620 to 730 K are available in
the literature [2, 3].

The surface tension of a sodium hydroxide melt
was measured by the method of the maximum pres-
sure in a gas bubble [4], which is the most appropriate
for corrosive media. The experiments were performed
as follows. A corundum vessel sealed hermetically
with a ceramic lid was placed in the furnace. A pla-
tinum�platinum-rhodium thermocouple for monitoring
the temperature and a pipe for supply of argon to
provide an inert atmosphere were introduced through
the openings in the lid.

After the prescribed temperature was attained,
a glassy-graphite crucible with sodium hydroxide
(chemically pure grade) was lowered into the vessel.
Prior to being used, it was vacuum-treated at 873�
923 K for 4 h to remove water. After melting of so-
dium hydroxide, the melt was kept to equalize the
temperature throughout the bulk of the melt. Then,
a platinum capillary, through with argon passed, was
moved down, until the lower end of the capillary
touched the surface of the melt. This instant was in-
dicated by a micromanometer as the rise in the level
of the manometric liquid (ethanol). The formation of
a gas bubble was accompanied by an increase in pres-
sure. After the maximum pressure Pmax was attained,
the gas bubble detached from the capillary, and a pres-
sure drop was indicated by the manometer.

The error in determining the surface tension was
estimated to be �2%.

The surface tension was calculated with account of
the asphericity of the gas bubble by Cantor’s formula:

� = ���� 1 � ����� � ����� ,
gPmax

2
�
�

2
3 Pmax

�r 1
3 Pmax

2
�2r2 �

�
� �

(1)

where g is the gravity or the conversion coefficient
from pressure (cm of water column) and radius (cm)
to surface tension (mJ m�2); r, radius of the capillary
(0.1784 cm); and �, the density of the melt, deter-
mined experimentally by submerging the capillary in
the melt.

The difference between the increased pressure P
and Pmax in contact with the surface of the liquid,
�P = P � Pmax (cm of water column) was determined
by submerging the capillary to different depths �h
(cm): �P�w = �h�. The density of the melt was cal-
culated using the equation:

� = �� �w.	P
	h (2)

The error in determining the density by this method
was 2%.

Preliminary experiments yielded a satisfactory
agreement between the experimental values of the sur-
face tension and published values for chloride, carbo-
nate, and nitrate melts [4], which confirms the reli-
ability of the procedures used in measurements and
salt preparation.

The experimental results averaged over two or
three measurements at 673�1073 K are listed in
the table. It can be seen that the surface tension and
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Surface tension and density of sodium hydroxide
����������������������������������������

T, K � �, mJ m�2 � �, kg m�3

����������������������������������������
673 � 150.2 � 1710
723 � 148.1 � 1684
773 � 145.8 � 1662
823 � 143.9 � 1633
873 � 142.0 � 1610
923 � 140.1 � 1591
973 � 138.0 � 1563

1023 � 136.2 � 1538
1073 � 133.8 � 1513

����������������������������������������

density decrease with increasing temperature. This
decrease is linear and is described by the equations:

� = A � BT, (3)

� = A � BT. (4)

The parameters A and B were determined by the
least-squares method. In Eq. (3), they were found to
be 1771.1 and 0.0402, respectively, at a confidence
interval of 0.99963 and variance of 0.16068. Con-
sequently, the temperature dependence of the surface
tension (mJ m�2) is described by the equation

� = 177.1 � 0.0402T. (5)

The parameters A and B in Eq. (4) are 2038.16
and 0.489, respectively, at a confidence interval of

0.99957 and variance of 2.10291, i.e., the temperature
dependence of the density (kg m�3) is described by
the equation

� = 2038.16 � 0.489T. (6)

A comparison of the densities of sodium hydroxide
at 673 and 723 K with the published values [3] �673 =
1746 and �723 = 1723 kg m�3 demonstrated a dis-
agreement of 2%, which does not exceed the error of
density measurements. The agreement between the
temperature coefficient of density, obtained in this
study (0.489), and the value of 0.4784 from [3] can
be considered satisfactory.

CONCLUSION

The temperature dependence of the surface tension
and density of sodium hydroxide is linear and can be
described by Eqs. (5) and (6).
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Abstract�The conditions of oxidation of thiocyanate ions and thiocarbamide with iodine in aqueous solutions
are discussed. The range of the pH values of the solutions, in which thiocyanate ions do not interfere with
the iodometric determination of sodium sulfite in fixing�bleaching photographic solutions and the expenditure
of iodine for oxidation of thiocarbamide can be taken into account correctly, is revealed.

Iodometric methods are widely used for deter-
mining the content of sodium sulfite in fixing solu-
tions that contain, in addition to sodium sulfite, only
a single component reacting with I2, sodium or am-
monium thiosulfate. The working principles of these
methods were published in monographs [1, 2], man-
uals of the analytical chemistry of fixing solutions
[3, 4], and a review [5].

Sulfite ions are commonly determined by the direct
and back iodometry. In either method, two aliquots of
a fixing solution being analyzed are titrated. In one of
these, the total volume V of the standard I2 solution
spent for oxidation of sulfite and thiosulfate ions is
determined, and in the other, V1, the volume of the
I2 solution spent for oxidation of thiosulfate ions is
found. In the second aliquot, sulfite ions are masked
with formalin [1�5] or are precipitated in the form of
a sparingly soluble salt SrSO3 [5, 6]. The volume V2
of the iodine solution spent for oxidation of sulfite
ions is found from the difference V2 = V � V1.

Variants of iodometric procedures differ in the vol-
umes of aliquots of a fixer and a masking formalin
solution and in the acidity of the medium in titra-
tion of the sum of sulfite and thiosulfate ions. Being
the most accurate, the back iodometry can be recom-
mended for performing an arbitrary analysis. Accord-
ing to the current OST (All-Union Standard) 19-1�83,
a direct volumetric method can be used to determine
the content of Na2SO3 in fixing solutions.

In the last two decades, fixing�bleaching solutions
have found wide use in color photography. Unlike

other fixers, they contain, in addition to sodium sul-
fite and sodium thiosulfate, either of the two com-
ponents that can be oxidized with I2, potassium thio-
cyanate KSCN or thiocarbamide (NH2)2CS (TC).
The TC content in such a fixing solution can be varied
within 2�6 g l�1, and potassium thiocyanate is added
in an amount of 10 g l�1.

A method for determining Na2SO3 has been
suggested for only a single composition of the fix-
ing�bleaching solution, containing 6 g l�1 TC [6].
The general pattern of how the reaction of TC and
thiocyanate ions with iodine affects the determination
of the sulfite ion are not discussed here. Therefore,
it is unclear whether or not this method can be used
for determining Na2SO3 in other fixing�bleaching
solutions.

The aim of this study was to discuss the mechan-
ism of reactions of TC and thiocyanate ions with I2
and to provide, on this basis, recommendations for
determination of Na2SO3 in any type of fixing�bleach-
ing solutions.

The mechanism of oxidation of thiocyanate ions by
I2 has been widely discussed [7, 8]. It was established
that this mechanism depends on the pH value of the
aqueous medium. In alkaline solutions with pH > 8,
thiocyanate ions are oxidized in quantitative yield by
the reaction [7, 8]:

KSCN + 4I2 + 4H2O � H2SO4 + 6HI + KI + ICN. (1)

Reaction (1) is the basis for quantitative iodometric
analysis of thiocyanate-containing compounds.
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Results of determination of the known content of Na2SO3, c0, in fixing�bleaching photographic solutions by direct
titration in accordance with OST 19-1�83 (c1) and by back titration with (c2) and without (c3) acidification of the aliquot
of the fixing solution (n = 5, P = 0.95)
������������������������������������������������������������������������������������
Interfering sub- � � � � � � �� c0, g l�1 � c1 � �, g l�1 � Sr � c2 � �, g l�1 � Sr � c3 � �, g l�1 � Srstance, g l�1 � � � � � � �
������������������������������������������������������������������������������������
KSCN, 10 � 2.16 � 2.3 � 0.3 � 0.11 � 2.2 � 0.1 � 0.04 � 3.3 � 0.3 � 0.07
TC: � � � � � � �

2 � 2.08 � 1.9 � 0.3 � 0.12 � 2.02 � 0.12 � 0.05 � 4.2 � 0.4 � 0.09
6 � 9.73 � � � � � 9.5 � 0.3 � 0.02 � 16.4 � 0.8 � 0.03

������������������������������������������������������������������������������������

In weakly acidic solutions, at pH � 5.0, thiocyanate
ions do not react with I2 [7], whereas at pH 5�8,
the reaction product ICN partly reacts with I� ions to
give I2:

ICN + HI � I2 + HCN. (2)

The higher the solution acidity, the larger fraction
of ICN is involved in the reaction to give I2, which
makes indeterminate the titrant volume spent for ox-
idation of sulfite ions. In [7], no products of oxida-
tion of thiocyanate ions were found in a solution with
pH < 5.0. Apparently, SCN ions will not interfere with
iodometric determination of Na2SO3 in its titration in
solutions with pH < 5. The fixing�bleaching solutions
have pH 7�9 and their acidification with acetic acid to
pH 3.5 is admissible. In more acidic solutions, thio-
sulfate ions react with H+ ions to give S or SO2, and,
therefore, the results of analysis will be erroneous.

The mechanism of TC oxidation by iodine was dis-
cussed in [9, 10]. As in the case of thiocyanate ions,
this mechanism is dependent on the solution pH. In
an alkaline medium with pH > 8, TC is oxidized to
carbamide by the reaction [9]:

(NH2)2CS + 4I2 + 10NaOH � (NH2)2CO + Na2SO4

+ 8NaI + 5H2O. (3)

In weakly acidic and acid solutions, TC reacts
with iodine in quantitative yield to form a salt of
formamidine disulfide [10]:

2(NH2)2CS + I2 + H2SO4

� (NHNH2)2C2S2 � H2SO4 + 2HI. (4)

Thus, it is impossible to suppress the reaction of
TC oxidation by varying the acidity of the medium in
iodometric determination of Na2SO3 in the presence
of TC. However, the volume of the iodine solution,
V3, spent for this process can be determined with
a high accuracy. For example, if the same acidity of
the medium (pH 3.5�5.0) is created in aliquots of
a fixing�bleaching solution taken for determining
either the total content of SO3

2� and S2O3
2� ions or

that of only S2O3
2� ions, then the volume of the I2

solution spent for TC oxidation will be the same in
both titrations. Therefore, the volume of the I2 solu-
tion spent for oxidation of sulfite ions can be calcu-
lated from the difference of these titrations.

Indeed, the total volume of the I2 solution spent for
oxidation of the three components (S2O3

2�, SO3
2�, and

TC) can be written as V1 + V2 + V3, and the volume
spent for titration of an aliquot with masked sulfite
ions, as the sum V1 + V3. Then the expenditure of I2
for titration of Na2SO3 is the difference of volumes
V1 + V2 + V3 � V1 � V3 = V2. Thus, the acidification
of both the aliquots of a fixing solution to pH 3.5�5.0
in direct and back iodometry should eliminate the
effect of thiocyanate ions and TC on the results ob-
tained in determining of Na2SO3 in all types of fix-
ing�bleaching solutions.

EXPERIMENTAL

To verify the correctness of this conclusion, different
types of fixing�bleaching solutions containing 2 and
6 g l�1 TC or 10 g l�1 KSCN were analyzed by back
iodometry. In one series of analyses, a 1-cm3 ali-
quot of a fixing solution in which the sulfite ion was
masked with formalin was acidified with 10% acetic
acid (5 cm3). In another series, an aliquot of a fixing
solution, intended for determining the total volume
of the standard iodine solution, was also acidified.
The aliquots were treated with an excess amount
(10�15 cm3) of a 0.1 N iodine solution, which was
then titrated with a 0.1 N solution of Na2S2O3 in
the presence of a starch solution as indicator. Simul-
taneously, some fixing solutions were analyzed for
the content of Na2SO3 by direct iodometry in ac-
cordance with OST 19-1�83. In this method, the ali-
quots of a fixing solution were acidified with 10%
acetic acid (10 cm3). The compositions of the fixing
solutions were reported in [6] and can be found in
reference books on photography. The true content of
Na2SO3 in a fixing solution prepared was calculated
from the weight of the portion of this reagent, deter-
mined with high accuracy. The results of these deter-
minations are listed in the table.
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The data in the table show that use of the tradi-
tional back iodometry to find the total content of
S2O3

2� and SO3
2� ions without preliminary acidification

of the aliquot of a fixing solution yields erroneous re-
sults for the content of sodium sulfite (c3) in all types
of fixing�bleaching solutions containing thiocarb-
amide or potassium thiocyanate.

By contrast, the results obtained in determining
the Na2SO3 content in accordance with OST 19-1�83
(c1) and by back iodometry with acidification of all
aliquots of fixing solutions (c2) are well reproducible
and correct, because the true value c0 lies within
the range of variation of the average values obtained
by these methods.

CONCLUSIONS

(1) Thiocarbamide and salts containing thiocyanate
ions interfere with iodometric determination of sodi-
um sulfite in fixing�bleaching photographic solutions,
because they are oxidized by iodine, together with
the substance to be analyzed. The influence of thio-
cyanate ions can be eliminated by acidification of
the solution being analyzed to pH 3.5�5.0. In such
a medium, thiocyanate ions do not react with iodine.

(2) At pH 3.5�5.0, thiocarbamide is oxidized by
iodine by the known reaction. The effect of this re-
action can be taken into account when determining the
total content of S2O3

2� + SO3
2� + (NH2)2SC ions and

that of only S2O3
2� + (NH2)2SC ions in the aliquots of

fixing solutions acidified to these pH values.

(3) The determination in accordance with OST
19-1�83 meets these requirements, and, therefore,
the content of sodium sulfite is correctly determined
by this method.

(4) Back titration, in which the solution to be ana-
lyzed is acidified to pH 3.5�5.0 prior to the titration
of the sum of S2O3

2� + SO3
2� ions, also yields correct

results.
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Abstract�Conditions of synthesis of N-hydroxyethyl-substituted succinimide and phthalimide by reactions
of dicarboxylic acid imides with aminoethanol were optimized.

Synthesis of N-hydroxyethyl-substituted succin-
imide and phthalimide has been the subject of numer-
ous papers [1, 2]. N-(Alkoxyethyl)succinimides are
used as SO2 absorbents [3], and N-(2-hydroxyethyl)-
phthalimide, as a synthetic precursor of N-vinylphthal-
imide, a monomer for preparing polymers with a high
softening point (200�C) [4].

Condensation of 2-(diethylamino)ethanol with suc-
cinimide and phthalimide at 360�C yielded N-[2-(di-
ethylamino)ethyl]succinimide I and N-[2-(diethylami-
no)ethyl]phthalimide II [1, 2]. The subsequent reac-
tions of I and II with aminoethanol yielded N-hydrox-
yethyl-substituted succinimide III and phthalimide IV:
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where R = (CH2)2 (I, III), o-C6H4 (II, IV).

EXPERIMENTAL

We have developed a single-step procedure for
preparing N-hydroxyethyl-substituted succinimide III

and phthalimide IV by the reaction of aminoethanol
with succinimide and phthalimide.

Freshly distilled aminoethanol (31 g) was added
dropwise to an equimolar amount of phthalimide
(73 g) or succinimide (49 g). The mixture warmed
up and foamed owing to evolution of ammonia. Then
the mixture was heated on a bath with Wood’s alloy
to 200�250�C. After the gas evolution ceased, the
heating was stopped. In the case of IV, the mixture
was poured into cold water. The crystalline precipitate
was filtered off, dried, and twice recrystallized from
benzene. Colorless crystals of IV were obtained in
87% yield (83 g); mp 127�128�C. In the case of III,
the reaction mixture was cooled and vacuum-distilled;
the fraction boiling at 178 (5 mm Hg) or 215�C
(6 mm Hg) was crystallzed from hot benzene. The
crystals of III were filtered off and dried; yield of
colorless crystals of III 82% (58 g), mp 58�C:
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The structures of III and IV were confirmed by IR
and 1H and 13C NMR spectroscopy.

The IR spectra were recorded on a Specord M 80-
IR spectrometer (liquid films and mulls in mineral
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oil) in the range 4000�600 cm�1, using KBr and NaCl
prisms. In the IR spectra of imides III and IV, we
observed high-frequency absorption bands at 3600�

3500 cm�1, characterizing the free OH group. The
bands at 1780�1710 cm�1 corresponded to the C=O
stretching vibrations.

The 1H NMR spectra were recorded on a Bruker
spectrometer (300 MHz). The NMR spectra of III and
IV contain, respectively, the signals of two methylene
groups of the succinimide ring at 4.8�4.9 ppm and of
the aromatic ring at 7.8�7.87 ppm. A broad singlet at
3.98�4.1 ppm is due to the hydroxy group. The meth-
ylene groups of the aminoethanol moiety give signals
at 3.78�3.80 ppm. In the 13C NMR spectra, the sig-
nals of the C=O groups are observed at 168�180 ppm.

CONCLUSION

A procedure was developed for preparing N-(2-hy-
droxyethyl)phthalimide and N-(2-hydroxyethyl)suc-
cinimide by the reaction of the corresponding imides
with aminoethanol (yield 82�87%).

REFERENCES

1. Nakajima, K., J. Chem. Soc. Jpn., Pure Chem. Sect.,
1960, vol. 81, no. 2, pp. 323�327.

2. Nakajima, K., J. Chem. Soc. Jpn., Pure Chem. Sect.,
1960, vol. 81, no. 6, p. 962.

3. FRG Patent 1 273 501.
4. Nikolaev, A.F. and Ushakov, S.N., Izv. Akad. Nauk

SSSR, 1957, vol. 10, pp. 1236�1239.



1070-4272/04/7712-2036 � 2004 MAIK �Nauka/Interperiodica�

Russian Journal of Applied Chemistry, Vol. 77, No. 12, 2004, pp. 2036�2037. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 12, 2004,
pp. 2061�2062.
Original Russian Text Copyright � 2004 by Chobanyan.

BRIEF
������������������������������� �������������������������������

COMMUNICATIONS

Preparative Synthesis of (Z)-5-Decenyl Acetate

Zh. A. Chobanyan

Institute of Organic Chemistry, National Academy of Sciences of the Republic of Armenia, Yerevan, Armenia

Received July 14, 2004

Abstract�A procedure was developed for preparative synthesis of (Z )-5-decenyl acetate, the sex hormone
of Agrotis Segetum.

The use of pheromones for plant protection from
pests became possible after preparation of synthetic
analogs of these natural compounds. Since that time,
the chemistry of synthetic pheromones has been re-
ceiving a considerable attention [1].

Agrotis Segetum is a pest damaging various cereals
under natural conditions and in storehouses. The prin-
cipal component of its pheromone is (Z)-5-decenyl
acetate I.

Procedures have been developed for preparing I us-
ing the Wittig reaction to obtain the (Z)-alkene moiety
[2�4], by selective ozonolysis of (Z, Z)-1,6-cycloocta-
diene [5], and by metal interchange with di(1-hexen-
yl)mercury [6]. Medarde et al. [7] reported a gen-
eral procedure for preparing components of Agrotis
Segetum pheromone from 1,4-butanediol [7]. The
above procedures are multistep, difficult in implemen-

tation, and time-consuming; they involve formation of
undesirable by-products, and the yield of the target
products is low. We have developed a new procedure
for preparing pheromones of this type, which is free
of the above drawbacks.

The procedure suggested starts from butylacetylene
II and follows the C6 + C4 scheme. In the first step,
sodium butylacetylenide reacts with 1-iodo-4-chloro-
butane in liquid ammonia at �50 to �60�C (under
these conditions, iodochloroalkanes react selectively,
with only the iodine atom substituted) to form 1-chlo-
ro-5-decyne III. This compound is treated with sodi-
um acetate in refluxing dimethylformamide (DMF).
The resulting 5-decynyl acetate IV is hydrogenated
in a flow of hydrogen in the presence of nickel acetate
treated with ethylenediamine and sodium borohydride;
the reaction gives (Z)-5-decenyl acetate I, overall
yield 44%.
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The process efficiency and yield of I essentially
depend on the reaction temperature. At temperatures
above �50�C, side reactions occur (dehydrochlorina-
tion, disubstitution), and below �60�C, the yield of I
does not change further.

In the synthesis of 1-chloro-5-decyne III and
5-decynyl acetate IV, we took the reactants in an

equimolar ratio, since an excess of any of the reactants
had no appreciable effect on the product yield. The
hydrogenation of 5-decynyl acetate IV to (Z)-5-decen-
yl acetate was performed according to [8].

According to GLC, the final product I contained
the Z isomer only, which is confirmed by the IR data
(presence of a medium-intensity band in the region of
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730 cm�1; absence of a band at 980 cm�1, character-
istic of the E configuration) and by a characteristic
multiplet of the (Z)-CH=CH protons in the 1H NMR
spectrum at 5.1�5.35 ppm (J = 11.5 Hz).

EXPERIMENTAL

The 1H NMR spectra were recorded on a Varian
Mercury-300 spectrometer (300 MHz) in CDCl3,
internal reference TMS, and the IR spectra, on a
UR-20 spectrometer (thin films). The GLC analysis
was performed on a Chrom-5 chromatograph equipped
with a flame ionization detector and 25000 � 0.2-mm
glass capillary column coated with SE-30, carrier gas
nitrogen, flow rate 30 ml min�1.

1-Chloro-5-decyne III. Alkyne II (12.8 g) was
added over a period of 15 min at �60�C to sodium
amide prepared from 3.45 g of Na and 0.5 l of liquid
ammonia; the mixture was stirred for 3 h. Then 32.8 g
of 1-iodo-4-chlorobutane was added dropwise over a
period of 2 h. The mixture was stirred for an addition-
al 2 h and allowed to warm up. After evaporation of
ammonia (15 h), 200 ml of anhydrous diethyl ether
was added to the residue, and the mixture was re-
fluxed with stirring for 3 h. After cooling, dilute HCl
(pH 3) was added, and the mixture was extracted with
diethyl ether (3 � 50 ml). The combined ether extracts
were washed with a Na2S2O3 solution and dried over
magnesium sulfate. Distillation gave 18.1 g (70%) of
III [9], bp 75�76�C (2 mm Hg), n2

d
0 = 1.4610.

5-Decynyl acetate IV. Chloroalkyne III (3.45 g)
was added to a mixture of 1.64 g of sodium acetate
and 10 ml of acetic acid in 50 ml of anhydrous DMF.
The mixture was stirred at the boiling point for 10 h,
the solvent was distilled off, 15 ml of water was
added to the residue, and the mixture was extracted
with diethyl ether (3 � 50 ml). The extract was
washed with water to pH 7 and dried over magnesium
sulfate. The solvent was removed. Vacuum distillation
gave 3.2 g (82%) of IV, bp 92�C (2 mm Hg), nd

20 =
1.4460. IR spectrum, �, cm�1: 1745, 2250. 1H NMR
spectrum, �, ppm: 0.9 t (3H, CH3CH2, J = 7 Hz), 1.4�
1.7 m (8H, CH2), 1.9�2.15 m (4H, CH2C�CCH2),
1.85 s (3H, COCH3), 4.1 t (2H, OCH2, J = 6.8 Hz).

(Z )-5-Decenyl acetate I. A 0.32-g portion of
Ni(OAc)2 � 4H2O in 10 ml of absolute ethanol was
bubbled with hydrogen, after which 1.4 ml of a 1 M
alcoholic solution of sodium borohydride was added
in three portions. To the resulting black solution, we
added 0.18 g of anhydrous ethylenediamine and 1.5 g
of decynyl acetate IV; the mixture was stirred at 20�C
in a flow of hydrogen. After the hydrogenation was
complete, the catalyst was filtered off, the filtrate was
evaporated, and the precipitate was diluted with 20 ml
of water and extracted with diethyl ether (3 � 50 ml).
The extract was washed with 10 ml of water and dried
over magnesium sulfate; the solvent was distilled off.
Yield of I 1.2 g (81%), bp 100�101�C (7 mm Hg),
nd

20 = 1.4400. IR spectrum, �, cm�1: 730 m, 1150 s,
1245 s, 1370 m, 1390 m, 1465 m, 1658 w, 1745 vs,
3015 m. 1H NMR spectrum, �, ppm: 0.89 t (3H,
CH3CH2, J = 7.1 Hz), 1.3�1.45 m (8H, CH2), 1.95�
2.25 m (4H, CH2CH=CHCH2), 1.96 s (3H, COCH3),
4.01 t (2H, OCH2, J = 6.8 Hz), 5.1�5.35 m (2H,
CH=CH, J = 11.5 Hz).
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Professor Adam Vladislavovich Rakovskii
(To 125th Anniversary of His Birthday)

A.V. Rakovskii, a corresponding member of
the Academy of Sciences of the USSR and a professor
of Moscow State University, performed a wide variety
of experimental studies and made a major contribution
to the formation of physical chemistry as an inde-
pendent educational discipline and to the development
of chemical education in Russia.

Adam Vladislavovich Rakovskii was born on De-
cember 23, 1879, at Mezhirech’e village of Sedlets-
kaya Province (now in the Republic of Poland) into
the family of a teacher. In 1896, he finished a classical
gymnasium at the town of Bela in the same province
and entered the natural department of the physico-
mathematical faculty at Moscow University. Rakov-
skii expressed the strongest interest in chemistry be-
ginning from the first years of his education. At that
time, chemical sciences were for the most part taught
at the University by professor N.D. Zelinskii (1861�
1952, academician of the Academy of Sciences of
the USSR since 1929); V.F. Luginin (1834�1911),
founder of a thermochemical laboratory at the Univer-
sity; and A.P. Sabaneev (1842�1923). I.A. Kablukov
(1857�1942, honorary member of the Academy of
Sciences of the USSR since 1932), a known physi-
cal chemist, was elected extraordinary professor of
Moscow University only in May 1903.

In 1903, Rakovskii graduated from the University
with a first-degree diploma and, on Zelinskii’s re-
commendation, was taken on the staff of the Central
chemical laboratory of the Ministry of Finance as
a junior laboratory assistant. The main task of the lab-
oratory was to monitor the quality of alcoholic drinks,
in connection with the state monopoly on this kind of
products, and also to control the work of provincial
laboratories and to improve methods for rectification
of ethanol. Most of the staff members of the laborato-
ry were graduates from Moscow University, the opera-
tion of the laboratory was supervised by Zelinskii.

Already by the end of Rakovskii’s education at
the University his scientific interests were mainly
focused on physical chemistry, even though no sep-
arate discipline of this kind existed at Moscow Uni-
versity in those years. When being an undergraduate,
Rakovskii worked at the thermochemical laboratory;

he is the author of an unpublished manuscript �Heats
of Combustion and Formation of Organic Substances
in the Context of the Structural Theory� (Moscow,
1902) [1]. During his work at the laboratory of
the Ministry of Finance, Rakovskii could, in addition
to discharging his duties, prepare for publication his
first study �Kinetics of Consecutive First-Order Re-
actions� (1907) [2]. In 1907�1910, the scientist pub-
lished the results of seven more physicochemical
studies. These included �Specific Heats of Solutions
in Water and Ethanol� (1909) and �Purification and
Rectification of Ethanol� (1909). In 1911�1914, a set
of 11 publications concerned with the adsorption of
water and aqueous solutions by starch appeared in
Zhurnal Russkogo Fiziko-khimicheskoro Obshchestva
(Journal of the Russian Physicochemical Society).
The results of these studies were summarized in
Rakovskii’s master’s dissertation �To the Theory of
Adsorption� (1913), defended at Kiev University in
1914. Based on the results of his experiments, Ra-
kovskii, in particular, concluded that the adsorption of
water vapor by solid colloids occurs continuously and
irreversibly. The irreversibility of the adsorption pro-
cess is manifested in that there exists a hysteresis of
the water content in the colloid. This set of publica-
tions devoted to adsorption was analyzed in detail by
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Ya.I. Gerasimov and A.V. Kiselev in the collection of
works [2]. The authors highly appreciated Rakovskii’s
studies in the field of adsorption and thermodynamics
of irreversible processes.

After the degree of master of science was conferred
on Rakovskii, he became a privatdocent at the chair of
chemistry of Moscow University and started to deliver
lectures on chemical thermodynamics and application
of mathematics to chemistry. Because of the begin-
ning of World War I, Rakovskii took active part, as
a staff member of the Ministry of Finance, in the
equipment of plants for manufacture of the necessary
medicines. In 1917, he was appointed head of the
Central chemical laboratory of the Ministry of Finance
and supervisor of chemical plants affiliated with this
Ministry (beginning in 1918, People’s Commissariat
of Finance).

In 1919�1932, Rakovskii headed the laboratory of
inorganic chemistry at the Institute of Pure Chemical
Reagents, in whose organization he was directly in-
volved. Beginning in 1920, the scientist started to pay
increasing attention to Moscow University, without
terminating his work at industrial research institutes.
In 1920�1928, Rakovskii was a professor at the chair
of inorganic chemistry of Moscow University; in
1928�1930, he headed this chair; and from 1930 till
the end of his life, he headed the chair of physical
chemistry of Moscow State University. From 1933 to
1937, he simultaneously occupied the positions of
dean of the chemical faculty and director of the In-
stitute of Chemistry at Moscow State University. Ra-
kovskii was a talented and many-sided teacher.

During the period from 1919 to 1933, Rakovskii
and co-workers carried out, mainly at the Institute of
Pure Chemical Reagents, quite a number studies. He
published in Trudy Instituta (Coll. of Works of the In-
stitute), Zhurnal Prikladnoi Khimii (Journal of Ap-
plied Chemistry), Zhurnal Obshchei Khimii (Journal
of General Chemistry), and other editions results of
33 studies. These include important investigations
concerned with equilibria in water�salt systems, de-
velopment of standards and standard procedures for
testing of chemical reagents (including acids and al-
cohols), and a set of studies devoted to heteropoly-
acids and heteropolycompounds. All investigations
performed by Rakovskii and his pupils are distin-
guished by extraordinary thoroughness in experimental
work and assessment of the results obtained. Rakov-
skii made a major contribution to the organization of
manufacture of various high-purity preparations. Dur-
ing several years, he was a consultant at Gintsvetmet
and Giredment institutes. A collection of thermody-

namic works carried out by staff members of the Gin-
tsvetmet institute was published under Rakovskii’s
editorship (1935).

Rakovskii’s services in organization of the higher
chemical education in our country were great, he was
actively involved in composition of curricula and
programs of chemical higher-school institutions and
paid primary attention to teaching of physics and
mathematics to students of chemical specialities. Ra-
kovskii was permanently concerned with problems of
publication of educational literature in the field of
inorganic and physical chemistry and chemical ther-
modynamics. Originally, his lectures from various
courses were published as lithographic editions (1926�
1935). In 1933, Rakovskii published (together with
E.F. Krauze and A.V. Bogomolov) Kurs obshchei i
neorganicheskoi khimii (Course of General and In-
organic Chemistry) (420 pp.). In 1938, he published
a fundamental work Vvedenie v fizicheskuyu khi-
miyu (Introduction to Physical Chemistry) (679 pp.).
The book comprised an extended and supplemented
course of lectures delivered by the author at Moscow
State University; it was widely used by postgraduate
students and research workers. In 1939 was published
a more concise Kurs fizicheskoi khimii (Course of
Physical Chemistry) (544 pp.), recommended as a text-
book for students of chemical specialities.

Rakovskii paid a considerable attention to transla-
tion of foreign publications into Russian; quite a num-
ber of textbooks and monographs were published
under his editorship and with his supplements, which
were rather significant in some cases. The book by
A. Smith Introduction to Inorganic Chemistry was
published in three editions in Russian translation un-
der editorship and with supplements by Rakovskii
(1928�1931). Rakovskii published a special supple-
ment Khimicheskaya kinetika i kataliz (Chemical
Kinetics and Catalysis) (1931, 84 pp.) to the Russian
translation of A.P. van Eyken’s Foundations of Phys-
ical Chemistry (Osnovnye nachala fizicheskoi khimii,
1929, 343 pp.). J.R. Partington’s course of chemical
thermodynamics was seriously reshaped [3]. This was
the first experience of publication of a course of chem-
ical thermodynamics in Russia; the translation was
done by Rakovskii’s closest associate Ya.I. Gerasi-
mov (1903�1983, corresponding member of the Acad-
emy of Sciences of the USSR since 1953). The book
simultaneously served as reference and strongly af-
fected the development and level of the thermody-
namic research in our country. Of considerable in-
terest is Rakovskii’s foreword to the Russian transla-
tion of the book by I.D. Van der Waals and F. Kon-
stamm Course of Thermostatics (Kurs termostatiki;
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1936, part I, 452 pp.; part II, 439 pp.) in which, in
particular, editor’s standpoint concerning important
problems of the theory of solutions was presented.

Rakovskii’s scientific activities were honored by
his election a corresponding member of the Academy
of Sciences of the USSR in 1933.

Adam Vlasdislavovich Rakovskii died of long and
severe illness on June 7, 1941. He gave more than
quarter of a century of his life to Moscow University,
being one of the leading professors of the chemical
faculty. Warmest recollections of Rakovskii, a bril-
liant pedagogue and talented scientist, were published
by his closest pupils and co-workers Ya.I. Gerasimov,
A.V. Kiselev, A.V. Frost, M.M. Popov, D.N. Tara-
senkov, and others [2, 4, 5]. Rakovskii’s accomplish-
ments in organization of the chair of physical chem-
istry and, simultaneously, of the laboratory of chem-
ical thermodynamics of Moscow State University
(1930) are described in G.F. Voronin’s essay devoted
to the life and activities of Ya.I. Gerasimov who
headed the laboratory of chemical thermodynamics for
more than 35 years (since 1943) and the chair of phys-
ical chemistry of Moscow University for more than
30 years (since 1952) [6]. The collection of works [2]
contains a full list of Rakovskii’s scientific publica-
tions.
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Zelenin, K.N., Nozdrachev, A.D., and Polyakov, E.L.,
Nobelevskie premii po khimii za 100 let (Nobel Prizes

in Chemistry in 100 Years), St. Petersburg: Gumanistika,
2003, 873 pp.

In accordance with the will of Alfred Nobel (1833�
1896), a Swedish engineer, chemist, and industrialist,
international prizes have been annually awarded since
1901 for outstanding discoveries and achievements in
physics, chemistry, physiology, or medicine; for creat-
ing the most important literary works, and for making
a major contribution to friendship between peoples
and consolidation of peace. Beginning in 1969, prizes
in economic sciences in memory of Alfred Nobel are
also awarded.

The changes in the political life of Russia in the
last decade of the XX century affected the attitude of
State structures toward the activities of the Nobel
Committee and toward how these prestigious scien-
tific prizes are awarded. In 1992, the encyclopedia
Nobel Prize Laureates, published in the United States
in 1987, was translated into Russian. The two vol-
umes of this encyclopedia (vol. 1, 740 pp.; vol. 2,
854 pp.; Moscow: Progress) contain 564 articles with
biographies of scientists, writers, and public and
political figures, as well as information about institu-
tions awarded Nobel Prizes in 1901�1986. This was
the first fundamental publication in Russian about
Nobel Laureates. It should be noted that the encyclo-
pedia Nobel Prize Laureates is published abroad
every five years. Following the encyclopedia, a num-
ber of publications devoted to A. Nobel’s life and to
the activities of the Nobel Prize Committee appeared
in Russian. To these belong a Russian translation from
English of R. Sulman’s book Alfred Nobel’s Will.
History of Nobel Prizes (Moscow: Mir, 1993, 142 pp.)
and translation from French of O. de Rudder’s book
Alfred Nobel (Rostov-on-Don: Feniks, 1997, 320 pp.).
Of considerable interest is A.M. Blokh’s mono-
graph Sovetskii Soyuz v inter’ere Nobelevskikh pre-
mii. Fakty. Dokumenty, Razmyshleniya, Kommentarii
(The Soviet Union in the Context of Nobel Prizes.
Facts. Documents. Reflection, Comments), edited
by A.I. Melua (St. Petersburg: Gumanistika, 2001,
608 pp.), which contains an exceedingly valuable
documentary evidence. The author of the monograph,
a known Russian Scientist, has been extensively and

effectively working in the field of history of science.
Among the books devoted to Nobel-related issues
(�Nobelistics�), one more very well-compiled bibli-
ographic publication: Lektsii i rechi laureatov Nobe-
levskikh premii v russkikh perevodakh: 1901�2002.
Bibliographicheskii ukazatel’ (Lectures and speeches
by Nobel prize laureates in Russian translation: 1901�
2002. Bibliographic Index), (St. Petersburg: Bibl.
Akad. Nauk, 2003, 168 pp.) should be mentioned.

The book by Zelenin, Nozdrachev, and E.L. Pola-
kov should be referred to reference books of mostly
compiled nature. It contains evidence about laureates
of 94 prizes in chemistry, awarded from 1901 till
2002. In the last century, Nobel prizes in chemistry
were not awarded, for various reasons, only in 1916,
1917, 1919, 1924, 1933, 1940�1942. The book com-
prises an introduction, five chapters, and a supple-
ment. The brief introduction (pp. 7�10) contains
evidence about Alfred Nobel’s family and possible
reasons for the appearance of such a will. The first
chapter (pp. 14�45) includes a rather detailed descrip-
tion of Alfred Nobel’s life and activities. In the second
chapter (pp. 46�61), the working mechanism of the
Nobel Committee for Chemistry is described. The pre-
rogative right to chose a laureate is vested in the
Swedish Royal Academy of Sciences. Nominations
can be made by Swedish and foreign members of the
Swedish Royal Academy of Sciences, members of the
Nobel Committee for Chemistry, professors of chem-
istry at universities and technological institutes of
Sweden, Denmark, Finland, Island, and Norway,
Nobel Laureates in Chemistry, professors of the Karo-
linska Institute in Stockholm, heads of chairs of a
small number of other universities by choice of the
Swedish Royal Academy of Sciences, and individual
scientists by invitation of the Nobel Committee. Those
invited personally as nominators should not discuss
their decision with colleagues and nominees them-
selves. The information about the work of the Nobel
Committee and about all the nominators and nominees
becomes publicly accessible only in 50 years.



RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 12 2004

2042 MORACHEVSKII

The third chapter of the reference book by K.N. Ze-
lenin and co-authors (pp. 62�100) considers the dis-
tribution of Nobel Prizes among the main fields of
modern chemistry and different countries in 100 years.
Particularly significant in the last 50 years is the share
of works of chemical-biological nature, devoted to
a study of the chemism of vital processes and of
the functioning of living systems.

The first Nobel Prize in Chemistry was awarded in
1901 to one of the founders of modern physical chem-
istry, J.H. van’t Hoff (1852�1911) (Netherlands), �in
recognition of the extraordinary services he has ren-
dered by the discovery of the laws of chemical dynam-
ics and osmotic pressure in solutions.� During the
period from 1901 till 1950, the obviously leading po-
sition among the recipients of Nobel Prizes in Chem-
istry was occupied by German chemists (19 Nobel
laureates). The Nobel Prize winners from Germany
include such known chemists as A. von Baeyer (1835�
1917), W. Ostwald (1853�1932), F. Haber (1868�
1934), W. Nernst (1864�1941), and O. Hahn (1879�
1968). Considerably smaller was the number of laure-
ates from the United States (7), UK (7), and France
(6). The situation changed fundamentally in the second
half of the XX century. During the period from 1951
till 2000, Nobel Prizes in chemistry were awarded to
42 scientists from the United States, 16 scientists from
the UK, and 8 from Germany. Among the American
recipients of Nobel Prizes in chemistry were G.T. Sea-
borg (1912�1999) (together with E.M. McMillan) in
1951 �for their discoveries in the chemistry of the
transuranium elements� and L. Pauling (1901�1994)
in 1954 �for his research into the nature of the chem-
ical bond and its application to the elucidation of
the structure of complex substances.� A recipient of
a Nobel Prize in chemistry among Russian scientists
was, in 1956, academician N. Semenov (1896�1986)
[together with C.N. Hinshelwood (1887�1967)] �for
their researches into the mechanism of chemical reac-
tions.� Here are primarily meant the works of these
two scientists in the field of theory of chain reactions.

The fourth chapter (pp. 101�725) occupies the cen-
tral position in the reference book under discussion.

It contains scientific-biographical evidence about all
the Nobel Prize laureates in chemistry. Each article
of the chapter includes materials about a prize, the
essence of the discovery, and the formulation of
the Nobel Committee; discusses the importance of
the discovery for the development of the related field
of chemistry; and presents biographic evidence about
the laureates. The volume and content of the bio-
graphical evidence are virtually the same as those
in the two-volume encyclopedia mentioned above.
The fifth chapter (pp. 726�738) describes the nation-
ality, age, education, and working places of the Nobel
Prize laureates in chemistry.

The supplement (pp. 739�865) contains, in par-
ticular, information about all scientists nominated for
the Nobel Prize in chemistry in 1901�1950. Among
the nominated Russian scientists were D.I. Mendeleev
(in 1905, 1906, and 1907), P.I. Walden (1914), creator
of the chromatographic method for separation and
analysis of mixtures M.S. Tsvet (1918), outstanding
microbiologist S.N. Vinogradskii (1921), and acad-
emician A.N. Frumkin (1946). One of the most out-
standing chemists of the first half of the XX century,
academician V.N. Ipat’ev, who was deprived of the
Soviet citizenship in 1936 and worked in the United
States, was nominated in 1938, 1941, 1948, 1949, and
1950. Unfortunately, he was not awarded the well-
deserved Nobel prize. The possible reasons were anal-
yzed by Yu.I. Solov’ev (Vestnik Ross. Akad. Nauk,
1997, vol. 67, no. 7, pp. 627�631).

The book by K.N. Zelenin, A.D. Nozdrachev, and
E.L. Polyakov is of interest for a wide audience of
readers; it is very well published and presents pho-
tographs of the laureates and other illustrative ma-
terials, but its edition of 500 copies is obviously in-
sufficient for our country. Fundamental reference
books of this kind are to be available at libraries of all
higher- and secondary school institutions engaged in
training of specialists in chemistry and chemical tech-
nology. Such books are to be accessible to teachers
of chemistry and chemical disciplines of any level.

A.G. Morachevskii
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Naboichenko, S.S., Myamchenkov, S.V., and Karelov, S.V.,
Mysh’yak v tsvetnoi metallurgii (Arsenic in Nonferrous

Metallurgy), Naboichenko, S.S., Ed., Yekaterinburg:
Ural’sk. Otd. Ross. Akad. Nauk, 2004, 240 pp.

A certain amount of arsenic is contained in the
form of various compounds in the majority of ores of
heavy metals. As a rule, arsenic compounds are con-
centrated in the course of ore dressing or metallurgical
processing of raw materials in various dumps, wastes,
and wastewater. The existing methods for removal
of arsenic from the production cycle are frequently
far from satisfying the modern requirements to in-
tegrated use of raw materials and environment protec-
tion.

The book comprises an introduction, six chapters,
and a bibliographic list. In the brief introduction
(pp. 3 and 4), the authors emphasize that the inte-
grated solution of the problem of utilization of arsenic
in metallurgical processes includes a number of sep-
arate problems: expansion of its application fields,
removal from technological processes, detoxication
of arsenic-containing wastes, and purification of waste-
water and technological gases to remove arsenic.
The monograph being reviewed is devoted to finding
ways to solve these problems.

The first chapter (pp. 5�53) contains general evi-
dence concerning arsenic and its compounds and min-
erals. Also considered are the production and applica-
tion fields of arsenic and its compounds, their hazard
classes and toxicology.

The second chapter (pp. 54�111) summarizes tech-
nological evidence concerning the ways of removal
of arsenic from the production cycle in processing
of various ores and concentrates. In particular, the
behavior of arsenic in manufacture of copper from
oxidized and sulfide ores, in fire and electrolytic re-
fining of copper, production of vitriol, manufacture
of nickel and cobalt from various raw materials, pro-
cessing of flotation zinc concentrates, and metallurgy
of gold is considered.

The third chapter (pp. 112�118) very briefly dis-
cusses the published evidence concerning gas purifica-

tion to remove arsenic. The fourth chapter (pp. 119�
188) considers possible methods for purification of
wastewater of varied nature to remove arsenic com-
pounds. Quite a number of techniques are described:
purification with manganese dioxide (pyrolusite),
purification with compounds of calcium and iron(III),
phosphate purification, precipitation of arsenic sul-
fides and sorption with sulfide minerals, use of inor-
ganic and polymeric sorbents, extraction of arsenic
compounds from acid solutions with tributyl phos-
phate, and electrolytic purification.

The fifth chapter (pp. 189�213) is devoted to pro-
cessing of solid arsenic-containing wastes (dusts, sub-
limates formed in pyrometallurgy, products obtained
in purification of gases to remove arsenic, precipitates
formed in purification of wastewater, etc.). In view of
the widely varying chemical composition of the sol-
id products, their processing may present a highly
complicated technological problem. The authors con-
sider possible hydrometallurgical, pyrometalurgi-
cal, and combined methods. In the authors’ opinion,
the most promising, with account of the ecological re-
quirements, are hydrometalurgical techniques. How-
ever, no versatile technology for processing of ar-
senic-containing metallurgical dusts has been devel-
oped yet.

The sixth chapter (pp. 214�24), which closes the
monograph, discusses the important problem of burial
of arsenic-containing wastes. According to the avail-
able published data, arsenic-containing substances
constitute more than 97% of the whole amount of tox-
ic wastes of nonferrous metallurgy. This means that
transition to ecologically safer technologies for manu-
facture of nonferrous metals is impossible without
finding a method for utilization of arsenic. At present,
high-purity arsenic is manufactured in Russia in elim-
ination of arsenic-containing chemical warfare, which
will satisfy the demand for this element for many
years to come. Recovery of arsenic from technological
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wastes of nonferrous metallurgy is economically un-
feasible. The authors discuss possible variants of buri-
al of arsenic compounds. The most appropriate way
is to convert these compounds into a form that would
rule out any possibility of contamination of the at-
mosphere and water reservoirs.

The bibliographic list (pp. 225�239) contains ref-
erences to 309 studies of mostly domestic authors.
The bibliographic descriptions of journal articles
give their titles, which improves the information

value of the bibliographic list. The monograph by
S.S. Naboichenko and co-authors has a clearly pro-
nounced technological orientation, its style of pre-
sentation makes it understandable for an exceed-
ingly wide audience of engineers and technical
workers at plants of nonferrous metallurgy. The book
contains a vast body of reference data and a large
number of examples of industrial nature; it is well
published.

A. G. Morachevskii and I. N. Beloglazov
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XIII Russian Conference on Physical Chemistry
and Electrochemistry of Molten and Solid Solutions

On September 27 through October 1, 2004, in
Yekaterinburg was held XIII Russian conference on
physical chemistry and electrochemistry of molten and
solid solutions. The organizers of the conference in-
cluded: Scientific Council for electrochemistry, Rus-
sian Academy of Sciences; Institute of High-Tempera-
ture Electrochemistry, Ural Division, Russian Acad-
emy of Sciences; and Russian Foundation for Basic
Research. Two hundred and seventy reports were
submitted to the conference, extended abstracts of
these reports are grouped in two volumes. The first of
these (284 pp.) includes materials of 170 reports de-
voted to physical chemistry and electrochemistry of
molten electrolytes, and the second volume (141 pp.),
abstracts of reports concerned with solid electrolytes.
In each volume, materials of plenary sessions and key
reports delivered at sections are given separately.

More than 60% of all the reports were delivered by
staff members of research institutes and higher-school
institutions of Yekaterinburg. The leading position
was occupied by the Institute of High-Temperature
Electrochemistry (IVTE), Ural Division, Russian
Academy of Sciences. Founded in 1958, the Institute
of Electrochemistry (since 1992, Institute of High-
Temperature Electrochemistry) has become a promi-
nent reasearch center specialized in physical chemistry
and electrochemistry of inorganic substances in the
molten and solid state, molten and solid electrolytes.
The investigations performed at IVTE are known
worldwide. Large-scale investigations of high-tem-
perature systems are also being conducted in Yekate-
rinburg at the Ural State Technical University and at
the Institute of Metallurgy, Ural Division, Russian
Academy of Sciences. A large number of reports were
presented by staff members of Russia’s research cen-
ters traditionally conducting investigations in the field
of high-temperature electrochemistry. To these be-
long, in particular, the following: Institute of Chem-
istry and Technology of Rare Elements and Mineral
Resources, Kola Scientific Center, Russian Academy
of Sciences (Apatity); Kabardino-Balkar State Uni-
versity (Nalchik); Daghestan State University and
Daghestan Scientific Center, Russian Academy of
Sciences (Makhachkala); North-Caucasian State
Technical University (Stavropol); Vyatka State Uni-

versity (Kirov). Among the authors or co-authors of
quite a number of reports were scientists from Great
Britain, Hungary, Italy, Netherlands, United States,
France, Czech Republic, Japan, and also from Ka-
zakhstan and Ukraine.

Opening the conference, the chairman of the Or-
ganizing Committee V.A. Khohlov (Yekaterinburg)
emphasized that high-end technologies employing
molten and solid electrolytes will play a steadily
increasing role in solution and implementation of
basic practical problems governing the technical prog-
ress in the XXI century: manufacture of new materials
with prescribed properties; electrochemical power
engineering ensuring direct and the most efficient
interconversion of chemical and electrochemical kinds
of energy; and deep processing of natural raw ma-
terials and those of technological origin, including
regeneration of the nuclear fuel and processing of the
radioactive waste.

Among the plenary and key sectional reports de-
voted to physical chemistry and electrochemistry
of molten salts, the following can be mentioned.
V.Ya. Kudyakov with a large group of co-authors
(Yekaterinburg) analyzed the involvement of IVTE, in
cooperation with other institutions, in the State pro-
gram �The Strategy of development of nuclear power
engineering in Russia till the middle of the XXI cen-
tury.� The report submitted by N.N. Batalov (Yekate-
rinburg) was devoted to achievements and difficulties
in the development of chemical power cells with
molten electrolytes. Kh.B. Kushkhov (Nalchik) con-
sidered the problem of manufacture of rare-earth me-
tals, their alloys, and other formulations with the use
of ionic melts. V.N. Prusakov discussed in his report
the prospects for application of fluoride melts in re-
generation of irradiated nuclear fuel. A.I. Afinogenov
and co-authors (Yekaterinburg) demonstrated the pos-
sibility of using ionic-electronic melts as a medium
for obtaining thermodiffusion coatings and powdered
alloys. P.V. Polyakov discussed in detail in his report
the tendencies in the development of the aluminum
industry. Yu.P. Zaikov and co-authors (Yekaterinburg)
considered the topical and rather promising problem
of development of nonconsumable anodes for manu-
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facture of aluminum by electrolysis. In the authors’
opinion, it is necessary to create new electrolytes
with a melting point not higher than 800�C and sol-
ubility of alumina in the electrolyte not lower than
3�5 wt %.

O.I. Rebrin (Yekaterinburg) noted the broad in-
formational opportunities furnished by the galvano-
static method of investigation of electrode processes
with the use of modern equipment. A number of re-
ports by O.M. Shabanov and co-authors were devoted
to investigations of the influence exerted by strong
electric fields on the physical properties of molten
salts.

Sectional and poster reports devoted to investiga-
tions in the field of physical chemistry and electro-
chemistry of molten salts are grouped in the book of
abstracts as follows: I. Theory and properties of mol-
ten electrolytes (43 reports); II. Phase equilibria (5);
III. Interphase phenomena (6); IV. Electrochemical
thermodynamics (6); V. Kinetics of electrode pro-
cesses (42); VI. Reactions in melts (46); and VII. Pro-
cesses and apparatus (12).

Quite a number of problems of current interest
were analyzed in reports containing results of theoret-
ical and experimental studies of thermodynamic, struc-
tural, and transport properties of solid electrolytes.
A.B. Yaroslavtsev and co-authors (Moscow) reported
new data on the ionic mobility and phase transi-
tions in complex phosphates of polyvalent elements.
A.K. Ivanov-Shits (Moscow) reviewed results of mo-
lecular-dynamic calculations of structural, thermo-
dynamic, and kinetic characteristics of a number of

ionic crystals and main classes of solid electrolytes
with both cationic and anionic conduction. The report
by S.I. Somov (Yekaterinburg) analyzed the practical
application of solid electrolytes: in chemical power
cells, in ionistors and capacitors, and in sensors for
chemical analysis of gaseous and liquid media in
the laboratory and technological practice. E.I. Burma-
kin (Yekaterinburg) reported results obtained in syn-
thesis and studies of the crystal-chemical and trans-
port properties of electrolytes with high conductivity
by cations of alkali metals, which belong to the so-
called skeleton structures. Complex oxygen-contain-
ing anions form a rigid three-dimensional skeleton
whose voids accommodate highly mobile alkaline cat-
ions. The report by A.K. Demin (Yekaterinburg) was
devoted to electrochemical power engineering based
on solid oxide conductors. L.D. Yushina (Yekaterin-
burg) considered problems and promises of the solid-
state chemotronics. A number of reports were devoted
to solid electrolytes with protonic conduction.

The conference demonstrated that, despite all the
difficulties encountered in the last 15 years by virtual-
ly all research groups in Russia, investigations in the
field of physical chemistry and electrochemistry of
molten salts and solid electrolytes are being performed
at a sufficiently high level and cover quite a number
of promising areas of research. Exchange of scientific
information is performed on the regular basis. The co-
ordination center of these investigations is the In-
stitute of High-Temperature Electrochemistry, Ural
Division, Russian Academy of Sciences.

A.G. Morachevskii
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