Russian Journal of Applied Chemistry, Vol. 77, No. 1, 2004, pp. 1-4. Trandated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 1,

2004, pp. 3-6.

Original Russian Text Copyright © 2004 by Lapshin, Germanskii, Bogdanov.

INORGANIC SYNTHESIS

AND INDUSTRIAL

INORGANIC CHEMISTRY

Kinetics of the Reaction of Cubic Boron Nitride with a Mt
of Sodium Hydroxide

A.V.Lapshin, A. M. Germanskii, and S. P. Bogdanov
S. Petersburg State Technological Institute, S. Petersburg, Russia

Received October 9, 2003

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

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

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

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

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

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

The aim of this work was to determine the rate
constants of the CBN reaction with an NaOH melt.
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Fig. 1. Particle-size distribution of B-3 28/20 CBN powder.
Mean size 24.48 pm; number of particles 97; specific sur-
face area 200.03 m? kg™ 1 (2) Proportion of particles and
(d) equivalent diameter.

EXPERIMENTAL

We used the following CBN samples: LKV-40
grinding powder and LM micropowder [OST (Branch
Standard) 2MT 79-2-88]; B-5 grinding powder
(amber) and B-3 micropowder synthesized using lithi-
um and magnesium initiators, respectively (Borei cor-
poration, St. Petersburg); Borazon V-500 and Bora-
zon-1 grinding powders (General Electric, the United
States); and EBN 20-30 micropowder (EID Ltd, the
United Kingdom). The samples were treated with
NaOH [GOST (State Standard) 4328-77].

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

BN + 3NaOH — NagBO; + NH3T.

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

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

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

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

do/dt = KSgCliaom: (1)

where o = (Mg — m,)/my, is the degree of conversion,
m., CBN weight (g) to an instant 7; m, initial CBN
weight (9); Sy, specific surface area of CBN powder
(m?g™Y); cyaon, NaOH concentration (gg™l); and
n, reaction order.

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

Kt CRaoH
Rop

where Ry is the initial particle radius (m), and p is the
particle density (gcm™).

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

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

The reaction conditions and rate constants with the
corresponding errors are given in the table. The ex-

1-(1-w)® = @)
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perience of using this technique for studying the kinet-
ics of reactions of other BN modifications with an
alkai melt has shown that the error in the rate con-
stants is caused mainly by the temperature variation
during the experiment [13]. Therefore, we estimated
the error taking into account the known temperature
dependence of the rate constant

K = Koexp(-E/RT).

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

To determine the reaction order in Eqg. (1), we
found experimentally the rate of the reaction of LM
28/20 CBN with an NaOH melt containing 10 mol %
NagBO3 (Cngon = 0.73809 0 1) at 440°C. Using these
data (the rate was 1.5x 104 s™1) and also the known
rate constant of the CBN reaction with a pure NaOH
melt at the same temperature, we have calculated the
reaction order to be 3.5.

The apparent activation energy of the reaction was
determined by the Arrhenius equation. The Arrhenius
plot for the grinding powder is linear. The coefficients
of the Arrhenius equation for B- 5 were found to be
as follows: K, = 82406 kgs'm2 E, = 923+
12.9 kmol~L. The obtained value of the apparent
activation energy additionally proves the fact that the
reaction is kinetically controlled.

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

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

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77

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

x 108, om | Kx107,

Sample My, 9 S m2 T, °C kg st 2

B-5 100/80 0959 50.3+34 ([420+1| 9.1+01

0500 26.3+18 [446+1| 16.5+1.7

0.500| 26.3+1.8 |[456+1| 19.7+2.1

0.500| 26.3+1.8 [460+1| 22.2+24

B-3 28/20 0.93 186+125|393+1| 1.8+0.2

0.93 186+12.5|420+1| 3.0£0.3

0.50 100+£6.7 |460+1| 20.2+£2.2

0.58 116+7.8 |480+1| 54.7£6

LM 28/20 2.00 4101275 (380+1 | 10.1+1.1

28/20 2.00 4101275 (420+1 | 16.2+1.7

2.00 4101275 (4401 | 22.1+24

2.00 410+27.5 [460+1 | 32.7£3.5

EBN 20-30 0.672 141+95 |415+1| 7.7+£0.8

LKB-40 100/80 | 0.99 52+35 ([420+1| 5.8+0.6

Borazon B-500 |0.236 9.9+0.7 |455+1| 15.6+1.7
124/105

Borazon-I 0.35 12.6+0.8 |458+1| 12.8+£1.4
145/124

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

o
0.3

0.2

0.1

15 30

45 T, min

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

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

CONCLUSIONS

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

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

(3) Various types of cubic boron nitride differ
from each other in the stability to an NaOH melt.
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11.

12.

13.

14.
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Abstract—A set of physicochemical analytical methods was applied to study fusion and crystallization of
magnesia—alumina spinel, aluminum titanate, mullite, and their binary and ternary formulations. The feasibility
of elucidating phase transformations that occur when phases containing ions with variable oxidation level are

fused in an inert gas medium was analyzed.

Of particular interest in developing heat-resistant
refractory formulations are materials based on phases
of the system MgO-Al,O5-TiO,-SIO,, in which a
triangle formed by three refractory phases stands out.
These phases are magnesia-alumina spinel, aluminum
titanate, and mullite, each of which possesses unique
properties. In particular, magnesia-alumina spinel
combines high melting point (2135°C) with enhanced
resistance to the action of slag melts and high-tem-
perature strength [1, 2]. Owing to the shape of its
crystals and low thermal expansion coefficient, mul-
lite improves the heat resistance and makes higher the
softening onset temperature of refractories under
mechanical load [1, 3]. Aluminum titanate is one of a
few materials with negative thermal expansion coef-
ficient, which makes it promising as a base for struc-
tural ceramics [3, 4]. However, data on fusibility and
phase relationships in the above-mentioned three-
component system are virtually lacking.

The aim of this study was to establish the mini-
mum temperature at which a melt appears in the tri-
angle MgAl,0,4-AlgSi,0,5-Al,TiOg and to determine
how the melting occurs.

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

made using the thermodynamic characteristics of solid
and liquid phases represented in the IVTANTERMO
database and reported in [6]. It was found that the
magnesia-alumina spinel is stable over the entire tem-
perature range studied, mullite is unstable in the inert
medium at temperatures above 1730°C and decom-
poses into the constituent oxides, and aluminum tita-
nate is unstable below 1300°C and above 1700°C and
decomposes into TiO, and Al,0O3. The results ob-
tained are in agreement with the data of [7, §].

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

The tetrahedrization of the system MgO-Al,O5-
TiO,-SIO, was given by Berezhnoi in [9]. Data on
the structure of the phase diagrams of the systems
constituted by sping and aluminum titanate, spinel
and mullite, and mullite and aluminum titanate were
reported in [10-13].

The section from spinel to aluminum titanate in the
system MgO-Al,O3-TiO, is quasi-binary with a
eutectic containing 45 wt % MgAIl,O, and eutectic
temperature of no less than 1730°C [10, 11].

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

The section from auminum titanate to mullite in
the ternary system Al,O3-SIO,-TiO, is not quasi-

1070-4272/04/7701-0005© 2004 MAIK “Nauka/Interperiodica’
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Table 1. Synthesis conditions and properties of the com-
pounds obtained*

Mate- | Ta | Timeof | yyue | <108 | H,
rial °C |keeping, h|gem=3| K= | MPa
MgAl,O, | 1600 2 359 | 846 | 15200
Al TiOs | 1500 4 389 | -04 6100
AlgSi,05| 1650 4 327 | 515 | 8800

* Yirue 1S the true density; o, coefficient of linear thermal
expansion; Hw microhardness.

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

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

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

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

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

it possible to view images on the monitor screen. The
microhardness of the formulations was measured with
a PMT-5M microhardness meter equipped with an
FOM-2 photoelectric ocular micrometer. The thermal
expansion coefficient was determined on a DKV-5A
quartz dilatometer, using sintered samples in the form
of 45 x5 x 5-mm prisms. The pycnometric density
was measured in accordance with GOST (State Stan-
dard) 2211-65.

As starting materials for solid-state syntheses of
the spinel, mullite, and aluminum titanate we used
powdered technical-grade alumina (TU 6-09-3916-75),
basic magnesium carbonate mMMgCO3- Mg(OH),-
nH,O (TU 6-09-01-353-78) (characterized by calcina-
tion loss of 57.28%), TiO, (TU 6-09-05-03-37-75),
and quartz glass (GOST 9428-73), taken in amounts
corresponding to the stoichiometry of the desired
products. Aluminum titanate was synthesized using
corundum obtained by firing of technical-grade alu-
mina at 1750°C.

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

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

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

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

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

Derivatograms of the compounds synthesized are
shown in Fig. 3. The fact that the onset temperatures
of the effects that can be interpreted as melting and

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004
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Table 2. DTA data for binary formulations

Composition, mol % Phase transformation

MGALO, | AlTiOg |AlSi,0p| EMPeraure °c

25.0 _ 750 |1805, 1865

50.0 _ 500 |1815, 1835

75.0 _ 250 |1825, 1915

_ 25.0 750 |1695, 1860, 1880

_ 50.0 500 |1740, 1840

_ 70.0 300 [1720, 1800, 1850

_ 75.0 250 [1730, 1755, 1830

_ 80.0 200 [1700, 1750, 1810

25.0 75.0 _ |1760, 1860

30.0 70.0 _ |1760, 1790

50.0 50.0 _ |1730, 1750

75.0 25.0 _ |1750, 1900

Table 3. DTA data for ternary formulations
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e
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| NN L.
30 20 10
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Fig. 1. X-ray diffraction patterns of binary formulations.

Composition, mol % Phase transformation
MGALO,| ALLTIOg |AlSi,0,4|  femPeraure °c
47.0 37.0 16.0 |1640, 1720, 1800, 1870
333 333 33.3 |1630, 1710, 1775, 1850
47.0 39.0 14.0 1640, 1690, 1800
75 70.0 225 |1660, 1760, 1800, 1870
15.0 70.0 150 |1630, 1700, 1870
225 70.0 75 |1660, 1775, 1860
30.0 30.0 40.0 [1640, 1695, 1760
37.0 55.0 8.0 |[1600, 1750
12.0 53.0 350 |1710, 1785

Composition (mol %): (a) 75 Al,TiOg and 25 AlgSi;Oq3;
75 AlgSi50q3. (1) Intensity and (v) angle of slide; the same
for Fig. 2. (1) Al,TiOg, (2) TiOy, (3) AlgSi,0q3, and
(4) SIO,.

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

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

1

> m

»>e

o
u

o]
o2
n3

=P N a [ nd
ol b4 AS

o [ 4

¢ N
IoA

a
(o]

a

Frnd i
35 25

v, deg

Fig. 2. X-ray diffraction pattern of a ternary formulation.
Composition (mol %): 7.5 MgAIl,O4, 70 Al,TiOg, and
225 AlgSi,0q3. (1) Al,TiOg, (2) TiO,, (3) AlgSiy043,
(4) MgAl,O,4, and (5) SIO,.

T

15 5

— 0

In melting of mullite, the endothermic peak has a
rather complex structure (Fig. 3a). The onset of melt-
ing is recorded at 1845°C; a clearly pronounced super-
position of two endothermic effects that begin at 1885
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AT @
1855 1910°C
1845

1830°C__ v

18901945°C
184555 2

21

(b) 1950°C
AT 1562 1850 1 ¢65 ;
1910
1670, 1695
[l
1795 1845° 1945°C
2

Teao 1700 ¢
1710 (o3
1690

1682
1670 7 11690
1780 5
1800 15200

Te40 1695

T

Fig. 3. Thermograms of the synthesized samples of (a) mul-
lite and (b) aluminum titanate. (T) Temperature and
(AT) difference between the temperatures of the sample and
reference. (1, 2) First and second heating and (1', 2) first
and second cooling, respectively.

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

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

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

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

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

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

The DTA curves of the formulations constituted by
auminum titanate and mullite contain three groups
of peaks each, for al the compositions studied. The
low-temperature effects correspond to the minimum
temperature of appearance of a melt, equal to 1715+
20°C for the given system, which is close to the tem-
perature reported in [13]. The intermediate heat effects
are, in al probability, associated with reactions bet-
ween solid phases and the melt. The X-ray diffraction
patterns of the formulations under study (Figs. 3a and
3b) show, in addition to the initial phases, the pres-
ence of corundum in all the samples (reflections with
d/n 0.208 and 0.255 nm). Measurements of the micro-
hardness of the formulations aso revealed the pres-
ence of corundum (21000 MPa), mullite (8800 MPa),
and aluminum titanate (6100 MPa). Thus, it was con-
firmed that the system in question is not quasi-binary.
Anaysis of the microstructure of the formulations
under consideration shows that eutectic colonies are
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Fig. 4. Photographs of the microstructure of melted samples. Composition (mol %): (a) 70 Al,TiOg, 22.5 AlgSi;Oq3, and
7.5 MgAI,0y; (b) 70 Al,TiOg, 15 AlgSi,0q3, and 15 MgAl,Oy; (€) 70 Al,TiOg, 7.5 AlgSi,0p3, and 22.5 MgAlLOy;
(d) 57 Al,TiOg, 34 AlgSi,Oq3, and 9 MgAI,O4. Magnification: (a) 300, (b, ¢) 100, and (d) 400.

present in the sample containing 25 mol % mullite
[19]. This formulation is close in composition to
that corresponding to the point of intersection of the
conode passing through the apex corresponding to
corundum and the reaction point with the tie line con-
necting aluminum titanate and mullite in the system
Al,03-SiO,-TiO,.

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

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

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

It can be seen from the microstructures of melted
samples, shown in Fig. 4, that these samples have
structure characteristic of eutectic colonies. Combined
with the results of DTA and XPA, this gives reason to
believe that the composition completely fusible at the
above-mentioned minimum temperature lies near the
point corresponding to the composition (mol %)
55 A|2Ti05, 8 Alesizol3, and 37 MgA|O4

At the same time, the fact that the DTA curves
obtained for compositions in the region adjacent to the
Al,TiO5-AlgSi,043 side contain more than two ther-
mal effects associated with melting—crystallization
processes, taken together with the results of XPA,
indicates that the plane constituted by aluminum tita-
nate, mullite, and spinel in the system MgO-Al,O5-
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SIO,~TiO, cannot be regarded as dtrictly quasi-
ternary.

CONCLUSIONS

(1) The applicability of high-temperature differen-
tial therma anaysis in an inert medium to systems
containing metal oxides with variable oxidation levels
was demonstrated in an experimental study of fusibil-
ity of refractory phases in the system MgAI,O4—

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

(3) The plane constituted by auminum titanate,
mullite, and spinel in the system MgO-Al,03-SIO,-
TiO, is not quasi-ternary.
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Abstract—The possibility of obtaining dispersed powders of cobalt and zinc-nickel ferrites with particle size
of 1-4 um by thermal treatment of the corresponding oxalates was analyzed. Changes in porous character-
istics of the ferrites obtained in their thermal treatment were studied.

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

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

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

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

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

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

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

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

EXPERIMENTAL

Dispersed powders of cobalt(ll) ferrite and mixed
zinc-nickel(11) ferrite were obtained by thermal treat-
ment of powders of the corresponding oxalates under
the process conditions listed in the table. Similar
results are obtained in precipitation of mixed oxalates
of iron(ll) and cobalt(ll). The oxalates were syn-
thesized by adding concentrated solutions of Me?t
(M = Fe, Co, Ni, Zn) to adilute (0.2-0.4 N) solution
of oxalic acid under continuous agitation. After the
solution became turbid, the agitation was stopped, the
suspension was kept for additional 40-50 min, and
then the oxalate powder was separated from the
mother liquor by filtering and dried with acetone
on the filter.

A silica layer was deposited onto the surface of the
ferrite powders obtained by a procedure described in
[5]. Powdered cobalt(l1) ferrite was suspended under
continuous agitation in distilled water heated to the

1070-4272/04/7701-0011© 2004 MAIK “Nauka/Interperiodica’
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Basic process parameters in obtaining iron(ll) and zinc-nickel(ll) oxalates. Volume of oxalic acid solution 800 ml

Run Oxalic acid concen- M2Z* volume, 24 . Particle size,
no. tration, M ml M<™ concentration, M um
1 0.1 62.5 Fe 0.80, Ni 0.20, Zn 0.20 1-2
2 0.2 500 Fe 0.40, Ni 0.10, Zn 0.10 4.0
3 0.2 250 Fe 0.40, Ni 0.10, Zn 0.10 2-3
4 0.2 206 Fe 0.5, Ni 0.125, Zn 0.125 2.0
5 0.2 155 Fe 0.667, Ni 0.167, Zn 0.167 1-3
6 0.2 125 Fe 0.80, Ni 0.20, Zn 0.20 2.0
7 0.4 300 Fe 0.667, Ni 0.167, Zn 0.167 2-3
8 0.4 250 Fe 0.80, Ni 0.20, Zn 0.20 2.0

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

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

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

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

Vs, cm® gt
0.5F
| s 2
03
0.1F
1 1 1 1
400 800

Fig. 1. Sorption volume Vg of pores in (1) cobalt and
(2) zinc—nickel ferrites vs. thermal treatment temperature T.

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

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

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

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

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

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

Ferrites subjected to thermal treatment at 400°C

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004
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Fig. 2. (a) Pore distribution AV/Ad with respect to size d and (b) isotherm of capillary condensation of nitrogen, V,,, on porous

cobalt ferrite.
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Fig. 3. (a) Pore distribution AV/Ad with respect to size d and (b) isotherm of capillary condensation of nitrogen, V,,, on porous

cobalt ferrite coated with 15 wt % silica

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

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

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

Figure 3 shows isotherms of capillary condensation

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

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

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

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

CONCLUSIONS

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

(2) It is shown that a silica coating can be depos-
ited onto the surface of porous ferrites. In this case,
the biporosity of the initial porous ferrite disappears,
with the coarse parts of pores diminishing to a greater
extent.
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Abstract—Nickel(I1) oxide was deposited on the surface of a porous glass in the anount of 0.5-7.0 mmol g
by impregnation of the glass with an agueous solutions of Ni(NOs),, followed by decomposition of the salt
at 673 K. The size features of the formation of the oxide structure were characterized by the data of optical
and X-ray photoelectron spectroscopy and by measurements of density and electrical conductivity.

Transition metal oxides are used for preparing a
wide range of electrical materials, from high-ohmic
dielectrics to high-temperature superconductors. The
intensive development of the chemistry and physics
of nanosized functional components and devices for
electronics poses a problem of directional synthesis
and study of special properties of oxide systems
devoid of a formed band structure [1-5]. Of special
interest is the specificity of electron exchange and
transfer in the case of asmall number of atoms (10 —
10'® at cm™) making up oxides of d elements in
the initial stage of filling a surface of typical dielectric
supports [1-3, 6, 7]. Apart from its own importance,
the study of the electrical conduction should revea
forms of existence and size features of the supported
oxides.

To continue our previous studies [6-11], in this
work we have studied in the same context the state and
electrical conduction of nanosized nickel(I1) oxide in
porous glass (PG). The technique of the nickel oxide
deposition by impregnation of PG with Ni(NOy),
agueous solutions, followed by removal of water and
decomposition of the salt at 673 K, appeared the most
accessible and reliable. The many-time repetition of
these operations using solutions of various concentra-
tions alowed us to smoothly control the oxide content
in the glass. The changes in the oxide state in a series
of NiO/PG systems were monitored by optical and
X-ray photoelectron spectroscopy and by measure-
ments of the density and electrical conductivity.

EXPERIMENTAL

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

experiments using glasses obtained by known tech-
niques [12-14] as laminas of the size 10 x 10 x 1 mm
with the following structural parameters pore radius
rp = 10 nm, porosity & = 030 cm® gL, and specific
surface area Sy, = 46 m2g L. For the aim of this
work it was &esentlal that the developed surface and
porosity of the glass provided a possibility for reliable
control of the weight of an oxide synthesized in it.
The impregnation of PG with Ni(NO3), solutions was
intended to ensure the maximal and reproducible fill-
ing of the pore space with the electrolyte. The actual
molar amount of the salt introduced in a PG (and con-
sequently of nickel oxide Q) per gram of the glass
linearly correlates with the concentration of the
impregnating solution ¢ and volume of pores in the
glass e:

Q = cey, 1

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

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

the number of deposition operations k using (1) 0.5 and
(2) 1.5 M Ni(NOg), solutions.
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Fig. 2. (1) Electronic diffuse reflection spectrum of PG im-
pregnated with 1.5 M Ni(NOs), solution and (2-5) its vari-
ation on subsequent calcination in air at 673 K. (Ry) Dif-
fuse reflection coefficient and (1) wavelength. Heat treat-
ment duration (h): (2) 0.5, (3) 1.0, (4) 2.0, and (5) 3.0.

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

Gradual building up of nickel oxide mass in PG
can be achieved by repeated impregnation-thermolysis
operations using Ni(NOs), solutions of various con-
centrations (Fig. 1). A series of NiO/PG systems with
nickel oxide content Q from 0.5t0 7.0 mmoI per gram
of the porous glass (hereinafter, mmol g~ ) was ob-
tained by this technique.

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

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

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

The data on the weight loss during the thermal de-
composition of Ni(NOg), in PG at 673 K reliably
pointed to the formation of NiO on the surface. Char-
acteristic changes in the diffuse reflection spectra ac-
companying the thermolysis are shown in Fig. 2.
The spectrum of the deposited salt is well resolved;
the absorption maximum at v = 710 nm corresponds
to one of three bands characteristic of Ni%* cations in
the octahedral oxygen surrounding. The maximum
corresponds to the spin-allowed electronic transition
A2 — T1 (F) [15]. The band shape suggests that
the second maX|mum corresponding to the transition
A2 - T1 (P) is close to 400 nm, which also agrees
W|th the publlshed data (A = 395 nm3[15]) We failed
to observe the third d-d transition - ng(F)
with A>1000 nm because of the I|m|ted working
range of the spectrometer. The octahedral nickel(l1)
coordination with oxygen atoms is retained in all
stages of the salt thermolysis (Fig. 2). However, in
the process, the absorption in the central part of the
visible range rapidly progresses. Thus, even upon
depositing the first “portions” of NiO, a broad struc-
tureless band covering the whole visible range is
formed. Nevertheless, we can judge the presence of
nickel(I1) in the composition of [NiOg] polyhedra by
a weak maximum a 700 nm. The nature of the ob-
served spectrum broadening is not quite clear and may
be due to both strengthening of vibronic coupling
in the solid phase and partial 3d,—2p, conjugation of
electrons along Ni—-O-Ni bonds in small nickel oxide
clusters.

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

p = Qllsg - #), &)

where g and & are the volumes of pores of pure and
oxide-containing glasses, respectively.

Thus, in the case of a particular sample we obtain
the value of density averaged over al types of vari-
ously sized oxide formations actualy existing in
the sample. Building up NiO to the content Q =
2 mmol g takes place with preservatlon of a low
density (approxmately 4 gem™); in the range 2-
4 mmol g -, L the density increases to 6.5 g cm3, after
which it continues to increase less noticeably, gradual-
ly approaching the reference value of p = 7.45 g cm™>
for bulk NiO. The results obtained suggest that the
state of deposited NiO considerably changes when its
content increases.

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

h = QIpSy. ®3)

Thus obtained value h = 8 A (at Q = 2.0 mmol g™3)
closely corresponds to the size of the nickel-con-
taining polyhedron [NiOg]. The prolongation of

1

g, cm? g

-9 F
—10 - ':
A‘AI 1 L
2 4
Q, mmol gt

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

supermonol ayer grovvth ensures dow rate of the con-
ductivity growth in the middle segment, Q =

3.5 mmoal g , corresponding to a considerable |n-
crease in the density of the synthesized nickel oxide;
this is followed by the second jump of & in the narrow
range of oxide content 3.5-4.0 mmol g ~L. Further on
(Q > 4 mmolg}), p and o grow monotonlcally

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

E, ev
Q, mmol gt

2Py P31
1.54 876.3 859.5
2.10 876.0 859.0
2.96 875.8 858.7
410 875.4 858.2
5.20 875.1 858.0
6.00 874.9 857.9

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

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

1

2b .

, ’:\%\ :”

26 \?4 10%T,
37
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Fig. 4. Temperature dependence of current | measured at
the voltage of 10 V across laminas of PG containing nickel
oxide. NiO content (mmol g‘l) (1) 4.1, (2) 45, (3) 5.2,
(4) 5.6, and (5) 6.0.

Ep(2p10) = 871-874 €V. Hence, when studying spec-
tra of NiO/PG systems, the most informative is the
binding energy variation with increasing content of
the deposited component, rather than the absolute
value of the energy. In particular, the increase in Ey is
definitely treated as an evidence of the increase in the
positive effective charge of metal atoms [17]. The
spectra obtained contain two bands of the 2p5, and
2pyo States in the region of remova of nickel inner
2p electrons with a distance of about 17 €V between
their maxima (see table). The maximal binding ener-
gies E, are observed in the first stage of f|II|ng of the
glass surface with the oxide (Q<2 mmol g%), which
is caused by a considerable positive effective charge
of nickel atoms in the structure of the surface silicate.
An increase in the oxide content over the conventional
monolayer is accompanied by a noticeable and uni-
form shift of the 2p-electron maxima to lower ener-
gies. In spite of significant shifts of the spectra, they
remain two-component, suggesting the electron density
redistribution inside the oxide layer as a whole in the
direction of lower effective charges of nickel atoms.
Thus, the spectral manifestation of the electron-
acceptor effect of silica [18, 19] becomes weaker as
the weight of the deposited component increases.

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

The temperature activation of currents | measured
across laminas of modified glasses with the density of
deposited oxide p = 6.4-6.9 gcm ™3 is shown in
Fig. 4. In the range of low temperatures, 293-473 K,
the Inl-T plots are of the same shape, which confirms
similar structures of the conducting layers and similar
features of the electricity transfer. The presence of
two activation segments | and Il can result from the
fact that, in the vicinity of 380 K, the amplitudes of
thermal vibrations are reached, ensuring accelerated
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Fig. 5. Influence of NiO content in PG Q on the activa-
tion energy E, calculated for two segments of temperature
dependences of conductivity.

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

CONCLUSIONS

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

(2) Spectroscopic features of nanosized nickel
oxide and well-pronounced jumps of the electrical
conductivity, corresponding to the phases of its
growth on the silica surface, reflect the manifestation
of 3d,—2p, electron conjugation through Ni—O-Ni
bonds.
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Abstract—Gas-sensitive properties of SnO, thin-film materials doped with antimony(l11) with respect to the
reducing gases CO, CH,, and H, were studied. The materials were obtained from film-forming solutions of

Sn(ll) and Sb(ll1) complexes with acetylacetone.

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

Here we consider the gas-sensitive properties of
thin films of tin dioxide doped with antimony. The
films were obtained from film-forming solutions of
Sn(I1) and Sb(lll) complexes with acetylacetone as
an organic ligand.

EXPERIMENTAL

Film-forming solutions based on complex com-
pounds (FFSCCs) were prepared by dissolving tin(l1)
chloride (0.297-0.273 M), antimony(lll) chloride
crystal hydrate (29x10°2-2.63x 1072 M), acetylace-
tone (0.6 M), and hydrochloric acid (0.4 M) in acohol
(96 wt %). The antimony content (1, 6, and 9 at. %) in
SnO, films was chosen on the basis of the published
data [4]. Antimony-free FFSCC compositions and the
processes occurring in these FFSCCs were considered
in detail in [5].

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

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

The X-ray patterns, interpreted as in [7], show
that introduction of antimony(l1l) into an SnO, film
results in a shift of interplanar spacings (Table 1), but
the rutile-type structure of SnO, is preserved. The
shift can be caused by formation of a solid solution
based on SnO,.

Table 1. X-ray diffraction parameters of SnO,—Sb films

CSb =1 a. % CSb =9 a. % SnOZ [7]

d, A /g d, A /g d A | I,
3.54 100 3.48 100 334 | 100
2.77 88 2.76 90 2.64 63
1.81 56 1.81 80 1.75 18
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The films obtained from these film-forming solu-
tions are conducting. Their thickness is 46—-68 nm.
Table 2 shows that the electrical resistance and activa-
tion energy of charge carriers regularly decrease as
the concentration of antimony dopant increases from 1
to 9 at. %. As shown in [4], the rise of the electrical
conductivity owing to dopant transition from lattice
points to the grain surface is caused by the lifting of
the compensation effect of oxygen donor vacancies
in SnO, by Sb(V) impurity centers.

The conductivity of the films depends not only on
the activation energy of charge carriers and their con-
centration, but also on the structure, which can be
judged from the refractive index n. Films containing
1 a. % Sb have the lowest n value of 1.69. The refrac-
tive index of SnO, films obtained from antimony-free
FFSCC is1.89 [5], and that of Sb,05 is 2.05 [8]. Such
alow n value of the SnO, film containing 1 at. % Sb
antimony suggests its defectiveness. Such films have
a fairly high surface resistance of 10° Q. Samples
containing 9 at. % Sb have higher n = 2.13 and arela
tively low surface resistance of about 1073 Q.

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

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

Table 2. Properties of SnO,—Sb* films

Cq, . % E, ev n R Q
1 0.50 1.69 108
6 0.27 2.00 106
9 0.19 2.13 108

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

14} RdRy i
10

6

2 3
1 1 1 1 1
460 660 T, K
Fig. 1. Temperature dependence of the adsorption response
Ra/Rg of SnO,-Sb films to (1) 5 vol % CO and (2,

3) 5 vol % CH,. Sb concentration (at. %): (1, 2) 1 and
3 9.

15} R/Ry

10 20 c, vol %

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

2} Rd/Ryg
i

2
1 —_—

400 600 T,K

Fig. 3. Temperature dependence of the adsorption response
Ry/Ry of SnO; films doped with 9 a. % Sb to CO. CO
concentration (vol. %): (1) 40 and (2) 5.

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

CONCLUSIONS

(1) High-resistance thin SnO, films doped with Sb
(1, 6, and 9 at. %) were prepared by centrifugation on
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silicon supports from film-forming solutions based
on tin(ll) and antimony(ll1) complexes with acetyl-
acetone.

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

organic compounds were proposed.

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

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

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

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

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

In(P,/Py) = (T /Ty, — 1). 1
The parameter
f = AHY/(RT,) @

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

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

Per = RT¢/(8D), ®)

where b is the van der Waas constant.
Then, Eqg. (1) becomes

IN[RT/(8bP,)] = f(Tg/T, — 1). (4)

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

T = Tp + 0.89(T,)09202v, (5

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

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

Error, %*
Calculation method

TCI’ I:)CI’ VCI’

Iteration 1 (set of data for 0.9 2.2 11
60 substances)**
Iteration 2 (set of data for 16 24 20
50 substances)***

* Averaged (in the absolute value) for the whole set of sub-
stances.
** For any molecular inorganic compounds.
*** For nonpolar and weakly polar substances.

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

f = AHJ{R[T, + 0.89(T,)092*0-2v]}

and considered constant in Eg. (4).

Taking into account the dimensionalities of b
(cm3mol™1) and P, (MPa), we obtain the following
expression for the critica temperature:

Te = T(UF)IN(10.255T,/b) + 1]. ©®)

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

y = 0.1nT, - 0.122InV, + 0.006
and the van der Waals constant [1]
b =mv, + n,

wherem =127 and n = -6 if y < 0.1, m= 1 and
n=11if y > 0.1; V, is the molar volume at the boil-
ing point (cm® mol™).

The van der Waals constant b (cm® mol™) can be
calculated from the given values of m and n.

The critical temperature, to afirst approximation, is
calculated by Eqg. (5) and, as a second approximation,
by Eg. (6).

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

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

Por = Ppexp[f(Te/T, — 1)1 ()

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

Vg = Vp(24 + 0.1833InPg]. ®)

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

The accuracy of the method proposed in this work
(iteration 1) was verified on a set of data for 60 sub-
stances, including hydrides (BoHg, CH,, GeHy, SnHy,
NH3, and NoHy), fluorides (CF,4, PR3, MoFg, WF,
UFg, and PtFg), chlorides (CCly, SiCl,, GeCl,, SnCl,,
TiCly, BCls, PCl;, PCls, BiCls, SbCl;, S)Cls,
MoCls, and HCI), bromides (BBr3, SnBry, GeBry,
PBr3, AsBrs, and SbBrj), iodides (Blj, Sily, and
Snly), mixed halides (SiClgF, SiCl,F,, SIClIF5,
CBryF,, CBrFs, PCI,F, PCIF,, SiBr,Cl,, SiBrCls,
and NCIF,), hydrohalides (CHCIF,, SiHCl3, SiHBrj,
and NHFz), oxohalides (PCI30, PBr30, SC|20, SOFz,
SeC|20, WCI40, VCI30, and CIO:.;F), and oxides
(CO, SO,, 0s0,4, and H,0). Among these compounds
are 10 strongly polar substances (SO,, NH3, H,0, and
others).

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

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

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

This iteration employs the following relationships
between the physicochemical properties of molecular
inorganic compounds [1]: (1) AS, = 88 (Trouton rule),
(2) 8 = Tp/Ty = 0.772 — 12.27/AS,, (3) T = Ty/6,
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@) Vp = 116[TV%T03 + 05, (4) b = 1.27V, - 6,
(5) Pg = 1.039T, /b, (6) V|, (second approximation) =
85T Py + 2, (7) AHp = T[73 + 2.09In(T M/Vp)],
and (8) AS, (second approximation) = AHp/Ty,.

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

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

T, < 100[T.

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

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

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

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

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

EXPERIMENTAL

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

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

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

Crystallization was monitored through a change in
the refractive index of a liquid phase sample. Pre-
liminarily, the nf;-cy calibration plots were built for
each ethanol concentration and temperature. A linear
dependence nE—cet was observed for the concentration
range corresponding to supersaturated metastable state
of the solution. This is characteristic aso for other
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substances [7]. The error in determination of xylitol
concentration in agueous-ethanolic solution by the
refractive index was 0.05 g per 100 g of the solvent,
which corresponds to the interval from +0.25 (in 60%
ethanol) to +2 rel% (in 90% ethanol) at 5°C.

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

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

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

J = Kyel, ey

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

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

logting = Kipg — nlog(ci/cy, %))

where t;,q is the induction period (min); K;,q, induc-
tion period constant; and cg, xylitol solubility (g per
100 g of solvent).

The slope of the linear dependence of logt,y on
log(cjn/cy) is equal to the nucleation reaction order n;
the latter changes for xylitol from n = 7 at cy =
60 vol % and 5°C to n = 30 a ¢y = 90 vol % and
40°C.

The rate of xylitol nucleation increases with in-
creasing temperature and cy, especialy at M > 0.3,
which is connected with changes in the mixed solvent
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Fig. 1. Kinetics of xylitol crystallization in agueous-
ethanolic solutions at 5°C. (S Degree of supersaturation
and (c) xylitol concentration (g per 100 g of the solvent).
Initial c: (a) (1) 55.0 and (2) 50.2; (b) (1) 5.0 and (2) 4.6.
Cet (vol %): (a) 60 and (b) 90.

structure. Extrapolation of the linear dependences
described by Eg. (2) to the range of greater super-
saturation, where tj,4 = 1, alows evaluation of maxi-
mum supersaturations §;,,, characterizing the upper
boundary of metastability and determination of the
region of stability of xylitol solutions as a whole. In

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

t, min, at indicated temperature, °C
Cey VOI %
5 25 40
60 285 345 930
70 110 122 380
80 70 80 117
90 25 32 85

* Cg IS the ethanol concentration in water—ethanol mixture;
the same for Table 2.
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Table 2. Fractional composition of xylitol crystals at various crystallization temperatures

Content, %, of crystals of indicated size, mm
Cq VOl % >0.15 <0.15 >0.15 <0.15 >0.15 <0.15
5°C 25°C 40°C
60 82 18 58 42 54 46
70 66 34 50 50 41 49
80 40 60 42 58 18 82
90 0 100 100 5 95

60% ethanol, S, changes from 2.99 at 5°C to 2.12
a 40°C, and in 90% ethanol, from 2.40 at 5°C to 1.86
at 40°C. The decrease in the width of the metastable
zone with increasing cy satisfactorily agrees with the
theory connecting a decrease in §;,, with decreasing
solvent permlttIVIty (SH O = 82.1 and Sc H OH =25.0
a 20°C [11)]).

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

At = A - Blog(clcy, ®)

isvalid. Here At =t — tj,,q, A = (/Kq)log(ci,/ce), B =
VK4, t is the total time of observation (min), and
K, the rate constant of xylitol crystal growth (min~ b,

The applicability of Eq. (3) to xylitol crystaliza-
0.3} log (c/cy)

150 At, min

Fig. 2. Logarithm of the degree of supersaturation of xylitol
agueous-ethanolic solutions c/cg as a function of crystal-
lization time At at various temperatures. ¢y (vol %): (1,
2) 60, (3) 70, and (4, 5) 80. Temperature (°C): (1, 5) 25
and (2-4) 5.

50 100

tion from agueous-ethanolic solutions is confirmed by
the linear dependence of log(c/cg) on the crystalliza-
tion time At (Fig. 2).

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

It was found that, as the ethanol concentration in
the mixed solvent is increased, e.g., from 80 to
90 vol %, the xylitol crystallization rate increases by a
factor of approxmately 3 (K; increases from 1.7 x
1073 to 4.9 x 1073 minY). For ¢y = 80-90 vol %, the
linear dependence of log(c/cy) on At keeps at S 1.1-
13, and for cg = 60-70 vol %, a S = 1.2-1.5.

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

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

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

To prevent the secondary nucleation, ethanol
should be introduced into the crystalizing system
gradually. To obtain larger crystals, the cy4 value in
the intercrystalline liquor should not exceed 80 val %
(Table 2).

CONCLUSIONS

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

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

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

The most widely used method for directed modi-
fication of a zeolite sorbent is cation-exchange modi-
fication, which consists in that the polycationic natural
material is transformed into a monocationic (H™,
Na, Ca?*, NHj, etc) form [2].

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

EXPERIMENTAL

As starting sorbent we took samples of a clinoptilo-
lite-containing tuff from the Sokirnitskoe deposit
(Transcarpathia). The modification was performed by
impregnating the polycationic matrix with al M agque-
ous solution of TiCl, in 1 M HCI (pH 0) with sub-
sequent drying and further treatment with a 1 M
H4PO, solution. The resulting sorbent was washed
with distilled water to remove excess acid and salts
and dried at 100-110°C.

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

Sorption experiments were carried out under
dynamic conditions on a filtering column 0.8 cm in
diameter with the sorbent bed height of 10 cm (0.5~
1.0-mm fraction) and sorbent charge volume [1 c.v.
(column volume)] of 5 cm?. The f||trat|on rate Was
chosento be2.0 mh™ (100 cm®hL, ie, 20cv hY).
Model solutions containing 1-2 mgdm™ of cop-
per(I1), lead(I1), and cadmium(ll) ions were prepared
from potable tap water with total hardness of 3.7-
4.2 mg-equiv dm3, which contained (mg dm™3) 60—

65 Ca’* ions, 10— 15 Mg?* ions, and 0.3 iron ions;
pH 6.8-7.1. Preliminary studies reveadled that no pre-
cipitation of heavy meta ions occurs in the working
range of concentrations (<10‘ M) and pH vaues
(6.8-7.1). The results obtained are in agreement with
the data of [3-5].

A comparative analysis of the output curves of
sorption of copper(l1), cadmium(ll), and lead(I1) ions,
which were obtained on natural and modified clinopti-
lolite under the same conditions, demonstrated that
the degree of recovery of these elements with a modi-
fied sorbent is 2-2.5 times that with the natural ma-
terial. Data on the mfluence exerted by modlflcatlon
on the sorption of Cd 2+ cu?*, and Pb%* ions in the
dynamic mode are preﬁented in Fig. 1. It can be seen
that, even on the background of a manyfold excess
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(by a factor of 50-100 for Ca?* only) of alkaline-
earth elements present in tap water, the degree of re-
covery of the ions under study is sufficiently high. In
this case, as also in the case of titanium hydroxophos-
phates, the ions can be arranged in the order of in-
creasing degree of recovery as follows: Cu < Cd < Pb.

To reveal how the modifying agent is bound to the
natural zeolite, at what centers the modification oc-
curs, and what is reason for higher sorption of heavy
metal ions on the sorbent obtained, we examined the
IR spectra of the starting clinoptilolite and its modi-
fied form before and after sorption of ions. Samples
were in the form of KBr pellets or a mull in mineral
oil. The weighed portions taken for preparing KBr
pellets were chosen so that the bands under study
were peaked at 80-20% transmission. The spectra
were recorded on a Carl Zeiss Specord M8O instru-
ment in the spectral range 4000400 cm™L. Since the
spectral manifestation of the processes that occur on
the surface is diffuse, the method of baseline and
internal reference [6] was used to ensure the adequacy
of the analysis performed. As the interna reference
we chose the band as@ouated with bending vibrations
of water (v ~1635 cm™ ) [7]. Its shape, position, and
intensity are virtualy the same for al of the samples
studied (Fig. 2).

It is known [7] that the strongest absorption in the
IR spectrum of chnoptllohte is observed in the range
900-1300 cmL. This absorption is due to intra- and
extratetrahedral asymmetric stretching vibrations of
O-Si(Al)-O bonds. The absorption bands in the range
400-8500 cm™ range are attributed to symmetric
stretching and bending vibrations of structural groups
of the aluminum-silicon-oxygen framework. An iso-
lated absorption band peaked at v ~1635 cmt is
due to bending vibrations of sorbed water, and a
broad medlum mtensty band of complex shape at

v ~3400 cm™? is associated with stretching vibrations
of hydroxy groups [7].

The results obtained in mathematical processing of
the spectral datain the region of absorption associated
with stretch| ng vibrations of the O-H bonds (2900
4000 cm™ ) and the main absorption band of the zeo-
lite framework (8501550 cm™1) are shown in Figs. 3
and 4, respectively. As seen from Fig. 3, modification
of cIinoptiIoIite with titanium hydroxophosphate leads
to a decrease in the mtensty of the high-frequency
(3600 3800 cm™ ) wing of the absorption band as-
sociated with stretching vibrations of hydroxy groups
possessing basic properties [8-10].

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

¢, mg dm=3 ol
1.2 ’

2500 3500 V

500 1500
Output curves of sorption of (1, 1) Cu?*, (2,

Fig. 1.
2Y P2+, and (3, 3) Cd2* on (1) natural and (I1) modified
clinoptilolite. (c) Concentration of Cu?*, Pb?*, and Cd?*
in solution; (V) number of column volumes.

.
0.5 ¢ 3
0.3}
0.1}
1600 1700 1800 v, cmt

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

D
0.5

03

0.1

25002600 3200 3600 4000 v, cmt
Fig. 3. Range of absorption associated with stretching vib-
rations of OH groups in (1) natural clinoptilolite and that
modified with titanium hydroxophosphate, (2) before and
(3) after sorption of Pp2*.

the main absorption band of O-Si(Al)-O bonds,
peaked at v ~1075 cm™t (Fig. 4). Figure 4 aso shows
the difference of the optical densities of the modified
and unmodified forms of clinoptilolite, which is a
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Fig. 4. Absorption bands of auminum-silicon-oxygen
framework of (1) natural and (2) modified clinoptilolite and
(3) difference of these two.

curve with two clearly pronounced peaks. The low-
frequency peak at v ~1020 cm™ is related to absorp-
tion of the modifying agent, since the main absorption
band in the IR spectrum of amorphous titanium hy-
droxophosphate is recorded in this spectral range. The
high-frequency peak (with v ~1150 cm™ ) arises in
the spectral range of absorption by strong aluminum-—
silicon—oxygen bonds of the zeolite framework. The
appearance of additiona O-Si(Al)-O bonds upon
modification indicates that the bonding between clino-
ptilolite and the modifying agent is covalent.

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

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

Al(Si) | OH + Ti(OH)CI, ,

where n = 0, 1, 2, and 3.

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

H,0 .
—Z25 AlS) |-0-Ti L

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

The following should be taken into account when
analyzing the reaction of the modifying agent with the
surface of clinoptilolite: (8) IR data (role of basic
hydroxy groups in grafting of the modifying agent);
(b) the fact that titanium tetrachloride even a pH O is
hydrolyzed in aqueous sulfuric acid solutions to give
hydroxochlorides and hydroxo complexes [11], which
form poorly soluble titanium hydroxophosphates in
their subsequent reaction with phosphoric acid [3];
(c) elemental ratio Ti : P in the surface layer. Then this
reaction can be represented as the following scheme:

AISi) | ~O-Ti-0-PO(OH)

oH H3PO4 ~ O
5 3“ BN O-PO(OH),
Al(Si) | -O-Ti-0-PO(OH),
*0-PO(OH),

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

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

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

is presented.

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

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

It has been shown [2, 3] that the most effective
catalysts for thermolysis of sulfuric acid are Fe,Og,
V5,05, CuO, and Cr,03. The activity of a catalyst is
determined not only by its chemical composition, but
also by the surface area accessible to reagents, i.e.,
by its pore structure.

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

In [3], SO, (silica gel, diatomite, Aerosil) and -
Al,O5 were tested as supports for iron oxide catalysts.
These supports are not inert toward decomposition of

sulfuric acid. It has been demonstrated that silica gel
is the most active in the process in question, apparent-
ly because of its more developed surface. For exam-
ple, the activity of the Fe,O3 catalyst on SIO, is ap-
proximately 3 times that of Fe,O3 on y-Al,O3. How-
ever, after 45 h of operation, the specific surface area
of the catalyst on silica gel decreased by a factor of
approximately 12, and that of the catalyst supported
by aluminum oxide, by a factor of only 4. The pre-
dominant pore radius changed from 6-10 to 80-
400 nm in the first catalyst, and from 8-10 to only
10-30 nm in the second. Apparently, the higher melt-
ing point of y-Al,O3 results in that its microstructure
changes in catalyst operation at a considerably slower
rate, compared with that of silica gd, i.e., the thermal
stability of y-Al,O3 is higher.

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

T =T, - 20A0/R0,), 1)

where T,,, is the melting point of a bulk sample; o,
volume per particle; Aa, change in the surface energy
across the interface; R, particle radius, and 6,,, heat
of melting.

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

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

Tonsetaggl, = 0-45T, )
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Table 1. Parameters of aluminum oxide

Na,0 Fe,05
Fraction, mm | ppue kgm™ Sy Mgt Myear % V,, cmigt
wt %
1.5-20 640 128 0.1 0.48 0.05 0.05
0.8-1.0 710 250 0.2 0.90 0.02 0.05

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

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

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

As regards the strength and thermal stability of
aluminum oxide, it may be stated that they depend on
avariety of factors, which can be combined in asingle
notion of preparation conditions. These include both
the synthesis of Al,O3 itself and its further modifica-
tion to obtain the required properties.

EXPERIMENTAL

Fabrication of a support for a catalyst for SSA de-
composition was based on the best, for the case in
guestion, properties of aluminum oxide and silica gel.
As dtarting material was taken spherical granulated
v-Al,0O3 whose main parameters are listed in Table 1

(bulk density pp i specific surface area Sy wear
resistance [1eq: POre volume for water V,,; content
of Na,O and Fe,O5 impurities).

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

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

Silicon dioxide was deposited by treating the start-
ing spherical y-Al,O3 with ethyl ester of orthosilicic
acid, TEOS. A weighed portion of auminum oxide
was placed in a glass reactor with a reflux condenser
and a thermometer. A calculated amount of TEOS and
a diluent were charged into the same reactor to liquid
to solid ratio | : s = 1.15-1.20, so that auminum
oxide was completely covered with the solution. Since
TEOS undergoes deep hydrolysis in water, to the
point of formation of a sol of slicic acid, ethanol,
which can be mixed with TEOS in any ratio, was used
as diluent. The presence of a solvent favored more
uniform deposition of SIO, onto the support surface.
The filled reactor was heated on a sand bath to 80—
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Fig. 1. Crushing strength P of a support calcined in an air
flow vs. the amount of deposited modifying agent SiO,.

15F SOy, Wt %

1or

2 41, h
Fig. 2. Amount of deposited SiO, vs. the treatment dura-
tion .

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

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

Vreos = Mgo,/Maio,

= Mgo,MrE0SCAIL0,/(100 — M50 )Ms0, PrEOS  (3)
where V1eog is the calculated volume of TEOS (ml);
Ms 0, and Ma|,0, amounts of substances (%);
Mteos and Mgg,, molecular masses of TEOS and
silicon dioxide; Gpj ., Weighed portion of alum| num
oxide (9); and prgps, TEOS density (gcm™ )

To determine the amount of the actually deposited
SIO,, siliconized samples were subjected to chemical
analysis. To find the optimal amount of the modifying
agent, a set of y-Al,O3 samples with varied content of
SiO, was prepared. Tests demonstrated that modifica-
tion markedly improves the strength characteristics of

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

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

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

This method made it possible to raise the content
of SIO, in the sample to a somewhat greater extent
than in the case of alonger single treatment. However,
in this case aso, the gain was too small in relation to
expenditure. For example, the first siliconizing run
produced 11 wt % SiO, on the Al,O5 surface, whereas
the contributions of the second and third runs were
only 3.3 and 1.9 wt% SIO,, respectively.

The limitations on the amount of deposited SiO,
can only be attributed to the presence on the surface
of Al,O5 of a limited number of functional groups
that can react with TEOS by the molecular layer
deposition mechanism [10]. A certain increase in the
content of SIO, upon several successive siliconizing
runs can be accounted for by the fact that, after all the
available surface OH groups are spent, there remains
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a fraction of unshielded Al,O3; surface containing
aluminum ions with unsaturated coordination. These
ions are Lewis acid centers [1]. Thus, the limit on the
amount of SO, directly bound to the Al,O3 surface
depends on specific features of the surface of alumi-
num oxide, which, in turn, is a function of process
parameters of Al,O5 synthesis.

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

However, this method tells nothing about how sili-
con is distributed with respect to the Al,O3 phase.
Comparison of the concentration ratios cg/Cp, of sili-
con and aluminum, calculated using results of chemi-
cal analysis and data on elemental composition, fur-
nished by X-ray photoelectron spectroscopy (XPS),
confirms the surface distribution of silicon on Al,05
(Table 2).

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

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

To make afina choice of a support, catalysts were
synthesized both on the initial and on the siliconized
v-Al,03. lron and copper oxides were used as active
components of the catalyst for SSA decomposition.

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

Al

Si

=~ dg

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

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

It is known that finely grained catalysts should be
used to obtain an effective fluidized bed. The experi-
ence of numerous researchers shows that, with a cata-
lyst supported by 0.8-1.0-mm Al,O4 fraction, thermal
decomposition of SSA is kinetically controlled. Since
virtually the entire surface of the catalyst works in this
case, its composition should be uniform across the
whole grain to improve its performance to the maxi-
mum possible extent. Such a uniformity is also im-
portant in connection with the abradability of the
catalyst in the fluidized bed. Therefore, it is important
to reveal how the distribution of active components is
affected by siliconizing.

To determine the influence exerted by the support
and method of its impregnation on the distribution
of the active components in a catalyst grain, two
sets of samples were fabricated: set 1 on the starting
y-Al,O5 and set 2 on siliconized y-Al,Os3. In both
sets, aqueous solutions of iron and copper nitrates,
Fe(N03)39H20 and CU(N03)2'3H20, with concen-
trations of 150 and 100 g I~L, respectively, were used
as impregnating media. The methods of impregnation

Table 2. Content of silicon in siliconized aluminum oxide

Sample CglCp rétio
no. surface bulk
1 0.25 0.10
2 0.42 0.17

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004



38 DOBROVINSKAYA et al.

Table 3. Methods of impregnation and content of active components, CuO and Fe,Og, in catalyst samples

Set 1, support y-Al,O4 Set 2, support y-Al,O5 + 15 wt % SiO,

sample CuO Fe,05 Order of impregnation sample CuO Fe,05

no. Wt % no. Wt %

11 5.42 - Cu(NOy), 2-1 5.40 -

1-2 - 585 |Fe(NO3)3 2-2 - 5.00

1-3 2.82 530 |Simultaneously from a solution of 2-3 3.46 4.15

Fe(NO3); and Cu(NOs),
1-4 4.17 5.63 |Successively (1) Fe(NOg)s, (2) Cu(NO5), 2-4 4.20 4.86
1-5 5.36 4.23 | Successively (1) Cu(NOg),, (2) Fe(NO3)4 2-5 5.32 3.71

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

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

The results of chemical analyses are very close for
the samples of both sets and give no way of making
choice in favor of one of the two supports. However,
a study of these samples revealed the following re-
markable pattern. The distribution of copper in cate-
lysts 1-1 and 2-1 is virtually uniform across a grain
of each of the supports, whereas the concentration
profiles of iron along the grain diameter are strongly
different in samples 1-2 and 2-2 (Fig. 4). In “pure”
v-Al,03, this distribution is of typical “crust” nature,
whereas in the siliconized sample it is nearly uniform.
The same characteristic features are observed for the
distribution of active components in binary catalysts
(Fig. 5).

The nonuniform distribution of iron is, in contrast
to that of copper in pure y-Al,O3, a consequence of

1-2 2-2

Fe

dg —dy

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

the ability of iron(l1l) hydroxide, which appears in
the impregnating solution through hydrolysis of
Fe(NO3)3, to form a colloid system. In this case, the
size of aggregates of Fe(OH)3; sol particles is in the
range 1-100 nm [12]. If account is taken of the fact
that the predominant pore radius of the Al,O5 used is

1-3 2-3
Cu N Cu
WMWM;]
W
Fe Fe
1-4 2-4
Q ©

Cu
” VA B

WW
Fe

-5 2-5
O
Cu © Cu
Fe
_— dg

— g

=

Fig. 5. Iron and copper concentration profiles ¢ along
catalyst grain diameter dg (Table 3).
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6-10 nm, it becomes understandable why iron hy-
droxide cannot penetrate inside a grain. The finest col-
loid particles penetrate into the accessible pores and
block the way for other, coarser particles. The situa-
tion is aggravated by a sol-gel transition that occurs
as aresult of heating in the course of impregnation. In
this case, the main part of Fe(OH)5 deposited is con-
centrated in the surface layer of grains in the form
of aring (Fig. 4, sample 1-2). If the impregnating
Fe(NO3)5 solution is sufficiently concentrated, a thick
layer of Fe(OH)3 is accumulated on the outer surface
of a support grain. In thermal treatment of the sample,
this layer is converted to an Fe,O3 layer which is
poorly bound to the substrate and is easily lost even
in charging into apparatus, not to mention the opera-
tion in a fluidized bed.

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

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

Fe(NOy); + H,0O = Fe(OH); + HNOj.

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

An IR study of pyridine adsorption onto the surface
of pure and siliconized y-Al,O53 made it possible to
establish the nature of acid centers present on the sur-
face. Only Lewis acid centers are present on the sur-
face of Al,Os. Siliconizing leads to appearance of
additional Brensted centers, whose amount is the

-

—>dg

Fig. 6. Iron concentration profile ¢ along the diameter
dg of a-Al,O3 grain.

greater, the larger amount of SiO, is bound to the
surface of Al,Os.

Comparison of the iron concentration profiles in
catalysts based on pure and siliconized y-Al,O3
(Figs. 4 and 5) suggests that it is the presence of
Brensted acid centers on the support surface in sam-
ples of set 2 that is responsible for the uniform distri-
bution of iron across a grain.

This conclusion is confirmed by the iron distribu-
tion on porous corundum o-Al,O5 (Fig. 6). The
corundum was obtained by calcination of the starting
v-Al,03 at 1300°C for 3 h. Similarly to pure y-Al,Os,
a-Al,03 has no Bransted acidity. Of interest is the
fact that, despite the very large pore size in this sam-
ple (100-1000 nm), only trace amounts of iron can be
introduced inside its grains in the form of a thin con-
centrated ring on the grain surface. Such a distribution
of iron is favored by the visually observed process of
coagulation of the Fe(NOg)3 sol, which occurs in
a-Al,O5 impregnation with exceedingly high intensity
and leads to clogging of even so coarse pores.

In impregnation of siliconized y-Al,O3, nothing,
apparently, prevents the occurrence of Fe(OH); hy-
drolysis in the bulk of the impregnating solution.
However, the forming Fe(OH)3 aggregates approach
the surface exhibiting a Bregnsted acidity and experi-
ence there its peptizing effect. In this case, coarse col-
loid particles of Fe(OH)3 disintegrate into finer par-
ticles, which freely penetrate into the support pores.

Thus, the advantage of siliconized y-Al,O5 over
a pure support is not limited to an increase in mech-
anical strength. One more important advantage is
that active components can be uniformly deposited
throughout the catalyst grains.

To find the optima impregnation method, kinetic
characteristics of the catalysts of set 2 were studied on
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B, %
80 /
V.
I 3,
-5
6
40t
700 800 T, °C

Fig. 7. Degree B of sulfur trioxide SOz decomposition on
various catalysts vs. temperature T. Catalyst: (1) platinum,
(2) 2-3, (3) 24, (4) 2-1, (5) 2-5, and (6) 2-2 (Table 3).

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

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

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

An XPS study of the samples demonstrated that the
active components are formed in the form of copper
ferrite, with a minor amount of free oxides CuO and
Fe,0s.

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

CONCLUSIONS

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

It was established that it is advisable to use copper
and iron oxides supported by siliconized y-Al,O3 as
active components.

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

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

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

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

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

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

EXPERIMENTAL

Filamentary silver crystals were prepared by elec-
trolysis of an AgNO3 melt in an open €electrolysis bath
with a rotating cathode (T = 543-560 K, 32-34 wt %
AgNO;3 in a KNO3-NaNO3; melt) [4]. A scanning
electron microscopic (SEM) study shows that these
samples consist of silver needles with a smooth sur-
face (Fig. 1), which are formed by topochemical proc-
esses occurring in the course of electrolysis of the
melt of metal nitrates. Silver crystals formed under
these conditions have a developed dendrite structure
with a great number of surface defects [4].

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

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

The samples were fixed in air in a holder with a
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Fig. 1. Surface morphology of silver crystals prepared by
electrolysis of AgNO3; melt (SEM pattern).

conducting two-side scotch tape stable in a vacuum.
Prior to recording XPS spectra, the samples were
evacuated in a pretreatment chamber to a residual
pressure of P = 102 mPa. Then they were moved into
the analyzer chamber and evacuated to the residua
pressure of about 10°* mPa. The main background
gases were CO, CO,, and H,0.

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

Silver samples (2 cm catalyst bed) were treated in a
flow catalytic reactor with a mixture of EG (ethylene
glycol), O,, N,, and H5O in different molar ratios.

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

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

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

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

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

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

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

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

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

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

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

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

Treatment with hydrofluoric acid meets to the
greatest extent the requirements to silver cleaning. The
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Table 1. Relative atomic concentrations of elements on the surface of fibrous silver

Relative atomic concentration*

Silver sample

Bi cl C 0] Cu Zn Na
Initial 0.10 0.25 1.26 0.59 0.00 0.11 0.00
Treated with the reaction mixture with- 0.15 0.16 2.37 0.85 005 0.23 0.20
out cleaning the surface
With cleaned surface 0.00 0.08 115 0.56 0.00 0.00 0.07
Treated with the reaction mixture after 0.00 0.00 2.6 0.64 0.00 0.00 0.10
cleaning the surface

* Per silver atom.
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Table 2. Main parameters of partial oxidation of ethylene
glycol to glyoxal in the presence of cleaned fibrous silver

. . . EG con- Selectivity
T, K EG m%lzar l\:gtioHZO version, | of glyoxal
% formation, %
227 [(1.0:1.0:10.0:34 814 49.9
277 |1.0:1.0:00:34 89.3 62.8
227 (10:112:300:5.2 87.7 38.65
277 [10:112:300:5.2 89.0 58.7

XPS spectrum recorded in a wider energy range after
the treatment with hydrofluoric acid (Fig. 2I1, curve 1)
contains neither fluorine bands nor bands of new
impurity elements. The bands of zinc and bismuth vir-
tualy completely disappeared after the treatment. As
seen from the XPS spectra (Fig. 2I1), the impurities of
the above elements were not accumulated on the sur-
face of the treated sample after its use as a catalyst
of vapor-phase oxidation of ethylene glycol (723-
923 K, 4-5 h).

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

CONCLUSION

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

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

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

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

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

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

EXPERIMENTAL

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

1070-4272/04/7701-0046© 2004 MAIK “Nauka/Interperiodica’



CATALYTIC PROPERTIES OF MECHANICALLY ACTIVATED HUMIC SUBSTANCES 47

Table 1. Evolution of peat composition upon mechanochemica activation

HA content, wt % Content in peat, wt %

Sar?;p'e Additive, wt %

' Fe Ti polysaccharides | polyphenols WS HA
1 (initia) | - 0.18 0.059 0.2 11 13 31
2 - 0.93 0.043 24 34 5.8 8.7
3 0.5CVv 0.29 0.040 3.0 6.1 9.1 105
4 3NaOH 0.13 0.055 4.4 2.8 71 6.3
5 0.5CV + 3NaOH 0.19 0.040 0.7 43 5.0 7.4
6 (initia) | — 0.84 0.018 0.1 0.4 0.5 6.4
7 - 2.27 0.041 0.4 1.8 2.2 12.0
8 0.5CVv 1.37 0.062 1.0 15 25 12.0
9 3NaOH 242 0.062 0.7 8.1 8.8 37
10 0.5CV + 3NaOH 1.63 0.060 0.6 8.3 154 2.3

From the initial and activated peat samples we
extracted water-soluble compounds (WS), polysac-
charides, polyphenols, and humic acids (HA). Chemi-
ca transformatl ons in the separated HA fractions were
monitored by 3C NMR. Metals were determined by
X-ray fluorescence spectroscopy.

The catalytic activity of the fractions with respect
to oxygen electroreduction was determined voltam-
metrically [5]. Current-voltage curves were obtained
over the voltage range 0-2.0 V on a polarograph in
alkaline solutions at pH 10-12 (direct-current or
dlfferentlal pulse voltammetry mode; scan rate
20 mV s%). To determine the initial peak current of
oxygen, corresponding to its solubility in a given
solvent, we measured the voltammogram of the sup-
porting electrolyte in the absence of a humic sub-
stance. Then the electrolyte was purged with an inert
gas under pressure to remove oxygen from the solu-
tion, and the voltammogram of the supporting elec-
trolyte was registered in the absence of oxygen in the
solution. A solution containing a humic substance was
added to a fresh portion of the electrolyte, and the
proportional change in the oxygen electroreduction
current was measured. The differential pulse voltam-
metry alows determlnatlon of the concentration at
a level of 10°-107 mgl™ to within 10%.

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

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

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

We plotted the difference of the oxygen reduction
current density 1/(ljjy, — l,es) @ afunction of the con-
centration of a humic component in the solution. The
resulting curves (Fig. 1) mostly consist of two sec-
tions corresponding to groups of different activity.
The activity factors of these groups K; and K, can
be evaluated from the slopes of the corresponding
sections:

AI/(Ilim - Ires)
AC

where Al is the difference of the running oxygen
reduction current density with addition of an organic
additive; 1};,,, limiting oxygen reduction current in the
absence of additives;, |, residua current in the
deoxygenated solution at a constant potential; and Ac,
difference of the organic additive concentration.

The results show that the polyphenol, polysacchar-
ide, WS, and HA fractions differently affect the cath-
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Fig. 1. Current density | of oxygen reduction as a function
of the concentration ¢ of (a) polysaccharides, (b) poly-
phenols, and (c) humic acids. Samples: (1) initial, (2) dis-
persed (mechanically activated in the absence of reagents),
(3) activated in the presence of celloviridine, and (4) initial
sample of polysaccharides treated with EDTA.

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

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

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

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

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

Catalytic properties of humic components are prob-
ably due to the presence of some metals, particularly
iron, in them. The X-ray fluorescence analysis re-
veded (Table 1) that iron dominates in the HA frac-
tion as compared to Mn, Ti, Ca, and Si compounds.
Mechanochemical treatment results in redistribution of
iron among the fractions (Table 1). However, as we
demonstrated previously [6], a decrease in the iron
content by a factor of 2-10 through acid trestment has
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Table 2. Activity factors of polysaccharides, polyphenols, and humic acids in oxygen electroreduction
Sample o Polysaccharides Polyphenols WS HA
(Table 1) Ki Ko Ki Ko Kq Ko Kq Ko
High-moor peat
1 -6.0 - +23.0 +1.0 +6.0 +1.2 5.1 -2.6
2 +33.0 +19.0 +9.7 +2.1 +12.0 +7.4 -40.0 -6.6
3 +14.0 +2.8 +8.5 +2.6 +10.0 +2.8 -9.7 -5.0
4 -7.2 21 +11.0 - +12.0 +2.9 -5.0 -1.2
5 -4.0 -15 +22.0 +6.7 +8.0 +1.4 -6.5 -2.8
EDTA* +7.4 +2.8 -5.0 -1.7
Valley peat
6 -15.0 -5.0 +5.6 +2.7 +5.6 +1.1 -25 -15
7 +3.0 +1.4 +5.5 - +22.0 +0.2 -15.0 -0.2
8 +15.0 - +4.9 +3.5 +26.0 +1.6 7.7 -1.7
9 -67.0 -12.0 +4.6 - +20.0 - 7.7 -3.2
10 -12.0 -1.7 +26.0 12.0 +6.6 +3.3 -8.1 -35
EDTA +70.0 +6.0 -2.6 -13
* Ethylenediaminetetraacetic acid.
Table 3. 13C NMR analysis of humic acids
Sample Relative intensity of signals of carbon atoms in indicated structural fragments, %
no. A
(Table 1) C=O, CarO, CarC,H, Ca|kO, Ca’ ﬁ_o ) Ca|koa Ca|kO, CH3O, Ca|k' Fa
220-160 ppm| 160-140 ppm| 140-113 ppm [106-93 ppm| 93-66 ppm | 66-54 ppm | 54-0 ppm
1 12.0 2.3 185 6.5 14.1 11.3 35.1 21
2 129 4.7 16.1 6.1 20.8 14.6 275 21
3 11.0 21 16.9 11.0 174 12.0 29.6 19
4 8.9 2.2 19.0 6.4 18.8 12.2 325 21
6 11.0 4.5 30.8 35 55 7.7 374 35
7 13.2 5.6 30.1 39 4.0 12.1 29.1 35
8 13.7 4.8 31.6 5.3 4.5 12.8 27.3 36
9 10.5 5.8 29.5 4.0 4.5 8.5 35.2 35

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

To elucidate the contribution of iron to the catalytic
activity, humic components were treated with EDTA.
It was suggested that EDTA as a strong complexing
agent for Fe(l11) should suppress its catalytic activity.
After treatment with EDTA, polysaccharides demon-
strated a clearly pronounced inhibiting action. There-
fore, remova of Fe(lll) decomposes the associates in
the polysaccharide fraction, making free functiona
groups with the inhibiting activity. As for HA frac-
tions, their initiating activity remained practicaly
unchanged after treastment with EDTA (Table 2).

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

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

CONCLUSIONS

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

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

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

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

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

sodium naphthenates-Cr(I11) mixtures was studied.

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

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

The selectivity of oxidation of akanes and cyclo-
alkanes to the corresponding carbonyl compounds
appreciably increases in the presence of catalysts of
heterolytic decomposition of hydroperoxides, such as
chromium(l11) and chromium(V1) compounds [3-5].
The catalytic effect in the course of high-temperature
liquid-phase oxidation of akanes and cycloalkanes in
manifested mainly in the step of hydroperoxide de-
composition. When the process is performed at low
temperature in the presence of a strong oxidizing
agent (O3 and O,), variable-valence metal compounds
can appreciably affect the mechanism of chain initia-
tion, propagation, and termination and the contribu-
tion of radical and nonradical pathways. To control
the selectivity of these processes, the features of the
mechanism of these steps should be determined.

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

Cyclohexane ozonolysis was performed at 20—
60°C in the presence of 2 x 1022 x 1073 M stearates,
naphthenates, and acetylacetonates of Co(ll), Co(lll),
Cr(l11), Mn(I1), and Cr(CO)g as catalysts. The typical
kinetic curves of accumulation of the oxidation prod-
ucts are shown in Fig. 1. The classes of compounds
formed in this reaction are identica to those formed
in oxidation of cyclohexane with ozone-oxygen mix-

tures. The kinetics of the overall cyclohexane con-
sumption is of the first order irrespective of the cata-
lyst (Figs. 2, 3). Thisis confirmed by the constancy of
the accumulation rates of cyclohexanol, cyclohexa-
none, cyclohexyl hydroperoxide, and the acids in
cyclohexane ozonolysis in the presence of cobalt(l1)
stearate (Fig. 1). Hence, the selectivity of formation of
the target product (cyclohexanone) is ailmost constant

¢, M €Y (b)
0.4

0.2

2 4 1, h 2 47, h

Fig. 1. Kinetic curves of accumulation of (1) cyclohexa
none, (2) cyclohexanol, (3) cyclohexyl hydroperoxide,
(4) acids, and (5) esters in catalytic oxidation of cyclo-
hexane with ozone in the presence of (a) Cr(CO)g and
(b) Co(St),. 40°C, [O] = 4 vol %, [cal] = 2x107* M; the
same for Fig. 2. (c) Concentration of reaction product and
(v) time.
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Fig. 2. Kinetic curves of cyclohexane consumption. (c,
c) Initial and current cyclohexane concentrations and
(7) time; the same for Fig. 3. (1) Cr(CO)g; (2) Co(acac),;
(3) no catalyst; (4) Cr(St)3; (5) [Cr(CO)g] = 2x107° M;
(6) Mn(acac)s; (7) Co(St),; (8) Cr(CO)g, [Og] = 3 val %,
(9) Cr(CO)g, [Og] = 2 vol %; (10) cyclohexane;, and
(11) cyclohexanol ([Cr(CO)g] = 2x1074 M).
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°1

5 1,h
Fig. 3. Kinetic curves of cyclohexane consumption {[O3] =
2-4 vol %; [Cr(CO)g] = 2 x 107°-2x 10-3 M}. [Og], vol %:
(1-9) 4 and (10, 11) 20. T, °C: (1-3, 7-10) 60 and (46,
11) 2. [Cr(CO)g], M: (1, 6, 7) 2x 1073, (2, 5, 8, 11) 2x 1074,
(4, 9) 2x107°, and (3, 10) O.
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Fig. 4. Total selectivity @; of formation of cyclohexane
oxidation products as a function of cyclohexane conversion.
40°C; [Og] = 4 vol %; (8) [Cr(St)g] = 2x107* and (b)
[Cr(CO)g] = 2x 10~ 4 M. (Z¢) Total concentration of the
oxidation products.

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

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

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

The selectivity of cyclohexanone formation is
maximal in the presence of Cr(CO)g. We studied the
rate and selectivity of cyclohexane ozonolysis as
influenced by the temperature, ozone concentration,
and catalyst. The apparent activation energies of the
overall cyclohexane consumption and cyclohexanone
formation, determined by varying the reaction tem-
perature in the range 20— 60°C, are 34.5+3 and 27.5+
2.5 kJmol ™2, respectively, and are close to those of
the noncatalytic process. The noticeable difference in
the activation energies under conditions of consecu-
tive and paralel reactions suggests a strong tempera-
ture effect on the reaction selectivity, which is con-
firmed experimentaly (Figs. 4a, 4b).

The experimental kinetic curves measured at dif-
ferent concentrations of ozone and the catalyst and at
different temperatures are shown in Figs. 2 and 3,
respectively. The ozone concentration and the tem-
perature have the strongest effect on the reaction rate.
As the ozone concentration increases by a factor of 2
(from 2 to 4 vol %), the cyclohexane consumption ac-
celerates by a factor of 2.4 {20°C, [Og] = 2-4 vol %,
[Cr(CO)g] = 2x1074 M}. Hence, bimolecular non-
chain reaction of cyclohexane with ozone [1] is ac-
companied by chain oxidation of cyclohexane or de-
composition of ozone with acceleration of initiation
and progress of cyclohexane ozonolysis. The depen-
dence of the rate of cyclohexane (RH) oxidation with
ozone in CCl, at 22°C on [RH], [Og], and [O,] is
described by the equation [7]

v = 3.2x103RH][Og] + 0.3[RH]Y?[04]%?
+ 0.75[RH][04]%/[O) gas

The third component of this equation is responsible
for chain decomposition of Oz [7] under the action of
cyclohexyl radicals. The chain propagates by the
equation R + O3 - RO + O,, RO' + RH — ROH +
R and is terminated by the reaction R + O,— RO,
provided that the reaction between two cyclohexylper-
oxy radicals is faster than the reaction of RO, with
ozone. In this case (no solvent, bubbling reactor,
[RH] > [Og] ~ [Oy]), cyclohexyl radicals are amost
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quantitatively oxidized to cyclohexylperoxy radicals.
However, in the first steps of cyclohexane ozonolysis
[7], the major oxidation product, cyclohexanal, is
rapidly converted into cyclohexanone by the nonchain
mechanism. The reaction of cyclohexylperoxy radicals
with ozone and quadratic chain termination with the
peroxy radicals should be taken into account in the
kinetic equation of cyclohexane consumption by the
chain mechanism. The experimental kinetic curves of
cyclohexane consumption in In(c/cg)—t coordinates
(cg and c are the initial and current cyclohexane con-
centrations, respectively; 7 is the reaction time), meas-
ured in the first reaction step at low cyclohexane con-
version (up to 8%) and small contribution of the chain
pathway, are amost linear (Figs. 2, 3). The effect
of Cr(CO)g concentration is sgnlflcantly weaker
As [Cr(CO)g] increases from 2 x10°t0 2x10°3 M
(20-60°C), the rate of cyclohexane consumption
increases by more than 30% as compared to the non-
catalytic reaction. As shown above, the mechanism of
ozonolysis of saturated hydrocarbons is radical chain.

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

The dependences of the total selectivity of forma-
tion of each product on the hydrocarbon conversion in
catalytic ozonolysis of cyclohexane at [O3] = 4 voI %,
40°C, and the catalyst concentration of 2 x1074 M
are shown in Figs. 4a and 4b. As the conversion in-
creases, the selectivity of formation of the hydroper-
oxide and cyclohexanol linearly decreases, as a rule,
and that of cyclohexanone formation increases owing
to conversion of cyclohexanol and cyclohexyl hydro-
peroxide into the ketone. When the conversion is
lower than 10%, the selectivity of cyclohexanone for-
mation ranges from 69 to 73% without catalyst and
reaches 81% in the presence of Cr(CO)g. In addition,
in the presence of Cr(CO)g, the yield of cyclohexyl
hydroperoxide and cyclohexanol decreases more
sharply with increasing cyclohexane conversion.
Hence, Cr(CO)g catalyzes the conversion of these
compounds into cyclohexanone. An ozone-chromi-
um(l11) stearate system also exhibits high catalytic ac-
tivity with respect to cyclohexanone (Fig. 4a). In this

case, the ketone yield is as high as 70% at 6.5% con-
version. When chromium(l11) acetate poorly soluble
in the reaction mixture is used, the selectivity of the
ketone formation does not exceed 31%, but the selec-
tivity of the hydroperoxide formation reaches 48%.

The catalytic effect of ozone-CoSt,, o0zone-
Co(acac)s, and ozone-Mn(acac)3 systems on the selec-
tivity is considerably lower than that of the ozone-
chromium(l11) and ozone-chromium(0) systems. In
the presence of Mn(acac);, cyclohexane is rapidly
converted into the acids and e-caprolactone and the
total yield of peroxides grows with increasing cyclo-
hexane conversion. This dependence passes through
a maximum.

Although the selectivity of cyclohexanone forma-
tion is maximal in the presence of the ozone-Cr(CO)g
catalytic system, the selectivity and rate of the reac-
tion considerably change in the examined tempera
ture range (20-60°C). Cyclohexane ozonolysis with
ozone-air mixtures containing 2% ozone is slow.
In 4 h, the hydrocarbon conversion is as low as 2.2%,
and the selectivity of cyclohexanone formation reaches
42-51%. Under these conditions, the catalyst affects
the ratio of the main classes of the ozonolysis prod-
ucts. The selectivity of the cyclohexanone formation
in the presence of 2 x107° M Cr(CO)g is relatively
high (up to 65%). The total yield of the hydroper-
oxides dlightly grows with increasing catalyst concen-
tration.

This is the case a elevated temperatures (60°C).
Under these conditions, the selectivity of cyclohexa-
none formation is no higher than 60%. At 60°C, the
conversion of cyclohexanol and cyclohexyl hydroper-
oxide into cyclohexanone and paralel conversion
of cyclohexanone into the acids and lactone are ac-
celerated. The almost optimal conditions of catalytic
ozonolysis of cyclohexane are as foIIows [Og] =
4 vol %, 40°C, [Cr(CO)g] = 2 x 1074 M, cyclohexane
conversion 7-10%. The ketone yield reaches 81%.
Ozone-sodium naphthenate, chromium(lil) naphthe-
nate, and ozone-chromium(l11) naphthenate catalytic
systems [8, 9] provide 85-90% selectivity of the
ketone formation at the cyclohexane conversion of
5.3-6.5%.

Thus, as the cyclohexane conversion increases, the
selectivity of formation of the main reaction products
(R'C=0, ROOH, and ROH) is constant, decreases, or
increases depending on the reaction conditions (tem-
perature, concentrations of ozone and the catalyst). At
low temperature (20°C), the selectivity of formation
of these products decreases with increasing ozone
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concentration owing to acceleration of the consump-
tion of the alcohol and hydroperoxide. The selectivity
of the ketone formation grows with increasing cyclo-
hexane concentration. At 60°C, cyclohexanone oxida-
tion is accelerated and the selectivity of its formation
remains constant in the whole examined conversion
range. The selectivity of formation of acids and esters
increases. In the course of cyclohexane ozonolysis
at 40°C in the presence of the ozone-Cr(CO)g catalyt-
ic system, the total selectivity of cyclohexanone for-
mation regularly increases, the selectivity for the hy-
droperoxide and acohol decreases, and the selectivity
for the acids is constant. In the presence of ozone-
NaNph-Cr(Nph)3 (Nph is the naphthenate anion) cata-
Iytic system, the total selectivity of formation of
cyclohexanol and cyclohexanone mixture is high [10].
To gain deeper insight into the mechanism of cyclo-
hexane oxidation, let us consider the transformation of
the catalyst, hydroperoxide, alcohol, and ketone under
these conditions.

The rate constant of reaction of ozone with Co(ll),
Fe(Il), Mn(l1), and Cr(lll) acetates is higher by 2-
3 orders of magnitude than that of reaction of ozone
with cyclohexyl hydroperoxide [1, 3, 11]. Ozone
reacts with the catalysts by the reaction [12]

O; + M(ll) —» M(lll) + O, + O (or O3).

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

‘OH + M(Il) - M(lIl) + ~OH.

The oxidation potential of Me(I11)/Me(ll) is suffi-
cient for Me(lll) to oxidize hydroperoxides, al-
cohols, and ketones. If the activation energy of the
reaction of the initial or intermediate compound with
the oxidized form of the catalyst is high, more active
"OH radical can initiate the oxidation. In addition, in
the course of cyclohexane oxidation with an ozone-air
mixture, variable-valence metal carboxylates in the
oxidized or reduced forms coordinate the oxygen-con-
taining reaction products (ROOOH, ROH, R'C=0).
The overall rate of catalytic ozonolysis of cyclohexane
should depend on the stability of these complexes,
and the selectivity of ketone formation, on the ratio
of the rates of formation and consumption of these
complexes. The main sources of cyclohexanone in
noncatalytic ozonolysis of cyclohexane are unstable

hydrotrioxide, cyclohexanol, cyclohexyl hydroperox-
ide, and RO, radica [1].

Let us consider the influence of Cr(CO)g catalyst
on the conversion of the above intermediates of cyclo-
hexane ozonolysis. In the presence of chromium com-
pounds, cyclohexyl hydroperoxide is selectively con-
verted into cyclohexanone mainly by the nonradica
mechanism [4]. Indictor et al. showed [5] that Cr(I11)
is oxidized with the hydroperoxide to Cr(VI1). Anto-
novskii suggests [13] that the O-O bond of the peroxy
ester is homolytically ruptured to form the ketone

L4(RO,),Cr—0+0—C — L4(RO),CrOH + >C=0.

As found in [4], decomposition of tert-butyl hy-
droperoxide in the presence of Cr(I1l) acetylacetonate
is described by the scheme

Cr(lll) + yt-BUOOH < Complex,
Complex — Cr(lll+1) + y(t-BuO’ + ~OH),
CrIll+1) + Cr(Il) — Cr(VI) + Cr(l),

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

Bibichev [14] aso suggests that the selective con-
version of a secondary hydroperoxide into the ketone
in the presence of chromium(ll1) stearate aso passes
through formation of the complex Cr(St)3-nROOH,
where n > 1. When a hydroperoxide molecule is coor-
dinated to the Cr(l11) atom, the electron density from
the a-oxygen atom of the hydroperoxide is transferred
to the d orbital of Cr(lIl). As a result, the O-O bond
of the hydroperoxide is weakened and then homo-
lytically ruptured to form alkoxy and hydroxy radicals.
The liberated OH radical, without escaping into the
bulk of solution, can attack the C-H bond of the
coordinated hydroperoxide to form the ketone and
water by the molecular (cryptoradical) mechanism.

The apparent rate constant of cyclohexyl hydroper-
oxide decomposition_in the presence of 2 x10™4 M
Cr(CO)g is 7.6 x 107 exp(~67000+2000)/RT min2,
If the steady-state concentration of ROOH is 0.1 M,
the rate constant of cyclohexanone formation from
hydroperoxide at 40°C is 0.0046 mol |1 h™L. Hence,
the contribution of the catalytic decomposition of
cyclohexyl hydroperoxide to cyclohexanone formation
is no higher than 2 and 8.2% at 40 and 60°C, respec-
tively, i.e, is low.
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The steady- state concentration of hydrotrioxide at
20°C is 2.2 x 103 M. The strength of the O-O bond
in this compound is close to that in cyclohexyl hydro-
peroxide. Hence, the contribution of the catalytic
decomposition of the hydrotrioxide to the overall
process can be neglected. Both inner- and outer-sphere
coordination of cyclohexyl hydroperoxide is typical of
3d transition metals [15]; however, coordination-
saturated Cr(CO)g can form only outer-sphere com-
plexes with ROOH [Cr(CO)g-ROOH]. Chromium
hexacarbonyl is stable up to 120-140°C. Since car-
bonyl groups in Cr(CO)g are substituted by the dis-
sociative mechanlsm with a high activation energy
(AE; = 163 kJ mol™Y), occurrence of these reactions
under our conditions is unlikely.

Carbony! ligands are strongly bonded to the chro-
mium atom in Cr(CO)g. The donor—acceptor ¢ bond in
carbonyls is formed by interaction of the d orbital of
the metal, e.g., dy2_,2, with n electrons of CO on the
sp-hybrid o, orbital. The carbonyl group donates the
a-electron pair localized on the carbon atom. The
dative = bond in carbonyls is formed by donation of
the electron density form d orbitals of the metal, e.g.,
dxy, to unoccupied antibonding = orbitals of CO.

However, zero-valent chromium in Cr(CO)g is
rapidly oxidized with ozone to Cr(ll11) and Cr(VI).
A sharp band at 336 nm typica for Cr(lll) appearsin
the electronic absorption spectra of Cr éCO)G solutions
in CHCl3 and cyclohexane (1.2 x 10~ M) after bub-
bling of an ozone-oxygen mixture for 0.5-1 min
([Og] = 4 vol %, 25°C). As determl ned by ESR, the
steady-state concentration of Cro* [18] is very low.
Hexavalent chromium was qualitatively determined by
the reaction with diphenylcarbazide [19].

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

CHCO)g + MOy — 5 Cr(lll)L, + 30,
6 3 “¢o, co, 0, (1L

Ke
O + H* 2 'OH, K, = 10% [3],
‘OH + Cr(Ill) —» Cr(IV) + ~OH,
“OH + H" 2 H,0,
Cr(lll) + RO, — Cr(IV) + RO,
Cr(IV) + O3 — Cr(V) + O + Oy,
Cr(lll) + O3 — Cr(IV) + O + O,

RUSSIAN JOURNAL OF APPLIED CHEMISTRY

Cr(V) + Og — Cr(vVl) + O,
-2

RO; + H* — ROOH.

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

Cr(Vl) + ROH — R=0 + Cr(IV).

Probably, Cr(1V) is reduced to Cr(ll1) with cyclo-
hexanol hydroxy hydroperoxide or the hydroxyperoxy
OH

0[0)
radical ES exhibiting redox properties [6]. In addi-

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

Probably, the fact that the total yield of cyclohexa-
nol and cyclohexanone and the concentration ratio of
these products vary a wide range (Fig. 4) is due not
only to the catalysis of the alcohol oxidation to the
ketone with Cr(VI). Specia experiments show slow
consumption of cyclohexanol and cyclohexanone in
the course of cyclohexane ozonolysis catalyzed with
Cr(CO)g in a bubbling reactor. Slow consumption of
cyclohexanol is caused by its self-accociation. We
suggest that the increased cyclohexanol yield in the
presence of chromium-containing catalysts is due to
a change in the reactivity of the peroxide and alkoxy
radicals in the chromium(l11) coordination sphere. The
transformations of these radicals in the course of
cyclohexane ozonolysis are discussed in [1].

CONCLUSION

Ozone-chromium(0) hexacarbonyl, ozone-chromi-
um(l11) naphthenate-sodium naphthenate, and chromi-
um(0) hexacarbonyl—cyclohexyl hydroperoxide sys-
tems are catalytically active in cyclohexane oxidation.
In the presence of these catalysts, the selectivity of
formation of cyclohexanol-cyclohexanone mixture
and of the target product, cyclohexanone, is high.
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Abstract—The cathodic deposition of copper onto stationary and smooth rotating disc electrodes from dilute
agueous solutions [copper(ll) concentration up to 100 mg |~ was studied.

In extraction and dressing of polymetalic sulfide
ores, a large amount of stripping rock dumps, lean
ores, and dressing tails containing heavy metal sul-
fides are formed. In the course of prolonged exposure
to atmospheric oxygen, sparingly soluble heavy metal
sulfides are gradually oxidized with formation of well
soluble compounds, sulfites and sulfates, which enter
subdump, pit, and mine waters as a result of natural
leaching. The volumes of their formation at each plant
are between (50-100) x 10 and (5-6) x 10° m3 yearly
and depend on seasona and weather conditions. The
content of heavy metals in subdump waters is aso
dependent on seasonal and weather conditions and
varies from afew milligrams to 1 g and more per liter,
which exceeds by several orders of magnitude the
maximum permissible concentration (MPC). The ap-
proximate composition of the subdump, mine, and pit
waters is given in Table 1. Presently, most of mining
plants have no water treatment facilities, and the
above waters enter natural reservoirs without any
purification.

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

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

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

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

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

Content, mg =2
Component
subdump water mine water

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

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

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

EXPERIMENTAL

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

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

1 The device was developed at the laboratory of electrochemis-
try, Institute of Organic Chemistry, Ufa Scientific Center, Rus-
sian Academy of Sciences.

CE, %
60

401

20

S~ . , . .

2 4 6

i, mA cm™

Fig. 2. Current efficiency CE by copper in deposition on
a stationary electrode vs current density i at various initia
concentrations of Cu?* in solution. Supporting electrolyte
05 M Nay,SO4, pH 3. Copper(ll) concentration, g -1
(1) 0.001, (2) 0.1, and (3) 1.

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

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

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

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

The preliminary tests showed that, in electrodeposi-
tion of copper on a stationary electrode from dilute
solutions (Fig. 2), the current efficiency strongly
depends on the density of the polarizing current. The
acceptable level of CE for solutions containing 0.1 and
1.0 mg ™% copper(11) |s attained at a current density
of about 0.1 mA cm 2. For the solution containing
0.0L mgl~L copper(ll), the acceptable current effi-
ciency in electrodeposition of copper was attained
at the current densities as low as 0.01-0.05 mA cm ™2
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Fig. 3. Current efficiency CE vs. cathode rotation rate o.
Supporting electrolyte 0.5 M Na,SO,4, i = 0.5 mA cm2,
Ccy2t = 100 mg =%, pH 3.

CE, %
100 |

60T

201

1 3 5
Fig. 5. Current efficiency CE by copper in deposition onto
a rotating cathode vs. current density i. Supporting electro-

lyte 0.5 M NaySO,, ® = 523 rad 5%, ¢ 2+ = 100 mg |12,
pH 5.

It should be noted that, owing to akalization of the
near-electrode layer upon hydrogen evolution at the
cathode, copper(l1) hydroxide flakes always appeared
on the cathode upon copper deposition. Therefore, the
copper deposition from dilute solutions onto a sta-
tionary electrode can occur in a quantitative yield only
at avery low rate (i < 0.1 mA cm), unacceptable for
commercia applications.

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

CE, %
100
L [ ]
60 | ¢
| LI
o2
A3
20 b . 4
50 100

-1
Coy2+ Mg I

Fig. 4. Current efficiency CE vs. the concentration of cop-
per ions ¢ 2+ in electrolyte at various rates of rotation of
the electrode. Supporting electrolyte 0.5 M Na,SO,, i =
05 mAcm?, pH 3. Electrode rotation rate, rads:
(1) 105, (2) 26, (3) 52.3, and (4) 105.

CE, %
100 |
[ 3
60 I
I .
20} *2

20 40 60 1 80 100
Coy2+ Mg I~

Fig. 6. Current efficiency CE of copper cathodic deposition

vs. copper(ll) concentration in solution ¢ 2+ at various

pH. Supporting electrolyte 0.5 M Na,SO,, i = 0.5 mA cm2

o = 523 rads, Electrolyte pH: (1) 3 and (2) 5.

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

With decreasing copper(ll) concentration in the
solution, the current efficiency decreases aso (Fig. 4).
For example, at C 2+ decreased by an order of mag-
nitude, CE decreases by 50%.

The current efficiency of the copper deposition on
the rotating electrode, as on the stationary electrode,
strongly depends on the polarizing current density
(Fig. 5). For example, at the Cu?* concentration in

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004



60 KOLOSNITSYN, YAPRYNTSEVA

Table 2. Composition of subdump, mine, and pit waters before and after electrolysis

Content of metal cations, mg |t
Object pH
Cu Zn Fe Mn

Mine water (UOMPP):

before electrolysis 6.0 2.45 3.83 0.25 2.06

after electrolysis 0.74 (70)* 2.33 (39) 0.04 (84) 0.04 (98)
Subdump water:

before electrolysis 25 83 582 - 76

after electrolysis 0.1 (99.98) 582 (0) - 42 (45)

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

solution of 100 mg -1, pH 5, and rotation rate of
52.3 rad s %, as the current density is increased from
0.1 to 2 mA cm2, CE sharply decreases from 82 to
22%; as the current density is increased further, CE
decreases insignificantly.

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

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

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

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

CONCLUSIONS

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

RUSSIAN JOURNAL

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

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

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

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

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

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

EXPERIMENTAL

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

Initially, a plate of metallic silver was used as the
anode, and a glassy carbon plate, as the cathode. The
voltage across the power supply terminals was 1.5 V
under no-load conditions; the electrolyte temperature,
40°C; and the concentration of Ag,SO, in sulfuric
acid, 40 g I-L. On applying voltage to the cell, the cur-
rent changed stepwise to 0.6-0.7 A and then de-
creased to a constant value of 0.4-0.35 A. A silver
deposit of black color was formed at the cathode, with
small gas bubbles seen on the surface of this deposit.
After 3-5 min, the cathode silver turned lighter, and
a lilac cloud appeared in the electrolyte near the upper
part of the cathode and then, gradually, occupied the
whole volume of the electrolyte.
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It was established that the amount of silver ob-
tained at the cathode is 17-18% relative to that dis-
solved at the anode, with the quantity of electricity
passed through the electrolyte being equivalent to the
mass of silver dissolved at the anode, i.e., there are no
side processes at the anode. The electrolysis product
contained, in addition to metallic silver, a black sub-
stance. This substance was isolated by dissolving
metallic silver in 20% nitric acid. An X-ray phase
analysis demonstrated (Fig. 1) that this substance is
a mixture of AggS3SO, and Ag,S. The compound
AggS3S0O, can be represented as 3Ag,S- Ag,SO,4. The
formation of these compounds in electrolysis can be
explained as follows. It is known [4] that silver used
as the cathode material reduces hot concentrated sul-
furic acid to SO,, which is readlly reduced electro-
chemically to the sulfide ion S%*~. % ions react with
silver cations to give Ag,S. In this case, freshly
deposited cathodic silver exhibits high chemical activ-
ity and partly reacts with concentrated sulfuric acid
at relatively low temperature. This reaction yields
silver sulfide at the cathode as follows:

2Ag + 2H,S0, = Ag,S0, + SO, + 2H,0, (1)
SO, + 2e = §* + O,1, @)
2Ag - 2e + § = Ag,S. ©)

When combined, these reactions constitute the overall
reaction

4Ag + 2H,S0, = Ag,S + Ag,S0O, + 2H,0 + O,1. (4)

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

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

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

Fig. 1. X-ray diffraction pattern of the black product
obtained in electrolysis of silver in concentrated H,SOy:
(1) AgyS and (2) AggS3SO,.

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

With a stainless steel cathode and silver anode, the
optimal conditions of silver electrolysis in 84%
H,SO, were determined. The intensity of electrolysis
was evaluated by the current flowing through the
electrolyte. Figure 2a shows the current as a function
of the Ag,SO, content in the electrolyte at a working
voltage of 1.5 V and electrolyte temperature of 40°C.
It was found that a loose, X-ray amorphous deposit
of slver is formed at an Ag,SO, concentration of
15 gI , and a dense finely crystalline deposit of
silver, at 30 g 1% At Ag,SO, concentration of 40 g I~
the current is lower and, on cooling the electrolyte to
room temperature, Ag,SO, partly precipitates. The
recommended Agzso4 concentration in the electrolyte
is 3045 gl

The dependence of the electrolysis intensity on the
electrolyte temperature was studied at a working volt-
ageof 1.5V and AQ,SO, concentration in the electro-
lyte of 30 g1, It was found that electrolysis virtually
does not occur at al at room temperature, since the
current strength is 0.05-0.06 A. The plot of the cur-
rent strength vs. the electrolyte temperature has an
inflection point at 40°C (Fig. 2b). Taking into account
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the fact that the probability of reaction between the
cathodic silver and H,SO, increases with temperature,
the optimal electrolyte temperature was taken to be
40+5°C.

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

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

u,Vv
1.8
1.6

14

1.2

10T, min
Fig. 3. (1) Current | and (2) working voltage U vs. elec-
trolysis duration .

2 4 6 8

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

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

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

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

. Current, A Mass of
Substrate material| A9 Sontent | charge t h | cahodic |A9TECOVE:
’ » g initial final Ag, g
Copper 0.65 2.985 12.2 0.1 0.81 9.25 99.2
Brass 1.18 2.740 11.8 0.1 1.4 32.00 99.0
Aluminum alloy 1.4 1.434 8.1 0.1 1.25 19.9 99.1
Stainless steel 0.73 1.370 85 0.1 0.6 9.89 98.9

* Article surface after electrolysis shows no traces of silver coating and no signs of corrosion.

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

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

1" \
/i d
- N
——N—=—=—— {3
| R 4
N 2= %
i}z_:« | /]
NY)
Nz
NS
\ N
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B _
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— T 6
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Fig. 4. Scheme of the electrolyzer: (1) casing-cathode,
(2) fluoroplastic anode basket, (3) copper rod, (4) copper
current-leading disc, (5) silver-containing scrap, and
(6) electric hot plate.

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

CONCLUSIONS

(1) A study of silver electrolysis in sulfuric acid
with concentration of 95 wt % and addition of 40 g -1
AQg,SO, a electrolyte temperature of 40°C demon-
strated that the electrolysis proceeds with metallic
silver and Ag,S deposited at the cathode.

(2) It was shown that Ag,S is not formed at the
cathode at sulfuric acid concentrations ¢ < 85 wt %.

(3) The optima silver electrolysis conditions in
sulfuric acid with concentration of 84-85 wt % were
determined: Ag,SO, content in the electrolyte 30+
59171, initial voltage 1.85 V, and electrolyte tempera-
ture 40°C.

(4) It was established that Cu, Sn, Pb, Fe, and Al
are passivated under these conditions at the anode
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Abstract—The range of variation of the barometric parameters of a sealed nickel-zinc battery with nickel
oxide electrode made of spherical nickel hydroxide was studied under the conditions of cycling and exposure

in charged and discharged states.

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

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

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

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

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

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

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

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

A study of the dynamics of hydrogen accumulation
in the SNZ battery showed that the pressure can be
stabilized depending on the ratio of the rates of its
evolution on the zinc electrode and absorption upon
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Fig. 1. Variation of the gas pressure P in sealed NTs-25
batteries of types (1, 2) | and (1, 2) Il during cycling.
(t) Time; the same for Figs. 2-4. (1, 2; 1, 2') successive
cycles for types | and 11, respectively.
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Fig. 2. Variation of the gas pressure P in sealed NTs-25 bat-
teries of types (1-3) | and (1-3) 11, when (1, 1') charged,
(2, 2) discharged, and (3, 3) charged again.

interaction with NOE [7]. With hydrogen pressure |n
the gas vol ume of the battery increased from 1 x 10°
to 2.5 x 10% kPa, the rate of its oxidation on the MC
NOE increased by a factor of more than 3, in funda-
mental agreement with the conclusions of [2, 3].

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

EXPERIMENTAL

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

because the active paste of the FN-supported NOE
was denser, the ratio of theoretical capacities of the
negative and positive electrodes in a battery with
FN-supported NOE was 2.2 : 1 instead of a3: 1 ratio
in a battery with MC NOE (theoretical capacity of
negative and positive electrodes is 112 and 50 A h,

respectively).

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

The batteries were formed during two cycles in
the modes recommended in [9]. The discharge capac-
ity imparted in the first and the second cycles was 18
and 35-36 A-h, respectively, and the coefficient of
utilization of the active paste was 54-58%. Later on,
manometers or vaves with an opening pressure of
2 x 10? kPa were mounted on the cycled batteries. The
charging capacity was 26-24.5 A h, which corre-
sponds to the rated capacity of sealed NTs-25 battery
with MC NOE. The discharge was done with a current
of 0.2C =5 A and sometimes with a current of 1C =
25 A (C is rated capacity).

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

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

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

In type | batteries containing the HgO and PbO
additives, the pressure increases only sllghtly with
charging and does not exceed a value of 1 x10° kPa
even when the subsequent charging is done in the
intense mode with a current of 1.0C (Fig. 3). In this
case, the gas evolution in the different cycles is 45-
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Evolution and absorption of oxygen and hydrogen in sealed NTs-25 batteries during different periods of the cycle

Oxygen volume, cm?® Hydrogen volume, cm?
Cycle
period types | and Il type | type Il
evolved | absorbed |accumulated | evolved | absorbed | accumulated | evolved | absorbed | accumulated

Charging | 80-120 | 40-70 40-60 15-25 - - 80-100 - -
Pause 30-35 - 10-15 - 60-80 - -
Discharge 15-20 - 5-10 - - 40-70 -
Pause 5-10 0 0-5 0 - 0-5 80-100
70 cm®, combination can be estimated by comparing the char-

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

Hydrogen released in charging is absorbed during
the time of residence of the battery without current
(pause) and during the discharge, but absorption is
mcomplete Its residual pressure (of about 0.4 x
10? kPa) corresponds to a vaue established when
batteries of this type reside without current in both
charged and discharged states (Fig. 2).

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

A main decrease in the hydrogen pressure, con-
siderably dependent on its value in the battery, occurs
in the course of discharge. The gas pressure increases
from cycle to cycle to a constant value, with the maX|-
mum pressure established within (2.7-2.8) x 10? kPa
(Fig. 4). This corresponds to a value established in
this type of batteries without current in both charged
and discharged states (Fig. 2).

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

The effect of the NOE structure on hydrogen re-
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acter of pressure variations in cycling for sealed
NTs-25 battery of type | and for batteries with MC
NOE and a zinc electrode containing the same in-
hibitors (1% HgO and 0.25% PbO) (Fig. 5). Whereas
in the type | battery studied here the pressure |n|t|aIIy
increases, then decreases to a value of 1 x 107 kPa
after cycling for a short time, and then varies within
(1-0.4) x 10, in a battery with MC NOE both the
maximal and the final (minimal) pressures mcrease
gradualy to a constant value of (2.3-2.7) x 10? kPa to
the 50-60th cycle.

Discharge

P x 1072, kPa

Charging Pause

2.5

1.5

0.5

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

P x 1072, kPa
3.0F Charging ,

Pause D.i scharqe :
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1 [ 1 t 7Y
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Fig. 4. Variation of the gas pressure P in sealed NTs-25
batteries of type Il in succesive cycles (1'-4'), as compared
to the type | battery (1).
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P x 1072, kPa
3.0F
2
2.0F 2
1.0k ;
[!
40 80 N

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

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

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

With hydrogen evolution as large as 2-3 cm® per
1 A h during one cycle, most of hydrogen can recom-
bine. Apparently, the resdual amount giving a pres-
sure of (0.4-0.6) x 10? kPa corresponds to the equi-
librium concentration established in a contact with
nickel(111) hydroxide without current.

If corrosion inhibitors are less efficient (as in
type |l batteries), only a part of hydrogen, released

during the cycle in an amount of 5-8 cm?® per A h, re-
combines, and hydrogen accumulates in the battery. In
this case, the pressure increase associated with the
specificity of NOE structure is sharper than in the
battery with MC NOE (Figs. 4, 5). The pressure sta-

bilizes in the range (2.2-2.7) x 10? kPa, which corre-

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

CONCLUSIONS

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

(2) The oxygen evolution in charging is 4-5 cm?®
per 1 A h of rated capacity, of which about 60% is
absorbed during charging and the rest, during the
cycle (discharge and pause). The maximum vaI ue of
the oxygen pressure does not exceed 1 x 10% kPa.
At hydrogen evolution as Iarge as 2-3 cm® per 1 Ah
during one cycle, most of it is absorbed at the total
gas pressure varied within (1.2-0.4) x10° kPa. At
larger hydrogen evolutions, the pressure increases to a

constant value of (2.3-2.8) x 10 kPa, at which a bat-
tery with nickel oxide electrode passes from the dosed
state to the self-dosing state.
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Abstract—The conditions of electrolytic deposition of molybdenum oxide from aqueous solutions at room
temperature were studied and the optimal parameters of electrolysis, which provide deposits with necessary

physical and structural characteristics, were chosen.

Previously, we demonstrated the possibility of syn-
thesizing molybdenum oxide quantitatively with
rather high current efficiency by cathodic deposition
from aqueous solutions of ammonium molybdate
(NHy)gM0,0,4-4H,0 at 80-85°C [1]. The deposits
obtained, which were tested in a secondary lithium cell
in the form of ballast-free and composite (“pasted”)
cathodes, were distinguished by satisfactory discharge
characteristics and cyclability, which indicates that the
materials obtained by the method under consideration
are promising [2]. However, the issues concerning the
electrolytic deposition of molybdenum oxide from an
aqueous solution of its salt at low temperature, i.e.,
under common electrolysis conditions, remained un-
considered. The low-temperature conditions are rather
attractive, as considerably simplifying the electrolysis.

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

The investigation was performed using the proce-
dure described in [1]. As object of the study we used
0.005, 0.01, 0.02, 0.04, and 0.08 M (NH4)gM0;05,-
4H,0 solutions with pH 6.0 and 9.0. All the experi-
ments were conducted at 22+2°C. The efficiency of
the cathodic process was evaluated by the conditional
current efficiency (CE.,,qg) calculated with account of
the results of X-ray diffraction analysis. According to
these data, the phase composition of the deposits is
mostly described by the formula of nonstoichiometric
molybdenum oxide Mo,O,;-nH50, which contains
2.75 atoms of oxygen per atom of molybdenum, i.e.,
is an intermediate oxide compound between the penta-
valent, Mo,O5, and hexavalent, MoO3, molybdenum

oxides. To afirst approximation, it can be regarded as
doubled molybdenum pentoxide 2Mo,05 in which the
atoms of molybdenum and oxygen are structuraly
bound in the above ratio. The reaction of Mo,Og for-
mation at the cathode can be represented as

2Mo03~ + 6H* + 2e — Mo,05 + 3H,0.

Hence,
E = [M0,0c]/2x26.8 = 272/2x26.8 = 5.07 g (A h)™L.

Since dehydration at 250°C for 7-10 h affects the
weight of the deposits only dlightly, compared with
the initial weight after electrolysis (0.15-0.2 mg per
2.0-25 mg of deposit), the water component was
disregarded, which is quite acceptable for CE.ynq cal-
culation.

The CEong—! dependences are shown in Fig. 1 for
different ammonium molybdate concentrations and
solution pH values. The dependences exhibit extrema
a the points corresponding to current densities of 2.5
and 2.0 mA cm?, respectively, for the solutions with
pH 6.5 and 9.0. The conditional current efficiency
grows with the concentration of ammonium molyb-
date in solution increasing from 0.005 to 0.02 M and
markedly decreases in solutions with higher concentra-
tions (Fig. 1, curves 1-5 and 1', 3, and 5' for pH 6.5
and 9.0, respectively). All the curves are characterized
by descending portions gradually falling to a certain
minimum value, which depends only dlightly on the
current density, with the corresponding portions of the
curves nearly merging together for solutions with con-
centrations higher than 0.01 M (pH 6.5). The same
behavior is aobserved for the dependences of the limit-
ing values of CE.,,q on the solution concentration
at different pH values, shown in Fig. 2.
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Fig. 1. Conditional current efficiency CE.q,q by moybde-
num oxide vs. the current density I, in electrolysis of
(NH»)gM070,,-4H,0 solutions at 20°C. Solution concen-
tration, M: (1, 1) 0.005, (2) 0.01, (3, 3) 0.02, (4) 0.04, and
(5, 5) 0.08. pH: (1-5) 6.5 and (1, 3, 5) 9.0.
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Fig. 2. Maximal value of the conditional current efficiency
CEggng Vs. the solution concentration ¢ at 20°C. pH: (1) 6.5
and (2) 9.0. I, mAcm2 (1) 25 and (2) 20.

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

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

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

Comparison of the overall and partial curves of
cathodic deposit formation and hydrogen evolution
(Fig. 3, curves 1" and 1") shows that hydrogen evolu-
tion is the potential-determining process in the overall
cathodic process. This is also indicated by the run of
the partial curve of oxide deposition. This curve
reaches the limiting plateau, which is independent of
the cathode potential, at relatively low current densi-
ties. This results in that, with increasing polarizing
current, the relative rates of oxide deposition and
hydrogen evolution change continuously in favor of
the latter, which also follows from the CE. ¢l
dependences considered above. Hence, the lower the
overvoltage and the higher the rate of hydrogen evolu-
tion, the lesser the extent of polarization of the cath-
odic process. For example, the hydrogen overvoltage
on the initial surface of the cathode is relatively low
and the corresponding overall curves are arranged in
the order of decreasing cathode potentials for proc-
esses with higher hydrogen evolution rates. This is
clearly seen when curves for solutions with higher and
lower pH values and salt concentrations are compared
(Fig. 3, curves 3 and 1, and 1 and 2). These curves are
characterized by higher current efficiency by hydrogen
in the former case. On a surface preliminarily coated
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Fig. 3. Cathode potential E vs. the current density I in
electrolysis of (NH4)gM070,4-4H,0 solutions at 20°C.
Cathode: 12Cr18Ni9Ti steel. Solution concentration, M:
(4, 1, 1", 1) 0.04 [(1) on a film of molybdenum oxide;
(1", 1™) partia curves of hydrogen evolution and molybde-
num oxide deposition, respectively], (2) 0.02, and (3,
3) 0.04 [(3) on a film of molybdenum oxide]. pH: (1, 1
1", 1", 2) 65 and (3, 3) 9.0.

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

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

ings thicker than 5-7 pm tend to undergo brittle fail-
ure and are easily removed when touched with hand.
At the same time, thermal treatment at this tempera-
ture removes the crystallization water and makes more
ordered the structure of the material, which may exert
positive influence on its electrochemical character-
istics. According to X-ray diffraction anaysis, the
phase composition of the deposits mainly corresponds
to the formula Mo,40,4 with inclusions of the MogO,3
phase. On hesating in air to above 60°C, the phase
composition of the deposits changes fundamentally,
with transition to single-phase MoOs.

CONCLUSION

High-quality molybdenum oxide deposits are
formed as compact uniform coatings up to 25 pm
thick and more, exhibiting satisfactory mechanical sta-
bility and adhesion to the base, with sufficiently high
current efficiency on a substrate made of 12Cr18Ni9Ti
stainless steel from ammonium molybdate solutions
with concentration of 0.005 to 0.08 M at 20+2°C,
pH 6.5-9.0, and cathode current density of 1.5-

7.5 mA cm2. Dispersed deposits may also be formed.
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Abstract—Selective recovery of transition metals (Ni2*, Cu?*, and Cr2*) with weakly basic anion exchangers
from agueous solutions simulating naturally mineralized water was studied. The exchange capacity of anion
exchangers for these cations was determined. The technique for efficient resin regeneration was devel oped.

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

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

EXPERIMENTAL

In our experiments, we used the model solutions
prepared by dissolution of copper(ll), nickel(l1) and
chromium(l11) salts in distilled and tap water. The
water hardness was varied from 4 to 6 mg-equiv I~
The metal concentration was varied from 50 to
2000 mg 1L,

The metal ion content in solutions was determined
spectrophotometrically on an SF-46 spectrophotom-
eter. Before determination, the transition metal ions
were converted into colored complexes with the fol-
Iowmg reagents: lead dlethyldlthlocarbamate for
cu? dlphenylcarba2|de for Cr3* (after preliminary
converson of Cr* into chromate anion), and dimeth-
ylglyoxime (in the presence of bromine as oxidant) for
Ni%* [11]. The water hardness was determined by
complexometric titration [12]. The acidity of solutions
was measured on an EV-74 ionometer.

The spent anion exchangers were regenerated by
metal elution with 30-40% aqueous H,SO,. After
removal of the metas, the anion exchangers were
treated with alkali and then washed with water.

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

The sorption of transition metals under dynamic
conditions was studied by passing of their model solu-
tions through a column packed with the anion ex-
changer until the transition metal concentration be-
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Table 1. Sorption of Cu®* and Ni%* from model solutions* ¢, =

100 mg %, pH 55

Distilled water Tap water
Sorbent
Ce Mgl | g, mg-equiv gt n, % ¢, mg It g, mg-equiv gt n, %
Cu?* cation
AV-17 32.7 0.15 59 31.25 0.15 61.1
AN-31 16.98 0.20 79 12.66 0.21 84.2
AM-7 3.39 0.242 95 3.08 0.243 96.2
AN-221 2.48 0.245 97 2.74 0.245 96.5
Ni2* cation
AV-17 94.34 0.0213 6.26 85.57 0.0185 6.01
AN-31 52.68 0.162 47.6 43.98 0.159 51.7
AM-7 35.98 0.219 64.2 25.78 0.221 71.7
AN-221 18.53 0.278 81.6 10.97 0.271 87.9

* ¢ is the Cu?* and Ni?* concentration in solution, c, is the residual (equilibrium) Cu?* and Ni%* concentration, g is the sorption

capacity, and mn is the degree of metal recovery.

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

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

The sorptron capacity of the resin for metas g
(mg-equiv gt of dry resin) was calculated by the
equation

9 = V(e - co)/(Em), @

where V is the sorbate volume (1), E |s the metal
mg-equivalent (31.75 and 29.5 mg for Cu?* and Ni%*
respectively), and m is the dry resin weight (g)

The degree of metal recovery n (%) was calculated
by the eguation

n = (g — Clco 2

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

sorbed on both weakly and moderately basrc anion
exchangers For example, in sorption of Cr 3* from its
solutions in both dlstrlled and tap water wrth the ini-
tial concentration cO(Cr ") 250 mgl™t on AM-7,
AN-221, AN- 31 resins, their sorption capacity was
0.9 mg- equrvg The strongly basic AV 17 anion
exchanger does not noticeably sorb cr3t

Table 1 shows that the salts of natural mineraliza-

tlon do not notlceably affect the sorption recovery of

* and Cu®*. The degree of sorption of cu® and

Nr on weakly basic resins reaches 97 and 88%,

respectively. These data show that the resins tested

ensure selective recovery of the transition metals
concerned.

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

=N: +OM™ —> =Nn:M™

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

4.0
3.0
2.0
1.0
O.IIO O.I20 0.30
¢t [mg 1Y

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

c, mg |t
1200

800

400

400 1200
Fig. 2. Sorption of Cu(ll) ions from (1) distilled and (2) tap
water on AN-221 anion exchanger under dynamic condi-
tions. (c) Cu(ll) concentration in the eluate and (V) sorbate
volume.

2000 V, ml

48 h. Thereafter, the equilibrium metal concentration
in the sorbate was determined. From these data, the
static sorption capacity of the resin for transition
metals was calculated by EQ. gl) The experlmental
results on sorption of Ni<* , Cu%*, and Cr?* depending
on the equilibrium metal concentratlon were analyzed
in terms of the Langmuir theory [13]

g = ace/(1 + Pcy), ©)

where g |s the sorption capacity of the resin
(mg-equiv g~ dry r&an) Ce is the equmbrlum metal
cation concentration in the solution (mg ™), and «
and B are the empirical constants.

Equation (3) shows that sorption in the coordinates

Ug vs. lc, is a draight line:
1/g = alp + Voc, (%)

Figure 1 shows that the experimental data on sorp-
tion of transition metals on anion exchangers are fairly
well fitted to the Langmuir equation. These data show
also that, in the limits of the determination error, the
cations of natural mineralization do not interfere with
sorption of the transition metals, i.e., the transition
metals can be selectively removed from the initial
solution. In sorption of the transition metals from
tap water, the maximal sorption capacity of anion
exchangers for these metals calculated by Eqg. (4) at
Ce — o was as follows (mg-equiv g™ resin): Ni2*
(AN221) 2.05+0.20, Cu** (AM-7) 3.5+0.30, and

(AM-7) 2.86+0.25.

These calculated maximal sorption capacmes
reasonably agree W|th their experimental values: Ni%*
(AN-221) 1.9, Cu** (AM-7) 3.42, and Cr¥* (AM-7)
3.12 mg-equiv g ! resin. Comparison of the experi-
mental and calculated sorption capacities shows that
the maximal sorption capacity of the resins for transi-
tion metal cations can be calculated from the data of
sorption experiments by the Langmuir equation.

In sorption under static conditions, the equilibrium
metal content in the sorbate was attained within three
days. Under these conditions, the selective recovery of
the transition metals was reached. In sorption under
industrial conditions, the equilibrium sorption of
metals must be attained within a period required for
passing purified water through ion-exchange column.
This time is considerably shorter then the time of at-
tainment of the equilibrium sorption. Therefore, we
studied the selectivity of sorption of the transition
metals [by example of copper(l1)] under dynamic con-
ditions. In these experiments, Cu“* solutions in tap
and distilled water were passed through a column
packed with AN-221 anion exchanger in the OH form.
The elution velocity Was 1.08 m h™. Figure 2 shows
the output curves (Cu content in eluate vs. eluate
volume). The characteristics of Cu®* sorption under
dynamic conditions are listed in Table 2.

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

m g m g
Water o Mgt V,, mi m, mg
mg cm™3 swollen resin | mg-equiv cm™ swollen resin
Distilled 1150.5 330 1025.9 8.2 221 0.26 0.70
Tap 1139.3 340 1089 8.3 235 0.26 0.74

* (cp) Cu?* concentration in the initial solution, (Vy,) eluate volume by the moment of cu?t breakthrough, (Zm) cu?t wei ght in the

resin saturated with Cu?*, (m) sorption capacity of the reﬂn for copper(l1) by the moment of cu?t
, respectively.

capacity of resin at complete resin saturation with cu?*

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

In order to regenerate the anion exchanger, agueous
H,SO, was passed through a column at a flow veloc-
ity of 1.05 m h~! and the metal concentration in the
eluate was determined at a certain intervals. We found
that the optima regeneration is reached in washing
the column with agueous H,SO, of the concentration
c > 30 wt %. The degree of regeneration was deter-
mined as the ratio of the weight of copper(ll) con-
tained in the regeneration solution X m, to the total
weight of copper(ll) sorbed on the anion exchanger
~m (Table 2). After completion of regeneration, the
anion exchanger was washed successively with water
and akali to convert the resin to the OH form. Fig-
ure 3 shows the degree of resin regeneration n, the
copper(ll) content in the regeneration solution ~m,,
and the copper(ll) concentration in the regeneration

n, % Tm, mg sm ¢ mgl?
1001000 480000
60k 800

40000
20200

100 200 V, mi

Fig. 3. Regeneration parameters of AN-221 anion ex-
changer as functions of the sulfuric acid volume V passed
through column. (n) Degree of regeneration, (Xm,) cop-
per(ll) content in regeneration solution and (c) copper(l1)

concentration in the regeneration solution.

breakthrough, and (g) sorption

solution ¢ as functions of agueous sulfuric acid
volume passed through the column.

Figure 3 shows that the degree of regeneration
n > 90% is reached on passing approximately one
volume of 30% H,SO, through one volume of resin.
Under these conditions, the regeneration solution con-
tains more than 40 g |~ of copper(Il). Owing to such
a high copper concentration, the utilization of the
regeneration solutions becomes expedient from prac-
tica and economical viewpoints. Copper can be re-
covered from this regeneration solution by electroly-
sis. In our experiments, the regeneration solution
(250 ml) was electrolyzed at the current strength of
5 A and voltage of 3 V. On electrolysisfor 2 h, 7.4 g
of copper was recovered (current efficiency 62%) and
the copper concentration in the regeneration solution
decreased from30t0 0.1 g I-L. After such atreatment,
the regeneration solution was repeatedly used for
regeneration of the anion exchanger saturated with
copper(ll).

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

CONCLUSIONS

(1) The sorption of copper(I1), nickel(11), and chro-
mium(l11) from model solutions on anion exchangers
was studied under static conditions. In sorption re-
covery of the nonferrous metas, the AN-221 and
AM-7 weskly basic anion exchangers in the OH form
exhibit the highest selectivity, and the salts of natural
mineralization do not interfere with sorption.

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

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

REFERENCES

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

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

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

4. Richardson, JA., Nucl. Eng. Int.,, 1974, vol. 19,
no. 212, pp. 31-37.

5. Gerasmov, V.V., Kasperovich, A.l., and Martyno-
va, O.l., Vodnyi rezhim atomnykh elektrostantsii

©

10.

11.

12.

13.

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

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

JPN Patent no. 55-39993.
JPN Patent no. 55-32796.

Kolodyazhnyi, V.A. and Chelnakova, P.N., Abstracts
of Papers, Vserossiskaya nauchno-prakticheskaya kon-
ferentsiya “Laboratornoe delo: Organizatsiya i
metody issledovanii” (Russian Scientific and Practical
Conf. “Laboratory Practice: Organization and Inves-
tigation Techniques’), Penza, 2001, p. 49.

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

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

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

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

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004



Russian Journal of Applied Chemistry, Vol. 77, No. 1, 2004, pp. 79-82. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 1,

2004, pp. 83-86.

Original Russian Text Copyright © 2004 by Lupeiko, Gorbunova, Bayan.

ENVIRONMENTAL PROBLEMS
OF CHEMISTRY AND TECHNOLOGY

Deep Purification of Aqueous Solutions To Remove Iron(l11)
with Carbonate-Containing Industrial Waste

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

Rostov State University, Rostov-on-Don, Russia

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

Abstract—The possibility of using a carbonate-containing industrial waste in purification of aqueous solutions
to remove iron(l11) ions to below the maximum permissible concentration was analyzed. The sorbent capaci-
ties were calculated for iron(l11) solutions with various initial concentrations. The influence exerted by the
time, temperature, anionic composition of iron(I11) salt solutions, and other factors on sorption was assessed.

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

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

This study is concerned with the possibility of
purification of agueous solutions to remove iron(ll1)
ions, which can be found most frequently in industrial
wastewater. The sorbent suggested is based on cal-
cium and magnesium carbonates. When it is placed in
the water medium, an excess amount of OH groups is
formed because of the partial hydrolysis of the anion,
which is confirmed by the fact that the pH of solu-
tions of the waste is 8.7 [3]. Industrial wastewater
from electroplating shops, including iron-containing
solutions, is acidic and contains anions of strong acids
(CI~, SOZ", NO3), i.e., Fe** is present in wastewater
in the form of agua hydroxo complexes formed in

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

. HOH ,, HOH , HOH
Fe3 — > Fe(OH)*" — > Fe(OH); — > Fe(OH)31,

HO OH
CO%- —op” HCO53 — > HaCO3 ——> H,0 + CO, ™.

Thus, it would be expected that the carbonate-
containing waste will allow deep purification of aque-
ous solutions to remove iron ions. In this case, the
low solubility product of Fe(OH)3 (6.3 x 10738 [4])
will result in that the residual concentration of iron
will not exceed the maximum permissible concentra-
tion (MPC) equal to 0.5 mgl™t [5].

EXPERIMENTAL

In this work we studied the sorption capacity of
a carbonate-containing waste in sorption of iron(l11)
from solutions with various initial concentrations
and analyzed the influence exerted by the sorption
time, temperature, and other factors on the degree of
iron(l11) recovery and sorbent expenditure.

The concentration of iron(l11) was determined com-
plexometrically by the commonly accepted procedure
[6] to within 0.2%. For low concentrations, a spectro-
photometric technique with o-phenanthroline was used
[5]. The optical density was measured on a KFK-2MP
photometer to within 4%. The acidity of the solutions
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A % >

60

40

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

SE, gt
10F

1 1 1

1000

2000 ¢, mg It

Fig. 2. Optimal sorbent expenditure SE vs. Fe3*
tion ¢ in the initial solution.

concentra-

used was monitored potentiometrically with an
[-120M pH meter to within £0.05 pH units. Model
solutions were prepared from a_concentrated FeClg
solution with account of the Fe>* content in waste-
water from various industries. The solutions were
strongly acidic, which is also characteristic of rea
wastewater [7]. The sorbent fraction used had particle
size of 0.25-0.50 mm, which mainly constitutes the
powdered industrial waste [3].

The range within which the content of iron(I1l) in
industrial wastewater varies is rather wide: from sev-
eral milligrams per liter at nonferrous metallurgical
plants to tens of grams per liter at shops for etching of

Effect of concentration c-.3+ and pH of the initial FeCl,
solution on expenditure and capacity of the sorbent

n:';efjl pH |Expenditure, g1t |Capacity, mg g
100 241 0.5 200
200 2.37 1.0 200
500 2.32 25 200
1000 211 4.8 208
2000 1.83 10 200
5000 1.63 23 217
10000 1.40 44 227
20000 1.05 83 241

ferrous metals. Therefore, the optima sorbent ex-
penditure was determined for solutions with different
concentrations. For this purpose, a weighed portion of
the sorbent was placed in 100 ml of a solution to be
punﬂed kept at 25°C. The amount of sorbent taken
for Fe3* preci pitation was varied from 0.1 t0 8 g (i.e,

from 1 to 80 gl™Y). The sorption was carried out
under static conditions with agitation in the course of
15 min, atime sufficient for the sorption process to be
complete. The concentration of Fe(lll) in a solution
was determined before and after its contact with the
sorbent, and the degree of metal recovery was calcu-
lated from the difference of the initial and residual
concentrations. As the optima sorbent expenditure
was taken the minimum amount of the sorbent that
was necessary under the given conditions for iron(l11)
to be removed to below MPCr,

Apparently, the sorbent expenditure becomes
higher as the initial content of iron(l11) in solution in-
creases (Figs. 1, 2). For example purifying to below
MPCp, requires 0.5 g I=1 of the sorbent for a solution
with the initial iron concentration of 100 mg I~ -1 and
80 gl™! for that with the concentration of 20 gt
The optimal values of the sorbent expenditure and
capacity are listed in the table.

For solutions with not-too-high iron(I11) concentra-
tion, the sorbent capacity is 200 mg of Fe>* per gram
of the sorbent. With increasing iron content, the sor-
bent capacity grows somewhat, which is presumably
due to the formation of a larger amount of difficultly
soluble metal hydroxide and to the noticeable contri-
bution to sorption from iron(lll) ions additionally
coprecipitated on the hydroxide. The dependence of
the optimal sorbent expenditure on the Fe>* concen-
tration in the starting solution was processed using
the least-squares technique with the use of the experi-
mental data obtained (Flg 2). In the concentration
range 100-2000 mg I-L, the plot can be interpreted as
a straight line with 99. 9% probability, which makes it
possible to calculate the optimal sorbent expenditure
for solutions with intermediate concentrations.

As would be expected, the pH values of the initial-
ly strongly acidic solutions being purified increased
upon their contact with the sorbent (Fig. 3). This
process was accompanied by evolution of carbon di-
oxide. In this case, the higher the iron(l11) concentra-
tion in solution and the lower the pH of the starting
solution, the stronger the gas evolution. It is also
noteworthy that pH exceeds 4.5 in filtrates with Fe3*
content below the MPC,, level. This is due to the fact
that, in weakly acidic, neutral, and alkaline media
(4.1 < pH < 14), iron mainly exists in the form of a
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difficultly soluble hydroxide, Fe(OH)5 [4]. Hence fol-
lows that, mdeed purification of aqueous solutions to
remove Fe3* jons is based on their neutralization with
a carbonate-containing waste, which leads to mutual
enhancement of hydrolysis of the carbonate compo-
nent of the sorbent and the iron salt to the point of
precipitation of iron(l1l) hydroxide and evolution of
carbon dioxide.

To evauate the influence exerted by the time of
contact between a solution being purified and the
sorbent on the sorption process, weighed portions of
the sorbent (0.25 and 1.0 g) were placed in 100 ml of

a solution with the initial Fe3* concentration of 500
and 2000 mg |2, respectively. The time of sorption
was varied from 1 to 10 min. At the iron concentration
of 500 mg I, 2 min is sufficient for recovery of the
metal to the M PC level. With increasing concentration
of Fe3* in solution, the sorption duration grows to

become 3 min at 2000 mg ™t (Fig. 4). As seen from
the data presented, the purification of agueous solu-
tions to remove Fe>* ions is complete much earlier,
compared with ions of other metals. For example, the
optimal time of sorption is 60 min for a 10 gI
copper(ll) solution [2]. In all probablllty, thisis due to
the fact that, in the case of Cu?*, there exist a number
of phases with close solubility products, which can be
formed in sorption and in the accompanying processes
of neutralization, hydrolysis, etc. In the first stage,
when the pH values are relatively low, only the
least soluble, under the given conditions, phases are
formed. Then, in the course of prolonged neutraliza-
tion, these phases are converted into other, still less
soluble phases, and this solid — solid transition can-
not be fast. Thus, the fast sorption of iron(lll) is ap-
parently related to a smple mechanism of the process,
which, in turn, is due to the presence of the Fe(OH);
phase, predominant in the solubility product in awide
pH range.

In order to study the influence exerted by the sor-
bent particle size on the extent of purification, three
sorbent fractions were used: 0.1-0.25, 0.25-0.5, and
0.5-1.0 mm. The sorption was carried out from a
solution with iron(I11) concentration of 2 g1~* under
static conditions with agltatlon in the course of
15 min. It was found that Fe3* ions are removed to
the greatest extent at particle size of 0.1-0.25 mm
(Fig. 5). In @l probability, this is due to higher solu-
bility of finer particles in an agueous solution and
larger working surface area of the sorbent. Taking into
account the fact that the sorbent is mainly composed
of the 0.25-0.5-mm fraction, preliminary grinding of
the sorbent is advisable. However, it was difficult to

H| 7
Plenz

szf/

SOSE g|1

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

A %
100}

80

1 3 5t, min

Fig. 4. Degree of Fe3- recovery A, vs. timet. Fe3* concen-
tration in solution (mg |~ ) (1) 500 and (2) 2000.

A, %
100

60

6 8 10 SE, g1t
Fig. 5. Degree of Fe3* recovery, A, vs. sorbent expenditure
SE. Sorbent particle diameter (mm): (1) 0.1-0.25, (2) 0.25-
0.5, and (3) 0.5-1.0.

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

The influence of the solution temperature on sorp-
tion was studied with a 2000 mg 1! iron solution at
a sorbent expenditure of 8 g -1 (amount of sorbent
somewhat smaller than the optimal value) and time of
static sorption equal to 15 min. As seen from Fig. 6,
sorption is markedly more effective at higher tempera-
tures. This can be attributed to enhancement of hy-
drolysis and to an increase in the solubility of carbo-
nates contained in the sorbent, which is also con-
firmed by more vigorous evolution of carbon d|0X|de
Thus, purification of the starting solution with 2 g 1=
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A %
100

20 40 60 T, °C
Fig. 6. Degree of Fe>~ recovery, A, vs. solution tempera-
ture T.

of iron(I11) requires 10 g I~ of the sorbent at 25°C
(Fig. 2), whereas, upon heating to 40°C, 8 g I=L of the
sorbent is sufficient, i.e., the sorbent expenditure is
lower in Fe3* sorption from heated solutions,

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

The results presented here indicate that the carbo-
nate-containing industrial waste under study can well
be used for purification of acid agueous solutions
(e.g., wastewater) to remove iron(l11) ions. Moreover,
the pH values of purified solutions conform to sani-
tary regulations concerning purified wastewater.

CONCLUSIONS

(1) The possibility of using a carbonate-containing
sorbent for deep purification of agueous solutions to
remove Fe>* ions was demonstrated.

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

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

(3) The optimal time of contact of the sorbent with
a solution being purified and sorbent expenditure for
iron(l11) salt solutions with various initial concentra-
tions were determined, and the optimal sorbent capac-
ity was calculated to be about 0.2 g of Fe3* per gram
of the sorbent.

(4) The sorbent expenditure is lower at finer dis-
persity of sorbent particles and in the case of sorption
from heated solutions.
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ENVIRONMENTAL PROBLEMS
OF CHEMISTRY AND TECHNOLOGY

Use of Carbonate-Containing Industrial Waste for Treatment
of Aqueous Solutions To Remove Nickel(Il) lons

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

Rostov State University, Rostov-on-Don, Russia
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Abstract—The possibility of using a carbonate-containing industrial waste formed in water-treatment units of
thermal power plants for treatment of agueous solutions to remove nickel(11) ions was analyzed. The influence
exerted by the time, temperature, and other factors on the degree of recovery of nickel(ll) ions and sorbent
expenditure was established. The possibility of separating nickel(l1) and iron(l11) ions simultaneously present
in solution, using the waste under study, was demonstrated.

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

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

This study is concerned with the possibility of
trestment of aqueous solutions to remove nickel(I1)
ions, which can be found most frequently in waste-
water of electroplating shops and are very toxic. Par-
ticularly dangerous are spent concentrated nickel-
plating solutions (electrolytes) whose discharge to
sewage disposal plants can disrupt their operation.
Moreover, a great amount of the valuable meta is

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

EXPERIMENTAL

Model solutions were prepared from NiCl,-6H,0
of chemicaly pure grade; the|r concentration corre-
sponded to the content of Ni%* ions in wastewater
from various plant shops [4]. The sorption was per-
formed under static conditions as follows. A weighed
portion of the sorbent (slime) with particle size in the
range 0.25-0.50 mm was added to 100 ml of a sol u-
tion to be purlfled with a concentration ¢j,, (Mg |- )
(calculated in terms of nickel). The resulting mixture
was agitated for atime T (min), and then the solutions
were filtered. The pH value and the Ni%* concentra-
tion in solution were determined before and after a
solution was brought in contact with the sorbent, and
the degree of recovery of the metal was determined
from the difference of its initial and residual concen-
trations. The Ni%* concentration was found by a spec-
trophotometric method with dimethylglyoxime, using
the commonly accepted procedure [5]. The optical
density was measured on a KFK-2MP photometer
to within 5%. The acidity of the solutions used
was monitored potentiometrically with an 1-120M
pH meter to within £0.05 pH units.

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

SE gl PHsijtrate cNomglt | DR, %
G, = 115 mg It pH;, 5.11
20 7.80 334 717
25 7.82 19.8 82.4
30 7.98 8.7 92.4
35 8.01 7.8 93.2
45 8.09 55 95.2
50 8.14 5.2 95.5
= 50 mg |-t pH;, 5.24
15 7.88 9.79 80.4
20 8.09 3.90 92.2
25 8.18 1.18 97.6
30 8.19 1.02 97.8
35 8.21 0.87 98.3
= 25 mgl~! pH;, 5.36
5 7.93 6.5 74.0
6 8.01 3.20 87.2
8 8.14 171 93.2
10 8.24 0.75 97.0
15 8.26 0.36 98.6
20 8.41 0.17 99.3
Cn = 10 mgl~t pH;, 547
2 8.15 2.52 74.8
3 8.37 0.91 90.9
4 8.41 0.48 95.2
5 8.49 0.27 97.3
6 8.52 0.11 98.9
8 8.54 0.08 99.2
Cpn = 1 mgl~t pH,, 5.61
1 8.31 0.155 84.5
15 8.36 0.119 88.1
2 8.38 0.094 90.6
3 8.44 0.052 94.8
4 8.46 0.011 98.9
5 8.49 0.008 99.2
6 8.52 0.005 99.5

As seen from Table 1, 95% degree of recovery is
achieved for asolutlon with the initial Ni%* concentra-
tion of 115 mgl™ a the sorbent expenditure of
50 gI . For solutions with lower initial concentration
of nlckel(ll), sufficiently high degree of purification is
obtained at Iower amounts of the sorbent. For exam-
ple, 10 gl‘ of the sorbent is sufficient for 97%
recovery | of the metal from a solution with cy; =
25 mg I7%, and 4 g 1=, for 95% recovery of nickel(Il)
from a solution with cyi = 10 mgl~L

A %
100

80
10 30
SE, gt
A %
100 } (b)
] f/\%
60 F
2 3
4 L L
20 40
SE, gl
A % ©
100} 7
| 2 5
3
60 F
4 L L
20 40
SE, gt

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

Analysis of data on the pH values of the starting
and purified solutions shows that the sorption is ac-
companied by neutraization and akalization of the
initially acid solutions. It was noticed that the pH
value of the purified solutions conforms to sanitary
regulations concerning purified wastewater. The maxi-
mum degree of nickel recovery is achieved at pH > 8.
Apparently, this is due to hydrolysis of the carbonates
contained in the dime, which is confirmed by evolu-
tion of carbon dioxide. The higher the concentration
of nickel ions and the lower the initial pH of a solu-
tion being purified, the more vigorous are the dissolu-
tion of the carbonate-containing waste and the gas
evolution. The sorption capacity is, apparently, aso
related to exchange of magnesium(ll) ions for nick-
el(ll) in an agueous solution to give a less soluble
nickel carbonate in accordance with their solubility
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prOdUCtS: SPMQCO3 =21x 10_5, whereas SPN|C03 =
1.3 x10~’. Formation of nickel carbonate via decom-
position of calcium carbonate is unlikely, since
SPcaco, = 38x107°.

In view of the aforesaid, nickel sorption (removal
from the solution bulk) can be represented as a set of
several reactions.

(1) Partial dissolution of the sorbent with sub-
sequent formation of hydroxide anions

CO% + H,0 & HCO; + OH,
HCO3 + H,0 < OH™ + H,COs,
H,CO; - H,0 + CO,T.

(2) Formation on the sorbent surface and near it of
poorly soluble nickel hydroxide

NiZ* + H,0 @ NiOH' + H,
NiOH* + H,0 2 Ni(OH),¥ + H*.

The mutual enhancement of hydrolysis of the nick-
el(I1) salt and the carbonate component of the sorbent
results in that carbon dioxide is evolved and a precipi-
tate of poorly soluble nickel hydroxide is formed.

(3) Formation on the sorbent surface and near it of
poorly soluble nickel carbonate

MgCO(s) + Ni?* — NiCO4(s) + Mg

In addition, nickel(ll) ions can be adsorbed on
the surface of an undissolved sorbent and on freshly
formed particles. Thus, the interaction with the
carbon-containing waste consists in “mild” neutraliza-
tion of acid solutions and ends in self-adjusting
establishment of a weakly acid medium, which rules
out excessive akalization of solutions. In this regard,
the waste acts as a materia sdf-adjusting the pH
value. In this case, the process itself is constituted by
precipitation of nickel(ll) hydroxide, exchange inter-
actions that lead to carbonate and mixed hydroxo car-
bonate phases, and, presumably, adsorption of nick-
el(l) by the amorphous particles formed and particles
of an undissolved sorbent. Since the equilibration
process is long, the initially formed solid phases are
nonequilibrium and are further transformed into equi-
librium phases (smilarly to the previously studied
sorption of Cu?* [2]).

The above interactions provide nickel recovery
from agueous solutions. However, in view of the low

A %
100

60

60 120 t, min

Fig. 2. Degree of Ni<" recovery, A, vs. time t. Sorption
conditions: (1) cyj = 200 mg I-1, sSE = 50 g I-1; (2 cni =
25 mgll, SE = 5 gIL.

2+

efficiency of this process, it is to be optimized by
adjusting its conditions. For this purpose, the influ-
ence exerted on the process by various factors was
studied.

Since an air-dry dime sample is a powder with
various particle diameters [1], the study was com-
menced with assessment of the influence exerted on
the efficiency of nickel recovery by dispersity of
sorbent particles. For this purpose, the main fractions
of a carbonate-containing waste with grain sizes of
0.1-0.25, 0.25-0.5, 0.5-1.0, and 1.0-2.0 mm were
used. The sorption was performed from solutions with
nickel(I) concentration of 100 mgl™L, at sorption
time of 30 min. As expected, the degree of sorption is
higher, and the sorbent expenditure is lower, with
finely dispersed fractions, e.g., 0.1-0.25 mm (Fig. 1b).
In al probability, this is due to easier dissolution of
finer particles in the aqueous solution and larger work-
ing surface area of the sorbent. However, at high sor-
bent expenditure, which is necessary for achieving
>90% nickel(ll) recovery, the particle size affects the
process only dightly, because the solution is super-
saturated with the slime. Moreover, use of a finely
dispersed fraction makes difficult the separation of the
sorbent contaminated with nickel from the purified
solution. Therefore, the sorbent fraction with grain
size of 0.25-0.5 mm, whose content in the sorbent
exceeds 45% [3], was used in further experiments.

An important specific feature of the process is that
the sorption equilibrium is attained slowly (Fig. 2),
even though the mgjor part of the metal is recovered
aready during the first several minutes. For example,
for a solution with ¢, = 200 mg 1= (curve 1), the
main part of nickel(ll) (58%) is sorbed at the sorbent
expenditure of 50 g1~ during the first 5 min. For a
solution with the initial concentration of 25 mg |~
(curve 2), more than 60% of the metal is recovered at
the sorbent expenditure of 5 g1~ in 10 min. In this
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Table 2. Stage-by-stage purification of solutions. Duration of each purification stage 5 min

First stage of purification Second stage of purification
Ciry Mg 171 DR, %
SE, glt Cres Mg 17t SE, glt Cres Mg 17t
200 50 72 30 144 99
100 20 32 15 0.38 99
25 5 11 5 0.41 98

case, sorption proceeds actively during the first hour,
and then the process passes into a less intensive stage,
with virtually complete recovery (99%) achieved in
3 days. If a markedly greater amount of sorbent, e.g.,
10 mg 172, is taken for a solution with ¢, = 25 mg 172,
more than 90% of nickel(Il) is recovered in the first
5 min.

In view of this fact, the optimal sorption conditions
for achieving a high degree of purification are to be
chosen depending on the task to be accomplished. For
example, at low sorbent expenditure, the time of con-
tact with a solution being purified should be relatively
long, and fast and efficient purification is achieved
at a large excess of the sorbent. Taking into account
the low cost of the sorbent, the second way seems to
be more efficient. Also possible is stage-by-stage puri-
fication of solutions. This is particularly important for
strongly concentrated solutions, for which “rough”
purification will be the first stage, and, if necessary,
additional purification, the second stage. Table 2 illu-
strates a possible course of stage-by-stage purification.
As for the choice of conditions and modes of treat-
ment of particular real kinds of wastewater from elec-
troplating shops, it is determined, in the first place, by
their qualitative and quantitative composition and the
task to be accomplished at a plant (rough purification
of spent concentrated electrolytes or fine purification
of wastewater).

One more result of interest was that the expenditure
of the carbonate-containing sorbent is markedly lower
in sorption from hot solutions. In this case, the pre-
cipitation of nickel(Il) ions is markedly accelerated
and a high degree of purification is achieved. For
example, upon heating to 40°C, nickel ions are virtu-
aly completely removed from a sol utlon G =
100 mg I‘) in the presence of 40 gl‘ of slime in
15 min, and if the sorption is carried out at 80°C, 95%
recovery of nickel requires a 5 times smaller amount
of the sorbent (SE =50 g I-1 at 20°C and 10 g -1
80°C (Fig. 1c). In all probahility, the higher eff|C|ency
of purification in sorption from hot solutions is due to
increased solubility of the slime and to enhanced hy-

drolysis of its constituents, such as calcium and mag-
nesium carbonates. This conclusion is confirmed by
more vigorous evolution of carbon dioxide from hot
solutions.

The qudlitative and quantitative compositions of
industrial wastewater strongly vary, and, therefore, the
influence exerted by various ions on the sorption of
nickel(1l) was analyzed. A study of sorption from
sulfate, chloride, and nitrate solutions revealed that
changes in the anionic composition of solutions have
virtually no effect on the sorption of nickel(l1). At the
same time, the presence of metal cations strongly
affects the amount of sorbent necessary for solution
purification, since the sorbent is also consumed for re-
covery of other metals. The influence of cations was
studied for the example of iron, which is a cation that
most frequently occurs in wastewater. Taking into
account the fact that sorption of nickel(ll) proceeds
successfully only at a sufficiently high expenditure of
the sorbent (Table 1) and iron(l11) is sorbed virtualy
instantaneously at low sorbent consumption [sorbing
capacity 200 mg iron(l1l) per 1 g sorbent], it is pos-
sible to separate solutions that contain these ions.
This is particularly important in nickel plating of iron
articles, when the nickel-plating electrolyte is con-
taminated with iron(l11) ions. Table 3 lists the results
of sorption from solutions containing nickel(l1) and
iron(ll1) ions in ratios of 1:2, 1:4, and 1:6, i.e,
solutions with cN' = 100 mg I and & = 200, 400,
and 600 mg 11, respectively. The sorption was carried
out from acid solutions (pH 2-3) for 5 min. As seen
from Table 3, 90% of nickel remainsin a solution that
initially contained a mixture of aqua ions of the met-
asin aratio Ni: Fe = 1: 6 upon complete precipita-
tion of iron(I11). For less concentrated solutions, pre-
cipitation of iron(l11) with virtually zero loss of nick-
el(ll) is possible.

Finaly, it should be noted that, under certain con-
ditions, the carbonate-containing waste formed in
water treatment at thermal power plants can be used
for recovery of nickel(l1) ions from dilute and concen-
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Table 3. Separation of solutions containing Ni(ll) and Fe(lll) ions

Degree of metal recovery, %
SE,gI‘1 Ni:Fe =1:2 Ni:Fe = 1:4 Ni:Fe = 1:6

Fe(l11) Ni(1l) Fe(l11) Ni(Il) Fe(l11) Ni(ll)
10 76 0 - - - -
15 100 0 48 0 - -
2.0 100 12 63 0.1 49 2.3
25 - - 99 15 57 5.2
3.0 - - 100 16 77 5.8
4.0 - - - - 100 9.9

trated solutions, and also for partial or virtually com-
plete separation of mixed solutions that contain both
Ni(I1) and Fe(Ill) ions.

CONCLUSIONS

(1) The possibility of using the slime formed in
water-treatment units of thermal power plants for puri-
fication of aqueous solutions to remove nickel(l1) ions
was demonstrated.

(2) The optimal process duration and sorbent
expenditure were found for solutions with various
concentrations. Severa purification schemes were
suggested.

(3) It was established that the sorbent expenditure
decreases as the temperature of a solution being puri-
fied is raised, sorption duration is made longer, and
more finely dispersed sorbent fraction is used.

(4) The possibility of partly or virtually complete-

ly separating mixed solutions that contain various
amounts of Ni(ll) and Fe(l11) with the use of the waste
was demonstrated.
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Abstract—The possibility of general correlation analysis of the self-diffusion coefficients and dynamic
viscosity coefficients of low-molecular-weight liquid organic nonelectrolytes was studied. An attempt was
made to obtain common dependences suitable for calculating the self-diffusion and viscosity coefficients.

Optical methods of investigations, in particular,
refractometry, are widely used in physicochemical
analysis. Refractometric constants are closely related
to many physical properties of substances. Combined
measurements of optical and other properties of
liquids reveal their interrelation.

There are virtually no published data on a correla-
tion between the kinetic coefficients characterizing the
mass and momentum transfer processes, on the one
hand, and refractometric constants, on the other. Only
Suryanarayana [1] estimated the dynamic viscosity
coefficient of liquids n, mPas L, from the refractive
index n:

202 4
n= el ], @

(N9 + 2

where C is the proportionality coeff|C|ent W|th the
dimensionality identical to that of n, and nD, refrac-
tive index for the D line of sodium (A = 589.3 nm)
a 20°C.

There are no published data on interrelation bet-
ween the self-diffusion coefficients (SDCs), character-
izing the thermal (random) motion of molecules in
liquids, and the refractometric constants.

Figure 1 presents the D vs. n&’ plots constructed
for the experimental self-diffusion coefficients D
available from the literature. It is seen that the data
for isomeric homologs and liquids from different
homol ogous series cannot be fitted by a single correla-
tion curve.

Genera correlation analysis is possible only for
liquids from the same group (homologous series). For
example, for liquid n-alkanes from pentane to decane,

we obtained the following linear equation:
D = an® + b, 2

where a = -77.36 (-79.62) and b = 110.23 (113.55)
for T = 293.15 (298.15 K). The SDCs caculated by
this equation and those measured experimentally
differ by less than 5%.

With lengthening molecular chain of n-alkanes,
Eg. (2) gets nonlinear (Fig. 1, curve 1). Regular
trends in variation of the SDCs with the refractive
index along a homologous series are also exhibited by
primary acohols C,—Cg (Fig. 1, curve 2) and cy-
clanes, namely, cyclo-Cs, cyclo-Cg, and methyl-cyclo-
Ce (Fig. 1, curve 3). No common equation directly
interrelating D and n2D parameters of liquids from
different classes was reveaed.

The light wave affects the mobility of the charges
(electrons and nuclei in atoms) constituting the mole-
cule. As aresult, molecules of liquid nonpolar dielec-

Dx 10° m?st

6} o ]
i /4
4F
I ALl
2 Ay
| 2
1.35 1.39 1.43
20
np

Fig. 1. Correlation of D with n&° for selected organic
liquids at 293.15 K: (1) (1) n-Cg—n-Cy7 and (I1) iso-Cs,
is0-Cg; (2) (111) primary alcohols C;—Cg, (IV) iso acohols
C3-Cs, and (3) cyclanes.
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trics get polarized, acquiring a dipole moment @ = aE.
Here, p is the dipole moment of the molecule D; E
dlectric field strength, V m™; and «, polarizability,
characterizing the electrlc-fleld induced deformability
of the molecule, D m*Vv2.

The equation for molar polarization corrected for
the dipole interaction of molecules in the limit of a
very weak field has the form [2, 3]

e -1

4
= ?nnoc[l + Sn, )], 3

g + 2

where n is the number of molecules per unit volume
(numerical density) in the same limit, m~, and
S(n, T), a function of the numerical density and tem-
perature.

We will introduce the designation ng = (4/3)xna
into Eg. (3) and thus obtain

e -1
= 8n,T). 4

(e +2)ng

Transfer of particles in liquids is, essentidly, a
sequence of their random displacements Diffusion
motion of a particle in a medium |s usually character-
ized by an rms displacement (r 2y from the initial
position within the time Az. In the three-dimensional
space, the rms displacement is defined as follows
[4, 5]

(r% = 6DAT. (5)
Under isobaric conditions, the rms displacement of
a molecule within a certain time interval Ar, like the
Sn,T) functional, is a function of the numerical

density and temperature. Therefore, SDC can be ex-
pressed as

(r?
BAT

D =

= f(n,T). (6)

Comparison of Egs. (4) and (6) suggests that the
self-diffusion coefficient can be expressed as a func-
tion of the left-hand side of Eq. (4), which is the
molar polarization Py,

D - [(8—1) M

7
@(8+2)p]<t>(m) (7
where ¢ is the functlon designation; M, molecular
weight, kgmol™; p, density of liquid, kg m=; and
g, dielectric permittivity (dimensionless).

In(D x 10% [m? s
2

R oo~

4 8 12
Pr, x 10°, m3 mol~1

|
\®)

Fig. 2. Common dependence of D on P, for organic
liquids: (1) n-Cs—n-Cy; (2) is0-Cs, is0-Cg; (3) primary
alcohols C1—Cg; (4) iso alcohols C3-Cs; and (5) cyclanes.

To test the hypothesized existence of a correlation
between the self-diffusion coefficient and molar
polarization, we took advantage of the SDCs, densi-
ties, refractive indices [6-9], and dielectric permittivi-
ties [10] of liquids from various homologous series.

We constructed the InD vs. P, plots for the ex-
perimental SDCs of liquid n-alkanes (C5-Cy7), iso-
pentane, isohexane (with the dipole moment p = 0 and
association number y = 1), aswell as for diethyl ether
and diisopropy! ether (u > 0, y = 1), benzene, tolu-
ene, mxylene, cyclopentane, cyclohexane, methylcy-
clohexane (n ~ 0, y > 1), and homologous series of
primary alcohols (C;—Cg), 2-propanol, and 3-butanol
(n >0, y > 1). These points are well fitted by a com-
mon curve (Fig. 2).

Comparison with Fig. 1 clearly shows that general
correlation analysis of the experimental SDC valuesin
the InD vs. P,, coordinates is advantageous.

The molar polarlzatlon of liquids whose dielectric
permittivity & = (n3’)? was calculated by the formula

_G-h M
- (e +2) p, ®

and that of liquids with & = (n&

m

2 by the formula

= yRy, 9

where v is the correction for association of the mole-
cules, which is equal to the association number deter-
mined using the viscosities [11], and Ry, molar refrac-
tion determined by the equation

(B2-1 M

W@ o "

Rd:

By regression analysis, we obtained the analytical
expression describing most adequately the experi-
mental self-diffusion coefficients D, m?s ™%, for the
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liquids studied at 293.15 K:

D = 10 %exp(a,P? + byP,, + cy), (12)
where &g = 2791 x 10* mol? cm™, b, = -8.157538 x
1072 mol cm™3 , €1 = 3.5155 for nonpolar and weakly
polar liquids (alkanes, cyclanes, aromatic hydrocar-
bons); and 8 = 2.4006 x 104 mol?cm™®, b, =
~7.31926 x 1072 mol cm 3, c; = 3.16715 for polar
liquids (primary acohols); P has the dimensionality
of cm?mol L.

The discrepancies (per cent) between the SDCs cal-
culated by Eg. (11) and determined experimentally
were estimated at 6.6 (maximal) and 2.36 (average)
for alkanes, cyclanes, and aromatic hydrocarbons,
respectively; and 3.7 (maximal) and 1.63 (average) for
primary alcohols.

Unfortunately, the limited number of the experi-
mentally determined SDCs for organic liquids pre-
vents more comprehensive analysis; there are no
SDCs for polar molecules of fatty acids and esters
having high intrinsic dipole moments (un > 2D).

Thus, with lacking experimental SDCs for organic
liquids, EQ. (10) can be recommended for calculating
these parameters.

We aso studied how the dynamic viscosity coef-
ficients (DVCs) vary with the molar refraction and
molar polarization of n-alkanes and primary alcohols.
The experlmental viscosities were represented in the
nm?3 s, Ry Inn vs. Py, and Inn vs. Ry coordinates.
The most precise correlation was obtained in the case
of the Inn vs. P,, coordinates.

By parabolic regresson we obtained equations
for calculating the viscosities n, mPas, of liquid
n-alkanes,

n = exp(@aPh + bPhy + ), (12)
with the parameters a, = ~2.7358 x 10~ 4 mol? cm™®,
b, = 8.06 x 1072 mol cm™3, ¢, = -3.3875, and viscosi-
ties of primary acohols,

n = exp(agRy + ¢3), (13)
with the parameters a3 = 5.62 x 1072 mol cm™ and
C3 = —2.227, P, and Ry have the dimensionality of
cm® mol 1

The relative mean deviations of the DVCs calcu-
lated by Egs. (12) and (13) from those determined

experimentally were estimated at 0.875 and 1.73% for
nonassociated alkanes and associated alcohols, respec-

tively. The average deviation was calculated as the
ratio of the sum of the absolute values of the relative
deviations for all the N processed experimental points
to their number

N
>3 |
n=1

S = ,

mean N

(14)

where 6,04, IS the average relative deviation of the
calculated DVCs from the experimental data; o;, rela-
tive deviation for individual experimenta points; and
N, number of points.

The maximal deviations of the calculated DVCs
from the experimental data were estimated at 1.6 and
4.75% for n-heptane and primary alcohols, respec-
tively. The maximal deviation max{5;}, %, corre-
sponds to the largest deviation among those calcul ated
by the formula

(i, calc — T]i,exp)

max {3} = [ ]xlOO, (15)

Mi, exp

where n; o4 is the viscosity caculated by Egs. (12)
or (13), 'and i, expr the experimental viscosity.

In view of the fact that the SDCs and DV Cs can be
precisely described by similar dependences, we can
estimate the rotational component of the activation
energy of viscous flow Ey = B, — Eqyang for n-alkanes
by the eguation

A, ApTexp (E,o/KT) = expl(ag + 8,)P, + (by + by)Pp,

t (¢ + &)l (16)
where k is the Boltzmann constant; E,q, rotational
component of the activation energy of viscous flow;

and Ap, pre-exponential factors in the equations
for SDC and DVC [12], respectively; constants a,, a,
by, by, ¢q, and ¢, are identical to those in Egs. (11)
and (12).

CONCLUSIONS

(1) A correlation was established between the self-
diffusion coefficients D and molar polarization Py, of
liquid low-molecular-weight organic nonelectrolytes,
InD = f(P,,), as well as between their dynamic viscos-
ity coefficients m and molar polarization, Inn = f(P,).
These correlations yield common dependences suit-
able for caculating the self-diffusion [Eg. (11)] and
dynamic viscosity [Egs. (12) and (13)] coefficients.
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(2) For a series of homologous substances, com-

mon dependences can be obtained for the refractive
index.
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Abstract—Formation of high-temperature inverse wave of the filtration combustion of graphite fixed bed
in fluorine was studied. Scientific principles of the industrial process of the tetrafluoromethane synthesis

from graphite and fluorine were developed.

Tetrafluoromethane (TFM), CF,, is widely used in
the industry for plasma-chemica production of in-
tegrated circuits, as refrigerant, flame inhibitor, etc.
[1]. The annual world consumption of TFM is about
1000 t today, which determines urgency of the devel-
opment of its commercial synthesis.

Various methods of TFM preparation are known:
fluorination of methane, its chloro and fluoro deriva-
tives, silicon carbide, and polyfluoroethylene with
elemental fluorine and fluorination of tetrachloro-
methane with various inorganic fluorides [1]. How-
ever, the synthesis from the elements is the most
promising; fluorine is a commercial product, and
electrode graphite, which is characterized by high
purity and appropriate physicomechanical properties,
can be used as a carbon material.

It was found [2-11] that, depending of fluorination
conditions and kind of carbon raw material, the prod-
ucts of fluorine reaction with carbon are liquid, solid,
and gaseous substances:

C(s) + Fy(@) — (CR),(s) + CF4(g) + C,Fg(0) + C3Fg(0)
+ CyF10(9) + CsFpp(9) + ... @

It was shown in [8, 9] that, at 1000-1500°C, TFM
is the single product of the fluorine reaction with
graphite. At lower temperatures, hexafluoroethane,
octafluoropropane, and higher-molecular-weight per-
fluorinated carbons are also formed. At the tempera-
tures lower than 500°C, fluorographite (CF), is the
main product. At temperatures lower than 100°C,
fluorine does not react with graphite, as indicated
in NUMerous papers.

The TFM formation in the fluorine reaction with
carbon is accompanied by a heet release (932 kJ mol ™)
sufficient for graphite heating up to the required tem-
peratures. Powdered graphite has effective heat con-
ductivity of about 102 W m LK™l The filtration
combustion mode is realized when fluorine is passed
through a heated graphite bed. The combustion wave
has inverse structure, since graphite burns out com-
pletely, and all the reaction heat is distributed in the
graphite bed below the reaction zone along the gas
flow direction. In the inverse wave of the filtration
combustion, the zone of fluorine uptake is narrower
than the zone of highly heated graphite. Therefore,
unreacted graphite is subject to prolonged heating
before it appears in the reaction zone, and, as a result,
volatile impurities (e.g., sulfur) are eliminated. This
fact favors preparation of high-purity TFM. It should
be noted that, in the inverse wave of the filtration
combustion, fluorine breakthrough through the reac-
tion zone is excluded, and thus complete fluorine con-
version is provided [12].

As mentioned above, at temperatures lower than
500°C, solid fluorocarbon (CF),, is the single reaction
product [10, 11]. On heating above 500°C, it decom-
poses to form C,Fg CgFg, C4Fqq, etc. [10, 11].
Therefore, to obtain pure TFM, the thermal interaction
of the graphite packing in the fluorine-containing area
with heat-bearing surfaces should be excluded. This
can be realized by feeding fluorine directly into the
graphite bed depth.

However, at the reactor startup, fluorine is (in the
simplest case) fed into the graphite bed at room tem-
perature, and, in the course of formation of the high-
temperature synthesis wave, fluorographite initialy
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accumulates, which then decomposes to form C,Fg,
CsFg, C4Fqp, etc. In addition, since fluorographite is
a thermolabile condensed compound, its accumulation
is undesirable from the viewpoint of safety of the
reactor functioning. Thus, the stage of formation in
the graphite packing with the initial temperature of
10-20°C of a high-temperature wave (1000-1500 K)
in which the synthesis proceeds is the most important
for production of maximally pure CF, in an industrial
reactor and the process safety.

We found no studies of carbon ignition in fluorine.
Such important characteristics of the industrial process
as the time of ignition delay and time of attainment of
the reactor operating mode ensuring production of
pure TFM (at the content of fluorocarbon impurities
no more than 0.1%) are virtually unknown.

In this work, we determined the conditions of for-
mation of a high-temperature wave of filtration com-
bustion of graphite or its mixtures with activated birch
charcoal in fluorine and a method for safe and reliable
reactor startup.

EXPERIMENTAL

To study the combustion process, we developed a
laboratory device (see figure).

A graphite powder was charged into a cylinder (1)
with an inner diameter of 68 mm and height of
164 mm. Fluorine was fed into the reactor through a
thick-walled copper nozzle (2). In the reactor volume
700 mm in diameter, Chromel-Alumel thermocouples
T1-T3 without protective cases were placed. The
distance (along the vertical) between the nozzle outlet
and thermocouple junction was 14 mm, and the dis-
tance between the thermocouple junctions, 30 mm.

In the experiments, the constant fluorine consump-
tion was preset, and samples of the reaction gas for
chromatographic analysis on a katharometer were
taken from a sampler (3) with a syringe. In addition,
the fluorine breakthrough through the sampler (3) was
monitored. A Kl aqueous solution was used as an
indicator.

Formation of the high-temperature zone of the syn-
thesis was judged from the thermograms obtained.
The time interval from the beginning of fluorine
introduction to attainment of the temperature of 400°C
near the junction of thermocouple T1 was considered
as the ignition delay time tjg.

Fluorine and an F, + HF mixture' were used as

1 This mixture simulates an anodic gas produced by the An-
garsk Electrolysis Chemical Combine.

3
|
I T3 ! Atmosphere
12 : 1 |—_i|
T
: ][\ > : Absorber (lime)
F,

Scheme of the laboratory device for studying carbon
combustion in fluorine.

fluorinating agents, and ground VAZ grade graphite
(TU 48-20-54-84) produced by the MEZ (Moscow
Electrode Plant) Joint-Stock Company and a mixture
of 90% graphite and 10% activated birch charcoal
(ABC), as carbon raw materials.

The first series of experiments was performed with
VAZ graphite and fluorine. The initial graphite and
graphite already used in high-temperature synthesis of
CF, were used. The results of measurements of the
ignition delay time as influenced by fluorine con-
sumption are listed in Table 1. The nozzle outlet
diameter d and the linear velocity of the fluorine flow
a the nozzle outlet also presented. It should be noted
that the high-temperature reaction zone could not be
formed with spent graphite.

The results of chromatographic analysis of the reac-
tion gas samples, qualitative monitoring of the fluor-
ine breakthrough, and measurement of temperature as
afunction of time from the beginning of fluorine feed-
ing are given in Table 2.

It follows from Tables 1 and 2 that heat accumula-
tion and ignition proceed in the area between thermo-

Table 1. Time of ignition delay t;4 at different flow rates
W, and linear velocities U,:2 of fluorine at the nozzle

outlet, d = 0.85 mm

. W,
Raw material Cm3FZS_ 1 |Uepymst| tg s
Graphite 40 71 540
27 48 No ignition
Graphite* 45 79 "
26 46 "
Graphite+ ABC 40 71 250
Graphite + ABC* 15 26 No ignition

* After use in high-temperature synthesis of CF,.
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Table 2. Composition of the reaction gas and temperatures of thermocouples T1-T3 at various times of the synthesis tg

and fluorine flow rates W,

_ We t T, °C Content, vol % Breakthrough
Raw material 32 g of E
cm=s T1 T2 T3 CF, | CFs | C,F, | CO, | C5Fg 2
Graphite 40 83 36 42 4 | 115 | 0.70 - 878 | - +
40 165 36 42 71 | 801 | 312 - 155 | 1.20 +
40 140 31 45 % | 9%6 | 311 - - 1.27 +
40 | 330 29 15 | 168 | 982 | 1.22 - - 0.48 +
40 | 435 27 678 | 281 | 99.2 | 054 - - 0.26 +
40 | 540 | >1100 637 | 358 | 966 | 268 - - 0.81 +
40 | 623 | >1100 627 | 369 | 993 | 045 - - 0.14 +
40 | 735 |>1100 | 1072 | 358 | 994 | 041 - - 0.11 +
40 | 825 |>1100 |>1200 | 350 | 996 | 025 - - 0.18 +
7 68 40 35 37 - - - - - +
7 112 45 35 40 - |238 757 | - - +
7 | 435 40 26 29 - - - - - +
Graphite* 45 53 45 23 25 | 676 - 109 | 19.2 - +
45 135 55 25 28 | 881 - 119 | - - +
45 270 55 25 26 - - | 100 - - +
45 360 55 24 25 - - | 100 - - +
45 570 54 21 23 - - | 100 - - +
26 98 20 25 22 - - - | 100 - +
26 210 22 26 34 - - - | 100 - +
26 298 22 26 34 - - - | 100 - +
26 383 29 25 34 - - - - - +
26 | 495 29 25 32 - - - - - +
26 600 29 24 24 - - - - - +
Graphite + 40 120 57 - - | 100 - - - - +
ABC 40 | 278 | 452 - - 958 | 328 - - 0.73 +
4 | 330 | 713 - - 905 | 7.83 - - 1.65 -
40 | 405 | 748 - - 916 | 5.69 - 05| 187 -
40 | 623 - - - 99.2 | 055 - - 0.22 -
40 | 675 - - - 99.4 | 058 - - - -
Graphite + 40 180 39 - - - - - | 100 - +
ABC* 40 | 255 35 - - - - - | 100 - +
40 | 375 35 - - 49.8 |349 - 153 | - +

* After the use in high-temperature synthesis of CF,.
couples T2 and T3, and, as aresult, a counterwave of
the filtration carbon combustion in fluorine is formed.
It propagates upwards the flow, is stabilized in the
region of fluorine outlet from the nozzle, and trans-
forms into the inverse wave. The counterwave of
carbon combustion in fluorine propagates in the filtra-
tion mode; there is no fluorine breakthrough beyond
the reaction front. The wave linear velocity between
thermocouples T2 and T1 is 900 mm h* with respect
to the level of 600°C.

The time of ignition delay of the initial graphite is
several hundreds of seconds. In this time, carbon poly-

fluoride is accumulated, which then decomposes with
formation of gaseous fluoroalkanes containing CF,.
Under the laboratory conditions, after the first 900 s
of the synthesis, the product containing 99.5 vol %
CF, was prepared. The main impurities were CyFg
and CgFg.

To control the possibility of shutdown and startup
of the industrial reactor of the TFM synthesis after
cooling the reaction zone, we made experiments with
graphite treated with fluorine in the high-temperature
zone and found that, under laboratory conditions at
the initial temperature of 15°C, such graphite was not
ignited.
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Hence, to obtain pure TFM and provide stable
reactor startup, special measures are required to in-
tensify the ignition.

One of the methods of the ignition intensification
is adding certain amount of activated charcoal to the
graphite packing. The charcoa has substantialy larger
specific surface area as compared to graphite and
provides higher reaction rate. We performed a series
of experiments with graphite + ABC mixture using
the above method. The results are given in Tables 1
and 2.

The time of ignition delay for freshly prepared
graphite + ABC mixture was 250 s at fluorine flow
rate of 40 cm®s™L; there was fluorine breakthrough
through the graphite bed. After 700 s of the synthesis,
pure CF, was not obtained; the hexafluoroethane im-
purity was 0.6 vol %. In the case of spent mixture and
at fluorine flow rate of 15 cm®s™, no ignition was
observed.

The above facts show that the time of the ignition
delay with ABC asinitiator decreases, but the problem
of the startup period (accumulation of thermolabile
carbon polyfluoride under the synthesis conditions) re-
mains. In addition, the spent graphite + ABC mixture,
similarly to pure graphite, has startup characteristics
differing from those of the freshly prepared mixture.

Using ABC as initiator in an industrial reactor may
have the following substantial disadvantage. In the
case of faster ABC burn-out as compared to graphite,
the ABC in the region of fluorine feeding into the
carbon bed can get exhausted after prolonged reactor
functioning, which worsens the reactor startup param-
eters (time of ignition delay, time of attaining the
steady-state maode).

In this work, we suggest the following method of
the reactor startup. At startup, a gas forming with
fluorine a self-igniting pair is introduced into the
graphite bed coaxially to the fluorine flow. After for-
mation of high-temperature (> 1000 K) zone, owing to
heat liberated in oxidation of this gas with fluorine,
feeding of the gas is turned off, and the TFM syn-
thesis is performed.

Taking into account high reactivity of fluorine,
readily available methane, propane, ethylene, etc. can
be used as a gaseous fudl.

Among the above gases, ethylene is the most reac-
tive with respect to fluorine, since in the fluorine-
ethylene system a branched chain reaction mechanism
is redlized [13]. Therefore, in laboratory trials of this
method, we used a mixture consisting of 85 vol % H,

Table 3. Time t;5, at various flow rates of fluorine We

and ethylene + hydrogen mixture W;,, d = 0.85 mnf
- Whiix: | WE,» Uk, t350,
2 2
Mixture em3st| emdst| mst s
H, + CH, 13 26 46 188
13 13 23 270
CaHg + CyHyg 3.7 26 46 128
18 14 25 173

and 15 vol % ethylene and VAZ graphite (initial and
spent). The nozzle for feeding fluorine and gas fuel
consists of two coaxia tubes. Fluorine was fed
through the axial channel, and a mixture consisting of
hydrogen and ethylene, through the ring channel.

The gaseous fuel was fed for 10 s, and then fluor-
ine feeding at a preset flow rate was started. When
the temperature near the thermocouple T2 junction
reached 350°C, feeding the gaseous fuel was stopped,
while feeding fluorine with the preset flow rate was
continued.

The time intervals between the beginning of fluor-
ine feeding and attainment of 350°C near the thermo-
couple T2 junction, tss,, for various flow rates of
fluorine and gas mixture are listed in Table 3. The
compositions of the reaction products after stopping
feeding of the ethylene + hydrogen mixture and meas-
urement of the temperature of the graphite bed are
listed in Table 4.

At the instant of fluorine feeding into the graphite
bed, thermocouple T1 recorded a jump of temperature
from the initial value to more than 1300°C, after
which it burnt down. Thermocouples T2 and T3 re-
corded smooth temperature rise, and after approxi-
mately 5 min, thermocouple T2 recorded the tempera-
ture of 150-300°C.

Table 4 shows that, after stopping the supply of the
gaseous fuel, a stable high-temperature inverse wave
of the CF, synthesis is formed in the graphite bed.
The time interval from stopping the gaseous fuel feed-
ing to obtaining pure CF, (more than 99.9 vol %)
does not exceed 500 s.

No fluorine breakthrough through the graphite bed
was observed. All experiments of this series were per-
formed with graphite that worked in the high-tempera-
ture zone of the synthesis.

Thus, the use of gaseous fuel allows stable startup
of the wave reactor of TFM synthesis without ac-
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after stopping supply of ethylene + hydrogen or propane-butane mixture*

T, °C Content, vol %
ty S
T1 T2 T3 CF, CoFg CiFg CO, HF
H, + C,H, mixture
45 >1300 548 29 97.2 - 2.8 - -
90 >1300 644 30 98.8 - 12 - -
157 >1300 822 39 99.7 - 0.3 - -
202 >1300 974 51 99.9 - 0.1 - -
270 >1300 >1100 67 99.96 - 0.04 - -
300 >1300 >1100 71 99.94 - 0.06 - -
15 >1300 207 26 94.48 - 5.52 - -
90 >1300 373 26 97.16 - 2.84 - -
150 >1300 693 28 99.91 0.06 0.3 - -
225 >1300 1189 30 99.96 0.03 0.02 - -
315 >1300 >1100 32 99.95 0.03 0.02 - -
465 >1300 >1100 48 100.0 - - - -
600 >1300 >1100 68 99.99 0.01 - - -
743 >1300 >1100 94 99.96 0.03 0.01 - -
840 >1300 - 30 99.97 - 0.03 - -
150 >1300 - - 99.50 - 4.50 - -
330 >1300 - - 99.50 - 0.50 - -
420 >1300 - - 100.0 - - - -
225 >1300 - - 94.20 - 5.60 - -
360 >1300 - - 99.50 - 0.50 - -
472 >1300 - - 99.90 - 0.10 - -
630 >1300 - - 100.0 - - - -
105 >1300 - - 88.50 - 11.50 - -
225 >1300 - - 96.70 - 3.30 - -
315 >1300 - - 99.50 - 0.50 - -
405 >1300 - - 99.90 - 0.10 - -
555 >1300 - - 100.0 - - - -
CgHg + C4Hqy mixture
30 >1300 589 28 - 0.50 - - -
83 >1300 960 29 96.13 0.08 - 0.32 2.75
150 >1300 >1100 29 99.38 0.03 - 0.04 0.50
210 >1300 >1100 28 99.75 - - - 0.23
300 >1300 >1100 44 99.92 - - - 0.08
360 >1300 >1100 62 99.95 - - - 0.05
30 >1300 489 30 93.14 0.77 - 0.18 5.42
105 >1300 >1100 31 87.85 131 - 0.24 9.62
240 >1300 >1100 38 98.78 0.13 - 0.07 0.94
315 >1300 >1100 52 99.29 0.09 - 0.06 0.56
480 >1300 >1100 80 99.64 0.03 - 0.03 0.30
750 >1300 >1100 207 99.91 - - 0.02 0.07
855 >1300 >1100 267 99.94 - - 0.01 0.05
1065 >1300 >1100 402 99.99 - - - 0.01
* No F, breakthrough.
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cumulation of carbon polyfluoride in the reactor in
the starting period.

Fluorine produced at electrolysis plants contains
impurities of HF, N,, and O,. To reveal the effect of
HF on the TFM synthesis, we made experiments with
an F, + 9 vol % HF mixture simulating electrolysis
gas produced by the Angarsk electrolysis chemical
combine and found that HF does not affect the start-
ing characteristics and the composition of the syn-
thesis products.

Propane-butane mixture is the most widespread
commercial gaseous fuel. Therefore, we performed
some experiments on its use to obtain high-tempera-
ture zone of TFM synthesis. The scheme of the labora
tory device and experimental procedure were the same
as above. The results are presented in Tables 3 and 4.

Thermocouple T1 at the instant of fluorine feeding
recorded a temperature jump from the initial value to
that higher than 1300°C. The pattern of formation of
the high-temperature zone was similar to that observed
with ethylene-hydrogen mixture.

The above data show that, under the industrial con-
ditions, startup of the reactor of the TFM synthesis
from electrode graphite and F, in the mode of the
inverse wave of the filtration combustion is the most
reliable when a gaseous fuel is used. In this case, the
process can be organized so as to minimize accumula-
tion of carbon polyfluoride in the reactor volume in
the time of formation of the high-temperature zone
and ensure the time of attainment of working condi-
tions not exceeding 10 min. The propane-butane
mixture can be recommended as the most readily
available.

CONCLUSIONS

(1) A laboratory device was developed, and condi-
tions of formation of high-temperature wave of filtra-
tion combustion in fluorine of graphite and its mix-
tures with activated birch charcoal were studied.

(2) At temperatures higher than 1000°C, tetra-
fluoromethane is the single product of fluorine reac-
tion with graphite.

(3) Attheinitial temperature of the bed of graphite
(or its mixture with activated birch charcoa) of 20°C,
the ignition process is instable, and formation of the
high-temperature zone of the synthesis depends of

the fluorine flow velocity and carbon raw material
history.

(4) The method of formation of the high-tempera-
ture synthesis zone with a gaseous fuel, which forms
with fluorine a self-igniting pair in the graphite bed,
was suggested and experimentally examined. This
method allows formation of a stable wave of graphite
filtration combustion in fluorine. Propane-butane
mixture can be recommended for industrial use.
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Abstract—A procedure was developed for preparing partially fluorinated dialkyl ethers by the reaction of
hexafluoropropylene with aliphatic and polyfluorinated alcohols in the presence of KOH. On treatment with
concentrated sulfuric acid, these ethers form akyl esters of acids, and on treatment with KOH, alkenyl ethers.

The problems in development of new ozone-friend-
ly solvents are largely determined by the need in re-
placement of Freon 113, widely used as solvent. The
main drawback of this Freon is that hydrocarbon oils
are limitedly or poorly soluble in it, and organofluo-
rine and organosilicon liquids are insoluble. Mgjor
efforts in this direction have not led to success. Orlov
et al. [1] suggested as one of alternatives hexafluoro-
cyclobutane, which is an efficient solvent for various
azeotropic compositions. This compound can be pre-
pared on the commercia scale from dichlorohexafluo-
rocyclobutane, which, in turn, is obtained by dimeri-
zation of trifluorochloroethylene. At the same time,
partialy fluorinated dialkyl ethers are also of inter-
est. The 3M company developed Freon HFE 7110,
CH30CF,CF,CF,CF3, but it also has certain draw-
backs, whereas tetrafluoroethyl difluoromethyl ether
CHF,CF,0CHF, can replace Freon 11 as a foaming
agent in production of foamed plastics and can be
used in microelectronics in dry etching instead of per-
fluorocarbons [2]. Ethers like C,FgOCH3 (bp 61°C),
(CF3),CFCF,0C,Hs, and others, used for extraction
of lavender essential oils, showed good performance
with respect to the quality of the extracted product and
the purity of the oils obtained therefrom [3]. These
ethers were used as solvents in chemical reactions, in
particular, in synthesis of amides derived from fluoro-
polyalkyl ethers for magnetic reproducing media [4]
and in oxidation of tetrafluoroethylene [5].

Partially fluorinated ethers were prepared by reac-
tions of hexafluoropropylene with acohols in the
presence of akali [6, 7] or with metal alcoholates in
toluene [8], dioxane [9], or methanol [10]. Polyoxaal-

kylene glycols add to hexafluoropropylene in the
presence of water traces across the olefin double bond;
the resulting adducts are used as compression, motor,
and vacuum oils [11]. Fully fluorinated dialkyl ethers
prepared by reactions of octafluoroisobutylene with
alcohals, followed by further electrochemical fluorina-
tion in anhydrous HF, e.g., (CF3),CFCF,OCFop 41,
are used as solvents for cleaning electronic circuits, as
refrigerants, as foaming agents, and as polymerization
media [12-14].

The goa of this study was to develop a commer-
cialy acceptable procedure for synthesis of partialy
fluorinated dialkyl ethers from available and relatively
cheap hexafluoropropylene and to examine the possi-
bilities of using these ethers as ozone-friendly sol-
vents and as intermediates in organofluorine synthesis.

When gaseous hexafluoropropylene is passed at
20-40°C through alcohols containing catalytic
amounts of sodium alcoholates or alkalis (the reaction
can also be performed in a pressure vessel), the alco-
hol adds across the double bond. The reaction path-
way only sightly depends on the conditions. The by-
products are alkenyl ethers formed by substitution of
the terminal fluorine atom at the double bond by al-
koxy groups and alkyl 2,3,3,3-tetrafluoropropionates,
their amount does not exceed 5% (cf. data from [15]):

5% KOH

CFCF=CF, RO—H) CF,CHFCF0OR

+ CF,CF=CFOR + CF,CH F@R,

where R =Me (1, V, VII), Et (1, VI, VIII), Pr-i (111),
CHF,CF,CH, (IV).
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Table 1. *H, 13C, and 1°F NMR spectra of new partialy fluorinated dialkyl ethers

Com- H NMR spectrum, 3,
pound ppm (J, Hz)

13C NMR  spectrum, 3,
ppm (Jer H2)

19F NMR spectrum, 3,
ppm (J, H2)

| 472 td (H2 36.4, 9.2),
3.63 (HY

Il 471 td (H2 432, 55),

1l |4.66 (H2, 50),
4.65 (H* 6.5),
1.29 (H>5, 6.5)

IV 429 t (H?% 50),
4.65 (H2, 6.5),
1.29 (H>5, 6.5)

VIl |5.27 (H?, 44.0, 6),

3.88 (H%),

1.33 (H®)

VI {510 (H2, Y34e 45, 20 7)
436 (H* 20,4 7.0,

1.34 (HS, 23,y 7.0)

4.03 (H* 7.1), 1.29 (H% 7.1)

120.4 (CY, Lo 255.9, %) 25.5),
118.8 (C3, Lo 249.9, %) 45.1),
87.6 (C?, o 200.6, %) 35.9),
50.0 (C% 3Jc 7.0)

120.3 (CY, Lo 280.0, %) 25.4),
118.7 (C3, L 265.9, %) 25.4),
85.1 (C?, o 200.0, %) 35.7),
60.7 (C% 2Jc 6.2), 14.2 (CY)
120.1 (CY, Lo 309.8, %) 26.0),
118.7 (C3, g 277.3, ) 21.9),
85.2 (C?, L 200.3, %) 37.6),
77.7 (C%, 22.8 (C>9)

119.9 (CY, L 2814, %) 27.6),
114.1 (C%, o 2206, %) 28.0),
109.1 (C3°, W 250.1, %) 35.8),
85.0 (C?, o 2019, %) 34.9),
60.5 (C% 2Jo 30.8),

120.5 (Ct, Yo 2819, %) 25.8),
84.1 (C?, L 1995, %) 35.8),
53.3 (C%

120.5 (Ct, Yo 2819, %) 27.8),
84.1 (C?, L 199.2, %) 35.6),
63.0 (C%, 132 (CP)

88.4 (FY), AB system (F°) 80.4
and 77.7 (Jgr 151.6), —48.2 (F?)

87.5 (FY), AB system 83.5 and
80.5 (Jgr 153.4), -48.3 (F?)

88.2 (F%, AB system
85.9 and 82.1 (Je 152.5),
—48.1 (F%, Jgy 40, Jer 12.5)

88.4 (F1), AB system

388 (F°) and 25.2 (F%)
(e 149.7), AB system

(F%) 82 and 79.8 (Jr 148.9),
—48.4 (F?)

87.6 (F., 8, 12),

—41.2 (F, 32, 10)

86.5 (F1, 8, 12),
—422 (F?, 45, 10)

The reaction involves the attack of the alkoxy
anion at the carbon atom of the hexafluoropropylene
double bond, with generation of the intermediate
carbanion. This species abstracts the proton from the
solvent to form the main reaction product |-1V. Stabi-
lization of the carbanion by elimination of the fluoride
ion from the a-position (from the CF, fragment)
yields the product of formal substitution of fluorine
a the double bond (compounds V, VI). The hydrogen
fluoride released in the process reacts with the akali,
and water participates in formation of the addition
product and can induce hydrolysis of both by-products
V, VI and target products I-1V. This is suggested by
isolation of HF from the mixture of reaction products
and formation of akyl 2,3,3,3-tetrafluoropropionates
VIl and VIII:

RO™ =
CF,CF=CF, — > [CF,CFCF,0R]

ot H,0
——CF,CHFCF,0R
3
— H,0 l 0

—=>CF,CF=CFOR —>—> CF.,CH F%O -
- R

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol.

Indeed, heating of | and Il with concentrated sul-
furic acid at 40°C for 1 h, followed by treatment of
the reaction mixture with water, causes formation of
compounds V11 [6] and VIII in quantitative yield, and
heating with solid KOH in dioxane affords V and VI:

(1) H,SO 0O
—— 2% CF.CH F%O
(2) H,0 3 R

KOH
Dioxane

CF,CHFCF,OR —

CF,CF=CFOR,

where R = Me or Et.

The structures of the new compounds were con-
firmed by 1H, 13C, and °F NMR (Table 1), IR, and
mass spectrometry.

For partialy fluorinated dialkyl ethers, telomeric
alcohols, and partially fluorinated carboxylic acid
ester, we evaluated the toxicological parameters. The
results are listed in Table 2. It is seen that the com-
pounds belong to hazard class 111 (moderately toxic)
or 1V (weskly toxic substances).
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Table 2. Some toxicological parameters of organofluorine
compounds

LDso | LD100 | Hazard
Compound class
mg kgt
CF,CHFCF,0CH,CF,CHF, | 5000 IV
HCF,CF,CH,0CH,CH; 3420 | 6000 | I
HCF,CF,CH,OH 2320 | 3000 | I
HCF,CF,CF,CF,CH,OH 1180 | 2000 | I
CF,CHFC(O)OCH,H 5000 \,

EXPERIMENTAL

The 1H, 13C, and 1°F NMR spectra were recorded
on a Bruker WP 400 SY spectrometer (400, 100, and
188 MHz, respectively) relative to internal HMDS and
CeFg (Jcy Was not measured). The IR spectra were
taken on a Specord M-80 spectrometer (CCl,), and the
mass spectra (ionizing electron energy 70 €V), on a
Hewlett-Packard G 1800 A GCD gas chromatograph
with a mass-selective detector [30 m x 0.25 mm
capillary column coated with a 0.25-um layer of 5%
diphenylsiloxane-95% dimethylsiloxane copolymer
(HP-5); carrier gas helium, 1 ml min; vaporizer tem-
perature 280°C; column temperature schedule: 50°C,
2 min; heating to 280°C at a rate of 10 degmin™;
280°C, 5 min]. The progress of al the reactions was
monitored by 9F NMR spectroscopy. The reaction
mixtures were analyzed on an LKhM 72 chromato-
graph (15% SE-30, SKTF-803, QF-1 on Chromosorb
W, 4000 x 4-mm column).

The characteristics of the new compounds and
anaytical data are listed in Table 3.

IL'IN et al.

Synthesis of partially fluorinated dialkyl ethers.
(1) A 100-ml flask equipped with a magnetic stirrer,
a thermometer, a tube for input of gaseous reactants,
and a reflux condenser was charged with 40 ml of
absolute methanol, and 1 g of sodium metal was
added in portions at room temperature. After complete
dissolution of sodium, gaseous hexafluoropropylene
was passed at a rate chosen so as to minimize the
breakthrough of the gas. The process was performed
for 1.5 h, after which the reaction mixture was poured
into 300 ml of water and shaken; the lower organic
layer was separated and dried over CaCl2. The mix-
ture was analyzed by 9F NMR spectroscopy and gas
chromatography—mass spectrometry. The mixture was
distilled with collection of the 54-55°C fraction
(33 9).

(2) A similar flask was charged with 50 ml of an
alcohol (methanol, ethanal, isopropanol, 2,2,3,3-tetra-
fluoropropanol) and 5 g of KOH. A flow of gaseous
hexafluoropropylene was passed at atmospheric pres-
sure; in the process, the mixture warmed up from 20
to 40°C. After the heat release ceased, passing of
hexafluoropropylene was stopped, the mixture was
poured into 400 ml of cold water and shaken, and
the lower organic layer was separated, washed with
100 ml of water, and dried over CaCl,. The products
were distilled and analyzed.

(3) A 100-ml rotating autoclave was charged with
10 ml of methanol and 11.2 g of solid KOH; then the
autoclave was sedled, and 30 g of hexafluoropropyl-
ene was condensed into it through a valve. The auto-
clave was heated at 50°C for 1 h (the pressure rose to
4 atm), cooled, and opened; the contents were poured
into water. Compound | was obtained; yield 34.2 g
(94%), bp 54-55°C.

Table 3. Characteristics of partially fluorinated dialkyl ethers and analytical data

com- | Yidd, T, 0 0 Found, % Mz Calculated, %

pound | % oG np dg [M—H]* Formula M
C H F C H F

I 98 5455 |1.3470 |{1.4200 181 C,H,FsO 182

[ 99 64-65 |1.3460 {1.3040 | 31.79 | 3.19 | 57.73 | 196* |CsHgFsO | 30.61 | 3.06 | 58.16 | 196
31.64 | 3.05 | 57.91

Il 88 85-86 |1.3230 (1.280 210* | CgHgFO 210

v 87 |102-103|1.2930 (1578 | 26.11 | 1.73 | 67.11 | 282* |CgH,F1(O| 25.53 | 1.42 | 67.38 | 282
25.88 | 1.69 | 67.28

VII 60 9596 |1.3200 (1.358 | 29.78 | 2.46 | 46.86 | 159 C,H,F40,| 30.00 | 250 | 47.50 | 160
30.08 | 2.31 | 46.61

VI 94 |103-104|1.3340 [1.3040 | 34.36 | 3.44 | 44.30 | 174* |CgHgF,O,| 34.48 | 345 | 4368 | 174
34.43 | 3.55 | 44.67

* [M7].
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Hydrolysis of partially fluorinated dialkyl eth-
ers. (1) A 20-ml flask equipped with a magnetic stir-
rer and a reflux condenser was charged with 15 g of |
(with 11, the procedure was similar), and 15 g of
concentrated sulfuric acid was added. The mixture
dlightly warmed up. Then the mixture was heated with
dtirring for 1 h at 40°C and poured onto 50 g of ice;
the organic layer was separated, washed with water,
and dried over CaCl,,.

By this procedure, we prepared 10 g of compound
VIIl to be used in the subsequent studies as inter-
mediate.

(2) A similar flask was charged with 27 g of SbFs,
and 15 g of Il was added in portions with stirring, so
as to avoid warming up above room temperature. The
mixture was stirred at room temperature for 1 h and
poured into 50 g of ice; the organic layer was sep-
arated, washed with cold water, and dried over CaCl,.
The product was distilled, with collection of the frac-
tion boiling at 95-96°C; yield 8 g.

Reaction of KOH with partially fluorinated
dialkyl ethers. A 100-ml flask equipped with a mag-
netic stirrer, a thermometer, and a reflux condenser
was charged with 40 g of | (with 11, the procedure
was similar) and 50 ml of dry dioxane, after which
finely divided KOH was added in portions with stir-
ring at room temperature. The mixture warmed up.
Then the mixture was heated with stirring for 2 h at
40°C, and the reaction products were dlstllled off.
Compound V: yield 82%, bp 51-52°C, nD 1.3208,
d4 13601 (publlshed data [8]: bp 51.5°C/743 mm
Ho, nD 12970 d4 13595) V1: yield 78%, bp 71-
72°C, n 01.3210, d 12930 (publlshed data [8]: bp
71- 72°C/743 mm Hg, nD 1.3103, d4 1.2884).

CONCLUSIONS

(1) The possibility of preparing partially fluori-
nated dialkyl ethers by reaction of hexafluoropropyl-
ene with acohols (methanol, ethanol, isopropanol,
2,3,3,3-tetrafluoropropanol) in the presence of KOH
was examined. These ethers are formed by addition
of an alcohol across the double bond in hexafluoro-
propylene.

(2) Partialy fluorinated diakyl ethers are con-
verted to akyl 2,3,3,3-tetrafluoropropionates by treat-
ment with concentrated H,SO, and to alkyl pentaflu-
oropropenyl ethers by treatment with KOH.
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Abstract—QOzonolysis of isomeric methylcyclohexanols and methylcyclohexanones was studied.

Oxidation of methylcyclohexane with ozone-oxy-
gen mixtures involves formation of isomeric methyl-
cyclohexanols (MCHLs) and methylcyclohexanones
(MCHNSs), which subsequently transform into acids
and esters. Previously we studied ozonolysis of cyclo-
hexanol [1], cyclohexanone [2], and 1-methylcyclo-
hexanol [3].

Here we consider ozonolysis of secondary acohols
(MCHLs) and the corresponding isomeric MCHNS.
The oxidation and analytical procedures are described
in [4].

In ozonolysis of methylcyclohexane (MCH), the
accumulating secondary and tertiary acohols are ac-
tively consumed. For example, the rate of ozonolysis

of 2-methylcyclohexanol grows from 8.3 x 10~ to
22.2x 1073 mol I min! as the temperature is in-
creased from 40 to 100°C ([Og] = 4 vol %).

Ozonolysis of secondary MCHLSs yields the corre-
sponding isomeric MCHNs (see table), hydroxy hy-
droperoxides, hydrogen peroxide, esters, and acids
[5, 6]. The composition of the acids was studied in
detail in [7-9]. The selectivity of ozonolysis of iso-
meric MCHLs is higher compared to their oxidation
with oxygen [6, 10-18]; the yields of the target prod-
ucts are given in the table.

Recombination of hydroperoxy radicals and their
reaction with ozone can yield hydroxyalkoxy radicals,
which isomerize to form mono- and dicarboxylic acids
[19-22]. The acids are also formed by reaction of
hydroxy hydroperoxides derived from MCHLs with
ozone [6, 15, 16]. The RO’ radical is aso a source of
acids at elevated temperatures. It is formed from the
adduct 2ROH - H 20, [18] with the activation energy
of 19 kImol™L. Tn the developed ozonolysis of iso-
meric MCHLSs, the accumulating MCHNSs are actively
oxidized into acids [20-22] and lactones.

The abnormally high reactivity of ozone toward

nonassociated primary and secondary alcohols [8, 9],
along with the reactivity of ozone with alcoholic C-H
bonds, discussed in this paper, may also be due to
concerted detachment of hydrogen from the alcoholic
hydroxy group with ozone [23]:

~~.~H \ ~H
~c —
A Non * O F N0y, 0,

—> >C=0 + HO + HO,

Yield of ozonolysis products of secondary MCHLSs*

([Og] = 4 vol %)
T MCHL Acid content, Yield of MCHN
Oé conver- mol % relative based on con-
sion, % | to sum of acids | verted MCHL, %
4-MCHL
40 10 80 79
25 76 75
80 10 79 83
25 74 73
100 10 83 75
25 71 72
50 66
2-MCHL
40 10 93
25 20
80 10 89 80
25 75
100 15 88 74
30 87 63
2-MCHL
80 10 75 68
25 72 42

* Major products: 4-MCHL, 3-methyladipic acid and 4-methyl-
cyclohexanone; 2-MCHL, &-ketoenanthic acid and 2-methyl-
cyclohexanone; and 3-MCHL, sum of «- and -methyladipic
acids and 3-methylcyclohexanone.
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This reaction is exothermic (AH —46 kJmol™
[23]) at the C-H bond energy of 360 kJmol~L. Simple
hydrogen detachment from the C-H group is endo-
thermic (AH 40 kJmol™1). Most probably, ozone
reacts with alcohols not only by the radical mechan-
ism discussed above, but also by the mechanism of
1,3-dipolar insertion. The primary molecular product,
MCHL hydrotrioxide, can be formed by the mechan-
ism of the hydride ion transfer, with formation of an
intermediate ion pair:

OH + Oy &= <:>/OH }
+ ...HOg
Me
N OH
OOOH

Me

In ozonolysis of methanol, the activation energy of
formation of the related ion pair is about 5 kJmol™t
[24]. The ionization potential and hence the probabil-
ity of formation of ion pairs are determined by the
structure and concentration of the starting alcohols
and by the polarity of the medium. In formation of the
intermediate cyclohexanol hydrotrioxide or isomeric
secondary MCHLSs, the transition state will be stabi-
lized owing to formation of a relatively stable six-
membered ring:

o
O/
Me

H Me

>y (l)% —HO, +®<O'
N\ >x© M o
O

e

The mechanisms of ozonolysis of cyclohexanone
and isomeric MCHLs are similar [2]. The major reac-
tion products are lactones and acids. a-Keto hydrotri-
oxide, polyozonides, and isomeric methyl-1-hydroxy-
cyclohexan-2-ones and methyl-1,2-cyclohexanediones
are accumulated in smaller amounts.

The mechanism of their formation is schematically
shown below:

Me
a
Me o Me
k
+ 0, 1P, OH + O,
o Me O
< ?P/OOOH,
o
Me
ks .
O — o0,
o o
Me Me
O + oo}
o) o
Me Me
—k3—> + +0,,
o o
o OH
Me
K, _
+ O3 — Polyozonides,
o
o
Me Me
‘o, ks COOH
o COOH
OH
Me Me

o) ks . o)
- ,
E:EOOOH HO, +E:EO'
Me
k. <
s Cse
0 CHO
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Me

Me
c=0 . kg COOH,
E:CHO + OH E:CHO
Me

R COOH
E:CHO O E:COOH

At lower temperatures (15-20°C), the yleld of
lactones reaches 52% [25]. As the temperature is ele-
vated (40-80°C), the reaction selectivity with respect
to acids grows by 12-16% compared to oxidation
with oxygen. Ozonolysis of 4-methylcyclohexanone
yields mainly B-methyladipic and B-methylglutaric
acids [20-26]. In acidic products of 3-methylcyclo-
hexanone ozonolysis, the major components are o-
and B-methyladipic and a-methylglutaric acids [6].
In ozonolysis of 2-methylcyclohexanone, the major
acidic products are a-methyladipic, e-ketoenanthic,
and caproic acids. Formation of acids [15, 21] at ele-
vated temperatures presumably occurs via isomeric
a-keto oxy radicals tending to isomerize with ring

openi ng'
Me
O OH |
CHO CHO
COOH

02 N
%—> o~ and B-methyladipic acids,
Me
O (O

CHO—) o- and B-methylglutaric acids.

CH,
Ozonolysis of MCHNSs is more selective than their
oxidation with oxygen [14].

CONCLUSIONS

(1) Ozonolysis of isomeric secondary methylcy-
clohexanols to the corresponding isomeric methyl-
cyclohexanones is more selective than oxidation with
atmospheric oxygen.

(2) Ozonolysis of isomeric methylcyclohexanones
mainly yields lactones and acids: monocarboxylic,
dicarboxylic, and keto carboxylic.
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Abstract—Fullerene-containing media, including polyacrylonitrile and acrylonitrile copolymers, were tested
as candidates for application in protective devices for optical limitation of the laser radiation energy generated

by a YAG-Nd laser.

Development of laser technologies makes urgent
protection of eyes and optical devices against laser
radiation. In review [1] we discussed in detail the
mechanism of limitation by fullerenes and their deriv-
atives. Janot et al. [2] found (like previously for
porphyrins [3]) that the energy absorption depends
on the strength of interaction between the fullerene
molecules.

Guldi and Prato [4] reported that, upon absorption
of an energy quantum, the monomeric form of fuller-
ene occurs in the excited state within several hundreds
of microseconds, and in the aggregated form the life-
time of the excited state sharply decreases to <1 ps.
As revedled by light and neutron scattering studies
[5, 6], in the majority of organic solvents Cg exists
as aggregates occurring in equilibrium with the mono-
meric form. The energy-absorbing power of fullerene
isincreased by conversion to the monomeric form. To
this end, Guldi and Prato [4] suggested incorporation
of fullerene into regular structures such as zeolites,
porous silicate matrices, or micelles or its functionali-
zation by linking with various species (low- or high-
molecular-weight) forming covalent bonds. Such
modification affects the electronic structure of ful-
lerene and decreases its energy-absorbing power.
An increase in the number of the monomeric Cgj
molecules in solution upon derivatization compensates
the energy intensity loss. Fullerene associates can
disaggregate without disturbing the electronic struc-
ture via formation of nonvalence bonds in complex,
e.g., fullerene-polymer, compounds [7, 8].

Chemically and thermally stable polymers like
commercia polyacrylonitrile (PAN) and acrylonitrile

copolymers [9], as well as polyamido acids (films,
fibers), can be made suitable for creation of protective
devices by incorporating fullerenes into their composi-
tion. In this work, we studied the energy-absorbing
properties of fullerene-containing polymers and co-
polymers of acrylonitrile (AN), including composites,
differing in the composition and synthesis procedure.

EXPERIMENTAL

Polyacrylonitrile (asPAN) and copolymers of AN
with methacrylate (AN-MA) and butyl acrylate
(AN-BA) with the acrylate content of up to 10% were
synthesized by anionic polymerization, via the action
of akoxides. Low-temperature homogeneous poly-
merization in dimethylformamide (DMF) yields poly-
mers of AN with a narrow molecular-weight distribu-
tion pattern [10], having the stereoblock microstruc-
ture [11]. They are characterized, in particular, by
enhanced thermal stability compared to the PAN syn-
thesized by radical polymerization (r-PAN). Anionic
polymerization allows preparation of AN-acrylate co-
polymers with the desired composition, as well as par-
tially cyclized polyacrylonitrile (c-PAN), in which up
to 40% of the nitrile [-C=N] groups are converted into
imine [>C=N-] groups, forming ladder structures [12].

Covalently bound fullerene Cgy was incorporated
into aPAN, in particular, via deactivation of “living”
polyacrylonitrile chains by introducing a fullerene
solution in toluene to terminate polymerization [13].

The polymers under study, except for c-PAN, are
able of film and fiber formation. Consequently, the
energy-absorbing properties of these polymers were
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studied mostly with their films. The latter were ob-
tained by casting on cover glasses a combined solu-
tion of the polymer and fullerene prepared by mixing
the solutions of the components that were prepared
beforehand; the films were dried at 20°C.

Figure 1 shows schematicaly the YAG-Nd laser-
based experimental setup for studying optical limita-
tion of the laser radiation energy by fullerene-contain-
ing media. The working parameters of the setup are
as follows: radiation wavelength A = 532 nm, pulse
length 10 ns, pulse energy 0.35 J, and density of inci-
dent radiation energy 0-4 Jcm S,

The samples under study were (a) solutions of a
straight polymer or of a polymer doped with Cgj in
DMF (we used cells with a 3-mm liquid layer) and
(b) polymer films differing in the composition and
Cegp content.

Figures 2a and 2b show how the energy density of
the radiation that passed through the sample E
varies with the energy density of the incident radiation
Ein- The onset of nonlinear transmission for DMF
solutions of aPAN-Cg, and c-PAN—Cg is approxi-
mately at E;, = 0.5 Jem™.

The compositions of the samples studied by us and
their laser radiation limitation properties are sum-
marized in the table.

For comparison, we present the energy-absorbing
properties of solutions of aPAN (run no. 1) and
c-PAN (run no. 3), as well as of the AN-BA film
(run no. 8) without fullerene. Clearly, aPAN solution
and AN-BA film absorb nearly a half of the incident
laser beam energy. In the case of the solution of
c-PAN containing conjugated >C=N-C=N- double
bonds (run no. 3), absorption is somewhat greater
[11].

These functional groups not only impart a yellow-
brown color to the polymer but also are responsible
for participation of c-PAN in various complex forma-
tion reactions. In solutions of c-PAN, the existence of
such structures favors mutual arrangement of the
macrochains, yielding crystalline structures in the
polymer in the course of removal of the solvent. The
same moieties in c-PAN are, evidently, responsible
for interaction of the polymer with Cgy and for its dis-
aggregation. This is confirmed by the fact that, upon
introduction of Cgy into c-PAN (run no. 4), the in-
cident laser energy decreases 20-fold.

Significant nonlinear energy absorption was ob-
served in the case of the aPAN-Cgy solution (run
no. 2). In this experiment, we studied aPAN contain-

YAG-Nd
|aser LS

Fig. 1. Schematic of the setup for studying the dynamic
range of optical limitation of laser radiation: (LS) light
splitter, (F, Fq, Fp) filters, and (N4, N,) energy meters.

Eqyp JOmM2
2.0

@)

1.0

04 12 20 28 36
Ei,, Jcm™

Fig. 2. Radiation energy density at the outlet Ej; vs. the
radiation energy density at the inlet Ej,. Run no.: (a) 1,
(2) 3, (3 2, and (4) 4, (b) 7. (& (1) aPAN, (2) c-PAN,
(3) &@PAN-Cg, and (4) c-PAN-Cgq; (b) -PAN-Cg. T, %:
(@ (1) 80, (2) 69, (3) 53, and (4) 48; (b) 80.

ing covaently bound fullerene. The polymer was
prepared by introducing a toluene solution of fullerene
during “living” polymerization of AN to terminate
the propagating chains, which resulted in its covalent
bonding. The part of the Cq introduced that has not
reacted with the anionic reactive center can interact
with a&PAN by the complex formation mechanism.

Studies of the film coatings obtained from the com-
bined solutions of aPAN-Cgy and r-PAN-Cgj (run
nos. 5-7) revealed weak optica limitation for these
films (Fig. 2a). Evidently, under the actual conditions
of combining the polymer (high-viscosity solutions)
and fullerene, the components did not interact effi-
ciently. This means that the energy of interaction
between the polymer chains was higher than in the
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108

NOVOSELOVA et al.

Energy-absorbing properties of the fullerene Cgy—polymer systems*

RuN - Transmission, % Limitation coefficient E
no Composition of the sample** | Cgo % Jc}ﬂ'—z

. Tin Tnon Kabs Krel

DMF solutions, %:

1 aPAN, 25 - 80 53 1.8 15

2 aPAN-Cqy, 25 0.7 53 8 11.4 6.6

3 c-PAN, 1.2. - 69 35 2.8 2

4 c-PAN-Cq, 1.2 11 48 45 22 11

Films:

5 aPAN-Cq, 1.0 50 26 3.8 2.6 2
6 aPAN-Cq, 0.5 70 50 2 14 >2
7 r-PAN-Cgg 0.5 80 60 1.7 13 >2
8 AN-BA - 87 26 3.8 3.3 >3
9 AN-BA-Cq, 0.5 60 6 17.0 10.0 2.1
10 AN-BA-Cq, 14 50 21 4.8 2.4 1.0
11 AN-BA-Cq, 0.9 50 18 2.7 55 1.8
12 AN-BA-Cg—P 0.9 33 5 20.0 7.2 0.5
13 AN-BA-Cg—P 0.9 36 5 20.0 6.6 0.5
14 AN-MA-Cq, 1.0 30 11 9.0 2.7 0.7
15 AN-BA—(AN-AC)-Cq, 1.0 77 40 25 1.9 >2
17 AN-BA—(AN-AC)-Cq, 1.6 40 11 9.0 3.6 15
18 PAA PM-Cq 0.6 60 30 3.3 2.0 >3
19 PAA PM-Cq 0.3 67 26 38 2.6 >3

* Transmission T = Ey/Ej: Tip, is transmission of the sample at small E;,; Tpyop,, transmission under nonlinear absorption; K, and
K.y, absolute and relative limitation coefficients, respectively; Ej, ¢, energy density at which the sample fails.
** S is solvent (N-methyl-2-pyrrolidone); AA, acrylic acid; and PAA PM, polymer derived from diaminodiphenyl ether and

pyromellitic acid.

case of the polymer—fullerene system. It is known [8]
that the PAN macromolecules in solutions exhibit a
tendency to cross-linking and gelation.

By changing from PAN to copolymers of AN with
acrylates less prone to intermolecular interaction of
chains in solutions, it is possible to obtain their films
with Cg, able of more efficient limitation of laser
radiation (run nos. 9-14). This suggests that, in these
systems, fullerene is significantly disaggregated. How-
ever, composite films based on AN-acrylate copoly-
mers are less thermally stable than PAN-based films.
The limiting failure energy for these films tended to
increase with decreasing Cgy content in them. This
was accompanied by enhancement of the optical-limi-
tation power of the films. Thus, introduction of fuller-
ene in amounts exceeding that sufficient for efficient
interaction with the polymer increases the number of
Cep aggregates and decreases both the transparency
and thermal stability of the films. These properties
of the films are aso deteriorated by incomplete re-
moval of the solvent (run nos. 12, 13) which imparts
plasticity to the films.

We intended to enhance the thermal stability of
the films prepared from AN-acrylate copolymers by
introducing a commercia polymer, polyamido acid, in
the solution preparation stage. For comparison, we
prepared films from the combined solutions of the
polymer of diaminodiphenyl ether and pyromellitic
acid (PAA PM) with fullerene Cgy in DMF. These
films (run nos. 18, 19) exhibited a good strength but
poor optical properties. Poor nonlinear-optical proper-
ties of these films are, evidently, due to chemical reac-
tions of fullerene with the functional groups of amido
acids.

To strengthen the AN-BA-based films, we addi-
tionally introduced the AN-AA copolymer prepared
by partial hydrolysis of aPAN (degree of hydrolysis
5-10%). The thermal stability of such composite films
(run nos. 15-17) actually tended to increase, with
certain energy capacity being preserved.

CONCLUSIONS

(1) Fullerene-containing composites based on poly-
acrylonitrile and acrylonitrile copolymers with alkyl

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004
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arcylates offer promise for preparing materials suitable
for creation of laser-radiation-protecting devices.

(2) Acrylonitrile-alkyl acrylate copolymers afford
more uniform, than homopolymers, distribution of
Cep fullerene in the composites owing to weakening
of interchain interaction.

(3) A relatively low content of Cgy (0.5%) in
composites with copolymers affords optimal limita-
tion properties, with the transparency and thermal
stability of the films being preserved.
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Abstract—Chromatographic characteristics of adamantyl silicone stationary phase were studied.

Adamantane derivatives attract steady interest
caused by specific structure of their hydrocarbon
framework and also by their biological activity [1, 2].
The structure and hydrophobicity (lipophilicity) of
adamantane provide favorable conditions for its trans-
port through biologica membranes. Linking of ada-
mantyl radical to organic compounds modifies their
biological activity, in many cases enhancing it. It was
found [3, 4] that adamantyl radical affects hypo-
glycemic, antitumor, immunodepressive, antibacterial,
and other types of biological activity. Much promise
is shown by polymeric materials based on adaman-
tane, characterized by high thermal stability, resist-
ance to corrosive media, and high hardness [5]. Ada-
mantane derivatives are of some interest as a model
in solving many problems in theoretical chemistry,
such as the influence of the electronic structure and
topology of molecules on physicochemical character-
istics and influence of induction and steric factors on
the reactivity and stability of compounds. However,
many problems related to the reactivity, biological ac-
tivity, structure, and its correlation with physicochemi-
cal characteristics of framework compounds, especial-
ly with their chromatographic behavior, are not com-
pletely understood. Chromatographic characteristics of
some adamantane derivatives as sorbates in gas-liquid
and liquid chromatography were studied [6-8], but
data on the use of sorbents and stationary phases
based on adamantane are virtualy lacking. There are
only evidences that introduction of adamantane frag-
ment into stationary phases should enhance their selec-
tivity, at least with respect to polynuclear aromatic
hydrocarbons [9]. In this connection, we studied in
this work the chromatographic characteristics of
adamanty! silicone stationary phase under conditions
realized in capillary gas chromatography.

EXPERIMENTAL

The experiments were performed on a Halls-311
gas chromatograph equipped with a flame-ionization
detector in the isothermal mode at temperatures from
100°C to 200°C with the interval of 20°C. The vap-
orizer temperature was varied from 150°C to 250°C.
The analysis was carried out on a steel capillary
column (22 m x 0.22 mm) with cross-linked akylada-
mantane (film thickness d; = 0.2 um). Nitrogen was
used as a carrier gas with the flow division at the
column inlet of 1: 60. To characterize the column, we
studied the chromatographic retention of various
organic substances. Solid substances were introduced
into the chromatograph in the form of solutions in
ethanol or toluene. The retention indices (RIs) were
evaluated by the Kovats formula [10]. The experi-
mental indices averaged over 7-10 values are listed in
Table 1. The reproducibility of RI was 1-2 index
units (i.u.). The contribution of akyl to retention
SI(R) for substances under consideration was eval-
uated by the scheme 6I(R) = I(R,+7) — (R, where
I(Ry+1) ad I(R,) ae RIs of the neighboring homo-
logs [11]. The differential molar free energy of sorp-
tion AG was evaluated according to [12]. The Rohr-
schneider polarity factors were determined from the
experimental data by the well-known procedure [10]:
x =0.132, y = 0.993, z = 0.543, and s = 0.210. The
selectivity factor of the stationary phase and separa
tion factor for estimation of the meta—para selectivity
were evaluated by the relationships given in [11].

According to the resulting values of Rohrschneider
factor, the phase in hand is nonpolar and its chroma-
tographic characteristics should be close to those of
Apiezon-L (Ap-L) or silicones OV-1 and SE-30. To
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Table 1. Retention characteristics of sorbates of various structures on adamantyl silicone
100°C 120°C 140°C 160°C 200°C
Substence R | AG RI AG, RI AG, RI AG, RI AG,
kJ mol~1 kJ mol~1 kJ mol~1 kJ mol~1 kJ mol~1

Cyclohexane 681.1 3.06 685.1 5.23 665.9 7.29 663.6 9.08 660.8 | 11.6
Benzene 676.2 3.17 676.8 4.82 666.5 7.32 700.5 7.81 837.3 8.88
Toluene 777.0 1.00 778.4 2.81 780.1 5.06 796.1 6.12 892.3 8.03
Ethylbenzene 870.1 | -0.99 873.0 0.94 877.1 3.14 887.2 4.52 965.3 6.89
o-Xylene 911.7 | -1.88 915.9 0.09 924.3 1.99 931.1 3.75 990.38 | 6.50
p-Xylene 886.8 | -1.35 889.6 0.61 890.9 2.64 9035 | 4.23 945.9 7.19
m-Xylene 886.4 | -1.34 888.9 0.62 895.2 2.55 902.2 | 4.25 969.2 6.83
Naphthalene - - - - 1080 -0.89 1015 227 1063 5.38
Anthracene - - - - - - 1104 0.70 1166 3.78
Adamantane - - 1105 -3.35 1119 =177 1138 0.11 1212 3.03
1-Adamantanol - - - - 1260 -4.21 1272 -2.22 1326 1.49
Phenol - - 967.8 | -1.07 969.6 112 979.3 2.90 1055 5.49
2-Methylphenol - - 1043 -2.07 1043 -0.15 1064 141 1112 4.62
3-Methylphenol - - 1064 -2.50 1060 -0.49 1080 112 1128 4.36
4-Methylphenol - - 1062 -2.47 1059 -0.48 1076 1.20 1124 4.36

characterize the properties of adamantyl silicone we
studied the chromatographic retention of some repre-
sentatives of various classes of organic compounds.
As follows from Table 1, RIs virtually regularly vary
with variation of the molecular weight of sorbates. At
the same time, since chromatographic method is
based on high sensitivity to differences in the thermo-
dynamic characteristics of sorption of substances,
caused by molecular structure of stationary phase and
sorbate, the RI values adequately reflect their struc-
tural features.

As follows from Fig. 1, the correlation between RI
and molecular weight of normal acohols can be ap-
proximated by a linear dependence with the correla-
tion factor of 0.998.

The features of chromatographic retention of organ-
ic compounds of various types are the most clearly
pronounced in consideration of homomorphism factors
and differences in RIs of substances with polar and
nonpolar stationary phases. In this case, functional
groups, rings, and hydrocarbon radicals can act as
homomorphs.

As known, within homologous series of organic
compounds, the RIs increase; according to the well-
known Kovats rule, the increments of CH,, 5l should
be approximately 100 i.u. for a nonpolar stationary
phase. For nonbranched alkanes, the experimentally
determined contribution of methylene unit to RI on
adamanty! silicone is 100 i.u. The contribution to the

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 7

free energy of sorption was approximately —2 kJ mol ™
decreasing to —1.55 kJmol as the temperature was
increased to 200°C. As a whole, for adamantyl sili-
cone AG grows with increasing molecular weight of
sorbates.

As follows Table 2, 51(CH3) of linear alcoholsisin
the range 90-100 i.u., somewhat decreasing with in-
creasing temperature. As for normal alkanes, the con-
tribution to the sorption energy 6(AG) is approximately
~2 kdmol™ and varies from -1.27 to —1.46 kJmol ™2
at 200°C. The dependence of AG of 1-propanol on
operating temperature is shown in Fig. 2. The depen-
dences for other members of this homologous series
are similar.

For benzene homologs, the contribution of methyl-
ene unit is approximately 90 i.u., as for Apiezon-L.

1400} y Y i
8 o
I 8
2 1000} 6 °
= 5
4 ©
L
o
0
ol L L L L L L L
60 100 140 180M

Fig. 1. Rl of normal alcohols 1444 as afunction of molecu-
lar weight M. T = 140°C, stationary phase adamanty! sili-
cone, r = 0.998, (1)—+(11) C;-Cq,, respectively.
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Table 2. Contribution of hydrocarbon radicals into Rl (3l) and AG of sorption [3(AG)] for adamantyl silicone stationary

phase
Ad-R
Ap'L1 o o o o o
Substance 51 100°C 120°C 140°C 160°C 200°C
sl |=se) | 8 |=sme) | s | -5aG) | 8 | -s0G) | 8 | -8(AG)

Toluene 108 | 100.8 217 101 2.01 114 2.26 96 1.69 55.0 0.85
Ethylbenzene 93 93.1 1.99 94 1.87 97 2.02 91 1.60 73.0 114
o-Xylene 137 | 1347 2.88 137 2.72 144 3.07 135 2.37 98.1 153
p-Xylene 110 | 109.8 2.35 111 2.20 111 242 107 1.89 53.6 0.84
m-Xylene 111 | 1094 2.34 110 2.19 115 251 106 1.87 76.9 1.20
Ethanol 83 58.1 125 74 1.48 119 2.15 110 1.90 0.61
1-Propanol 105 77.0 1.65 82 1.63 88 1.63 90 1.64 0.44
1-Butanol 120 94.9 204 101 2.01 91 1.72 99 1.75 60.6 | -1.35
1-Pentanol 107 99.6 214 102 2.01 94 1.80 97 1.70 80.5 1.27
1-Hexanol 105 | 166.9 1.56 101 2.01 95 1.88 103 181 93.6 1.46
1-Heptanol 101 | 163.2 2.29 100 2.00 97 184 99 1.75 90.5 1.40
2-Methyl-1-propanol | 171 | 104.4 224 110 2.18 134 243 105 1.82 79.9 124
2-Methyl-1-butanol 78 | 1014 2.18 108 214 116 217 101 177 63.1 0.98
Butanone 98 92.1 1.96 116 231 84 0.17 73 1.32 58.6 0.90
2-Pentanone 149 119 214 182 | -6.20 69 122 37.3 0.58

The increment of CH3 groups depends on their num-
ber and relative positions in the benzene ring. With
increasing number of methyl groups, akylbenzene
molecule remains planar and, hence, can be oriented
in the sorbent surface in the manner optimal for sorp-
tion [13]. Lengthening of akyl chain results in non-
planar orientation of the alkylbenzene molecule; there-
fore, as a rule, the retention of monoalkylbenzenes is
worse than the retention of polyalkylbenzenes with
the same number of carbon atoms in the substituent.

In particular, for toluene, m-, and p-xylenes,
8I(CHg) at 160°C is in the range 100-160 i.u., while
for o-xylene this value is significantly greater (from
130 to 140 i.u.). The contribution to the sorption

AG, kJ mol—1
8 - o
6 -
4 »
| [
2 L
- o]
U A
120 160 200 Ty, °C

Fig. 2. AG of 1-hexanol as a function of operating tempera-
ture T,. Stationary phase is adamantyl silicone, r = 0.982.

energy is from -2.72 to —2.37 for o-xylene and from
~2.19 to -1.87 kI mol~ for m- and p-xylenes depend-
ing on temperature. The similar trends take place with
other compounds with vicinal arrangement of methyl
groups on both polar and nonpolar stationary phases.
The vicina arrangement of methyl groups causes an
increase in the internal energy of the molecule; there-
fore, the contribution of neighboring methyl groups to
the energy of dispersion interaction with the stationary
phase is greater than that in the case of more remote
arrangement of these groups [14]. Heating increases
the meta—para selectivity of adamantyl silicone, with
the contributions of methyl groups to Rl somewhat
decreasing and becoming different for ortho-, meta-,
and para-positions, 98, 54, and 77 i.u., respectively,
and the contributions to AG of sorption of sorption
becoming essentialy different: -153, -0.84, and
~1.20 kImol™t (it should be noted that for normal
alkanes this value is practicaly constant and varies
in the homologous series by no more than 0.1-
0.2 kJmol™Y). Weaker retention of the para isomer in
comparison with meta-substituted derivatives may be
due to the fact that, in symmetrical arrangement of
substituents, the benzene ring somewhat rises over the
sorbent surface [13]. Heating enhances this process,
which is apparently favored by the presence of bulky
adamantyl fragment in the stationary phase. It should
be noted that nonmonotonic variation of RI with
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CHROMATOGRAPHIC CHARACTERISTICS OF ADAMANTYL SILICONE 113

Table 3. Differences between RIs on polar and nonpolar stationary phases Al, temperature increments dI/dT, and contribu-
tions of functional groups to RI (3l) and AG of sorption [3(AG)] of some organic compounds

Substance 8lapL | Slovior | Blagr | 8(AG)agr | d/dTagr | Alewapt | Alew-ovior | Alew-ad
Ethanol 204 264 394 - 2.49 545 485 472
1-Propanal 209 278 381 - 2.76 526 457 475
1-Butanol 229 296 372 - 2.66 4388 421 455
1-Pentanol 236 303 366 - 2.52 491 424 463
1-Hexanol 241 308 362 -6.94 0.73 491 424 467
1-Heptanol 242 311 359 -6.89 -0.925 494 425 470
1-Octanol 243 312 358 -6.90 - 498 429 460
Cyclohexanol 204 - 239 -4.64 - 486 - 472
Phenol 401 337 303 -6.20 - - - -
2-Methylphenol 347 222 263 -5.21 - - - -
3-Methylphenol - 229 280 -5.55 - - - -
Benzaldehyde 279 - 325 -4.36 - - - -
1-Adamantanol 117 - 141 -2.44 - - - 558
Nitrobenzene 402 - 420 -8.55
o-Nitrotoluene 361 - 401 -7.92
p-Nitrotoluene 418 - 429 -8.47

temperature (nonconstancy of temperature increment
di/dt) is fairly frequently observed in chromatographic
analysis of representatives of various homologous
series and is apparently caused by the difference in the
energy equivalents of one unit of the index AG;,,
determined according to [15], and nonlinear variation
of this value with increasing RI [16].

It is well known that cyclization significantly in-
creases Rl on both polar and nonpolar stationary
phases. As follows from Table 1, in passing from
hexane to cyclohexane, RI on adamantyl silicone in-
creases by 60-80 i.u. (on Apiezon-L, by 96 i.u.),
which is equivalent to addition of one methylene unit
in the homologous series. Passing from decane to
adamantane results in increase in RI by 120-140 i.u.,
which is somewhat greater than the increment of the
methylene unit. In this case, the sorption energy varies
from —1.56 to -3.35 kJmol™2. Substitution of the
benzene ring for a saturated six-membered ring does
not result in significant variations in the retention with
the adamantane phase, similar to Apiezon. In passing
from benzene to naphthalene and then to anthracene,
RIs on Apiezon-L significantly increase and are 686,
1309, and 1869 i.u., respectively. On the adamantane
stationary phase, these variations are not so great: for
these compounds, RIs are 677, 1080, and 1104. It is
believed that in this case the steric effect of the ada-
mantane fragment of the stationary phase becomes
significant. This is suggested by the fact that, for
adamantane, Rl on adamantyl silicone is somewhat

lower than that on Apiezon (1119 and 1216 i.u.,
respectively).

The contributions of functional groups to retention
with adamanty! silicone are different depending on the
nature of the group (Table 3). Contrary to retention on
Apiezon-L, the contribution of the OH group of ada-
manty| silicone stationary phase 51 is greater for linear
(260-280 i.u., and 204-240 i.u. on Apiezon-L) and
cyclic alcohols (228 and 204 i.u., respectively). On
methyl silicone SE-30, the contribution of OH groups
is 240-260 i.u. It is believed that linear acohols are
retained on adamantyl silicone predominantly owing
to formation of a hydrogen bond between the OH
group of akanols and silanol groups of the stationary
phase. Apparently, the presence of adamantane frag-
ment is favorable for redistribution of the electron
density in molecules of the stationary phase. It was
shown previously that 1-adamantyl radical exhibits
strong induction increasing the effective negative
charge on the oxygen atom bonded to adamantyl [17].
It is likely that this effect results in strengthening of
the hydrogen bond of alcoholic hydroxyl with the sta-
tionary phase.

For phenol on adamantyl silicone, 8I1(OH); , de-
creases in comparison with Apiezon-L (290 and
335 i.u., 337 i.u. on methyl silicone phase), which is
apparently caused by the predominant contribution of
phenyl radical, interacting nonspecifically with the
adamantyl fragment of the stationary phase, to ad-
sorption. For phenol homologs, the contribution of
OH group is governed by its position relative to akyl.
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In particular, for 2-methylphenol 38I(OH) on ada
mantyl silicone is 265, and for 3- and 4-methylphenol,
286. For Apiezon, these values are 347 and 379 i.u.,
and for methyl silicone, 250 and 280. In other words,
the contribution of functional group located in ortho-
position to methyl is less than that for meta- and
para-positions remote from the alkyl. Similarly, the
contribution of the CH3 group in 2-methylphenol is
less (73 i.u.) than that in 3- and 4-methylphenols
(96 i.u.), which is caused by intramolecular interaction
of methyl with hydroxyl in ortho-position. Similar
trends are observed for other vicinal substituents and
functional groups [18]. For example, the contribution
of nitro group to retention of ortho-nitrotolueneis less
(401 i.u.) compared to para-nitrotoluene (429 i.u.).
For nitrobenzene, this value is 420 i.u. The contribu-
tion of OH group of akylphenols to the adsorption
energy does not noticeably vary with heating from
100 to 160°C and decreases by nearly 1.5 kJmol~t
at 200°C, being practically equa to the contribution
of OH group of phenal.

The value of 51(OH) of 1-adamantanol is much less
and equal to 140 i.u. The contribution of OH group to
the adsorption energy is less than the contribution of
phenolic and cyclohexanol OH groups by a factor of
amost 2 and less than the contribution of OH groups
in linear alkanols by a factor of 3. This is largely
due to the steric effect of adamantane fragments,
present in molecules of both the stationary phase and
sorbate and hindering participation of hydroxy group
in retention.

The results of this study show that adamantyl sili-
cone exhibits a fairly high selectivity in separation of
structural isomers. The selectivity factor of adamantyl
silicone varies from 0.53 to 0.73 depending on tem-
perature. In estimation of the meta—para selectivity of
this stationary phase, the separation factor is 1.18 (for
comparison, the selectivity of some liquid crystals
with respect to meta—para isomers is 1.03-1.09 [19]).
The selectivity in separation of isomers of 1-methyl-
1,2-dicyclopropylcyclopropane, whose cis and trans
isomers are not always separable on standard station-
ary phases, is equal to 1.1. High selectivity of ada-
mantyl silicone manifests itself in separation of
homologs of normal akanes and alkylbenzenes (o 2,
1.9), which was used in analysis of naphtha hydrocar-
bons. These studies also suggest enantioselectivity of
this phase, since adamantyl cross-linked with silicone
apparently can form chiral cavities. However, this
suggestion calls for further investigations.

Thus, our results show that retention of sorbates of
various structures with adamantyl silicone is governed

by dispersion interactions, which depend essentially
on deformability of molecules and, hence, their
volume. According to additivity of the free energy of
interaction, an increase in the molecular size by one
methylene unit results in virtually equal increase in
dispersion forces, which is reflected in the equality of
contributions of alkyls to the retention and sorption
energy. At the same time, it is evident that the pres-
ence of the adamantane fragment in molecules of the
stationary phase results in redistribution of the elec-
tron density in its silanol groups and strengthening of
interaction of electron-acceptor functional groups of
sorbates with the stationary phase. This is confirmed
by an increase in the contribution of these groups to
retention with adamantyl silicone in comparison with
methyl silicone and Apiezon-L. Apparently, the sta-
tionary phase studied can be suitable for solving
chromatographic problems and for studying the struc-
ture of sorbates and intermolecular interactions of
these sorbates.

CONCLUSIONS

(1) The retention indices of primary acohols,
aromatic hydrocarbons, akylphenols, and some ada-
mantane derivatives and the thermodynamic character-
istics of their sorption with adamantyl silicone were
compared to the respective characteristics of known
silicone stationary phases.

(2) The selectivity of adamantyl silicone phase in
separation of low-boiling naphtha hydrocarbon frac-
tion and isomers of 1-methyl-1,2-dicyclopropylcyclo-
propane was shown. The possible enantioselectivity
of the phase was suggested.
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Abstract—Formation of a polymeric coating in the course of preparation of polymer-containing silica gel as
influenced by preliminary activation of the surface of nonporous silica gel with vinylchlorosilane was studied.

Nonporous silica gel supports with various grafted
functional groups find expanding application in chro-
matography and immobilization of biopolymers[1, 2].
Before coating of the solid support or sorbent with
a polymeric layer, its surface is activated by various
procedures. Active centers formed by grafting of
organic compounds on the support surface containing
—OH groups alow their subsequent polymerization
modification with various functional groups. Such
active centers, which affect the kinetics of the initiator
degradation and monomer polymerization [3, 4], can
be prepared by grafting of compounds with unsatu-
rated bonds, eg., vinylchlorosilanes (VCSs) and
vinyltrichlorosilanes, to the hydroxyl-containing sup-
port surface [5-8]. Polymerization in these systems
is initiated by the agent occurring in the monomer
bulk or sorbed on the surface of modified solid sup-
port [3-8].

Formation of a continuous polymeric coating pro-
tecting the support surface is urgent for preparing
packing materials for high-performance liquid chroma-
tography (HPLC). Uncontrolled cross-linking during
deposition of the polymeric coating can deteriorate the
chromatographic properties of the packing materials.

In this work we studied nonporous silica gel micro-
spheres to eliminate the effect of structural features of
the matrix (in particular, support porosity) on the
polymeric coating deposition.

EXPERIMENTAL

As starting compounds for preparing packing ma-
terials with a polymeric coating we used nonporous
microspheric silica gel with a particle size of 2 pm and
residual pore volume of no more than 0.03 cm®g;

it was prepared by the procedure given in [1]. The sur-
face of this material was modified with VCS and
octadecylchlorosilane (ODCS) with additiona silani-
zation with trimethylchlorosilane (TMCS) according
to published procedure [9].

Copolymer of octadecyl methacrylate (ODMA) and
methyl methacrylate (MMA) was used as polymeric
material. The ODMA-MMA copolymer was prepared
and deposited on the silica gel surface according to
[10] using dicumyl peroxide initiating agent.

The HPLC anaysis was performed on a Gilson
device equipped with a double-beam UV detector
(A = 254 nm) using acetonitrile-water mobile phase
(3:7 volume ratio). The tests were performed with
4.6 x50- and 4.6 x33-mm columns.

We used chemically pure grade reagents and chro-
matographic grade acetonitrile, water, and uracil-
pyridine-phenol-toluene test mixture.

The sorption capacity factor of the material with
respect to toluene can be determined as

k = (v — ),

where 7, and 7, are the retention times of toluene and
uracil, respectively (min).

The chromatographic parameters of the columns
packed with nonporous supports (2 um particle size)
and different content of the polymeric coating are
listed in the table. The particle surface was not pre-
liminarily modified with VCS. The chromatographic
properties of the columns packed with nonporous
silica gel microspheres modified with ODCS (C,g) are
given for comparison.

Let us consider the chromatographic properties of
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Chromatographic properties of HPLC columns packed with polymer-containing nonporous silica gel supports, column

diameter 4.6 mm

Column o Flow Pres- Retention time, min k with Polymer

height Modifying rate sure, respect to | content
g ’ ent - 1 . o eSp ’
mm « ml mint | Pa uracil pyridine phenol toluene | toluene wt %
33 |ODCS(Cyg) + 0.33 183 0.934 - 1.047 1.680 0.798 -

TMCS

50 - 1.0 177 0.473 0.520 0.570 1.045 1.209 3.10
50 - 1.0 167 0.508 0.543 0.557 0.958 0.885 2.06
33 - 0.5 113 0.607 0.713 0.890 1.068 0.759 157
50 - 0.5 172 0.954 1.055 1.147 1.605 0.682 111
50 |VCS 1.0 183 0.474 0.505 0.565 1.060 1.24 1.25
33 " 1.0 131 0.358 0.395 0.405 0.872 1.30 1.38
50 " 0.5 191 0.500 0.565 0.606 1.437 1.87 191
50 " 1.0 193 0.467 0.526 0.546 1.573 2.37 2.53
50 " 1.0 207 0.492 0.507 0.575 2.278 3.63 2.64
50 " 1.0 197 0.465 0.547 0.555 1.730 2.72 2.72
50 " 1.0 121 0.970 1.135 1.335 3.633 2.75 2.78
33 " 1.0 180 0.363 0.412 0.460 1.260 247 2.98
50 " 1.0 217 0.439 0.498 0.526 2.133 3.86 3.12
50 " 1.0 198 0.496 0.570 0.835 1.977 2.99 3.40
50 " 1.0 177 0.455 0.540 0.595 2.323 4.10 5.98
33 " 1.0 200 0.356 0.533 1.824 1.824 4.21 6.24

the columns packed with microspheric silica gel con-
taining C,g phase as a reference. The data given in the
table show that, in the course of polymerization modi-
fication without VCS pretreatment, the continuous
polymeric coating is formed only when the polymer
content does not exceed 2 wt %. It should be noted
that this content of the polymer on the nonporous sur-
face significantly exceeds the amount required to form
a monomolecular layer. Slight rise of k to 1.21 cor-
responds to the increase in the content of the poly-
meric coating to 3.1 wt % relative to the support
weight. The main chromatographic properties of the
columns packed with nonporous supports (2 um par-
ticle size) preliminarily modified with VCS and dif-
fering in the content of the polymer coating are also
listed in the table.

The mandatory requirement to the resulting poly-
mer-containing composites is complete shielding of
all the silanol groups on the support surface, eliminat-
ing two mgjor disadvantages of silica matrices: high
solubility in akaline medium and so-called “silanol”
interaction on the surface.

At complete shielding of the silanol groups, the
retention time of pyridine is shorter than that of phen-
ol (see table). Although the polymeric coating com-
pletely shields all the surface silanol groups, in some
cases secondary cross-linking is observed, which is

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 7

illustrated by increasing sorption capacity factor k
with respect to toluene. This increase in k with in-
creasing content of the polymeric coating confirms the
fact that the polymeric coating with certain porosity is
formed on the vinylated surface.

The sorption capacity factor increases with increas-
ing content of the polymer (see figure). As seen from
the comparison of dependences 1 and 2, a continuous
polymeric coating is formed in the course of deposi-
tion of the polymer layer on the silica gel surface pre-

k
4F

rrb,wt%

Sorption capacity factor with respect to toluene k as a func-
tion of the content of the polymer deposited m,. Polymer
(1) without VCS maodification and (2) preliminarily modi-
fied with VCS.

7 No. 1 2004



118 AIRAPETYAN, KHACHATRYAN

liminarily modified with VCS. In this case, an in-
crease in k with increasing polymer amount is less
pronounced than without VCS pretreatment. The
chromatographic parameters of the columns, obtained
in this case, are smilar to those for the columns
packed with microspheric honporous supports modi-
fied with ODCS (k values are nearly equal).

Since it is believed that k increases owing to the
appearance of additional surface, then it can be con-
cluded that secondary pores are formed in the course
of slica gel coating with the polymer. It should be
noted that the polymerization initiator (dicumyl per-
oxide) passes from the pentane solution to the support
surface simultaneously with ODMA-MMA oligomer.

Secondary pores on the surface of a support pre-
liminarily modified with VCS are formed as follows.
In the course of polymerization on the surface contain-
ing vinyl groups, the sections with double bonds react
first, because oligomers and silanol groups are less
reactive. These vinyl-containing sections on the sup-
port surface become the centers of cross-linking of
the oligomer fragments, forming a network which
gives rise to secondary porosity. Simultaneously, free
radicals are generated by therma degradation of the
initiator:

ROOR — 2RO' and ROOR — ROO" + R

These free radicals primarily attack the sections
with double bonds and generate a large amount of free
radicals on the support surface, causing random cross-
linking of oligomeric fragments and formation of the
porous polymer. Due to the high rate of the radical
formation and random linking of oligomers with sur-
face groups, a porous polymeric layer is formed in-
stead of a continuous coating. Moreover, linking of
separate oligomeric fragments with each other is
hindered, because the main fraction of the initiator is
consumed in the opening of the double bonds. It
should be noted that, since cross-linking proceeds
only with vinyl-containing sections of the support sur-
face, the vinyl-free surface sections remain uncoated.

When the support surface was not preliminarily
modified with VCS, the oligomeric fragments of
copolymers react with radicals first. Oligomeric frag-
ments are cross-linked, and the degree of additional
polymerization is greater than in the above case. In
the latter case, the polymer most likely covers silica

gel particles and does not interact with their surface.
The efficiency of additional polymerization is lower,
which causes formation of a more uniform and rela-
tively nonporous polymeric coating. With increasing
polymer content, k also grows, but this trend is less
pronounced than in the previous case.

CONCLUSIONS

(1) Preliminarily activation of the silica gel surface
with vinylchlorosilane provides formation of second-
ary pores.

(2) The polymeric coatings with decreased poros-
ity can be obtained without preliminary modification
when the secondary porosity is insignificant.
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Abstract—The concept of activating mixing as a procedure for preparing and modification of polymeric
composites was developed. A new classification and generalized parameters of mixing, characterizing condi-
tions of the energy supply to polymeric composition through the device working elements, were proposed.
The dependence for determining the treatment modes providing controllable development of chemical trans-
formations in a polymer system, which is invariant with respect to treatment modes and working installation,

was obtained.

Formation and modification of polymeric com-
posites by mixing is one of the ways for preparing
new materials. Theoretically valid approach to this
process was formulated in the middle of the past
century [1]. It was suggested that laminar mixing
increases the interface area of the components under
the shear strain.

Since that time, despite considerable amount of
works on various aspects of mixing (technology,
installations, procedures to evauate the system state,
guantitative evaluation of the process performance),
the phenomenological concept of the process re-
mained unchanged. One of the reasons of this lag in
the theoretical interpretation of the processes occur-
ring during mixing was due to the concept of the proc-
ess objective taken a priori.

Until recently, mixing was considered as a process
whose ““objective is transformation of the initial sys-
tem, characterized by the ordered distribution of the
components, into a system with disordered random
distribution” [1].

This concept is obviously restricted [2], as seen
from the following example. An active filler is added
to a system in which the polymeric matrix is a mix-
ture of elastomers. The required set of the material
properties is provided only at the optimal distribution
of the filler between the phases. In this case, “optimal
distribution” is not identical with the uniform distribu-
tion of the filler in the entire system, because the filler
content ensuring the highest strengthening is specific
for each polymer.

The restriction of the classical concept of the mix-
ing objective is confirmed by the analysis of the other

polymeric systems. For example, in polymer engineer-
ing (as in other chemical processes) mixing should
also be performed in single-component systems. In
this case, mixing provides formation of the tempera-
ture-uniform material. In particular, a set of devices
for rubber trestment is known, which provide heating
and temperature uniformity in the materia (cold-feed-
ing screw machines).

The known classification of mixing processes
should be aso refined. These processes are often clas-
sified by the phase composition of the working medi-
um and the process kind. As regards the phase com-
position, mixing can be performed in liquid, viscous-
flow, and powder states [3]. In preparation of poly-
meric composite materials (PCMs), processes of the
second group (viscous-flow mixing) are used most
widely. However, only a few processes fit in the
above classification. In the strict sense, these are only
processes based on mixing of two thermoplastic com-
ponents in a melt. A thermoplastic material is mixed
with a rubber when one of the components (rubber)
occurs not only in the viscous-flow but aso in the
hyperelastic state.

The real PCM preparation is based on mixing of
powdered and high- and low-viscosity components
added in the specific order and in definite time. Prepa-
ration of rubber stocks is the most typical example.
Hence, we should consider not the process occurring
in the viscous-flow state, but mixing of the compo-
nents in different physical and phase states.

At present, the process results are not taken into
account in classification, though the definitions such
as “homogenization” and “dispersion” are used. It is
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Fig. 1. Kinetic curves of NR degradation. (Y,) Degree of
degradation, (M) molecular weight of the polymer, and
(t) time. Hy (mm): (1, 4) 2; (2, 5) 1.5, and (3, 6) 1. @
(4, 3) 0 and (2, 4-6) 0.3.

assumed that, in the first case, only the uniform distri-
bution of particles is attained, whereas in the second
case this is accompanied by a decrease in the compo-
nent particle size. The above subdivision was made
about 40 years ago [4], it seems valid, but separation
of these processes in practice is very difficult. For
example, the majority of compositions with addition
of various components are prepared using impeller
and rotary mixers in which the dispersion of the com-
ponents is accompanied by homogenization of the
entire system.

The most serious disadvantage of the existing ap-
proach to the mixing process is that it is considered as
a combination of physical processes, whereas occur-
rence of chemical reactions due to the mechanical
impact on the polymers in the course of their treat-
ment is well known [5]. At present, a great body of
data on mechanochemical transformations in polymers
is available, but it is still not systemized. Moreover,
due to the absence of the general criterion of the
external effect on a polymer, it is difficult to compare
the data given by different authors. In most cases, this
effect is evauated by changes in a separate process
parameter, e.g., transition number through the rolls
gap, grinding time in mills, etc. This approach does
not take into account the process modes and design
parameters of the installation in their combination,
though they affect the material simultaneously [6].

Mechanochemical transformations in polymers are
often described by an equation characterizing changes
in the molecular weight with time proposed by Baram-
boim [5]:

My = (Mg - M) exp(-ki) + M, @

where M; is the current molecular weight at time t,
My is the initial molecular weight of the polymer,

M, is the limiting molecular weight of the smallest
chain section, and k is a constant.

Casde and Porter [6] believed that constant k
depends on the chemical nature of the polymer and
packing density of its chains and determines the rate
of mechanical degradation. Hence, k is a function of
the polymer properties and is independent of the treat-
ment conditions. However, k depends not only on the
polymer nature, but also on the conditions of the
energy supply to the material. The nature of the medi-
um and temperature mode of dispersion are important
but insufficient parameters to characterize the process
conditions. Certain changes in the shear rate will
cause changes in the shear stress and degradation rate
in the system. This fact is confirmed by the data of
the same authors on the relationship between the
kinetics of ultrasonic degradation and experimental
conditions.

This assumption was also confirmed by our ex-
periments illustrating the development of mechanical
degradation processes in natura rubber (NR). The
kinetic dependences of NR degradation under various
treatment conditions (Hg is the minimal gap between
the rolls) on the rolls with a wedge intensifying at-
tachment [3] and without it are shown in Fig. 1. The
depth of the wedge dipping is ¢, = 0.3 and ¢,, = 0,
respectively. As seen, the parameter k changes with
changes in the treatment conditions. Thus, comparison
of the data on mechanical degradation of similar poly-
mers under different experimental conditions is mean-
ingless, because different results will be obtained
at different treatment modes. At the same time, com-
parison of the parameters of mechanical degradation
obtained at rigidly fixed treatment modes is aso
impossible because of differences in the mixer design,
providing different parameters of the mechanical field
affecting the given material.

Thus, novel criteria allowing comparison of various
polymers using parameters of mechanical degradation
are required; moreover, these criteria should be in-
variant with respect to the treatment modes and design
features of the installations.

We believe that classification of mixing processes
by their effect on the mixed materials is the most
promising. In this case, the objective of mixing (as
a main procedure for PCM preparation) is to provide
the optimal conditions in which the most valuable
properties of the material (depending on its composi-
tion) will be manifested. For this purpose, new proc-
esses and equipment should be developed. Mixing
should be organized so that the energy supplied to the
components will initiate their chemica interactions
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hindered under the other conditions or accelerate these
reactions. Obviously, we consider only the compo-
nents between which these reactions can proceed.

Practical problems which could be solved in this
case are (1) development of new high-performance
processes for preparing common compositions from
viscous chemically reactive components and (2) prep-
aration of new materials in the course of initiation of
mechanochemical transformations and(or) controllable
chemical modification of the polymers.

We suggest the term “activating” to define mixing
under the conditions of initiated and controllable
mechanochemical transformations.

The activating mixing differs from the other mix-
ing modes (including those accompanied by mechano-
chemical transformations) in that in this case, aong
with increasing interface area between the compo-
nents, the corresponding chemical reactions in the
system are directly initiated or their rate considerably
increases.

Activating mixing also differs from the other types
of mechanical treatment causing mechanochemical
effects (e.g., ultrasonic) by the specific effect of the
mechanical field (shear strain), which increases the
interface area between the components.

Thus, homogenization and dispersion mixing and
the other mechanical procedures initiating chemical
transformations can be considered as particular cases
of activating mixing. This assumption can be illus-
trated using the classical Arrhenius equation in which
the reaction rate constant K is determined by two vari-
ables (activation energy E, and space steric factor pz):

K = pze&d®T, )

where z is the factor proportional to the collision
number between the interacting particles.

At activating mixing, the reacting compounds ob-
tain certain energy and the activation barrier of chemi-
cal reactions decreases. Moreover, during treatment
some portion of mechanical energy is transformed in
the heat, which also increases the reaction rate.

Finally, under the effect of stresses and shear rates,
causing dispersion and homogenization, the interface
area between the components increases and, thus, the
probability of favorable mutual orientation of compo-
nents (parameter pz) promoting the chemical reaction
also increases. The latter condition of the activating
mixing is advantageous as compared with the other
modes of mechanochemical initiation and makes it
efficient for practical implementation.

Our concept of the activating mixing allows the
following classification of processes by the result of
their effect on the mixed component.

Simple homogenizing mixing is a process that de-
creases the concentration heterogeneity in the system
without chemical transformations. Mixing of granu-
lated polymers with powdered or granulated additives
without changes in the particle size and preparation of
temperature-uniform media are the examples of this
process.

Simple dispersion mixing is a process that causes
breakdown of the disperse phase agglomerates in the
system without chemical transformations These proc-
esses include formation of oil-water emulsions, break-
down of agglomerates of inert fillers in rubbers, etc.

Homogenizing mixing is a process that decreases
the concentration heterogeneity in the system and is
accompanied by chemical transformations that are not
initiated in the course of the given process. Mixing of
liquid media able of chemical reaction is an example
of the process.

Dispersion mixing is a process that causes break-
down of the disperse phase agglomerates in the system
and is accompanied by chemical transformations that
are not initiated in the course of the given process.

Activating mixing is a process of initiation of
chemical transformations in the system accompanied
by its homogenization and dispersion of the separate
phases.

It is advisable to describe each of the above proc-
esses by its own parameters (generalized parameters)
of the externa effect on the material.

The homogenizing mixing can be described using
the common concept of the shear strain y and its vari-
ance, which are directly related to the interface area
between the components [3].

As for dispersion mixing, along with shear strain,
we should evaluate the shear stresses t appearing in
the system and causing dispersion of one polymer in
a another, breakdown of filler agglomerates, etc.

To develop the generalized parameters of activating
mixing, we used the available experimental data on
mechanochemical transformations in polymers proc-
essed on different installations. The correlation bet-
ween the intensity of mechanical energy supply and
the rate of mechanical degradation during treatment
of rigid carbon-chain polymers (e.g., polystyrene,
polyvinyl acetate, and polymethyl methacrylate) in
avibrating mill was found in [5]. With some assump-
tions, the strike energy of the grinding bodies of cer-
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tain generalized weight is taken to be proportional to
(a.f)?, where o and f are the amplitude and frequency,
respectively.

It was found that the rate constant of degradation is
proportional to Iog(ocf) This suggests that

kg = log[(oef)(ogfo), ®3)

where agfj is the certain deformation limit at which
the rate constant of degradation decreases to zero.

For thns process, it is convenient to use the energy
E (Jm™3) per unit volume of the medium (energy
density) as a criterion of the external effect:

E = 2np(af)2. (4)

The process described above is physicaly similar
to the process of shearing flow as predominant in
both mixing and the other process of the polymer
treatment.

It is known that the greater the internal friction
(determined by the interna friction coefficient, or vis-
cosity p, Pas), the greater the shear stress © (Pa) re-
quired to preserve the steady-state moti on in alaminar
flow with a constant rate gradlenty (s ) the relation-
ship of these parameters is shown by the Newton
equatlon T = yy'. The energy intensity of the sol utlon
motion in a laminar flow per unit volume Y (W m™ )
is determined by the following eguation:

Y = 2 ()

The amount of energy supplied to the materia in
certain time t (commonly, the period of the material
treatment), or the density of the strain energy, can be
given as

E = pyt. (6)

Equation (6) can be presented by various expressions:

|2t -

E = ny RYY't = py'y = 1y, (7)

where v = y't is the shear dtrain.

The density of the strain energy can be expressed
in various dimensions: U EVy [J mol =L, cal mol~ 1]
U = EM,/p [Jmol‘] = 024EM a/p [ca mol™ ]
where V,,, and M, are the average molar volume and
average molecular weight, respectively. In this case,
the value of the externa mechanical effect can be
compared with the energy of chemical bond.

It can be readily shown that the parameters in
Egs. (3) and (7) are physically identical. In the case of
unidimensional motion, the rate gradient U/H can be
used instead of the strain rate dy/dt, i.e., the strain and
shear rate correspond to the amplitude and frequency
of the external mechanical field, respectively.

Thus, we proposed two generalized parameters to
characterize the activating mixing, namely, the density
of the strain energy and its intensity.

The possibility of using the intensity of the shear
energy to analyze the mechanical degradation was first
proposed in [6], but this parameter was not applied to
mixing procedures, polymer treatment, and setup
utilized. Hence, it was advisable to verify our gen-
eralized parameters with experimental data.

The tests were carried out using laboratory devices
(Weissenberg rheogoniometer, Brabender plastograph)
and industrial equipment (roller-bending machine,
rotary mixers, vibrating mills, rotary-pulsating units).
The resulting materials were analyzed by IR and UV
spectroscopy, sol-gel analysis, and the other methods
allowing evaluation of the molecular weight and
molecular-weight distribution. In the course of the
tests, we studied the relationships between the gen-
eralized parameters of the external effect on the sys-
tem and parameters of mechanochemical transforma
tions determined independently. The degree of mech-
anical degradation was studied using a dimensionless
parameter (degradation index):

My—-M
Id:L- (8)
MO_Moo

In Fig. 2, our experimental data (see Fig. 1) are
shown in the “degradation index-strain energy den-
sity” coordinates. The kinetic dependences of the
index of mechanical degradation of natural rubber fall
on a common straight line described by the following
equation:

* MO - Mt K+
ly, =1 - |y = ——— = o
d d YREYS e, ©)

where k* is the degradation rate constant.

The curves of mechanica degradation of some
other rubbers, obtained by similar procedure, are also
shown in Fig. 2. Mutual position of the kinetic curves
in the I§—ty coordinates allows comparison of the
rates of mechanical degradation of various polymers
irrespective of the conditions of their treatment. In this
case, k* describes only the material properties. Thus,
by determining the dependences of the parameters of
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Fig. 2. Kinetic curves of degradation of some rubbers.
(1) Index of mechanical degradation and (ty) strain energy
density. (1) NR, (2) SKN-40, (3) Nairit P, and (4) Nairit
PNK.
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Fig. 3. Rate constant of degradation as a function of the
intensity of mechanical effect ty'.

mechanical degradation on ty, we can obtain a cor-
relation for a given material that is invariant with
respect to the treatment modes and design features of
the installation. At the same time, even significant
density of the strain energy is not sufficient to cause
mechanical degradation. The other necessary require-
ment is the energy supply. Actually, Ty can be realized
in an infinite period, with no mechanical degradation.
This is due to the dispersion of the supplied mechani-
cal energy through the polymer chains; this phenome-
non was anayzed by Enikolopov [7]. The author
studied ultrafast reactions in solids and formulated the
following conclusion: At relatively low loading rates,
the contribution of the elastic strain is negligible (1%)
as compared to the total strain. As a result, at small
shear rates in the working zone of the installation, the
elastic energy accumulated in a solid is small. With
increasing loading rate, the contribution of the elastic
strain grows.

The above results can aso be applied to our sys-
tems, because the polymer, irrespective of its molecu-
lar weight, can be considered as solid at certain in-
tensity of the mechanical field. This fact explains the
requirement of high shear rates at mechanochemical
modification of polymers, reclaim of rubber crumbs
from tire crushing, etc.

In practice, the required intensity of the strain ef-
fect can be determined as follows. First, the depen-
dence of the degradation rate constant k* on the
logarithm of the shear stress intensity ty' is plotted,
and then, extrapolating the resulting curve to the zero
rate, the ty' value required to initiate the degradation
is determined (Fig. 3).

Our theoretical results on the activating mixing
were used in the development of processes for physi-
cochemical modification of conducting siloxane com-
pounds [8] and medical-purpose preparations [9].
However, it should be noted that the above processes
are accompanied by predominantly physical transfor-
mations.

CONCLUSIONS

(1) Traditional concepts on the objective, nature,
and classification of the mixing process were sig-
nificantly refined. Classification of the mixing proce-
dure based on the results of its effect on the mixed
materials is the most valid. In accordance with this
classification, the following mixing modes were dis-
tinguished: simple homogenizing, simple dispersion,
homogenizing, dispersion, and activating mixing.

(2) The generalized parameters of the activating
mixing characterizing the conditions of the energy
supply to the material are the strain energy density
and its intensity.
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Abstract—Penetration of poly(butyl methacrylate) macroglobules into solid porous samples of chalk, clay,
cement, and cement-river sand mixtures was studied as influenced by the macroglobule size.

Important aspects in impregnation and reinforce-
ment of porous solids (particularly, loose materias
typical of historical and cultural monuments) are the
depth of penetration and uniformity of distribution
of the fixing agent (e.g., polymer) in the bulk of these
solids. Naturally, the above-mentioned characteristics
will be governed by the properties of the impregnating
solution and, above al, by the polymer macroglobule
Size.

The aim of this work was to study penetration of
poly(butyl methacrylate) (PBMA) macroglobules from
solutions in solvents of different solvency into the
bulk of solid porous samples such as models of his-
torical and cultural monuments. Poly(butyl methacry-
late) is widely used for conservation and restoration of
art monuments made of various materias [1].

EXPERIMENTAL

We studied suspension PBMA [TU (Technical
Specifications) 6- 01 240-76] with the molecular
weight M = 3.5 x 10°. As solvents for PBMA served
toluene, o-xylene, acetone, butanol, and isopropanol.
The quality of the solvents with respect to the poly-
mer used was estimated by comparison of their solu-
bility parameters & [2] summarized in the table below.
The table shows that, in changing from toluene to
alcohols, the difference in & increases. This means
that, along this series, the quality of the solvent with
respect to PBMA tends to deteriorate. The quality of
the solvent was also worsened by introducing a pre-
cipitating agent for PBMA [3.5 to 10.5% (hereinafter,
wt %) distilled water] into isopropanol. In this case,
worsened solubility of PBMA in the mixed solvent
was evidenced by increased turbidity of the solution,
which was estimated nephelometricaly.

The rms distance between the ends of the PBMA
macromolecule in B-solvent, isopropyl acohol, was
calculated by the Flory—Fox formula [3]

(R§)%¥? = M—GM, @
()]

where @ is the Flory constant; M, viscosity-average
molecular weight of PBMA; and [n]g, intrinsic vis-
cosity of the PBMA solution in 6-solvent (isopro-
panol), | g~ 1 measured at the 6- -temperature of 21.5°C
[2].

The swelling coefﬂuent o2 of the macroglobule
and the rms dlstance(h ) , hm, between the ends of

the macromoleculein dlfferent solvent were calculated
by the formula

ﬁ23/2
o _ @ "

[l (F§)%?

Influence of the solubility parameter & on the intrinsic
viscosity [n] of the PBMA solutions, swelling coefficient
o2 of the macroglobule, and rms distance between the
ends of the PBMA macromolecule (F?)Y? [Spgya =
8.70 (cal cm™3)1/2|

B, 3 | (Y21 [l

Solvent (cal cm 312 | * nm | Ig?t
Toluene 8.97 5.30 46.0 0.080
o-Xylene 9.03 5.53 46.7 0.083
Acetone 9.74 253 36.0 0.038
Butanol 10.77 1.67 313 0.025
| sopropanol* - 1.0 264 | 0.015

* For propanol, 3 = 12.06 (ca cm‘?’)ﬂz.
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The polymer content in the solutions was varied
from 1 to 16%.

As solids we used 10x 10x 100-mm cement-sand
samples (CSSs), as well as 10x 10x 80-mm pressed
chak (TU 458-15-14-89) and clay samples. The
cement-sand samples were prepared by mixing grade
400 Portland cement [GOST (State Standard) 10178-
85, particle size from 50 (65%) to 150 (7%) pm] with
river sand [average particle size from 100 (5%)-300
(25%) to 400 (20%)-500 (15%) pm] in 18 ml of
distilled water. The sand content in the samples was
varied from 0 to 90%. The samples were molded at
room temperature for 14 days. Clay samples were
prepared by room-temperature molding, through mix-
ing fine clay particles [from 1 (28%) to 60 (61%) um
in size] in 18 ml of water, followed by drying to con-
stant weight at 200°C. Next, the pore size of the solid
samples was estimated. To this end, we measured the
rate of penetration of isopropanol into the sample
pores. Then, the average pore radius r,, nm, was
caculated by the Washburn equation [4].

The pore radius of the solid samples r,,, nm, was
estimated at 0.63, 0.48, 0.14, and 1.80 for chalk, clay,
CSS-0, and CSS-90, respectively (the figure at the
CSS designation corresponds to the river sand per-
centage).

The porous samples were impregnated until com-
plete saturation with the polymer solutions in closed
vessels, by immersing samples, suspended by wires
from their face side, by 1 cm of their height in the
impregnating liquid. Next, the samples were dried at
room temperature under slow solvent evaporation.
The uniformity of distribution of the polymer in the
bulk of the porous samples was monitored by the
procedure from [5]. It is underlain by the fact that the
water absorption in the open pore space of the solid
sample varies with the extent of pore filling with
the penetrated polymer.

The solvent quality will, above all, affect the size
of the polymer macroglobule. Grosberg and Khokhlov
[6] found that, with deteriorating solvent quality, the
macromolecular globule gets contracted. The volume
occupied by the macromolecule decreases by a factor
of severa tens. The table below shows that, in chang-
ing from “good” (o-xylene or toluene) to “bad” (buta-
nol or isopropanol) solvents, the rms distance between
the ends of the PBMA macromolecule decreases by
a factor of 1.5-2.

It could be expected with a good reason that, the
smaller the globule, the easier and faster its penetra-
tion into pores (capillaries) of a solid. However, our

v x 102, m min~t

04
4

0.2

1

5 10 15 c, wt %

Fig. 1. Influence of the PBMA concentration c in the im-
pregnating solutions in different solvents on the rate of
their capillary rising v in CSSs containing 90% river sand.
(1) Isopropanoal, (2) butanol, (3) o-xylene, and (4) toluene.

12 c, wt %
Fig. 2. Average water capacity w,, of CSSs containing
90% river sand as a function of the concentration of the
impregnating solution c. (1) o-Xylene, (2) acetone, (3) buta-
nol, and (4) isopropanol.

study showed that the rate of the capillary rising of
the solution is larger (Fig. 1) and the degree of pene-
tration of the polymer into CSSs with larger pores is
greater (Fig. 2) when the PBMA macroglobules occur
in the swollen state. The degree of penetration of the
polymer into pores of solid samples was estimated
from the amount of water w, %, able of penetration
into the sample pores that remained open after im-
pregnation with the polymer. The larger the amount of
water absorbed by the sample, the lesser the amount
of the polymer it contains. Evidently, in the case of
loose globules, the globules extend and get oriented
aong the flow under the influence of the capillary
pressure of absorption. This favors faster and deeper
penetration of the globule into the sample pores.

When penetrating into surface pores of the sample,
compressed PBMA macroglobules in isopropanol,
evidently, plug them, thus preventing further penetra-
tion of PBMA into porous solids. This assumption is
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Fig. 3. Variation of the moisture capacity w of CSSs con-
taining 90% river sand along the sample height h. (1-
4) o-Xylene, (5-8) butanol, and (9) unimpregnated sample.
Impregnating solution concentration, %: (1, 5) 3, (2, 6) 5,
(3, 7)) 9 and (4, 8 14.

hx 102, m

Fig. 4. (a) Kinetic curves of the capillary rising h of 3%
PBMA solutions into cement samples and (b) variation of
the moisture capacity w of the samples impregnated with
3% PBMA solutions along their height h. (t) Time of rising
of PBMA solutions into the samples, min. (1) o-Xylene,
(2) isopropanol, (3) butanol, and (4) samples untreated with
PBMA solution.

confirmed by Fig. 3 which suggests that the moisture
capacity of the CSSs impregnated with PBMA solu-
tions in o-xylene (a “good” solvent) is virtualy in-
variant along the sample height. This means that the
polymer is uniformly distributed over the sample.
At the same time, the samples impregnated with
PBMA solutions in butanol (a “bad” solvent) are
characterized by a much lower moisture capacity of
that segment of the sample through which impregna-
tion was performed, compared to that at the opposite
end. This suggests that the polymer is nonuniformly
distributed over the CSS height and is, most prob-
ably, concentrated primarily in the surface pores.
Evidently, the internal pores occurring in the middle
part of the sample remained unimpregnated with the
polymer. This is also confirmed by the fact that the
moisture capacity of the samples impregnated with
PBMA solutions in butanol significantly exceeds that
of the samples impregnated with PBMA solutions
in o-xylene.

In the case of impregnation of solid samples having
small pores, the difference in the rates of rising of
solutions in solvents with low and high solvency is
virtually leveled off (Fig. 4a). The polymer is uni-
formly distributed along the height of the samples
from both “bad” and “good” solvents (Fig. 4b). How-
ever, the degree of its penetration into the sample
from the o-xylene solution significantly decreases,
approaching that of the polymer penetrating from
solutions in “bad” solvents. Thus, in both cases the
polymer occurs in the surface pores of solids. Penetra-
tion of the polymer into sample pores is evidenced by
a significant decrease in the moisture capacity relative
to the untreated sample.

D v x 104 m mint
036 3 112
0.24F 2 40.8
0.12F / 404

4 8 PT 12 gy, Wt%

Fig. 5. (1) Optical density D of 2% PBMA solution and
(2, 3) rate of capillary rising of solutions v into (2) clay and
(3) chalk samples as functions of the water content ¢, in
mixtures with isopropanol. (PT) Precipitation threshold for
the polymer.
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When a precipitating agent is added to a “bad”
solvent for PBMA (e.g., water to isopropanol), the
macroglubules get contracted, and the solution be-
comes turbid. We found that, in this state, the rate of
impregnation of solid clay and chalk samples with
small pores sharply increases (Fig. 5). Decrease in the
rate of impregnation of the clay and sand samples
after passing the precipitation threshold can be ex-
plained by formation of large agglomerates from
adhering globules.

Thus, the penetrability of the pores of a solid with
large pores by the polymer can be increased by con-
verting the macroglobules into the swollen state. In
the case of samples with small pores, the globules
should be compressed to the maximal extent.

CONCLUSIONS

(1) In changing from good (o-xylene, toluene) to
bad (butanol, isopropanol) solvents, the rms distance
between the ends of the poly(butyl methacrylate)
molecule decreases by a factor of 1.5-2.

(2) Therate of the capillary rising of the poly(butyl
methacrylate) solution is higher, and the penetration
depth and uniformity of distribution of the polymer
within the bulk of a solid with large pores is
greater in the case of a swollen globule, i.e, that
penetrating from a good solvent.

(3) For samples with small pores, the impregna-
tion rate and uniformity of distribution of poly(butyl

methacrylate) along the sample height is independent
of the quality of the solvent: The polymer occurs in
the surface pores of the samples. Impregnation of the
samples with small pores sharply accelerates upon
contraction of poly(butyl methacrylate) globules.
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Abstract—The structure of samples of dextran polyaldehyde synthesized at various pH was studied by IR
and 13C NMR spectroscopy and PM3 semiempirical quantum-chemical method.

As shown previously [1], the structure of dextransolid samples were recorded on a Chemagnetic spec-
polyaldehyde (DPA) depends on the synthesis condtrometer operating at 74.7 MHz with magic angle
tions, in particular, pH value in oxidation of dextranspinning at 3.6 kHz. The spectra were interpreted
with sodium metaperiodate. Since DPA is used fousing the ACD software. The IR reflection spectra
production of polymeric drugs, its conformity to the were recorded on a PerkiBlmer Fourier spectro-
standards is one of the important conditions of synphotometer.
thesis. Therefore, the aim of this work was to study

the structure of the DPA samples described in [1] by, mg “we calculated quantum-chemically the enthal-
modern  physicochemical methods. pies of formation of structures-V, A¢HS, in a vacu-

It was suggested [24] that the DPA samples re- um at 0 K and determined the heat effects of mutual
covered from a solution with the certain pH can occutransformations of these forms, H (Table 1). Forl

To determine the energetically more favorable DPA

in various forms: andlV, the enthalpies of formatlon of their stereoiso-
mers lla, llb , and IVa-IVd were evaluated:
O/CHZ o _CH,
~ HC)_ O H,0 )_ R _CH, _CH,

HC HO / /I_O / /{_O
O OH CH
lla,llb  OH HO/ > HO™, >

HO / C HO /c
\
HO 'y H OH
2H,0
lla llb
CH2 CHz _CH,

CH
O/ 20 0
~ /HO 0
Ho/cl)H HC\ HO O Ho\. 1¢ HO
Il pgo OH IVa -lvd OH 0 0
IVa IVb

where | is aldehyde formJlla andIlb are aldoenol
forms, lll is hydrated form, andvVa-IvVd are hemi-
acetal forms.

Solid samples of DPAvere prepared by oxidation ~"Ho © -~ O
of dextran with sodium metaperiodate at pH from 2.78 HO
to 5.34 and isolated from the solution by the proce- 0 0
dure described in [1]. OH OH

Quantum-chemical evaluation of moleculed oV
were carried out by semlemplrlcal PM3 method using
the GAMESS software [5]. Thé3c NMR spectra of According to quantum-chemical calculations, in the
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Table 1. Enthalpies of formation of various DPA forms
A¢HS in a vacuum at 0 K and heat effects of their mutual

transformationsA, HY (results of PM3 calculations) O/CHz

~~ 5O
DPA AfHS, Transfor- AHS, -
form kJ mol?t mation kJ mol?t (|)| HE

I

| -830.645 |[I — I -9.167
lla -1053.632 i1 — il —-103.982 This is usually observed in spectra of carbohydrates
It ~1063.860 |l IV —/1.261 substituted in position 2, 3, or 4 [7]
1] -1382.723 [l > IV -32.721 13 T '
IVa -1125.954 According to the™°C NMR spectra, oxidation of
IVb ~1118.075 dextran proceeds across thé-C> and C-C* bonds,
Ve -1113.874 and there are no signals in the range 7827 ppm
Ivd -1116.407 corresponding to the signal of3C

gas phase hydrated DPA forrtis-IV are more favor-

The aldehyde form in the samples studied is ap-
parently absent, since in theC NMR spectra there

able than nonhydrated forin The most probable is are no signals in the region of 200 ppm characteristic
hydrated formlll, and the least probable, aldoenolof the -CHO group.

form llb. Among the considered hemiacetal struc-

tures, the most favorable ibva.
The 13C NMR data for DPA samples and the initial 122.1 and 122.7 ppm, respectively, corresponding to

In the spectra of the DPA sample prepared at
pH 2.78 and 4.88, there are signals in the region of

dextran are presented in Table 2. The lines in th&e Sli,ghal of € of aldoenolll; however, the signal
spectra of dextran were assigned according to pul®f C* in the region of 150 ppm is absent.
lished data [6, 7]. In the 13C NMR spectra of all the DPA samples

The numbering of the carbon atoms of monosacsynthesized in the pH range 27834, there are
charide units in the initial dextran and various formssignals in the range 87.9 and 9298.3 ppm,corre-
of its oxidation productsi-IV is presented below. sponding to the signals of<Cand ¢ of hydratedill

In the 13C NMR spectra of DPA samples, the sig-" NemiacetallV: forms,
nals of G—C® atoms are shifted upfield relative to  Thus, the'3C NMR spectra show that the DPA
the corresponding signals in the spectrum of dextrarsamples prepared at pH from 2.78 to 5.34 are mix-

Table 2. Assignment of signals in thé3C NMR spectra of dextran and DPA samples

13C chemical shift
Atomic % A . —
position calculated* for indicated form experiment at indicated pH
I I i v 2.78 3.00 4.88 5.34
ct 95+4 95+4 95+4 95+4 96.0 96.0 96.0 96.0
ct 103.72£3.1 | 150.45:13 96.05+8.2 95.4+7.6 101.1 101.4 101.4 100.8
c? 72.4+0.9 72.4+0.9 72.4+0.9 72.4+0.9 71.4 70.2 71.7 71.7
c? 196.88+8 119.73t8.5 89.6+2.1 90.83+3 87.9 87.9 87.9 87.6
122.1 144.4 122.7
ct 71.23+2.8 68.45+3.1 70.81+4.5 70.81+4.5 71.4 70.2 71.7 71.7
c* 199.83t2 94.72+7.8 94.87+7.5 98.76+4.9 92.7 924 92.7 93.3
co 73.13+1 71.76+3.1 71.7+£2.1 71.71+2.1 71.4 70.2 71.7 71.7
c® 81.95+0.8 74.19+11.3 77.65+10 77.01+10 80.4 80.7 80.4 80.7
ct 66.21+2.7 62.78+5.2 67.28+1.9 67.28+1.9 66.9 66.6 66.6 66.6
c® 58.81+4.6 | 60.99+2.1 60.72£2.4 60.72£2.4 58.8 66.6 58.8 58.8

* Calculated with the ACD software.
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tures of hemiacetal, hydrated, and (at pH 2.78 and CONCLUSIONS
4.88) aldoenol forms.

The IR reflection spectra were interpreted accord- 'Ejl)t' Dnext;adn pt?lyr?ldfhﬁi p5re3|21aredn:3ynsolrild-pk;gse
ing to published data [8]. In the IR spectra of all Oxi0ation of dextran at p ->4 contains no alde-

. hyde form| and exists predominantly in the form of
the DPA samples, the stretching modg€-C) and . .
v(C-0) of nonoxidized dextran ring were observed in? mixture of hydratedll and hemiacetalV' forms.
the range 9501080 cm 1 (2) The content of hydrated foriil in the sam-
The IR reflection spectra of the samples syn«mgsp()'_f' (1re(;<r't]2ar; g?lﬁldigéde decreases with increas-
thesized at pH 2.57, 2.78, 4.86, and 5.34 show that ' T
aldehyde form|, manifested as a sharp band at (3) Aldoenol formll is present in all the samples
1700 cmit, was present in small amounts only in thePrepared at pH 2.5%.34, and its content increases
samples prepared at pH 5.34. In the spectra of th&ith pH.
other DPA samples, the absorption bands in this range
are much less strong. In addition, water, which is REFERENCES

always present in polysaccharides, absorbs in th'@ Novikova, E.V., Tishchenko, E.V., lozep, AA., and

range, hampering determination of aldehyde groups Passet, B.V.Zh. Prikl. Khim, 2002, vol. 75, no. 6
by IR spectroscopy. pp. 1003-1006.

In all the samples, the absorption bands at 1610. Drobchenko, S.N., Isaeva-lvanova, L.S., Grachev, S.A.,
and 1500 cm'* were found, suggesting the presence of and Bondarev, G.NYysokomol. Soedin., Ser, B990,
aldoenol formll, whose content is maximal in the  vol. 32, no. 4, pp. 254258.
sample synthesized at pH 4.88. Certain decrease in tBe Drobchenko, S.N., Isaeva-lvanova, L.S., Kulintse-
intensity of these bands in the sample with pH 5.34 is va, L.V, et al, Vysokomol. Soedin., Ser., B991,
apparently due to a decrease in the total amount of vol. 33, no. 3, pp. 220224.
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The maximum content of hydrated fort is ob-
served in the sample prepared at pH 2.57. In its IFg
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Abstract—The effect of compounds extracted from herbs on oxidation of polyethylene glycol in aqueous
solutiuons was studied.

Polyethylene glycols (PEGs) of various molecularfree radicals in breakdown of hydroperoxy groups;
weights, which show no biological activity and areand «, yield of hydroperoxide based on the oxygen
not involved in metabolism, are used in drug andaken up.

cosmetic formulations [1]. In the course of oxidation, the rate of oxygen up-
Polymers based on ethylene oxide are characterizédke monotonically grows, reaches a maximum, and
by high concentration ofCH,— groups in which the then decreases (Fig. 1). A maximum or plateau in the
C-H bond is relatively labile owing to the presencetime dependence of the oxidation rate is due to attain-
of adjacent ether oxygen atoms. These substances anent, at certain instant, of a steady-state concentration
readily oxidized with atmospheric oxygen [2], which of hydroperoxide, primary oxidation product, whose
negatively affects the physiological and toxicologicalthermal decomposition results in branching of the
properties of drugs based on them. Therefore, PEGxidation kinetic chains [3]. As the temperature is
based systems should be stabilized against oxidatioalevated and the PEG content in solution is increased
Data on antioxidative stabilization of PEG aqueousrom 30 to 50%, the maximal oxidation ratg,,, and
solutions are lacking, which makes urgent the studiethe autoacceleration factor (Table 1), as expected,
of PEG oxidation in aqueous solution and the searcgrow. An increase in the oxygen partial pressure from
for optimal inhibitors (InH) of the polymer oxidation. 0.02 to 0.1 MPa has virtually no effect on the kinetics

Preliminary studies of the kinetics of oxygen up-
take with 30% solutions of PEG in water and chloro-
benzene showed that, in contrast to saturated hydro- 10
carbons and carbon-chain polymers, PEG is oxidized
at a high rate (> 10° molIts™) even at 76
90°C. In the initial steps, the oxidation develops with
autoacceleration, and the oxygen uptake grows in 6
proportion to time squared; the kinetic curves are
linearized in the parabolic coordinates (Fig. 1), which
corresponds to the known equation of polymer auto-
oxidation [3]:

A[O,]Y? x 107 [M] V x 10°, mol It st
2.0

1.0

oo k3 ke [RH]3
AO, = A Ll I R

8ke 40 80 t, min
. Fig. 1. Kinetic curves of PEG oxidation in water at-@) 90
where AO, is the amount of oxygen taken up by the 6) 80°C and oxygen pressure ofl,(3-5) 0.1 and

polymer; @, autoacceleration factok,, ks, and kg, (2) 0.02 MPa. A[O,]) amount of oxygen taken up by the
rate constants of chain propagation, branching, and polymer, ) oxidation rate, andt) time. PEG concentra-

termination, respectivelys, probability of escape of  tion, %: (1, 2, 4, 5) 30 and 8) 50.
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Table 1. Autoacceleration factor® and maximal oxida- which is less reactive in chain propagation and termi-
tion ratesVp,,, in oxidation of PEG solutions at 8¢  nation than nonsolvated RO

Despite relatively low reactivity in water of radi-
Conditions, inhibitor mq())n}loss'rz Xq%ﬁ—xllgoi' cals leading the oxidation chains, PEG is oxidized
much faster than hydrocarbons. For example, medical
No phenols added Vaseline oil is oxidized at a noticeable rate only above
30% PEG solution in water 200°C [5]. As inhibitors of PEG oxidation, we tested_
at T °C: p_henols_ frpm he_rb extracts. S_uch compounds _effl-
70 1.8 3 ciently inhibit oxidation of liquid hydrocarbons, in
80 31 3.7 particular, ethylbenzene [6], and are readily soluble in
90 75 16 aqueous systems, in contrast to traditional inhibitors
30% PEG solution in chloro- 8.3 25 of oxidation of nonpolar hydrocarbons (sterically
benzene hindered phenols, aromatic amines, etc.).
50% PEG solution in water| 7.0 57 The inhibiting power of phenolic antioxidants is
Solutions with 5x< 10 M phenols added usually evaluated by the rate constants of the reaction
Ethyl 3,4,5-trihydroxybenzoate 2.1 3.7
r1(;31ESCiTr:gB/droxybenzene (phlp- 1.9 3.7 RO, + PhOHk—7> ROOH + PhO,
4-Hydroxy-3,5-dimethoxyben- 1.0 1.3 . . . L
zoic acid (syringic acid) which are determined under conditions of initiated
2,3-Dihydroxyphenylpropenoid 0.67 0.90 oxidation at constant rate of generation of R@di-
acid (caffeic acid) cals. For the system under consideration, it seems im-

possible to determine the rate constéptof phenol-
inhibited oxidation of PEG experimentally, since
of oxygen uptake (Fig. 1). Our results show that oxi-autooxidation of PEG occurs even at relatively low
dation of the polymer in aqueous solution can be conemperatures (<?€), and even at high concentrations
sidered as a kinetically controlled degenerate brancheg an initiator, azobis(isobutyronitrile) (>41072 M),
process. the oxygen uptake occurs under conditions of mixed
Oxidation of PEG in aqueous solution is characterinitiation. This is indicated by the absence of linear
ized by lower® and V,,,, compared to oxidation in concentration dependences of the induction periods
chlorobenzene at the same temperature and polymef PEG oxidation in the presence of antioxidants. For
concentration (Fig. 1). This is due to solvation of PEGexample, the induction period in the kinetic curves of
[4]. A water molecule forms a hydrogen-bonded radithe oxygen uptake becomes longer on adding increas-

cal complex with a peroxy radical, ing amounts of syringic acid (Fig. 2a), but the=
f([InH]) dependence shows a pronounced curvature
RO, + H,O - ROO--HOH, (Fig. 2b) characteristic of phenol-inhibited oxidation

160
2F 80
4 L

_________ i . i 1 1 1

i/u T 4 8

20 60 100 t, min [SA] x 10°, M

Fig. 2. (a) Kinetic curves of oxygen uptake with 30% PEG solution in waterl1aB)( 75 and 4) 90°C in the presence of
(1-3) azobis(isobutyronitrile),4, 3) syringic acid, and4) a mixture of syringic acid with phloroglucinol; (b) induction period of
initiated oxidation of PEG as a function of syringic acid concentration [SHD4]) Amount of oxygen taken up by the polymer,
(1) induction period of oxidation, and)(time. (a) Inhibitor concentration, M2} 3 x 10> and @) 5 x 1073; (4) 70 : 30 ratio of
syringic acid to phloroglucinol at their total concentration ok 102 M.
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of polymers in the autoaccelerating mode [3]. There-
fore, the antioxidative performance of the phenols in
hand can be assessed only by the autoacceleration
factor and maximal autooxidation rate.

= 10 114 7

Experiments on the effect of herb phenols on the NE T“”
autooxidation kinetics revealed pronounced antioxida- 5 ]l =
tive power of these compounds with respect to PEG. = E
Addition of ethyl gallate, phloroglucinol, syringic & S
acid, and caffeic acid decreases the autoacceleration — © 112 C

factor. Furthermore, additions of carboxyl-containing

phenols considerably decrease the maximal oxidation
rate (Table 1). The phenols in hand can be ranked in ! I ! :
the following order with respect to the antioxidative 40 80 120 t, min

power: ethyl gallate < phloroglucinol < syringic acid < Fig. 3. (1-3) Variation with time of the concentration of
caffeic acid PEG hydroperoxide in the course of its decomposition in

the presence of 5103 M syringic acid; initial rate of the

As shown in [6], the same compounds are also hydroperoxide decomposition as a function of ti Ky-
effective antioxidants for ethylbenzene, which sug- droperoxide andd) syringic acid concentrations. Tempera-
gests that the stabilizing effect of phenols in polar tre,°C: (1) 57, @, 4, 5) 47, and §) 37. (V) Rate of hy-
and nonpolar media is similar. At the same time, data droperoxide decompositiong{) hydroperoxide or syringic
of [6] show that the antioxidative performance of the 3;"1"?]2”06””""“0”’%) hydroperoxide concentration, and
phenols in hand in aqueous solution is lower than in '
a nonpolar hydrocarbon medium. For example, iryic and caffeic acids, the hydroperoxide decomposes
oxidation of PEG and ethylbenzene in the presence Qf g rate exceeding 1® mol "1 s even at 37C.
syringic acid under similar experimental conditionsin the process, the kinetic curves of consumption of
(initiator concentration k 107° M, 75°C), the 60 min hydroperoxy groups are linearized in the coordinates
induction period of oxygen uptake is attained at theyf a second-order reaction with the correlation factor
inhibitor concentration of 5 10 and 1.5< 10~ M,  of 0.997 (Fig. 3). At the same time, the rate constant
respectively. The lower antioxidative performance Off the himolecular reaction, calculated at different ini-
the inhibitors in water may be due to solvation of bothtja| concentrations of the hydroperoxide and syringic
phenols and peroxy radical of the polymer [4].  acid (from 1x 103 to 1x 1072 M) in the temperature

The higher stabilizing performance of carboxyl-range 3757°C, takes different values depending on
containing phenols (syringic and caffeic acids) isfeactant concentrations (Table 2). This fact suggests
apparently, due to the fact that the antioxidants inhibithat decomposition of PEG hydroperoxide, apparently,
the PEG oxidation not only by reacting with peroxyoccurs via preliminary complexation and is described
radicals, but also by participating in some other reacby the general relationships of acid decomposition of
tions inhibiting the oxidation. The presence of an acidydroperoxides following the Michaelidenten
group in InH molecules suggests that such reactioscheme [7]:
may be decomposition of the primary products of the K Ky
polymer oxidation. It is known [4] that decomposition ROOH + H ?:e)_ ROOH:--H* —— H* + products.
of many organic hydroperoxides under the influence _ _ -
of Bransted acids yields molecular products (alcohols, In this case, the hydroperoxide decomposition rate
ketones, aldehydes, acids) incapable of leading th@t [ROOH] < [H'] is described by the equation
radical-chain oxidation process, which results in the N
reaction deceleration. _ KK J[ROOH]H"]

1+KJH™

To confirm the assumption that the antioxidative
effect of phenols containing acid groups is due to . . :
decomposl?tion of hydroperoxides effected by thesd/NeréKe is the complexation constant, akg is the
compounds, we examined the effect of inhibitors o &€ constant of hydroperoxide decomposition.
decomposition of the hydroperoxide derived from This equation shows that the hydroperoxide de-
PEG. We found that ethyl gallate and phloroglucinolcomposition is a first-order reaction with respect to
containing no COOH groups do not activate the hythe hydroperoxide, and the reaction order with respect
droperoxide decomposition. In the presence of syrinto the catalyst can vary from 0 to 1 dependingkn
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Table 2. Rate constantsk, of decomposition of PEG occurs without generation of active radicals [4], the
hydroperoxides (HP) in aqueous solution in the presence gshenols studied in this work probably decelerate vari-
syringic acid (SA) ous steps of PEG oxidation (chain propagation and

PR o branching). Addition to the polymer of compounds
kg x 10%, I mol™ s, at indicatedT, °C scavenging RQ radicals and decomposing hydroper-
¢, M oxides ensures simultaneously small length and small
37 47 o7 number of kinetic chains. As a result, both functional
[HP] = 5x10° M groups protect {—Jach other fr_om fast consumption gnd,
- acting in combination, provide prolonged protection
[SA] x 103, M: of the polymer [3], i.e., arfinternal synergisrhof the
1 1.4 2.2 13 functional groups of the stabilizer is observed. At the
3 - - 15 same time, enhancement of the antioxidative power of
5 1.6 2.8 1.6 such inhibitors is due to the fact that the functional
7 2.1 3.7 3.1 group that suppresses degenerate chain branching de-
10 3.3 8.7 5.8 creases the autoinitiation rate. As a result, syringic
[SA] = 5x10° M and caffeic acids exceed in the antioxidative power
[HP] x 10°, M: phloroglucinol and ethyl gallate.
1 0.28 0.28 0.75 When typical radical acceptors are introduced
3 0.48 1.1 - together with an inhibitor capable simultaneously of
5 1.4 3.2 3.0 interacting with R@ and decomposing hydroperox-
7 3.4 3.7 5.0 ides, the mutual effect of the stabilizers can be both
10 4.9 6.2 7.3 synergistic and antagonistic. For example, in the pres-

ence of mixtures of ethyl gallate or phloroglucinol
with syringic acid, the induction period in the kinetic

Since the integral method is insufficiently sensitive,res of the oxygen uptake increases (Fig. 2a). The

for reliable determination of the reaction order, Wey eatest stabilizing effect is attained on adding a mix-
calculated the reaction orders with respect t0 €acfire of phioroglucinol with syringic acid. In this case,

component using the LeGore differential method [8].gp jncrease in is accompanied by a decrease in the
We found that the dependence of the initial reactionyyiqation rate in deep steps. These effects are the

rate on the initial concentration of additives is Iinear-most pronounced at the component ratio from 30 : 70
ized in the IV = f(Inc) coordinates with the slopes {5 70 30.

of 0.8-1.2 for the hydroperoxide and 0.6 for syringic
acid (Fig. 3), i.e., therder with respect to the hydro-
peroxide is close to unity, and that with respect to the
catalyst is less than unity. Hence, indeed, PEG hydro- Our experiments were performed with pure grade
peroxides decompose in aqueous solutions in the Preseg H-(OCH,CH,) —OH, molecular weight 3000
ence of carboxy phenols via formation of a complexy cfased from Merck (Germany), mp_&°C, hy-
From the temperature dependence of the rate codroxyl number 3443, and with products of its auto-
stant of the reaction of syringic acid with PEG hy-oxidation at 120C containing hydroperoxy groups
droperoxide, we determined the reaction activatiolin concentrations of 0-11.1 x 1072 M. Decomposition
energy E,. The values of the rate constants aBg of the hydroperoxides was performed under argon at
(98 kJmof?) allow comparison of the activating 37-57°C. The inhibitors listed in Table 1 were used
effect of syringic acid with that of such effective without additional purification (Merck, chemically
catalysts of organic peroxide decomposition as, e.gpure grade). The content of ROOH groups was deter-
quaternary onium sallts,lfor whicky varies in the mined by iodometric titration. The rate of the oxygen
range 10"-10> I mol™~s™~, and the activation energy uptake at its partial pressure of 0.10 and 0.02 MPa
of decomposition of cumyl hydroperoxide is 74 was determined on an automatic Jaboratory unit with
95 kJ mol™~ (depending on cation) at a catalyst con-the sensitivity of 1.0« 10 mol It s7L.
centration of 0.1 M [9]. Thus, the carboxy phenols
studied in this work efficiently decompose hydroper-
oxides in aqueous solution.

Since decomposition of hydroperoxides in aqueous (1) The kinetics of oxygen uptake with polyethyl-
solutions in the presence of Brgnsted acids mainlgne glycol of molecular weight 3000 in aqueous solu-

EXPERIMENTAL

CONCLUSIONS
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tion at temperatures above°Mare typical of radical-
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3. Emanuel’, N.M. and Buchachenko, A.LKhimiches-

chain processes with degenerate chain branching.

(2) Carboxy phenols catalyze decomposition of

hydroperoxides in aqueous solution. The reactio

involves complexation of the reactants; the reaction
order is 1 with respect to the hydroperoxide and 0.6

with respect to the catalyst.

(3) Herb phenols decomposing hydroperoxides are

antioxidants of combined effect: They terminate kinet->-
ic chains of oxidation and simultaneously suppress

degenerate branching. As a result, these compounds

efficiently inhibit oxidation of polyethylene glycol in &
agueous solutions: The autoacceleration factor in oxi-

dation decreases by a factor of53 and the maximal

rate of the oxygen uptake by the polymer, by a factor7

of 3-4.
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Abstract—The effect of nitrosodurene as a source of stable nitroxyl radicals on radical copolymerization of
styrene with methyl methacrylate and butyl acrylate was studied.

An urgent problem of the polymer chemistry is methacrylate (MMA) and butyl acrylate (BA). On the
development of efficient methods for controlling theone hand, these monomers have similar relative activ-
growth of the polymeric chain with the aim to prepareities (r; = 0.52 andr, = 0.46 for the SFMMA pair;
macromolecular compounds of required structure anty = 0.76 andr, = 0.19 for the SFBA pair [11]) and
molecular weight, and hence with the required set ofiave an azeotropic point. On the other hand, réwssc-
properties [£5]. This goal can be accomplished, intivities of ST, BA, MMA, and the corresponding
particular, by the use of stable radicals or other activeropagating radicals are essentially different. In this
additives as chain-terminating agents. In polymerizaconnection, it is of both theoretical and applied inter-
tion of styrene, the most widely used chain-terminatest to study regular trends in copolymerization of
ing agents are stable nitroxyl radicals, e.g., 2,2,6,6hese monomers.
tetramethylpiperidinyl-1-oxyl (TEMPO) and its deriv-
atives [1, 3, 4, 6]. These agents are effective only at EXPERIMENTAL
elevated temperatures (10060°C). Therefore, to
perform controlled polymerization under the condi- The monomers were purified as described in [12]
tions similar to those of the industrial process, itby repeated washing with -50% alkali solution,
seems very promising to use, along with traditionalvashing with distilled water to neutral reaction, dry-
radical initiators, active additives generating stabléng over CaCj, and distillation at reduced pressure.
nitroxyl radicals directly in the polymerization system Nitrosodurene was prepared by the procedures de-
(in situ). Suitable additives for this purpose are nitrosascribed in [1315]. The physicochemical constants of
compounds and nitrones, which can react with polythe compounds agree with published data. The poly-
meric radicals to give sterically hindered nitroxyl spinmerization kinetics was monitored gravimetrically,
adducts acting as chain-terminating agents1{)]. dilatometrically [12], and thermographically [16]. The
The controllable mode is ensured in this case undesamples were prepared as follows: A monomer was
milder temperature conditions, similar to those ofplaced in glass ampules, degassed by three freeze
commercial synthesis of vinyl polymers (580°C). pumpthawfcycles, and pollymerized at ? residuarlll
. . Lo . . pressure of 1.3 Pa. Copolymerization of ST wit
e e e oA and of ST wih 64 was studed at the mono-
synthesis of copolymers under the conditions of radir <, molar ratios of 53 : 47 and 77 : 23, corresponding

yntnesis POly e ‘Yo the azeotropic compositions. The intrinsic viscosity
cal initiation, since copolyme_rlzanon _plays_a crumalof ST-MMA and ST-BA copolymers was determined
role in production of polymeric materials with preset;, ~vioroform by dilution at 25C [17]. The molec-
properties. ular-weight distribution (MWD) of STMMA and

In this work we studied how nitrosodurene (ND) ST-BA was analyzed by gel permeation chromatog-
as a source of stable nitroxyl radicals affects the radraphy (GPC) on an installation equipped with a set
cal copolymerization of styrene (ST) with methyl of five Styrogel columns with the pore diameter of

1070-4272/04/7701-01352004 MAIK “Nauka/Interperiodica
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1x10°, 3x 104 1x 104, 1 x 10°, and 250A (Waters, _
the United States). An R-403 differential refractometer Vv, % mirr !
(Waters) was used as detector; the eluent was tetra- 1.0F
hydrofuran. Close-cut polystyrene fractions were used

as references for calibration [18]. The molecular
weights of SFMMA and ST-BA copolymers was
calculated using polystyrene references. The composi-

tion of the copolymers was determined by IR (Spe-

cord 75 IR) and UV (PerkirElmer Lambda 25) spec-
troscopy. 0.2

The effect of ND on copolymerization of ST with : : : _
acrylic monomers was studied with azeotropic com- 100 200 300 T, min
positions, i.e., with monomer mixtures at which the Fig. 1. Differential kinetic curves of STMMA copolymer-
ratio of the monomeric units in the copolymer is equal ization in the presence of ND at 7D. Initiator AIBN,
to the initial monomer ratio [11]. The use of such 0.8 mol%. {) Polymerization rate andr) polymerization
mixtures allowed us to eliminate the possible effect time. ND concentration, mol %1f 0 and @) 0.2; the same
exerted by variation of the composition of the mono- " Fig- 2-

mer mixtures on the copolymerization Kinetics andyo, ¢ 92 mol% ND gives rise to a considerably
molecular-weight characteristics of the products. longer induction period~230 min) than in the ST

We found that addition of 0.2 mol % ND results in MMA system 40 min). The initial rate of the ST
total degeneration of the gel effect in SWIMA and BA copolymerization decreases under the influence
ST-BA copolymerizations. With ND, in contrast to of ND (relative to copolymerization in the presence
copolymerization in the presence of TEMPO as chainef AIBN) more significantly than that of the ST
terminating agent [6], the total reaction time increase#MA copolymerization (Table 1).

only sllg_htly._ This is illustrated by dlfferentlal CUVeS  gydy of the molecular-weight characteristics of the
shown_ in Fig. 1 for copol_ymerlzatlo_n.of ST with sT_MMA and ST-BA copolymers prepared shows
MMA, initiated with azobis(isobutyronitrile) (AIBN), that in the presence of ND, the intrinsic viscosity of
as example. the samples linearly grows with conversion (Figs. 2a,
The initial portions of the kinetic curves of homo- 2b). At the same time, the copolymers prepared in the
and copolymerization, plotted on the basis of dilatofresence of AIBN without addition of ND are charac-
metric data, show that introduction of ND in variousterized by spontaneous uncontrollable growth of the
concentrations causes appearance of an induction pelfitrinsic viscosity and molecular weighl with the
od (Table 1), which is due to reaction of ND with the conversion. The number-average molecular weights of
initiator radicals and macroradicals to form a stabldhe copolymers, calculated from the GPC data, also

chain: range in the case when the copolymers were prepared

Table 1. Kinetic characteristics of styrene homopolymeri-

CH; CH, CH; CH,
zation and copolymerization with MMA and BA in the
P. + N=O0 —— N_O. . presence of ND. Initiator AIBN, 0.8 mol %, 6C
\PM Induction vx 104
CH; CH, CH; CH,
)

Monomer |[AIBN] : [ND] period, min | mol It s

In homopolymerization of ST and its copolymer- ST 15805 ‘55 i-g
ization with MMA, additions of ND do not affect 1:01 ~120 15

significantly the initial reaction rate, and it remains e '
. Y 1:0.25 ~280 15

comparable with the copolymerization rate on AIBN .

. ST-MMA 1:0 - 1.7
(Table 1). It should be noted that, according to the 1:025 ~40 16
data obtained, the initial rate of SWIMA copolymer- g1 ga 1:0 _ 20
ization is controlled by the step of addition of ST to 1:0.25 ~230 1.2

the macroradical. In STIBA copolymerization, addi-
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0.3

40
Fig. 2. Intrinsic viscosityn of (a) StMMA and (b) ST-BA
copolymers as a function of conversion Initiator AIBN,
0.8 mol %; samples prepared at°T0

80

o, %

75 o, %

Fig. 3. Number-average molecular weigM of (1) ST-

MMA and (2) ST-BA copolymers as a function of conver-
Initiator AIBN, 0.8 mol %;
0.2 mol %; samples prepared at°@) the same for Fig. 4.

sion «.

Table 2. Molecular-weight characteristics of SMIMA
and STBA copolymers. Initiator AIBN, 0.8 mol %; sam-

ples prepared at 7C

ND concentration

[AIBN] : [ND] | P, % | M, x 103 M,, x 103 My /M,
ST-MMA copolymer*
1:0 78.1 75.0 1495 2.0
1:0.25 10.1 27.3 38.6 1.4
26.2 28.7 43.1 15
39.4 29.3 45.7 1.6
48.5 315 50.2 1.6
65.3 324 54.6 1.7
ST-BA copolymer*
1:0 81.4 67.5 176.0 2.6
1:0.25 7.9 34.7 52.5 15
8.9 33.8 54.9 1.6
61.0 43.5 70.0 1.6
82.7 51.4 94.2 1.8

Wi
0.16

0.08

0.08

4 5 6
log M

Fig. 4. MWD curves for samples of (a) SMMA and
(b) ST-BA copolymers. {V;) weight proportion of the frac-
tion and (log\) logarithm of the molecular weight. Con-
version, %: (a) {) 10.1, @) 26.2, @) 48.5, @) 65.3, and
(5) 81.8; (b) @ 7.9, @ 38.9, @ 61.0, and 4) 82.7.

in the presence of ND as chain-terminating agent
(Fig. 3).

Figures 4a and 4b show how the MWD of copoly-
mers prepared in the presence of the system-ND
AIBN at a fixed concentration of the nitroso com-
pound varies with conversion. It is seen that, with
increasing conversion, the mode steadily shifts toward
higher molecular weights and MWD becomes broader.
However, the polydispersity coefficients remain con-
siderably lower than those of the copolymers prepared
in the presence of AIBN without ND (Table 2). The
observed increase in the polydispersity of the polymer
prepared in the presence of ND may be due to occur-
rence of bimolecular chain termination, along with the
mechanism involving ND. As the ND concentration
in the system is relatively low, the probability of
dimerization of the propagating radicals seems to be

* The molecular weights of the copolymers were calculatedf@irly high, resulting in formation of thédead poly-
with the polystyrene reference.

mer and increased polydispersity.
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Table 3. Results of spectrophotometric determination ofwhere M, and M, are the molecules of the monomers,
the c_o_mpositions of SITMMA and _ST—BA copplymers. _MMA (or BA) and ST, respectively; Tis the nitroxyl
Conditions of copolymer synthesis: azeotropic composiradical generated by Eq. (1); B the propagating

tions; initiator AIBN, 0.8 mol %; 76C radical; ky; andky, are the rate constants of dissocia-
ST content, mol % tion of adducts T and BT, respectivelyk.; andk.,
[AIBN] : [ND] 8}0 are the rate constants of recombination of nitroxyl

IR spectroscopyUV spectroscopy radical T and macroradicalsjPand B, respectively;
K11 Koo, k1o @andkyq are the rate constants of chain
propagation (addition of the corresponding monomer

ST-MMA copolymer

1:0 9.2 54+2 57+4 i i
573 P 4624 to the corresponding macroradical).
93.0 53+2 4614

1:0.25 13.0 54+2 56+4 CONCLUSIONS
23.8 52+2 54+4
47.6 52+2 51+4

(1) Nitrosodurene as a source of stable nitroxyl

+ . . . . .
83.8 49+2 44+4 radicals acting as chain-terminating agents does not
ST-BA copolymer affect the composition of copolymers of styrene with

1:0 11.0 74+3 85+5 acrylic monomers.

27.2 74+3 83+5 _ - :

53.0 7243 80+5 ~ (2) Nitrosodurene can efficiently control the kinet-

66.2 69+3 7745 ic parameters of copolymerization of styrene with
1:0.25 13 72+3 79+5 butyl acrylate and methyl methacrylate at relatively

39 73+3 735 low temperatures (PC), similar to those used in

61 72+3 71£5 commercial synthesis of polymers.

83 73+3 69+5

(3) Addition of nitrosodurene to the polymeriza-

ion system results in degeneration of the gel effect,

The composition of the synthesized copolymers afitorm growth of the molecular weight of the co-
various conversions was studied by IR and UV spec

troscopy. At the molar ratio of the monomers ST “polymers, and shift of the molecular-weight distribu-
MMA = 53 : 47 and ST : BA = 77 : 23, under the con- tion curves toward higher molecular weights with

ditions of our experiments, the composition of the'Ncreasing conversion.

copolymer is similar to that of the starting mixture

(Table 3). Thus, ND as a source of stable nitroxyl ACKNOWLEDGMENTS
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Abstract—Grafting of octafluoropentyl acrylate to polycaproamide PCA-6 in the presencerbbutyl
hydroperoxide containing 0.81.33% fluorine was studied. The specific feature of radical grafting of the
polyfluorinated acrylate is participation of terminal groups of PCA-6 macromolecules.

Fluoro acrylates are grafted under conditions ophysicomechanical properties of the thread performed
plasma treatment to the surface of polycaproamidevery hour.
(PCA-6), enhancing its fire resistance [1]. Further- g f,0rine content in modified PCA-6 was deter-
more, the material modified with polyfluorinated com- inaq potentiometrically with an F-selective elec-
pounds acquires hydrophobic and dust-repelling profz,qe * For this purpose, the sample was catalytically
erties [2]. However, radical grafting of monomers top, mt'in an oxygen atmosphere, the combustion prod-
a polycaproamide thread decreases its strength [3, ‘ﬁcts were dissolved in distilled water, and the poten-

As polyfluorinated monomer we chose octafluoro-tial was measured. Then the pF value (pEleg[F]
pentyl acrylate H(CEKCF,),CH,OC(O)CH=CH, (1), [M]) corresponding to this potential was found from
which is prepared from octafluoropentyl alcohol [5],the calibration plot. The physicomechanical param-
a by-product in production of tetrafluoropropyl alco- eters of the initial and grafted thread samples were
hol used in CD production. We intended to developdetermined with an RM-3 machine.
a procedure alternative to that described in [1]. We be- Thermal decomposition of hydroperoxides results
lieved that radical grafting of to the PCA-6 surface i, generation of alkoxy and hydrox;l? radicals, which
in the presence of commercially available initiatorypoya ot 4 hydrogen atom from a substrate or add to
(CH3)3COOH (1) should occur under mild conditions o c—¢ gouble bond of an unsaturated compound [6].
and with a fairly high selectivity owing to the polar Experiments with model compounds [7, 8] showed

structure ofl, electrophilic character of the reaction of - _
radicals with polyfluorinated fragments, and nucleohat the hydrogen atom in theNH(CH,)sC(0)- frag

- . : . .ment is abstracted from the-position relative to the
22|Igcgperﬁep?£:geds g{)&olm@e&g‘r@gﬁgamcals and radiny group. The arising macroradictil subsequently

reacts with polyfluorooctyl acrylate (which is facili-
Our goal was grafting of polyfluorinated acryldte tated by the electrophilic character of the terminal
to the surface of PCA-6 thread under conditions offH, group) to form transition stat®/ . It is stabilized
minimal homopolymerization of the monomer andby the polyfluorinated ester group and by the terminal
preparation of the high-strength modified thread. NH group, which is associated with the ester group.
As a result, copolymeV¥!I is formed as final product:

EXPERIMENTAL (CH3)3C-0-OH —— (CHy),C-O + HO'

Acrylate | was prepared by the method described .
in [5]; bp 85°C at 40 mm Hgngo 1.3462,d5° 1.4460. CHz + CHC(O)CH,
Samples of polycaproamide (14.54 tex) thread-1.2 HHHH O HHHH O
1.5 m long, were placed in a 1% solution of hydroper-H\N R H
oxide Il in acrylatel (1: 75 excess of the monomer) H~ A H/N ’
and heated at 8C for 1-4 h, with the analysis for '
the fluorine content in the thread and determination of HHHHHH I YA HARA
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Variation of physicomechanical properties (data averaged

over five runs) of PCA-6 thread upon treatment with poly- HHH H O
fluorinated acrylatel H>N
H
. . Relative elonga; Elongation / H
Gtri?]‘temg Brlizlélng tion at break set o) CHHHHH |
' N (CHg;COOH, HOH N\ ./
% ~CH,),C00, —OH" /7 "\
0 9.1 14.4 4.6 (|3 H
1 9.4 16.5 6.6 F!
2 9.3 15.6 6.2 HC /F
3 9.3 14.0 5.5 c
4 9.7 21.8 8.7 v (CR)sH
o ) A specific feature of the observed grafting of poly-
R = (CHy)3C-O', CHs, "OH. fluorinated acrylate, in contrast to grafting of non-
fluorinated acrylates, is that the thread strength grows
Il + CH,=CH-C(O)OCH,(CF,CF,),H rather than decreases (see table).
HHHH O This trend may be due to the above-considered
H grafting mechanism involving terminal groups of
H/N PCA-6 macromolecules. The cyclic (due to associa-
| y tive interactions) structure of the forming terminal
i (H HH HH H groups suggests the possibility of stronger molecular
__)i CH orientation in the amorphous phase of the polymer,
i C " 2 which usually enhances the strength. The participation
i CH of the terminal groups in the radical grafting is sug-
0 VARN gested by the fact that grafting for 4 h does not result
¢ “F F in a significant increase in the fluorine content in
| | PCA-6 as compared to grafting for 2 h:
Q :
\CH/ \ Grafting time, h Fluorine content, %
2 (CF,),H
\Y, 2 0.87
3 1.19
HHHH O 4 1.33
H SN - .
H Another specific feature of grafting of acrylaiteo
i PCA-6 is that the homopolymer is not formed in sig-
V— | HCHHHHH nificant amounts under the grafting conditions (the
| | H starting monomer was isolated by vacuum distilla-
| CZF F v tion). This is due to active reactions of macroradicals
O=‘< \/C\/ [l with radicals generated from the polyfluorinated
O — CH, (CF,)H monomer, resulting in cross chain termination. This is

consistent with the data of [8] according to which the
localized with the participation of the ester group and2tiC Of the rate constants of polymeric chain propaga-
fluorine atoms. RadicaV participates in radical chain |ohn and ?haln .te”."'”a“?“ decrl]relased Ey a 1l‘actor of 2
transfer in reactions with the hydroperoxide and with"” ?n po yme;]lzatlon 0 m?t y melt acrylate was
water molecules associated with PCA-6. The reactio erformed in the presence of a model compound con-
of radicalV with a new molecule of the polyfluorinated aining an —NH(CHyp)sC(O)- fragment.

monomer can be prevented by shielding of the radical

In radical V, the unpaired electron density is de-

center with the difluoromethylene group, whereas CONCLUSION
hydroxyl-containing reagents (hydroperoxide, water),
associating with the fluorine atoms of the £&roup A specific feature of radical grafting of octafluoro-

and radical center, are effective chain-transfer agentpentyl acrylate to a polycaproamide thread in the pres-
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Abstract—A procedure was developed for graft polymerization of dimethylaminoethyl methacrylate onto
polycaproamide using a redox system whose components are added to the reaction mixture sequentially.
A scheme of radical graft polymerization of dimethylaminoethyl methacrylate onto polycaproamide was
suggested. The properties of the copolymers were studied. The materials based on modified polycaproamide
show promise as chemisorbents.

Purposeful modification of existing macromolecu-compound we used copper sulfate. The activated poly-
lar compounds is the most promising line in developcaproamide fiber is treated with a 20% DMAEMA
ment of a wide set of polymeric materials for varioussolution at 26-30°C for 60-120 min. After grafting
purposes. One of the main procedures for chemicalompletion, the fiber is washed to remove the mono-
modification of macromolecular compounds, includingmer and homopolymer by treatment with ethanol in
manmade fibers, is synthesis of graft copolymers o Soxhlet apparatus for 12 h, with subsequent drying.

appropriate composition. Graft polymerization allows o qrawhacks of this procedure are relatively low
wide variation of the chemical composition, structure ontent of the grafted polymer (no more than-40

and properties of polymers. Therefore, development Qfgoqy ang formation of an undesirable by-product,
highly efficient and environmentally sound processegpy\iAEMA (homopolymer), complicating the subse-

for production of graft copolymers derived from poly- ; - ; .
caproamide (PCA), one of the most abundant mar@ilé%gpg(;cgf;p gpglz/mgrigggz)r? nd decreasing the effi

made polymers, remains an urgent problem.
In araft polvmerizati to PCA. th | Our goal was to intensify the existing commercial
grait polymerization onto , _the Tregular ,atch process. To increase the amount of the grafted
structure of the polymer backbone remains intact [1] olymer and enhance the sorption capacity, we devel-

and the grafted polymer is distributed on the surfac . .
of the m%dified 1Ei)beyr which enhances the adhesive- ped a procedure for preparing graft copolymers with
i e CL?+—H202 redox system (with copper ions intro-

ness between the fibers and improves the efficiency d . _
uced in the form of aqueous copper sulfate solution).

the subsequent processing. . : . . .
_ i The fiber was activated in steps. First, the fiber per-
The commercially implemented procedure for pro-oyigized with atmospheric oxygen was treated with a
duction of graft copolymers of PCA with poly(di- copper sulfate solution, then hydrogen peroxide was

methylaminoethyl methacrylate) (PDMAEMA) in the gqded. and the fiber activation was continued.
form of KM-A1 chemisorption fiber using polycapro-

amide fiber peroxidized with atmospheric oxygen and
a solution of copper sulfate [2, 3] does not ensure EXPERIMENTAL
production of fibers with the sufficiently high sorption
capacity (1.6-1.5 mg-equiv gl); the degree of graft- The raw material was ready staple polycaproamide
ing does not exceed 230%. fiber. It is prepared from polycaproamide fiber pro-
. duction waste: substandard textile and cord threads

Another procedure for preparing a PCA graft co- - ) AN

polymer [4, 5] involves preliminary activatior? of the which are stored and, when accumulated in sufficient

polycaproamide fiber with a 0-:2% solution of hy- amounts (approximately every-2 months), are pro-

drogen peroxide in the presence of a copper Saﬁessed on a staple unit.

(10.2-10.4 wt % Cd"” relative to the reaction mixture)  To prepare the peroxidizelCA, the starting fiber
at 50-80°C for 30-60 min. As a copper-containing was treated for 5 h with hot (7C) air in a dryer.
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The same amount of hydroperoxy groups CL@t % fied fiber is higher than that attained previously [3, 5],
relative to the fiber) is formed in storage of PCA fiberin combination with published data on decomposition
in air for 60-120 days [6]. The latter procedure for of H,O, and hydroperoxy groups of PCA with vari-
preparing peroxidized fiber is more appropriate forable-valence metal ions, suggests that our activation
industrial conditions, as it involves no expendituresprocedure makes reactive not only the sections of
fand production of modified fibers is performed todaprA macromolecules containing hydroperoxy groups,
in the batch mode. but also the sections that remained unaffected by
The fiber peroxidized with atmospheric oxygenatmospheric oxygen. Such a result cannot be attained
was placed in a flask, and 0.08.05% (relative to the by introducing Ca* and H,0, simultaneously. In this
fiber weight) aqueous solution of copper sulfate wasase, the reaction primarily occurs between the com-
added at room temperature. Fifteen minutes later, goonents of the redox system, so that the sections of
aqueous HO, solution was added in amount corre-PCA molecules that contain no peroxy groups are not
sponding to the B, content of 0.20-0.25% relative activated.
to the fiber weight. The KO, solution was added in

portions over a period of 15 min at 1-min intervals; . .
the subsequent fiber activation was performed for 259€comMposition of the hydroperoxy groups of the fiber

30 min. The activated PCA was thoroughly washedVith generation of active macroradicals, and the sub-
with water to remove excess,B, and copper sulfate Seduént addition of bD, activates the sections of
and then squeezed. After that, it was treated with 209g'@cromolecules that contain no hydroperoxy groups.
aqueous DMAEMA in a temperature-controlled flask Thus, the amount of active centers in PCA capable
equipped with a reflux condenser for 280 min at of graft polymerization grows, resulting in increased
45-55°C. After grafting completion, the polymer was amount of the grafted polymer.

treated with ethanol in a Soxhlet apparatus to remove |, the case of sequential addition of the compo-
the monomer and homopolymer, dried, and weighethens of the redox system, the reaction will probably

The fact that the PDMAEMA content in the modi- follow the scheme

If the copper ions are added first, this induces

[-NHCH,(CH,),CO-], + O, — [-NHCH(CH,),CO],

OOH
OOH OO

[-NHCH(CH,),CO-] + Ct#*— Cu* + H* + [-NHCH(CH,),CO,,

OO

[—NHC|2H(CH2)4CO—]n — 0, + [-NHCH(CH,),CO.,

cut + [-NHCH(CH,),CO-], —> Cu?* + [-NHCH(CH,),CO-], + OH,

OOH )

OH

[-NHCH(CH,),CO1,, + [-NHCH,(CH,),CO-], —> [-NHCH(CH,),CO-], + [-NHCH(CH,),CO],,

C¥* + H,0, —> Cu" + 'OOH + H', Cu" + H,0, —> ‘OH + OH + Ci?*,
H,0, + 'OOH —> ‘OH + O, + H,0, Cu + OH —> C* + OH,
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Table 1. Static exchange capacity (SEC) of the RP@OMAEMA graft copolymer

Grafted PDMAEMA content, % SEC, mg-equivg dry fiber Tertiary nitrogen content, wt %
20 1.0 1.07
36 1.65 2.00
46 2.1 3.28
58 251 3.41
70 3.06 4.32

Table 2. Sorption power of fibers under dynamic conditions*

Mean time, h
Gas-air mixture
to breakthrough to saturation
gas H, % Cg P m=3 KM-A1 fiber KM-A1 fiber
HCI 82 100 12.37 14.23 13.07 15.03
HCI 82 250 3.45 5.97 3.58 6.12
HF 82 25 25.27 29.06 26.13 30.05
SG, 90 150 2.03 3.34 2.15 3.48

* (H) Humidity and (:g) gas concentration.
* 65-70% PDMAEMA.

[-NHCH,(CH,),CO-], + "OH — [-NHCH(CH,),CO-] + H.,0,

[-NHCH(CH,),CO-] + H,C=C-COO(CH,),N(CH;), —> [—NI-||_(|3_II-|(CH2)4CO—]n,

CHy

[HZC—(|Z(CH3)—]m :

COO(CH,),N(CH,),

Separate introduction of the components of the The chemisorption properties were evaluated by the
redox system increases the amount of the graftecapability of the ion exchanger to sorb acidic gases
polymer, so that it becomes feasible to reach the d¢HCI, SO,, HF) on passing the gaair mixture con-
sirable level of 6570%. taining these gases in varied concentraétlions3 th{ough

The content of PDMAEMA obtained by graft poly- the fibrous filter at a rate of 1.410™ m"s
merization was monitored gravimetrically and by the(0-5 n? ™). The characteristics of the sorption power

content of tertiary nitrogen, which was determined®f the material under dynamic conditions are given in
from variation of the amount of HCI consumed for 1@ble 2 in comparison with the data for filtering units
binding of tertiary nitrogen in the test samples. Thed™m KM-Al fiber (PDMAEMA content 20-25%).

results are listed in Table 1. Table 2 shows that, as the content of the grafted

To evaluate the performance of PCRDMAEMA polymer is increased to 6%8%, the sorption power
copolymers as chemisorption materials, we preparedfOWs, on the average, by 30%. The static exchange
filtering units from the modified polycaproamide fiber C@Pacity of the fiber prepared by our procedure~(65

. . 1
containing 6568% PDMAEMA by processing the /0% PDMAEMA) s as high as 2-8.2 mg-equiv g~
fiber into a needle-punctured material 1.2 cm thick, An important characteristic determining the per-
with the fiber packing density of 0.15 ¢ cth formance of a chemisorbent is variation of the static
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Table 3. Variation of properties of the modified polycaproamide fiber {68% PDMAEMA) in the course of service

Fiber
Parameter
initial after 20 sorptioaregeneration cyclgsafter 30 sorptioaregeneration cycles
SEC, mg-equiv gt 3.0 3.0 3.0
Tensile strength, cN tex 25.2 25.1 25.2
Wear resistance, cycles 29.2 29.2 29.0
Elongation at break, % 78 78 79

exchange capacity and mechanical properties in the (2) The chemisorbent obtained from the modified
sorption-desorption cycles. The chemisorbent wadiber shows high sorption power, high resistance to
regenerated with 2% aqueous NaOH solution. repeated regeneration, and long service life.

Table 3 shows that both the static exchange capac-
ity and the mechanical properties of the fiber remain REFERENCES
unchanged after 280 sorptionregeneration cycles,
i.e., the fiber shows high stability toward regeneratingl. Sugak, V.N.,Khim. Volokna 1998, no. 3, pp. 1013.
agents. 2. Zheltobryukhov, V.F. and Tatarnikov, M.Kizv. Vyssh.

Uchebn. Zaved., Tekhnol. Legk. Presti., 1985, no. 1,
CONCLUSIONS pp. 36-38.

(1) A promising procedure for preparing polycap-3- 'I_'atarnlkov, M.K., Zheltobryukhov, V.F., and Mo-
roamide poly(dimethylaminoethyl methacrylate) graft """ B-P., Khim. Volokna 1986, no. 6, pp. 3%6.
copolymer was suggested. The procedure involve4 Khardin, A.P._, Zheltobryukhov, V.F., and Tatarni-
sequential addition of the components of the redox kov, M.K., Khim. Volokna 1984, no. 3, pp. 334.
system; it ensures increased {86%) content of 5. Smirnova, N.V. and Gabrielyan, G.A<Chim. Volokna
poly(dimethylaminoethyl methacrylate) in the modi- 1995, no. 1, pp. 2730.
fied fiber and more efficient production of the chemi-6. zaikov, V.G., Druzhinina, T.V., and Gal'braikh, L.S.,
sorption fiber. Khim. Volokna 1992, no. 3, pp. 112.
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Abstract—Structurization in cellulose triacetate modified with trifluoroacetic acid vapor and its effect on
the optical activity are studied.

Liquid-crystal (LC) cellulose triacetate (CTA) pronounced as compared to that initiated by the same
solutions in trifluoroacetic acid (TFAA) are used for solvent added in the equivalent amount as liquid
preparing highly oriented films and fibers with im-[9, 11].
proved mechanical characteristics [1, 2]. The aniso-
tropic state is realized only at high (>25%) polymer
concentration [3, 4]. Preparation and processing o
such concentrated solutions are difficult because

By now, a great body of knowledge is gained on
ellulose and its esters as polymers with increased
hain rigidity, and there is a steady intense interest in

high Vi N of hic oh 51 Theref ese materials. However, the fact that cellulose ace-
igh viscosity of mesomorphic phases [5]. Thereforé,iag |ike many natural organic polymers, demon-

dev_elopment of new progesses'allowing fOfme}“O'? Oktrate the optical activity varying over a wide range
a highly ordered polymeric matrix through reallzatlon[7, 9, 11] was not given due attention in polymer

of LC state in the system CTAFAA is a topical  gagjgn. Our recent results showed that it is the optical

problem. asymmetry that could be the key point in designing
Previously we demonstrated that an oriented strugaolymers with desirable 3D structure [12], having not

ture in cellulose acetates could be obtained by exposnly preset, but even some unique characteristics [13].

ing the polymer to vapor of a solvent in which the ., 1141 e reported the effect of small TFAA addi-
polymer forms a lyotropic mesophase [6, 7]. In thiS;,ns on"the properties of concentrated cellulase-

case, orientational transformations manifest themt'ate solutions. In this work we studied the effect of
selves in, e.g., spontaneous elongation of aceta :

fibers [6], which can be attributed to transition of thetﬂ:AA vapor on the structure and optical activity of
X powdered CTA.
polymer-solvent system into the LC state [8], and
also in sustained induced optical anisotropy and de-
creased grain-boundary angle in acetate films [7], etc. EXPERIMENTAL
The effect of mesogenic vapor on the structure of _ o N
condensed (films, fibers) and powdered polymers ap- In the experiments we used the initial and _modlfled
peared to be identical: the samples are characterizé@mples of powdered CTA, and also solutions and

by abnormal sorption and swelling curves, not obeyfilms on its basis.
ing the_ Fick's law [9], and the intensity of their X-ray  \ye employed commercial wood CTA used for
diffraction peaks increases [10]. producing triacetate fiber (Khimvolokno JoiS8tock

It should be pointed out that exposure to vapor of &ompany, Engels, Russia). The characteristics of the
solvent capable of forming mesophases with cellulospolymer are as follows: granule size-8 mm, bulk
derivatives affects the optical activity of the cellulosedensity 1.28 g ¢, bound acetic acid content 61.2%,
esters, suggesting structural changes not only at thand viscosity-average molecular weight %.50% For
supramolecular, but also at the conformation levetlissolution of the samples we used the conventional
[7, 9, 11]. In this case, the effect of a solvent vapor orprocess solvent, a 90 : 10 mixture of methylene chlor-
the structure of a cellulose ester is considerably morigle with ethanol (both of analytically pure grade).
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The bulk polymer was modified by isobaric-iso-

thermal exposure to a solvent vapor at35°C in a A wt % In [=In (1 = ¢or)] (b)
hermetically sealed vessel partly filled with a solvent. , WL (@) 0
As a sorbate we used the dipolar amphiprotic solvent, 8 5 -1 /
trifluoroacetic acid (analytically pure grade) [15]. Cel-
lulose triacetate was placed on a 2-mm sieve arranged ‘21.0 15 2.0
5 cm above the solvent table. The vapor uptake was In T [min]
determined gravimetrically on a WT torsion balance 4
to within 0.0002 g. The TFAA uptake varied from
0.5 to 100 wt %. The samples of the polymer were
taken as it was saturated with the solvent vapor.

The optical rotation of 0.5 gt solutions of the L2 4, , 67(2, 3), min
initial and modified CTA samples was measured to 60 120 (1), min

within 0.04& on an SM-2 circular polarimeter at _ _
Ana = 589 nm and 2%C [16]. The light source was Fig. 1. Kinetic curves of TFAA vapor sorption/desorption
a DNAS18-04-2 lamp. on CTA: (a): (1) sorption at 8C, (2) _sorptlon at 20C, and
(3) desorption at 2®C; (b) descending branch of cunde
The polymer films were prepared from 7 wt % plotted in the coordinates of the Avrami equatioA) Up-
solutions by coating onto a preliminarily degreased take of TFAA vapor, () time, and (1- ¢q,) fraction of
smooth glass surface in a dust-controlled box. Forma- disordered polymer.

tion was carried out at room temperature and the same , . L .
solvent removal rate for all the samples. The film_ !t iS known that abnormal kinetics of sorption may

thickness was measured with a TIB-2 thickness gaugltée caused by various factors, including structural
to be 100-150 um. The strength [tensile strength ransformations occurring in the polymer matrix in the

MPa)] and elastic properties [elongation at brealfOurse of diffusion of a low-molecular-weight com-
gb (%))]] of the CTA fiPmspwere dEetern?ined to within Ponent [17, 18]. To elucidate structural transforma-

3% on a 2148R-5 tensile-testing machine according tHONS IN CTA, initiated by uptake of TFAA vapor, the
GOST (State Standard) 17378l escending branch of the kinetic curve of swelling

_ . _ (Fig. 1a, curvel) was plotted in the coordinates of
Differential thermal analysis was performed overthe Avrami equation (Fig. 1b) [17]. The parameter
the temperature range 20@00°C on a DSC-D differ- n characterizing the structurization mechanism in the
ential scanning microcalorimeter at a heating rate 0§0|ymer_so|vent system was estimated from this
8 deg min® with calcined alumina as a reference.equation to be 1.4, suggesting that some orientational
The peak positions were registered to withiith  transformations occur in the polymer matrix in the
a KSP-4 logger at a paper speed of 720 mm™in presence of TFAA. Similar results were obtained by
X-ray diffraction patterns were obtained on aazizov and Sadykova [19] for the system cellulose
DRON-3 diffractometer (€, radiation) over the acetatenitromethane, which, like TFAA, is a meso-
range ®» = 5°-30°. genic solvent for cellulose acetates. They suggested

Previously we demonstrated [9] that sorption ono!rientation of the macromolecules_ in_the course of
cellulose acetates of vapor of specific solvents capabRitromethane vapor uptake, resulting in modification
of forming lyotropic mesophases with the polymersof the initial polymer structure. Furthermore, they
does not obey the Fick’s law. Also the system GTA presented abnormal swelling curves similar to those
TFAA vapor is characterized by abnormal Swe”ingOb'talned in this work. These curves We_r_e lnte_rpreted
curves (Fig. 1a). At low temperatures, the kineticusing the concept of structural transitions in the
curves of sorption pass through extrema (cutyeand ~ System cellulose acetatgtromethane proposed by
at room temperature, they are S-shaped (cuzye Us in [6].

High sorption capacity of CTA for TFAA vapor does  Comparison of two systems (cellulose acetate
not allow equilibrium saturation to be attained even ahitromethane and CTATFAA) appears to be logical,
lowered temperature; swelling is unrestricted and isis both systems form lyotropic mesophases [3] under
followed by polymer dissolution. Over the entire similar conditions [1, 20]. In both systems, formation
experimental temperature range we observed a sorpf anisotropic structures follows the initial gelation
tion/desorption hysteresis. Desorption proceeds g4, 21]. In both systems, an alteration of the optical
a higher rate, and the desorption curve (cu8yés no activity of a cellulose ester was observed [7, 9] as
longer abnormal, lying under the swelling curve. well as initiation of orientational processes accom-
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a complex process involving not only a break of inter-

molecular bonds, but also simultaneous interaction of

1001 s 120 the solvent with functional groups (specific solvation).

-1 Since the sorption capacity of cellulose acetates for

- t I TFAA is considerably higher than that for nitrometh-
)

o, MPa €p, %0

15 ane, the first of the indicated processes in the system
CTA-TFAA vapor can be realized separately only at
low temperatures or in a short time corresponding to

- n the uptake of a small amount of the solvent. There-

t fore, the S-shaped curve obtained aPQQFig. 1a,

60 n curve?2) is a resultant of the structurization and solva-

i tion processes. Nevertheless, the inflection points in

\ . pn . : ; .
i 3 530 100 A wt % the swelling curve, the sorption/desorption hysteresis

80

o e
1

(curve 3), and the induced optical anisotropy observed
Fig. 2. (1) Tensile strengtl; and @) elongation at break;, previously [7] in acetate films-all these findings
of CTA films as functions of theTFAA uptake A. suggest dominating structurization in the system with

. _ _ formation of a more ordered polymer matrix.
panied by considerable improvement of the mechani-

cal characteristics [2, 22]. Finally, both nitromethane [N further experiments, modified CTA samples
and TFAA have an active polar group, high dipoleWeré obtained by exposure to TFAA vapor at room
moments, and similar Hildebrand solubility param_temperature. It should be pointed out that CTA sam-

eters [15, 23]. All the aforesaid allow expansion of theP!€S after uptake of less that 105 wt % of TFAA
concept proposed in [9] to the system CTAAA did not differ in their appearance from the initial poly-

vapor. Thus, TFAA vapor uptake modifies the CcTAMer, in contrast to the case of uptake of 50 wt % of
structure. The extrema or inflection points in theTFAA and more. In the latter cases, the samples re-

kinetic curves (Fig. 1a) reflect alterations in the swell-gg?jsgrtzd whr:?cr;:yreg?jri]lcefrc])t:r?]tgg1thtirnar|1asp:r§r:)tr’1 gﬁggr_e
ing mechanism. Let us analyze curle Note first ' Y y

. . ing or putting pressure with an object-plate. Such sys-
it e ot et CTA U0, 203 e B v s s o

. . demonstrating an iridescent fluorescence.
despite the predominance of the acetate groups In
the glucopyranose units over the hydroxy groups [24]. From modified CTA, we formed films. As eefer-
The initial stage of polymer swelling (uptake of theence we used a film formed from unmodified CTA.
first portions of TFAA in amount of no more than Experiments showed that structural transformations
6-8 wt %) involves a break of the intermolecularinduced by TFAA uptake had a strong effect on the
H bonds. In this case, nonassociated macromoleculggechanical characteristics of the polymer films
by virtue of their intrinsic rigidity and thanks to the (Fig. 2). The tensile strengte;, and elongation at
newly realized flexibility, tend to take thermodynam-Préak e, of modified CTA films were considerably
ically favorable straightened conformations. SucHlgher than those of the reference. As the amount of
a self-orientation results in compaction of the polyme@bSorbed TFAA increased to about 3 wt %, the mech-

chains and, correspondingly, in partial desorption oftflical characteristics increased, approaching maximal
the solvent, as demonstrated by the decline in carve values. Further increase in the extent of modification

Further uptake proceeds in the already modified polyl® > 3 Wt %) no longer affecteds; andey, For the

: : : films formed from CTA after uptake of 50 and
mer and is followed by CTA dissolution. The plateau100 Wt% of TFAA, we observed certain decrease

in the curve could be referred to the equilibrium of: &, as compared 1o the films with from about 3 to
i t
these two processes. Uptake of the first small amoun Wi %, buts,, was found to be higher in the TFAA-

of TFAA vapor results in degradation of the system of”.

intermolecular contacts restraining the macrochairé'tcrznf'![?Séngoe%%araet?orfoa:h; egekfe(;?nsfc’ht.?le: A}iﬂ?&'ﬁ
flexibility. At the same time, the system of intra- 9 9

i I [) -
molecular hydrogen bonds responsible for high rigid]cIImS are higher by 3640 and 200220%, respec

: : ) tively. In the films with TFFA uptake of 35 wt %,
ity of the macromolecules is retained. All these factorsl.he maximalo, and g, values are higher by 65 and

]‘:"HOW ';[_he m?cromolehcules t°3b68 oriented [6, 9] Up 105094, " respectively. These are somewhat unexpected
ormation of mesophases [3, 8]. results, since increasing strength of films mostly
Swelling of a polymer in a solvent vapor is mostly results in decreasing elasticity, and vice versa. How-
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ever, we also observed similar increase in the strength

and elastic characteristics in acetate fibers prepared 1 @
from the polymer modified with TFAA vapor under
the same conditions [25]. In this case, the TFAA
uptake of 23 wt % was sufficient to reach the maxi-
mal tensile strength and elongation at break.
The results show that mechanical characteristics of
the films correlate with structural transformations in
the polymer. These characteristics increase with up-
take of small (up to 34 wt %) amounts of the solvent
vapor, which corresponds to orientational transfor- 3
mations of the macromolecules (Fig. 1, section of
1 1
10 2 3

J)r
W

curve 2 extending to the inflection point). Note that 2

similar trends were observed in the system cellulose
diacetatenitromethane [25]. It may be suggested that N
simultaneous increases #} and ey in the modified ‘ 0
CTA films are caused by the formation of highly 20, deg
ordered domains in the polymer matrix, which, on the AT (b)

1

Jr
W

1

0

one hand, favors increase in the strength and, on the
other hand, does not prevent from increase in the
elasticity of a film, as such domains do not form a

continuous oriented matrix. \\//\\'//

J)r

3

The orientational effect of TFAA on the CTA
structure was also supported by direct structural meth-
ods. Figure 3a shows the X-ray diffraction patterns of
the triacetate films. For the modified CTA films, the !
intensity and area of the peak aé Z 20°-21° in- 270 330 390
crease, and those of the peak at-2l1° decrease. In T,°C
this case, the totarea of the peaks decreases against Fig. 3. (a) X-ray diffraction patterns and (b) DTA curves of
the reference, giving an additional evidence in favor fT”%AS fclmiaﬁ?] greie;igcg \f‘vrt“gﬂz@Fi)AT'ieAggt’isg'@docﬁ
of the fact that structural transformations occurring in tensity, () Bragg angle. T) temperature, andAT) differ-
the polymer matrix unde_r the_ effect of TFAA vapor ence in the temperature of the test and reference samples.
do not prevent from orientation of the macromole-
cules, but hinder crystallization of the polymer. Note 1 3 5 50 A wt%
also that the modified samples are characterized by a - 1T
higher (by 15C) decomposition temperature (Fig. 3b).

It is well known that natural polysaccharides, —100
among them cellulose, are optically active. Previously
we demonstrated [9, 11] that exposure of cellulose
acetates to vapor of a solvent, capable of forming 200}
lyotropic mesophases with these polymers, produces [0]23C  deg
strong effects on both their structure and optical activ- Fig. 4. Specific optical rotationd]2%C. _of CTA solutions
ity. The S_peCIfIC optical rotatlorjqi] a_lppeared to b.e in é rﬁixture of methylene chlori?jgeSgrr?d ethanol as a func-
changed in the course of modification of CTA with i, of TFAA uptake A

TFAA vapor.
The unmodified CTA dissolved in a mixture of Note that the observed dependence of the specific

methylene chloride and ethanol has a negatiug [ optical rotation of CTA in the process solvent on _the
(-50°, Fig. 4). The absoluted] values of modified TFAA uptake (Fig. 4) is similar to the concentration
samples are considerably higher. With increasingependence ofo] of CTA in TFAA, which was ob-
TFAA uptake, p] decreases below20®, which is tained by Meeten and Navard in studying the forma-
higher in the absolute value by a factor of 4 than thation of mesophases in this system [4]. It was demon-
of the unmodified sample. strated in the cited work that, with increasing CTA
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concentration in TFAA, the negativex] decreases
until the anisotropic transition. In other systems cellu-
lose acetatemesogenic solvent,

SHIPOVSKAYA et al.
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Finally, our results show that a strong increase in
[a] is typical of the CTA samples modified with small
(<3 wt %) amounts of the sorbate vapor (Fig. 4). It
is the uptake of such a small amount of TFAA that 1
produces the essential structural transformations
(Fig. 1) and improvement of the mechanical character-
istics of the films (Fig. 2). It is known that the optical
rotation in cellulose esters is controlled by their 3.
molecular structure [16], particularly, by the presence
of chiral centers in the glucopyranose units and their4.
spatial arrangement, which, in turn, promotes strong
inter- and intramolecular hydrogen bonding, and, 5.
finally, by the conformation of macromolecules. Up-
take of small amount of TFAA initiates a break of 6.
intermolecular, but not intramolecular H bonds,
providing, as suggested in [3], optimal conditions for 7.
highly oriented LC structures to be realized on the
basis of cellulose and its derivatives. Furthermore,
such an uptake promotes spatial rearrangements in thg
macromolecules or other structural subunits, strongly
changing the optical activity of the polymer. Maybe o
this is one of the necessary conditions for transition of
an optically active polymeric system into LC state.
Further uptake of TFAA vapor proceeds with the
already modified polymer, which is accompanied by
solvation of unbound functional groups. In this case,
the induced ¢&] no longer changes significantly.
Similar interrelation between the optical activity andq;
structural ordering was observed also for other natural
polymers, e.g., collagen and gelatin [26, 27]. 12.

CONCLUSIONS

(1) Modification of cellulose triacetate with tri-
fluoroacetic acid vapor as a mesogenic agent for cel-
lulose derivatives opens the door for directed designs.
of polymers with not only highly ordered, but also 14.
even differently organized 3D structure. It is of par-
ticular importance that the maximal effects on the
structure and optical activity are attained at low TFAA g
uptake.

(2) The fact that the performance characteristics of6.
the modified cellulose triacetate films are determined
by the specific features of thénduced 3D structure 17.
of the ester allows preparation of materials with a
controlled structure and desired properties.
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Abstract—Flash pyrolysis of oil shales and distribution of the organic matter in the volatile products and solid
residue at various pyrolysis temperatures were studied. The concentrations of aliphatic hydrocarbons and
naphthenes + arenes in the volatile products were determined.

Inevitable exhaustion of traditional power resourcesvherem,, m;, andn are the initial, intermediate, and
calls for a search for new sources of hydrocarbon radinal sample weights, respectively (md;is the rate
materials. Among materials showing promise in thisconstant, min’; andx is the degree of decomposition.
respect are oil shales [1]. Since

The assortment of substances produced by shale )
processing includes tens of items, without taking into dink/dT = E/RT?,
account wastes that can be processed. From the view- _ _
point of energy production, the most important com-and, for first-order reactions(x) = 1 - x, Eq. (2) can
ponent of shale oils is the organic matter; its base i8¢ Written as follows:
kerogen. Kerogen is mainly recovered from the inor- & dT
ganic matrix by pyrolysis. Alternative procedures o |
(extraction, biochemical methods) are less suitable for daT dv Aexp CERT(L - ), @
commercial application [2].

Pyrolytic decomposition of oil shale kerogen in-

volves a set of parallel and consecutive reactions dx
following the scheme e (A/b) exp E/RT)(1 - x), (5)

or

kg : ko
Kerogenm gas, bltumenm gas, tar, coke, (1) where b = dT/dx.
Integration of Eq. (5) gives
wherek, andk, are the rate constants, min E; and
E, are the activation energies, kJ mbl and A; and In{[(E + 2RT)/TAIn[L/(1 - X)]} = In(ARb) - E/RT. (6)
A, are the preexponential terms (mih of the corre-

sponding reactions. This equation is the Cheiuttall equation [4]. The

Ballice et al. studied decomposition of kerogen Kinetic parameters of oil shale decomposition can be
thermogravimetrically [3] and concluded that thedetermined by the CoaiRedfern graphical method
process occurs in two steps: decomposition of kerogel®]- The activation energy can be determined from the
proper at 300375°C and secondary decompositionSIOD@ of the straight line plotted in the coordinates

and condensation processes at -&FC. In[-In(@-X)/T% vs. 1T [3].
The kinetics of thermal decomposition of kerogen In this work, to evaluate the kinetic parameters of
is described by a first-order equation decomposition of oil shales from the Dzhangichai
deposit, we used a combination of the above methods.
dx/dr = kf(x), 2) From the values ok [Eq. (3)] for definite tempera-
tures, we calculate& by the CoatsRedfern method.
X = M, 3) These values oE were substituted in Eg. (6), and the
my — My preexponential term was determined.

1070-4272/04/7701-015242004 MAIK “Nauka/Interperiodica
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EXPERIMENTAL Table 1. Elemental analysis and Fischer analysis of oil
shales

The Fischer analysis was performed on a standard
installation by the ISO-647 procedure [6]. The ele- Component Content, wt %
mental analysis of the initial shales and of the tar and n
residue formed from them was performed according to Initial shales
[7] on an LECO CHNS-932 apparatus. The results ar®loisture 2.8
listed in Table 1. Total carbon 21.93

Samples of oil shales were finely divided in aargamc carbon 2g_57>g
laboratory mill prior to flash pyrolysis. The fraction y 0.92
with the particle size less than 0.1 mm was taken fof gt sulfur 3.24
the experiments; it was dried in a nitrogen atmosphergganic sulfur 1.2

at 105C to constant weight.

. ) . Fischer analysis
The scheme of the experimental installation forTar 14.75
flash pyrolysis is shown in Fig. 1. A reactor, 120 cm '

high and 5 cm i.d., is made from stainless steel o Oallitcelrr;rsoigwuedecomposmon 7?'_22
grade 316. The dosing unit is arranged in the UppPegas + loss, including: 11.09
part of the reactor. The temperature of the pyrolysis co 3.43
zone in the lower part of the reactor is controlled with  co, 14.51
a digital temperature-control unit. The solid residue is CH, 45.46
collected on the metallic filter arranged in the lower C,-C, 3.6

part of the pyrolysis zone. The middle part of the

. El tal lysis of t
reactor was kept at 30Q for the sample preheating. emental analysis ot tar

To prevent condensation of high-molecular-weight 77.46
hydrocarbons in a flow of decomposition products, the N 1%‘31
sampling unit arranged after the pyrolysis zone was 153
kept at 200C. Nickel-chromium thermocouples were '
used for controlling and measuring the temperatures in Elemental analysis of residue
the heated zones of the reactor. C 17.76
In flash pyrolysis, shale samples were placed in theH 1.07
sample inlet unit. Pyrolysis was performed in a nitro- S 91.?12

gen flow (80 ml mint) at 450, 500, 550, 600, and
650°C. After attainment of the required temperatures

in all the heated zones, the shale sample was inpgeC, 2 min; heating at a rate of 10 deg mirto 25°C;
into the pyrolysis zone by turning the arm of the sam25°C, 1 min; heating at a rate of 10 deg mnto
ple inlet unit. The reference, 0.507 vol % neopentan@8*C; 28C°C, 3 min.

:Qté\lﬁ’lgvﬁsv\;né;()drggiitzt ?)i::ovngl;for%f tt21?e mIrTI sis The mixture components were identified with a
P going pyroly computer by comparing the retention times with the

zone. Samples of products leaving the reactor Werg i~ stored in the memory
taken into evacuated glass ampules. The sampling ' _ )
procedure and chromatographic analysis of the multi- For each temperature, we determined the weight of

component vapegas mixture are described in [8]. the solid residue, treated it with 5 M HCI, washed

with water on a filter to neutral reaction for chloride

The pyrolysis products were analyzed on a Hewjqng anq dried to constant weight at 05 The solid

lett-Packard HP 6890 capillary gas chromatograpfigsique free of mineral carbon was analyzed for C and
equipped W|th a flame-ionization detect(_)r. A 100xm_ H on an LECO CHNS-932 apparatus [7]. The yield

0.25 mm capillary column was coated with methyl sil-of yg|atiles was determined as the weight loss of the
icone OV-1. The carrier gas was hydrogen, flow rat&ample dry matter. The degree of decomposition of

1
25 mimin=. The detector temperature was 380 the organic matteiX (wt%) was determined by the
and the injector temperature, 280 The column tem-  formula

perature schedule was as follows80°C, 5 min;
heating at a rate of 30 deg minto —30°C; —30°C, X = (G, -G5) 100 @)
1.5 min; heating at a rate of 25 deg minto 0°C; G (B/100)
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Fig. 1. Scheme of experimental installatiorf) (carrier gas,
(2) sample inlet unit, § preheating zone,4§ pyrolysis
zone, B) metallic filter, 6) reference (0.507 wt % neopen-
tane in N), (7) outlet of vaporgas mixture, §) evacuated
glass ampule,9) pressure gage,10) unit for dosing the
substance to be pyrolyzedll) temperature measurement
and control unit, 12) temperature measurement unit, and
(13) volume measurement unit.

v, mg C mirt

5 10 15 7, min

Fig. 2. Rate of conversion of kerogen organic carboas
a function of timert. Pyrolysis temperature’C: (1) 450,
(2) 500, @) 550, @) 600, and %) 650.

whereG; is the weight of a dry shale sample, @,
weight of the solid residue obtained, g; aBdorganic
substance content in the shale, wt %.

o, Wt %
80F gy
i EZ =
cof mm3 = =
o

20F

N

N\

\

450 500 550 600 650 T, °C

Fig. 3. Yield of hydrocarbonsx as a function of pyrolysis
temperatureT: (1) alkanes, 2) alkenes, and J) naph-
thenes + arenes.
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Fig. 4. Distribution of organic carbon: o yield and
(T) temperature. 1) Volatiles and ) solid residue.

in the temperature range 30000°C at a heating rate
of 5 deg min™.

At all the temperatures studied, the products are
formed at a maximal rate (Fig. 2) within the first
minutes, after which the rate decreases, which may be
due to a decrease in the concentration of the initial
organic matter of shale and occurrence of slow reac-
tions of secondary decomposition. Integration of the
kinetic curves allowed determination of the amounts
of products that could be analyzed by our procedure.
Figure 3 shows that the major products are alkanes
and olefins. As the pyrolysis temperature is increased,
the yield of alkanes grows, the yield of alkenes passes
through a maximum at 55C, and the amount of
naphthenes + arenes varies insignificantly.

The yield of volatiles determined as the dry matter
weight loss for each temperature was used to evaluate
the degree of decomposition of the shale organic
matter by formula (7). Figure 4 shows that, with in-

Thermogravimetric study was performed with acreasing pyrolysis temperature, the total yield of vola-

Netzsch apparatus in a nitrogen flow (15 ml ifin

tiles increases, reaches a maximum at®&85&nd then
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Table 2. Characteristics of the solid residue and composition of volatiles

Pyrolysis temperature, Solid pyrolysis residue Aliphatic hydrocarbons in volatiles,
c C, wt% H, wt % C/H atomic ratio wt %
450 9.62 0.66 1.21 31.5
500 9.24 0.63 1.22 324
550 7.89 0.49 1.43 35.2
600 8.01 0.45 1.54 42.1
650 8.27 0.40 1.72 45.3

slightly decreases. At higher temperatures, the volandary E,) reactions are 13.95 and 29.86 kJ ol
tiles get enriched in aliphatic hydrocarbons. Whereasespectively. The calculated activation energies were
at 450C aliphatic hydrocarbons make up 31.5 wt %used to determine the preexponential terms for the
of volatiles, at 650C their content reaches 45.3 wt % primary (A;) and secondaryA;) reactions by formu-
(Table 2). Apparently, elevated temperatures promotg, (6): 0.21 and 4.58 miit, respectively.

condensation, as evidenced by the C/H ratio in the L\ "\ o oo oo of the kerogen de-
solid residue. Table 2 shows that, as the pyrolysis 9% 9

temperature is increased from 450 to 850the C/H composition suggests that the primary decomposition

ratio increases by a factor of almost 1.5. reactions yielding bitumen (pyrolysis tar) and gases
involve cleavage of relatively weak chemical bonds in

The TGA data (Fig. 5) show that the weight lossthe shale organic matter. The decomposition and con-
occurs in four steps. Moisture is removed at £20 densation of primary pyrolysis products occur with a
200°C. The peak at 44C is assigned to pyrolysis of higher activation energyE, at temperatures above
kerogen. The weight loss at 52D is due to secondary 38(°C, yielding the final decomposition products.
decomposition and condensation of the heavy fraction

of kerogen decomposition products. The weight loss T oC w. ma mirt
at temperatures above 6%Dis due to decomposition 1200k »mgm 12
of the mineral matrix (primarily carbonates). T i

To determine the kinetic parameters, we assumed  ggpob = % 13
that the decomposition occurs as a first-order reaction i m J
with respect to the kerogen concentration. Separate 400k — 14
application of the CherNuttall method requires set- | DTG -
ting of an assumed value of the activation energy to , ,

calculate the left part of Eqg. (6), after which repeated 50 150 250 , min
regression analysis is performed until the desired rig. 5. Thermogravimetric analysis of shalef)(tempera-
accuracy of the activation energy and preexponential ture, () weight of residue, ) decomposition rate, and
term is attained. The CoatRedfern method is sim-  (7) time.

ple and allows relatively accurate determinationEof
The use ofE determined by this procedure in the
Chen-Nuttall equation eliminates the need in the re-
peated calculations.

Using the conversions calculated by Eg. (3), we

constructed the plot ofIn[-In(1 - x)/T2] vs. 1T
(Fig. 6). Two linear portions with different slopes 12.8F ,aa
suggest the occurrence of two different reactions in | s
the temperature range 30820°C. Primary reactions L L :
of kerogen decomposition occur at 2&BC°C, and 1.2 1.6 2.0
secondary decomposition processes, at-ZR0C, T™[K]

which is in reement with f_Bl. Fig. 6. Analysis of the thermogravimetric data by the com-
ch 1S good agreement with data of-f bined CoatsRedfern/ChenANuttall method. T) Tempera-

The activation energies of the primary;| and sec- ture.

14.4

AA A

13.6

—In[-In(1-x)/T?]
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CONCLUSIONS

(1) A study of flash pyrolysis of oil shales from
the Dzhangichai deposit showed that, as the tempera-
ture is increased, the yield of volatile products passes
through a maximum at 558C, with the relative con-
tent of aliphatic hydrocarbons in the volatiles grow-
ing and the yield of naphthenes and arenes varyingy
insignificantly.

(2) The occurrence of two consecutive decomposi®-
tion reactions was revealed, and their kinetic param-
eters were determined.
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Abstract—The chemical structure of asphaltene compounds from the semicoking tar of coal belonging to the
G17 processing group was studied in detail.

Detailed data on the chemical composition ofgroups 0.42, quinoid groups 0.40, keto groups 0.27,
semicoking tars formed under conditions excluding talcoholic groups 0.38, alkoxy groups 0.22, and hetero-
a maximal extent high-temperature pyrolysis furnisttyclic oxygen 0.76.
information about the native structure of fragments The IR spectra of APs contain bands (:m‘l) of

of coal organic matter (COM), their genetic relation- , .
PER - - : . the following fragments: aromatic rings (3038080,
ship with the initial biomaterial, and pathways of its 1600, 1500, 14401465), with the increased intensity

biogeochemical transformation in the course of coa

formation. Knowledge of the specific features of the®f the bands at 1600 and 1500 suggesting the presence

chemical structure of various COM components i©f fused aromatic systems; GHyroups (stretching
important for wide involvement of coals in production modes: 2840, 2940, 2925, 2850; bending modes:
of synthetic fuel, raw materials for organic and petro-20-740, 970, 1470), with the high intensity of these
chemical synthesis, and metallurgical coke. bands suggesting high content of hydrogenated rings;
: henolic hydroxyls (35803670, 1140-1230, 1310
y Coptanes (e ar et i empon e ooy 250 an qunon (1645 1o,
is due t lati yl high Ig I ioht d | h1675, 1745) groups; cyclic and naphthenic alcohols
:f ‘-t’.e OI relative y.t. '9 T‘t’hecu ar weig ‘3” POY-(1030-1120, 1260-1350, 3630-3700); oxygen- and
unctional composition of these compounds-} nitrogen-containing heterocycles (1565, 1500, 1015
In this work we studied the chemical structure 0f1030, 845870, 740-800).
APs from the semicoking tar of G17 coal from the

X Emission rum and X-ray fluor n nal
Kuznetsk coal fields. ssion spectrum and X-ray fluorescence analyses

revealed the following elements in the AP mineral
matter: Fe, Mg, Al, Si, Ti, Ni, Sn, Sb, V, Mn, Cr, Zn,

EXPERIMENTAL Zr, Pt, Rh, Ge, Ga, Hg, Pb, Na, K, Ca, Co, and Nd.
Characteristics of the coal: moisture contevit = The whole set of IR, UWVis, emission, and X-ray
2.9, ash residue\® = 8.7, yield of volatilesv9’ =  fluorescence spectroscopic data and results of elemen-

36.6% of air-dry coal; elemental composition, %:tal, quantitative functional, and structural-group anal-
C 80.8, H5.7,N 1.0, O 11.7,,§ 0.8. Yield of semi- YySes and cryoscopic measurements allows a conclu-
coking tar (% COM) 15.1; its chemical group compo-sion that the APs from G17 coal semicoking tar are
sition, % of anhydrous tar: organic bases 1.t&- a complex mixture of compounds of high molecular
boxylic acids 0.85; phenols 18.96; hydrocarbons 32.9y€eight, containing various oxygen-containing func-
neutral oxygen-, nitrogen-, and sulfur-containingtional and alkyl groups and organometallic structures.
compounds 25.11; asphaltenes 8.6; resinous sub- Ty examine the structure of AP components in
stances and losses 12.43 [8]. more detail, we separated APs into two fractions:
AP characteristics: molecular weigh = 277.5; those soluble (1) and insoluble (2) in boiling acetone.
elemental composition, %: C 77.8, H 8.2, N 2.6, OFraction 1 after separation from fraction 2 was cooled
11.4; functional composition, g-equiv mof phenolic  to room temperature and thus was separated into frac-
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tions 1.1 and 1.2 soluble and insoluble in calde- also, structures linked viaCO- groups were iden-
tone, respectively. tified.

By adsorption liquid chromatography on silica gel From fraction 1.1.2, we isolated 23 components;
ASKM, fraction 1.1 was separated into fractions 1.1.1their molecular weight varies from 196 to 405; C con-
1.1.2, and 1.1.3, eluted with benzene, acetone, ariént, from 68.6 to 86.2; H content, from 6.7 to 12.8;
acetic acid, respectively. Fractions 1.1.1, 1.1.2, anf content, from 1.0 to 23.3%; H/C ratio, from 1.09
2 were further separated by preparative thin-layeto 1.78; and degree of aromaticity, from 0.15 to 0.58.
chromatography (TLC) on standard Silufol platesThe H/C ratio and the IR data indicate that the compo-
(20 x 20 cm) activated at 168.10°C, with the follow- nents of this eluate are naphthenoaromatic compounds,
ing optimal eluent systems (the volume ratio is giverand some of them are even fully hydrogenated. The
in parentheses): fraction 1.1.1, hexadiethyl ether ~ Main functional groups revealed (g-equiv Myl are
acetone (5 : 5 : 1); fraction 1.1.2, chloroforhexane  @s follows: phenolic (0.321.86), quinoid (0.160.80),
acetone (50 : 10 : 2); and fraction 2, trichloroethylene and alcoholic (0.311.06).

diethyl etherbenzeneacetoneacetic acid (3:3:3:  Fraction 1.1.2 consists of highly condensed com-
2:1). pounds containing mainly_three or fo_ur rings, although

The AP fractions isolated by fractional dissolution€/€n components with six fused rings are detected.
in acetone, adsorption liquid chromatography, and he fusion is almost exclusively angular. We identi-
preparative TLC were studied by a set of physicofied methyl homologs of perhydrophenanthrene and
chemical methods; from the results obtained, th@ctahydrophenanthrol, and also compounds with oxy-

molecular and hypothetical structural formulas of APFEN and nitrogen atoms incorporated in five-membered
were calculated. eterocycles of the furan and pyrrole type (in the con-

_ _ _ o densed state), substituted with phenolic and alcoholic
Fraction 1.1 is major (78.0 wt % of the initial APS); groups. A distinctive feature of eluate 1.1.2 is relative-
the amounts of its subfractions 1.1.1, 1.1.2, and 1.1.§, low content of keto groups.

g;eALesseﬁggﬁh/é Ai': '%’oﬁiln.& :cne(io%g \é\#;/con OTnhez)y i?SI Asphaltenes insoluble in hot acetone (fraction 2)
19.5 wt % 9 were separated into 15 components. Their molecular
' ' weight varies from 257 to 589; C content, from 62.5
The molecular weight of AP fractions varies fromto 77.7; H content, from 7.6 to 10.8; N + O content,
205 (1.1.1) to 398 (2). AP compounds insoluble infrom 12.0 to 28.0%; H/C ratio, from 1.25 to 1.92; and

boiling acetone (fraction 2) are characterized by lowedegree of aromaticity, from 0.07 to 0.48.

ar omaticity, which is cpnfirmed by Ehe relative in_ten- According to the results of emission spectrum and
sity of the IR absorption bands (cf}) of aromatic  x_ray fluorescence analyses, the metals present in the
(3030-3080, 1500, 1600, 14404464) and naphthenic jnitia] APs are mainly concentrated in this fraction.
(2840, 2925, 720740, 970, 1470) rings. Fraction apparently, the metals are partially incorporated in

1.1.2 is rich in phenolic components; the content obrganic complexes containing phenolic and quinoid
alcoholic hydroxyIS is maximal in fractions 2 and 1.2.gr0ups and nitrogen heterocydes_

Asphaltenes insoluble in boiling acetone (fraction 2)
are characterized by the highest content of methong
groups and heterocyclic oxygen.

The AP components from fraction 2 mainly consist
fragments of two or three fused rings (aromatic,
hydrogenated, O- and N-heterocyclic), linked with

From fraction 1.1.1, we isolated 21 compoundseach other viaO-, -CH,—, -CO-, and-NH- groups.
with the molecular weight varying from 157 to 283; The high molecular weight and long linear chain of
C content, from 77.7 to 86.1%, H content, from 7.1 tothe compounds are responsible for their low solubility
12.2%, O content, from 1.9 to 14.1%; H/C ratio, fromin the majority of organic solvents.

1.05 to 1.70; and degree of aromaticity, from 0.20 10 ¢ confirm the structural features of APs, we sub-
0.60. The fogowmg functional groups are prevailingjected each fraction to pyrolysis at 8@ and 3 s
(9-equiv mof~): quinoid (0.20-1.24), keto (0.36  residence time of vapor in the heated zone; the AP
0.72) groups, and oxygen heterocycles (0R27); vapor was diluted with Ar (1 :25). The liquid prod-
the content of naphthenic alcohols is significant. ucts were analyzed by capillary gdiguid chromatog-

Structures with the linear fusion type (hydrogen-aPhy.
ated benzo- and dibenzofuran, benzofluorene, and In the liquid pyrolysis products of fraction 1.1.1,
benzofluorenone derivatives) prevail in fraction 1.1.1;we detected diphenyl, naphthalene, its methyl and
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dimethyl homologs, diphenylene oxide, and deriva-
tives of fluorene, benzene, quinoline, and isogiuno-

line; pyrolysis of fraction 1.1.2 yielded naphthalene,l.

phenanthrene and its alkyl homologs, diphenyl, di-

161
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Abstract—The phase separation diagrams of ternary liquid systems tetradegalthexanondantha-
nide(ll) nitrate solvates with tri-butyl phosphate {[Ln(N@)3(TBP);, Ln is Nd or Sm} atT = 298.15 K were
studied.

Extraction of rare-earth metals(lll) (REM) with presented as the phase diagrams (Fig. 1) built in the
tri-n-butyl phosphate (TBP) in hydrocarbon diluents isform of the first Roozeboom'’s triangle. The determi-
widely used in industrial recovery and separation ohation error of the weight fraction of the components
REM [1]. When saturating extractant with REM, thedid not exceed+(0.001-0.002).
organic phase can be separated into two phases, one OfThe phase diagrams and the data listed in the table
which is enriched in Ln(NQ)3(TBP);. This phenome-

: L show that the components of the binary systems
non was thoroughly studied for actinides [2]. The
. n(NO3)3(TBP)3—C14H3O and (Cl‘b)sCO—C]AHgO
phase diagrams of the ternary systems tetradecanh /3 i~
. . : ave limited mutual solubility. The Ln(Ns(TBP);—
cyclohexanondanthanide(lll) nitrate solvates with C.. Han mixtures are separated into two liauid phases
tri-n-butyl phosphate {Ln(N@3(TBP),;, Ln is Nd or 14’30 P quid p :

: . Phases | and Il are enriched in i3 and Ln(NGy)5-
Sm} were not studied by now. Such data are require . 30 3/3
for choosing the diluent and the extractant composic! BF )3, respectively. The Ln(Ng)s(TBP); solubility

: ; : : I Cq4H3g (weight fraction 0.081) is virtually in-
tion ensuring homogeneity of the organic phase il 14130 , .
REM extraction with TBP. dependent of particular lanthanide. The (§4€O-

C14H30 mixtures are also separated into two liquid

The density of organic phases was de'iefmlneidhases In this case, phase | is virtually pure tetra-

pycnometrically at 298.15 K. The organic componentgiecane containing less than 0.001 (wt fraction) of
used in our experiments were as fO||OWS TBP discyclohexanone, and binary phase Il containgHGg

tiled under vacuumg = 0.9727 g cm %), cyclohexa-  (wt fraction 0.339) and (Ch)sCO (wt fraction 0.661).
none f = 0,9502 gcm) and tetradecanep (= The phase diagrams of the system Ln

0.7592 g crmd). The solvates Ln(NGy(TBP); were apepnase dagrar (he system Lo
prepared by triple contact of TBP with Ln(lll) nitrate ( )3 (CHy)s 14M30 contain the regions o

agueous saturated solution [3]. The solvate concentr ﬁ?soegfgﬁglrj‘z jf;ust'é)nasr;gg lghetht\é\%ﬁggZIecfrggnThe
tion in the organic solutlons was 1.0B12 M (p = 9 P y

1.2745+0.0012 g cff ) The binodal curves were ob- ternary mixtures related to regighare separated into

two liquid phases like the binary system Ln(})Q
tained by improved Alekseev’s visual technique [3]. : : ,
The Ln(NO;)3(TBP); concentration in the organic (TBP)3_Cll4H30_ _Phasg His thde sr(l)lutlor;l of I&nthanu_ﬂe
solutions was determined by complexometric titratio grate solvate in ?4 30 ?I'?l phase 'Sh ebqu"l
[4]. The compositions of coexisting phases were deter- fium temary solution. The point on the binoda
mined from the weight fraction of Ln(N§s(TBP); curve corresponding to a solution with approximately
in the ternary phase by the technique reported in [5Edual content of each component is the critical point
We found that, on mixing all the components of the Jf the ternary system. This point is practically in-
ternary system, the total volume differs from the Sumdependent of particular lanthanide (see table).
of volumes of the separate components by no more Our results show that, in extraction of lanthanide
than +0.2 vol %. Our experimental results werenitrates of the cerium group with TBP solution in
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1.0+

0.2 0.6 1.0 : —
0.2 0.6 1.0
(CH5CO (NANO3)5(TBP] (CH,):CO [Sm(NO5)y(TBP);]

Fig. 1. Phase diagrams of the ternary systems LigNOBP)3-(CH,)sCO-Cy4H30, LN is (a) Nd and (b) Sm, af = 298.15 K.

(A) Region of coexistence of two liquid phaseB) fegion of homogeneous solution2-9) points on the binodal curve, and

(5) the point on the binodal curve corresponding to the critical composition of the ternary system (ternary system containing
equal amounts of each component).

Composition of coexisting phases in the system LiyNO  cyclohexanoneetradecane mixture, the saturation

(TBP);~(CH,)sCO-Ci4Hag at T = 298.15 K of the extractant with lanthanide nitrate results in
phase separation of the organic extract. To prevent

o, | [EN(NOg)3(TBP)I| CigHgo| (CHp)sCO| . this negative phenomenon deteriorating extraction,

g cnr3 ) Point the tetradecane weight fraction in the mixed diluent
wt fraction should not exceed 0.3.35.
I I
Ln-Nd

1.2135 0.925 0.075] O 9 CONCLUSIONS
1.1552 0.815 0.121| 0.064 8 _
0.9942 0.479 0.309| 0.212 6 (1) Ln(NOg)3(TBP)3-Cy4Hzo mixtures are two-
0.9251 0.244 0.355| 0.401 4 phase systems. Phase | is enriched ifyHz, and
0.8961 0.117 0.359 | 0.524 3 phase II, in Ln(NQ)3(TBP);. The Ln(NGy)3(TBP);
0.8754 0 0.340| 0.660 2 solubility in C;4Hzq is practically independent of par-
0.7849 0.081 0919 0 1 ticular lanthanide(lll). Binary (CH)5CO-Cy4H3g
0.7591 0 1 0 10 mixtures also separate into two liquid phases. Phase |
0.9512 0.335 0.335| 0.330 S is virtually pure tetradecane containing less than
1.0542 0.620 0.236| 0.144 7

0.001 (wt fraction) of cyclohexanone, and phase Il
Ln-Sm consists of G4Hzq (Wt fraction 0.339) and (Ck)sCO
(wt fraction 0.661).

1.2136 0.925 0.075| O 9

ééggi g-zgg géég 8-232 2 (2) The ternary mixtures belonging to regidgh
0'9324 0'255 0'334 0'411 4 separate into two liquid phases. Phase | is the solution
0.8999 0.109 0332| 0559 3 of lanthanide nitrate solvate in,GH5n, and phase Il is
0.8754 0 0339| 0.661 5 the ternary solution containing all the components of
0.7849 0.081 0.919| 0 1 the system, Ln(NQ)3(TBP);—~(CH;)5CO-Cy4H30.
8'3222 8335 3330 8335 12 (3) To prevent phase separation of the organic
1.0396 0564 0233 0.203 7 extract in extraction of lanthanide nitrates with TBP

solution in the cyclohexanontetradecane mixture,
* Points on the binodal curve belonging to nodes [see phasthe tetradecane weight fraction in the mixed diluent
diagrams in Fig. 1]. should not exceed 0.3®.35.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004



164

REFERENCES 3.

1. Pyartman, A.K., Kopyrin, A.A., Puzikov, E.A., and

Bogatov, K.B., Radiokhimiya 1995, vol. 37, no. 1,
pp. 5255.

. Nikolotova, Z.1., Ekstraktsiya neitral’nymi fosfororga-
nicheskimi  soedineniyami: ~ Aktinidy: Spravochnik 4-
(Extraction with Neutral Organophosphorus Com-
pounds: Actinides: Handbook), Moscow: Energoatom-b.
izdat, 1987.

PYARTMAN et al.

Ekstraktsiya neorganicheskikh veshchestv (Diagrammy
rassloeniya, raspredeleniya, vysalivaniya i razdeleniya)
(Extraction of Inorganic Compounds (Diagrams of
Phase Separation, Distribution, Salting-Out, and
Separation)), Nikolaev, A.V., Ed., Novosibirsk: Nauka,
1970.

Pibil, R., Analytical Applications of EDTA and Related
Compounds Oxford: Pergamon, 1972.

Treybal, R.E.Liquid Extraction New Uork: McGraw-
Hill, 1963.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 77 No. 1 2004



Russian Journal of Applied Chemistryfol. 77, No. 1,2004, pp. 165167. Translated from Zhurnal Prikladnoi Khimii, Vol. 77, No. 1,
2004, pp. 168170.
Original Russian Text Copyrigh©® 2004 by Morachevskii.
HISTORY OF CHEMISTRY
AND CHEMICAL TECHNOLOGY

Academician Georgii Grigor'evich Urazov
(to 120th Anniversary of His Birthday)

G.G. Urazov, one of the closest associates and
disciples of Academician N.S. Kurnakov, made a
major contribution to the development of physico-
chemical analysis of metallic systems, organization of
the domestic aluminum industry, study of natural salts
and salt equilibria, nonferrous metallurgy, and training
of specialists in chemical technology and nonferrous
metallurgy.

Georgii Grigor'evich Urazov was born on January
6 (18), 1884, in Shatoi village of the former Terskaya
oblast (North Caucasus) into the family of a physician.
He received his secondary education at Yerevan clas-
sical education gymnasium, from which he graduated
with gold medal in 1903. In the same year, having
passed a competition of school-leaving certificates,
he was admitted to the metallurgical department of
St. Petersburg Polytechnic Institute. Among those
who taught chemical sciences at that time were such
well-known scientists as N.S. Kurnakov (186(941),
N.A. Menshutkin (18421907), and V.A. Kistyakov-
skii (1865-1952); courses of lectures on metallurgy
were delivered by A.A. Baidakov (1870946),
M.A. Pavlov (18631958), and V.E. Grum-Grzhimailo
(1864-1928). The laboratory of general chemistry, _ _
headed by Kurnakov, possessed all the necessar);horou_ghly carried out and produced reliable r_esults
equipment for study of physicochemical properties of and rigorous conclusions, attracted the attention of

metallic and other systems. The laboratory comprisedSPecialists. The young scientist was left to work at
three departments: thermal analysis and metal-the chair of general chemistry of the Polytechnic Insti-
lography, electrical measurements and calorimetry tute and became Kurnakov’s lecture assistant in 1912.

: ; In June 1921, the Council of Petrograd Polytechnic
physical measurements and microphotography [1]. . ; .
When still being a student, Urazov commenced ex- Institute elected Urazov a professor of the chair of

perimental studies of metal alloys under supervision Nonférrous metaliurgy. In 1914, the Department of

of S.F. Zhemchuzhnyi (18731929). In 1906-1908, chemistry of the Russian 'Physicochemical S(_)cigety
the results obtained in studying alloys of manganese@Warded the Mendeleev Prize to Urazov for his in-
with copper and nickel, and of magnesium with Vestigations of metal alloys.

copper and gold, were published Zinurnal Russkogo Simultaneously with teaching, Urazov conducted
fiziki-khimicheskogo obshchestva (chast’ khimiche- research at quite a number of institutions: in 1918
skaya) [Journal of Russian Physicochemical Society 1920, he was a research worker at the Committee for
(Chemistry)] andzvestiya Sankt-Peterburgskogo poli- Analysis of Productive Forces in Russia of the Acad-
tekhnicheskogo institutgBulletin of St. Petersburg emy of Sciences; in 1919924, head of laboratory
Polytechnic Institute). Studies of the last two systems at the Department of Industrial Surveys of the North-
were presented is Urazov's graduation thesis, whichern Region; in 19241940, head of physicochemical
he defended in 1909 to become engineer metallurgist.laboratory, and later a consultant, at the Geological
Already the very first Urazov’s studies, which were Committee; in 19311940, a consultant and head of
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a research group for chlorination of ores of nonferrousvhich they established, using methods of physico-
and rare metals at the State Institute of Applied Chemeshemical analysis, the causes of accidents in storage
istry. In 1918, Kurnakov initiated foundation in Petro-and transportation of ferrosilicon of certain composi-
grad of the Institute for Physicochemical Analysis,tion. On Kurnakov's initiative, Urazov took part in
which united organizationally his disciples and co-a survey of salt lakes of the Apsheron Peninsula
workers who had worked at the Polytechnic and Min{Azerbaijan) to determine the possibility of obtaining
ing institutes and at the chemical laboratory of thdodine from brines of these lakes. The results obtained
Academy of Sciences [2]. Urazov occupied at the newvere reported in the articléBaku lodine Lakes
institute the position of research worker. Later, afte1919). A number of lakes were recommended for
the Institute of General and Inorganic Chemistryjndustrial use. Later, Urazov developed, together
USSR Academy of Sciences, was organized drngt  with V.P. Il'inskii (1885-1964), an electrochemical
zov moved to Moscow, he became head of the Departechnique for recovery of iodine from natural water
ment of Chemical Equilibria in 1934 and head of the(1919).

Department of Physicochemical Analysis at this insti-

T Urazov took an active part in chemical studies of
tute. In June 1934, a scientific degree of doctor OE P

rines from boreholes of the Upper-Kama region,
arried out in 19161919 under Kurnakov's supervi-
ion. After the discovery of a deposit of potassium
nd magnesium salts by P.l. Preobrazhenskii (£874
944) in 1925 [7], Urazov continued research in this
rea. Based on a study of crystallization processes in
e quaternary system K@WaCl-MgCl,-H,0, the
ientist made suggestions about the conditions of for-
mation of salt seams in deposits of this kind (1930).

From 1938 till 1957, Urazov headed the Chair ofUrazov was directly involved in studies of salt re-
Technology of Fine Inorganic Products at the Lomo-sources in other regions of the country. He permanent-
nosov Institute of Fine Chemical Technology inly paid much attention to integrated use of the Inder-
Moscow and organized there the training of specialistskoe deposit of borate and other salts (western Ka-
in processing of mineral salts. During the period ofzakhstan) and the unique salt basin Kara-Bogaz-Gol
time from 1943 till 1955, Urazov also headed the(Turkmenistan).

Chair of Metallurgy of Heavy Nonferrous Metals at |, 1950 1921, at the laboratory of general chemis-

the Kalinin Institute of Nonferrous Metals and Gold 'ntry of Petrograd Polytechnic Institute, Urazov studied
Moscow. in detail bauxites from the Tikhvin deposit and sug-
Urazov’'s scientific activities during more than gested a method of proximate analysis on the basis of
50 years were diverse and fruitful. The main areas ofieating curves. The results obtained in these studies
his research were analyzed in-§. The scientist's were summarized by Kurnakov and Urazov in a paper
autobiography, published in a historical sketch by‘Chemical and Thermal Analysis of Tikhvin Bauxite
Yu.l. Solov’ev [6], read:“All my research activities Rock’ (1924). Later, Urazov and coworkers developed
aimed at diverse objects of study are unified angrocedures for recovery of alumina from high-silica
governed by a common scientific method developethauxites. Systematic studies carried out by the scient-
by my teacher Kurnakov, physicochemical analysis.ist in thisarea favored the development of an industri-

Immediately after having graduated from the Poly-al technology for processing of low-grade bauxites.

technic Institute, Urazov continued investigations of A large series of investigations by Urazov and
metallic systems by studying the magnesimadmi- coworkers were concerned with quite a number of
um system. In view of the division of intermetallic aluminum-based alloys. Of scientific and practical im-
compounds into daltonides and berthollides, suggestgmbrtance were studies of the physicochemical proper-
by Kurnakov, Urazov studied silicides, antimonidesties of the ternary systems aluminusilicon-copper,
and sulfides of a number of metals and alloys of iroraluminum-magnesiumcopper, and aluminussili-
with silicon. Kurnakov also enlisted the services ofcon-magnesium. Of particular importance for the
his disciple to solution of a number of problems ofdevelopment of the theory and practice of pyrometal-
primary economic importance. As far back as 1914lurgical processes were investigations concerned with
Kurnakov and Urazov published a studyjoxic Prop- reactions of metals with sulfur, systems comprising
erties of Commercial Brands of Ferrosilicbnin a metal and its halide, equilibria in chloriggulfate

engineering was conferred on Urazov by decision o
the Higher Qualification Committee without defense
of a dissertation, and in June 1935, the Presidium
the USSR Academy of Sciences conferred on him th
degree of doctor of chemistry. Urazov was electe
a corresponding member of the USSR Academy
Sciences by its general meeting in January 1939, a
academician, in 1946.
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systems, chlorination of ores of nonferrous and rar@and pedagogue, Grigorii Grigor'evich Urazov died on
metals and mattes, and studies of oxide systemgpril 27, 1957, at the age of 73.

carried out by Urazov and coworkers.

Urazov's investigations of binary systems formed
by silver and copper with sulfur, and also of anti-1.
mony, initiated studies of physicochemical properties
of semiconductor compounds in our country. In com-2.
munications published in 1912921, specific features
of the electrical conductivity in the compounds /&
and CyS were noted. The scientist analyzed in detail
the publications devoted to unipolar conduction in3.
compounds since M. Faraday (179867) till 1918

and outlined ways to study the nature of conduction ir#.

semiconductor compounds.

Urazov’'s monograpiMetallurgiya nikelya(Metal-
lurgy of Nickel) ran into two editions (1931 and
1935); he wrote quite a number of articles fioekhni-
cheskaya entsiklopediy@echnical Encyclopedia) and
Bol'shaya Sovetskaya entsiklopediy&reat Soviet
Encyclopedia), spacious reviews, recollections about
his teachers, Zhemchuzhnyi and Kurnakov. The range

of Urazov’s scientific interests was exceedingly wide,;

it covered numerous problems of inorganic chemistry,
halurgy, and metal science. The scientific and peda-
gogical activities of Academician Urazov were distin-

guished by a number of highest State awards.

An outstanding chemist and metallurgist, scientist
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ANNIVERSARIES

Petr Grigor’evich Romankov
(to Centennial Anniversary of His Birthday)

A hundred years has elapsed since the birthday of
Petr Grigor’evich Romankov, a corresponding mem-
ber of the USSR Academy of Sciences, professor, a
remarkable person, excellent pedagogue and promi-
nent scientist, whose talent and most valuable experi-
ence had served for more than half a century the cause
of training of high-skilled specialists for domestic
science and industry. In the most important field of
the science of processes and apparatus of chemica
technology, he created the Leningrad scientific school
of chemical technologists, which successfully com-
bined in-depth theoretical investigations with their
practical implementation and became widely known
both in our country and abroad.

P.G. Romankov was born on January 17, 1904, in
the town of Eisk, into the family of an office worker.
In 1923, he finished rabfak (educational establishment
set up to prepare workers and peasants for higher
education) at Petrograd State University and entered
the chemical faculty of the Technological Institute. In
1929, Petr Grigor’evich graduated from the Leningrad
Technological Institute with diploma of engineer
chemist-technologist, rejected a tempting offer of
post-graduate studentship by Academician A.E. Porai-
Koshits, moved to Moscow, and, during the following
six years, worked at Dorogomilovskii plant first as a
shift chemist and then as a head of a designing shop,
which later became a part of Aniloob”edinenie. Simul-
taneously, Romankov commenced his pedagogical
activities at the Chemical Faculty of the Moscow
Higher Technical School (1929-1933), chair of proc-
esses and apparatus of the Mendeleev Indtitute of
Chemical Technology in Moscow (1929-1934), and
at the chair of aniline-dye industry of the Moscow
Institute of Chemical Machine-Building (1932-1934).

Beginning in 1934 and till the end of Romankov’'s
life (1990), his active creative, scientific, and educa-
tional activities had been associated with the Lensovet
Technological Institute (now St. Petersburg State
Technological Ingtitute—Technical University).

In 1934, Petr Grigor’evich became a postgraduate
student at the chair of processes and apparatus of
chemical technology; in 1938, he defended his candi-
date dissertation devoted to development of methods

for calculation of process modes of drying of milled
peat and continued scientific and pedagogical work
at the chair.

During the years of the Leningrad siege (1941-
1944), Romankov remained in the besieged city; a
method for vacuum drying of blood plasma was de-
veloped and manufacture of a number of preparations
necessary for those at the front line and in the city was
set up under his supervision. In 1943, teaching at the
chair was resumed and reconstruction of the first
country’s laboratory of chemical apparatus, organized
in 1936, was commenced.

In 1943, Romankov replaced professor K.F. Pavlov,
whose investigations in the field of linearity of chemi-
cal-technological functions became classical, as head
of the Chair of Processes and Apparatus of Chemical
Technology, one of the leading chairs for higher
education in chemical technology at the Technological
Ingtitute. He headed this chair for nearly 50 years.

In 1947, Romankov defended his doctoral disserta-
tion, in which he formulated the concept of unified
kinetic patterns of chemical technology as the basis of
the modern science of processes and apparatus and
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thereby continued and developed fruitful ideas of such
his predecessors as D.l. Mendeleev, A.K. Krupskii,
D.P. Konovadov, L.F. Fokin, and K.F. Pavlov.

Since 1950, Romankov had been deputy rector for
scientific work of the Technological Institute for
30 years (1950-1980). He desired to combine the
achievements of science and technology on the basis
of modern foundations of chemical technology, fol-
lowing D.I. Mendeleev's statement: “‘Education,
science, and industry make our state economicaly
strong.”

In 1964, Romankov was elected a corresponding
member of the USSR Academy of Sciences, and an
honorary title of Honored Scientist and Technologist
of the Russian Soviet Federative Socialist Republic
was conferred on him.

Romankov understood as the main purport of his
life to work so as to be of maximum possible benefit
to the Motherland and to enhance the prestige of the
science of processes and apparatus. Under his supervi-
sion, more than 25 doctors and 200 candidates of
science, whose investigations made an essential con-
tribution to the development of engineering chemistry
and theoretical foundations of chemical technology,
were trained. Original methods for carrying out and
calculating a number of hydromechanical, thermal,
and mass-exchange processes of drying, gas purifica-
tion, adsorption, extraction, distillation, and agitation
were developed. To problems associated with design
of high-intensity continuous apparatus for drying of
finely dispersed and paste-like materials, adsorption in
fluidized bed, separation of heterogeneous systems,
etc. were devoted more than 300 scientific publica-
tions and inventions and a number of monographs by
Romankov and coworkers: Gidromekhanicheskie pro-
tsessy khimicheskoi tekhnologii (Hydromechanical
Processes of Chemical Technology) (1982), Masso-
obmennye protsessy khimicheskoi tekhnologii (Mass-
Exchange Processes of Chemical Technology) (1990),
and Metody rascheta protsessov i apparatov khimi-
cheskoi tekhnologii (Methods for Calculation of Proc-
esses and Apparatus of Chemical Technology) (1994).

Much attention was given by Romankov to the
development of the students’ |aboratory and to writing

of educational literature. In the 1950s, the students
laboratory at the Chair of Processes and Apparatus of
the Technological Institute became a model |aboratory
in the country. In 1947, the first edition of the text-
book Primery i zadachi po kursu protsessov i appara-
tov khimicheskoi tekhnologii (Examples and Problems
for the Course of Processes and Apparatus of Chemi-
cal Technology) by Pavlov, Romankov, and L.A. Nos-
kov was published. In the following 40 years, this
textbook was trandated into 12 foreign languages and
ran into 10 editions of more than 300 thousand copies.
Rukovodstvo po laboratornomu praktikumu (Manual
of Laboratory Work) written by the staff members of
the chair was republished six times.

Romankov’s services in the development of inter-
national relationships of the domestic higher school
were distinguished by honorary titles and State awards
of not only our country, but also other European
countries (Bulgaria, Hungary, Poland, Czechoslo-
vakia, Yugodavia).

Romankov liked literary work despite its labor-
intensiveness and psychological tension. He worked
actively at a journa Teoreticheskie osnovy khimiche-
skoi tekhnologii (Theoretical Foundations of Chemical
Technology), published by the Academy of Sciences
of the USSR, as deputy editor-in-chief and was a
member of the editorial board of Zhurnal prikladnoi
khimii (Russian Journal of Applied Chemistry). Begin-
ning in 1976, Petr Grigor’evich headed for more than
12 years the editorial board of Zhurnal prikladnoi
khimii, published by the Academy of Sciences of the
USSR, regularly conducted meetings of the Editorial
Board in a business-like, friendly climate of confid-
ence and mutual respect, which resulted in that any,
even conflicting situations were easily resolved.

As many talented persons, Romankov was an idea
man for his colleagues, whose opinion was highly
estimated and respected by him, and an exceedingly
obliging and good-wishing person. He belonged to the
cohort of those Russian scientists whose scientific
longevity became legendary and the scope of whose
interests seemed to be unbounded.

N. N. Smirnov and E. S. Postnikova
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ANNIVERSARIES

Vladimir Stepanovich Shpak
(To His 95th Birthday)

On February 20, 2004, Vladimir Stepanovich
Shpak, full member of the Russian Academy of Sci-
ences, councilor of the Director general of Priklad-
naya Khimiya Russian Scientific Center, and Editor-
in-chief of Zhurnal Prikladnoi Khimii (Russian Jour-
na of Applied Chemistry), Russian Academy of Sci-
ences, is 95.

V.S. Shpak is a prominent scientist specializing in
technical chemistry. He has initiated, organized, and
supervised large-scale investigations into new classes
of chemical compounds and fields of their application,
and the work on development of new types of tech-
nological processes for synthesizing most important
special purpose substances.

Under Shpak’s supervision, and with his direct
participation, fundamental studies have been per-
formed and numerous processes of basic organic
synthesis have been developed and put in practice
a plants of chemical and petrochemical industries.
In particular, manufacture of high-molecular-weight
amines from nitroparaffins has been organized, a new
method for synthesis of esters has been developed,
and investigations of hydrazine derivatives and other
classes of chemica compounds, such as oxidizing
agents, surfactants, and catalysts for various process-
es, have been performed. Shpak was among origina-
tors of a new, most important branch of chemical in-
dustry, specifically, the manufacture of organofluorine
compounds. His investigations of transformations
in various chemical compounds under the impact of
high energy yielded initial data for the development
of novel kinds of defense equipment.

Vladimir Stepanovich Shpak commenced his work-
ing activities in 1931, after having graduated from
the Leningrad Technological Institute as a specialist
in explosives. Till 1977, he was engaged in pedagog-
ical activities at this ingtitute, occupying successively
the positions of an assistant, docent, and professor.
Among Shpak’s teachers was professor S.P. VVukolov
(1863-1940), one of the most prominent Russian spe-
ciaists in explosives and powders, D.l. Mendeleev's
pupil and coworker, originator and the first head of
the chair of explosives at the Leningrad Technological

Institute. During several years, Shpak was his deputy.
In 1941-1944, Shpak was evacuated, together with
the Institute, to Kazan, where he was engaged in
teaching and production activities. Shpak was deputy
director of the State Institute of Applied Chemistry
(GIPKh) for science and technology in 1948-1953
and director of this Institute in 1953-1977. Under
his supervision GIPKh became the largest country’s
chemical institute with unique technological base and
a number of branches. Shpak, together with the staff
members of the Institute headed by him, could create
a new, modern type of a research organization that
comprises a research ingtitute, a designing office, and
a plant.
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From 1977 till 1992, Shpak was Chief chemist for
heavy organic synthesis at the Ministry of Chemical
Industry and, simultaneously, headed the Leningrad
research center for interbranch activities. He paid
much attention to preparation of suggestions, as well
as to planning and coordination of joint research
works by organizations of the Ministry of Chemical
Industry, Ministry of Fertilizers, institutes of the Rus-
sian Academy of Sciences, and higher-school institu-
tions of Leningrad. From 1992 till the present time,
Shpak has been councilor of the Director general of
Prikladnaya Khimiya Russian Scientific Center.

Shpak has always given much of his time to public
and scientific-organizational activities. From 1977
till 1992, he was vice-president of the Mendeleev
All-Union Chemical Society. At present Shpak is
chairman of the Northwestern division of the Scien-
tific Council for combustion, Russian Academy of
Sciences. With the strong sense of responsibility, so
characteristic of him, Shpak pays much attention to
coordination of R&D works in the field of combustion,
which are carried out at research organizations, high-
er-school institutions, and industrial plants of North-
western Russia. The following areas of research are
distinguished as priority issues. “Chemistry for En-
gine-making and Transportation in Russia,” “Chemis-
try for the Fuel-and-Energy Complex,” “Problem of
Hydrogen as a Fuel of the Future,” etc. Shpak contin-
ues to be most actively engaged in the activities of
the Prikladnaya Khimiya Russian Scientific Center,
being a member of its scientific and thesis councils.

For many years Shpak was a member of the Edito-
riadl board of Zhurnal Prikladnoi Khimii, Russian
Academy of Sciences; from 1998 to the present day,
he has been the Editor-in-chief of the Journal.

ANNIVERSARIES

Shpak’s scientific activities are reflected in more
than 500 papers and scientific project reports, their
scientific novelty has been confirmed by 57 Inventor’s
certificates and patents. Shpak’s pupils include more
than 30 doctors and candidates of science. In 1955,
a scientific degree of a doctor of science was conferred
on Shpak, and in 1956, he became a professor. He
was elected a corresponding member of the Academy
of Sciences of the USSR in 1968, and a full member
of the Academy, in 1981. Shpak became Honored
worker of science and technology of the Russian So-
viet Federative Socialist Republic (RSFSR) in 1968,
and Honorary chemist of the RSFSR in 1974.

For outstanding achievements in the development
of rocket engineering, making possible the human
flight to the outer space, Vladimir Stepanovich Shpak
was given a title of the Hero of Socialist Labor in
1961. His many years scientific, organizational, and
pedagogic activities have been honored with quite
a number of highest State awards.

The staff members of the of Prikladnaya Khimiya
Russian Scientific Center, St. Petersburg State Tech-
nological Institute, and St. Petersburg department of
Nauka Publishing House, as well as the Editorial
Board and staff members of the Editorial office of
Zhurnal Prikladnoi Khimii, congratulate Vladimir
Stepanovich on his glorious jubilee and wish him
sound health, many happy returns of the day, and
success in implementation of his aways numerous
new scientific idess.

Prikladnaya Khimiya Russian Scientific Center
St. Petersburg State Technological Institute
St. Petersburg Nauka Publishing House

Editorial Board and staff members of the
Editorial office of Zhurnal Prikladnoi Khimii
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INORGANIC SYNTHESIS
AND INDUSTRIAL INORGANIC CHEMISTRY

Granulation of Calcium Sulfate Hemihydrate
and Its Topochemical Transition to Dihydrate in Grains
in the Presence of Copper, Cobalt, and Molybdenum Salts

L. P. Firsova

Lomonosov State University, Moscow, Russia

Received July 21, 2003

Abstract—The influence exerted by admixtures of ammonium molybdate and copper or cobalt sulfate in
humidifying solutions on the granulation of calcium sulfate hemihydrate and its topochemical transforma-
tion to calcium sulfate dihydrate in granules was studied experimentally.

Phosphogypsum is a waste formed in industrial
processing of phosphate raw materials and production
of phosphoric acid. Annually its dumps grow in the
world by millions of tons, polluting the environment.
Therefore, it is still important to develop new meth-
ods for utilization of phosphogypsum, including that
formed in manufacture of phosphoric acid by the sul-
furic acid hemihydrate method. In particular, it has
been suggested to use granulated phosphogypsum as
a land-improving agent and carrier of nutritious sub-
stances, trace elements, and biologically active mate-
rials useful for plant cultivation [1-4].

This study is concerned with the physicochemical
effects associated with introduction of biologically
active microelements [copper(l1), cobalt(ll), and mo-
lybdenum(VI1)] into calcium sulfate hemihydrate,
which is a waste formed in manufacture of phosphoric
acid. The deficit of these microelements in soil ad-
versely affects agricultural plants. To effects of this
kind belongs the influence exerted by admixtures on
the formation of granules from a wet powder of the
hemihydrate and on the topochemical transition of
the hemihydrate to CaSQO, - 2H,0, both directly in
hemihydrate granulation and in the subsequent ripen-
ing and hardening of the grains.

By now, a certain amount of data on the mechan-
isms and kinetics of calcium sulfate hemihydrate-
dihydarate transitions has been accumulated [5-7].
These transitions underlie such practically significant
processes as, e.g., production and application of ce-
menting materials based on gypsum. However, insuf-
ficient attention has been given in the literature [8, 9]

to the dependence of the phase transition and granu-
lation parameters on the presence of admixtures. At
the same time, topical problems associated with uti-
lization of large-tonnage industrial phosphogypsum
wastes require a more detailed study of the effect of
admixtures on the phase transitions and granulation
and on the properties of the resulting grains, including
their strength. It also seems expedient to supplement
the list of admixtures to be studied, e.g., by including
biologically active microelements (copper-, cobalt-,
and molybdenum-containing compounds).

EXPERIMENTAL

The pretreatment of commercial calcium sulfate
hemihydrate (manufactured by Voskresensk plant of
mineral fertilizers) in order to produce grains contain-
ing the necessary admixtures, consisted in that hygro-
scopic water and, simultaneously, the residual amount
of phosphoric acid were removed from the initial
phosphogypsum powder by its successive treatment
with severa portions of a hot solution of calcium
sulfate and with acetone. After that, acetone was re-
moved when drying a washed powder in ar. This
precluded the transition of calcium sulfate hemihy-
drate to the dihydrate before granulation.

The CaSO, - 0.5H,0 powder obtained by this tech-
nique consisted of hexagonal prisms 1 to 30 um long,
aggregated into druses 10 to 300 um in size. The
CaSO, - 0.5H,0 powder contained (wt %): H,O 6.5~
7.0, CaO 39-40, SOz 56-57, P,0O5 0.9-1.1, F 0.3-
0.4, SO, 0.7-0.8, and R,0O5 0.5-0.6. The porosity
of the powder was 65.1 + 2.1%, and that of druses,
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435+ 1. 3% the bulk weight of the powder was 0.95-
1.0 gcm™. The content of copper(ll) and molybde-
num(V1I) |n the initial hemihydrate was below the lim-
it of their detection by photometry (based on the in-
tensity of yellow coloration of phosphomolybdenum-
vanadium heteropolyacid and the blue-violet colora-
tion of copper ammonium complex, respectively).

Immediately before granulation, the washed air-dry
powder of calcium sulfate hemihydrate was wetted
with speciadly prepared agueous solutions containing
admixtures of nitric and sulfuric acids (0.5-7.0%) or
copper(ll) and cobalt(ll) sulfates and aso that of am-
monium molybdate (up to 1-5%). The amount of so-
lution used for humidifying the hemihydrate was var-
ied within the range 20-40%.

The powder and the solution were mixed in the
course of 30-60 s and then the wet stock was di-
rectly transferred to a plate-type granulator. The stain-
less steel granulator plate 250 mm in diameter had
side walls of height 75 mm. To control the growth
and abrasion of grains, the tilt angle of the plate was
varied from 20 to 40°; the rotation rate, from 50 to
80 rpm; and the granulation time, from 2 to 30 min.

After the process was complete, the resulting de-
formable grains were carefully transferred for strength-
ening (ripening in the course of formation of dihydrate
crystals) to a wet atmosphere of a desiccator filled
with water-wetted calcium sulfate dihydrate. Within
60-120 min after the beginning of the exposure in
the desccator grains with a strength higher than
2 kgem? were transferred to vessels with agueous
solutions identical to the humidifying solutions. The
time of full ripening of the grains was 8 to 30 h.

During the granulation and ripening, portions of
grains were taken for analysis. The amount of hygro-
scopic and crystallization water in the grains was de-
termined. The grain strength determined both by dy-
namic compacting loads in the rotating plate in the
course of stock granulation and by the topochemical
transition in the substance of the granules. For a por-
tion of grains with strength more than 2-3 kg cm2
the size distribution of grains and the average graln
diameter were determined.

The content of hygroscopic water in grains and pow-
ders was determined from the difference of weights
of the initial samples and those washed with acetone
and then dried to constant weight. The content of
crystallization water in air-dry powders and grains
was determined by thermogravimetry. The relative
amounts of hygroscopic and crystallization water in
the samples made it possible to examine the kinetics

of the topochemical transformation and to estimate
the degree of conversion of calcium sulfate hemihy-
drate to the dihydrate.

The grain strength was determined in relation to
the presence of admixtures in calcium sulfate from
the force required for their crushing under a uniaxial
compression. Prior to the tensometric measurements,
the surface of wet grains was dried with afilter paper.
For grains of specified size and composition, 15-20
parale measurements were carried out.

A screen analysis was carried out for powders (ini-
tial and produced by abrasion of grains in granula-
tion), as well as for dried granules with a strength
greater than 2 kg cm™, in order to determine the aver-
age size and particle sze distribution in relation to
the presence of admixtures in calcium sulfate, humid-
ity, and nodulization conditions. Standard sets of
metallic soil sieves (0.25 to 7 mm mesh) and nylon
sieves (14 to 300 um) were used in the screen analy-
sis. The powders and grains were also analyzed with
an MBI-14 microscope.

The experiments on granulation of wet hemihy-
drate powder have shown that the optimal stock hu-
midity W, at which granulation is possible, lies within
the range 27-35%. Changing the composition by in-
troduction of various admixtures into the humidifying
liquid virtually did not change the optima humidity
limits. At a humidity less than 27-28% (W), no
grains greater than 1 mm in diameter were formed.
At the humidity exceeding 35%, large lumps of ir-
regular shape were formed instead of spherical grains.
This is in agreement with published data on the influ-
ence exerted by the weight ratio of liquid and solid
phases on the formation and growth of grains. For
example, it was shown in [10] that there exists a rath-
er narrow range of optimal /s values for granulation,
a which formation of spherical grains is possible.
However, the influence exerted by the composition
of the liquid phase on the range of |/s values at which
spherical grains can be formed, and on the value of
W,in» Was not analyzed. The experimental results ob-
tained in the present study show that the presence of
admixtures in amounts of several percent in the aque-
ous solutions used to humidify phosphogypsum af-
fects the value of W,,;;, only slightly. For example, the
lower humidity limit for the granulation was 28.0 =
0.7% at 1-5% (NH,),M00, in a humidifier, W, =
27.0 £ 0.8% at 1-5% CuSO,, and W,;, = 27.0 £ 0.5%
in the presence of 2.5% H,SO,.

The value of W or the I/s ratio determines the mech-
anism by which grains are formed and the time de-
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pendence of the grain size [10]. When the stock con-
tains the minimum amount of a humidifier, which is
present only on the surface of solid particles at places
of their contact, a rather slow growth of the diameter
of granules is observed. This results from the agglom-
eration of powder particles to give protograins and
from the deposition of the powder onto the protograins
under the action of surface tension forces at the phase
boundary. If the amount of moisture is sufficient for
filling of pores in the solid phase, the agglomeration
of the initial small-sized powder particles to give
protograins and the deposition of powder particles
onto the surface of protograins mainly occur via for-
mation of a binding liquid network and under the ac-
tion of capillary forces. When the amount of the li-
quids is so large that it completely covers solid par-
ticles, adhesive fusion of small-sized grains into larg-
er ones becomes the main mechanism of fast grain
growth.

The influence exerted by the content of the liquid
phase in a stock on the variation of the grain size with
time and on the particle size distribution in granula-
tion within the optimal humidity range is described
by the equation [10]:

d, = dyexp(vt). )

Here d, is the mean size of grains at stock humidity
W > W, for granulation time t; d,, the mean size
of the initial druses in the phosphogypsum powder;
and v, the frequency of adhesive sticking of proto-
grains or particles of a powder being granulated,
which is dependent on the stock humidity.

Taking into account the experimental dependence
of the sticking frequency on the stock humidity and
the existence of the lower humidity limit at which
grain formation becomes possible and assuming that
v =mW - W,.)", Eg. (1) can be written as

d; = doexp[mW — Wy)"t]. &)

Here mand n are empirical constants, which are in-
dependent of the stock humidity and account for the
properties of solid and liquid phases, e.g., surface ten-
sion parameters.

Equations (1) and (2) suggest that In(d,/d,) de-
pends linearly on t. This assumption is confirmed by
the experimental data (Fig. 1). Indeed, the expected
linear behavior of the dependence of In(d,/dy) ontis
observed at a short granulation time (1-8 min). In-
troduction of nitric acid into a humidifying solution,
instead of CuSO,, at the same stock humidity leads

In(d/dy)

C 1 1 1

2 4 6

t, min

Fig. 1. Dependence of In(d;/dg) on time t at various com-
positions of the humidifying solution. Humidifying solu-
tion (%): (1) 0.5 H,SOy,, (2) 1.0 HNO3, and (3) 2.0 CuSOy,.
Stock humidity (%): (1) 33; (2) and (3) 30.

to a change in the slopes (or tan o) of straight linesin
the coordinates In(d,/dy)—t and in the values of v.
A change in the dlope is aso characteristic of the case
when the humidity of the stock is raised by adding
H,SO, solution.

The dope ratio of the straight lines can be repre-
sented as

tan (Xlltan %) = V1/V2 = |n(dt/do)1/|n(dt/do)2
= (my/my) [(Wy — W) VW, — W) (3)

It is essentia that, according to (3), the quantities
v and tan a should depend on the properties of solid
and liquid phases and on the stock humidity. It is also
not improbable that they may depend on the content
of impurities in the humidifier, which modify the
properties of a material being granulated, as is con-
firmed by the experimental data presented in Fig. 1
and in the table.

On the assumption that the properties of the solid
and liquid phases are predominantly reflected by the
coefficients m and n, respectively, severa particular
cases follow from Eq. (1). For example, if the noduliz-
ation of one and the same solid phase, phosphogyp-
sum, is performed with two humidifiers of different

Vaues of In(d,/dy) and v at different humidities W of
a stock wetted with 2.5% CoSO, solution

W, % | W - Wi, | In(d/dg) | t, min v
34 7 3.35 5 0.67
30 3 1.90 5 0.38
28 1 150 9 0.17
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Fig. 2. Variation of the content of crystallization water and
of the degree of phase transition in grains in the course
of ripening within time t. (W) Humidity. Humidifying solu-
tion (%): (1) 5 H,SO, (ripening in solution), (2) 2.5 CoSO,
(ripening in solution), (3) 5 H,SO, (ripening in a desic-
cator), and (4) 2.5 CuSO, (ripening in a desiccator).

16}
i
X
- 2
‘T‘E o
E12f
of
v
Q;\ (o]
8._
1 1 1 I
1 3 5 7 th

Fig. 3. Change in the mechanical strength of granules
P in the course of ripening within time t. (1) H,O and
(2) 25% (NH4),M00O,.

compositions, i.e. a m; = m, and W, = W; = W and
Wminl = Wmin2 = Wmin1 then
log(tan oy /tan o) = (ny — ny)log(W — Wiy).  (4)

Here tana, and tana, are the slopes of the straight
lines in the coordinates In(d,/dy)—t.

In the case when the compositions of humidifiers
and the /s ratios are the same (W, = W,), but the solid
phases are different, with m; = m,, but n; = n,, it fol-
lows that

tan og /tan o, = my/m,. (5)

If the compositions of the humidifiers are identical,
but the I/s retios are different, i.e., n; = n, (nature of
admixtures in liquid phases and their concentration are
the same), and also m; = m, and W;i,1 = Wiping, but
W, and W, are different (W, = W,), then

log(tan ouq/tan o)

= nlog[(Wy — Wiin)/ (Wy — Wiyl (6)

Expressions (3)—(6) can be used to estimate n or m
and to verify various hypotheses concerning the mech-
anisms of grain formation and the particle size distri-
bution. The experimental data in the table correspond
to Eg. (6) as regards the granulation conditions and

the stock composition. Consequently,
n = log (tanoy/tanoy)/log [(Wy — Wigin) (Wo — W)l (7)

A calculation based on the data in the table and ex-
pression (7), in which each pair from the experimental
series with different degrees of humidification, yielded
the coefficients n for the 2.5% solution of cobalt sul-
fate. For example, n = 0.68 at W; = 34 and W, =
30%; n =071 a W, = 34 and W, = 28%; n = 0.73
a W, = 30 and W, = 28%. The average value of n is
0.71. These data point to a weak dependence of n
on the stock humidity. However, this conclusion was
not confirmed by estimation of coefficients n for
the case of an (NH,),M00, solution introduced into
the stock. It is necessary to note that the estimates
aimed, among other things, to determine the reliability
of the technique suggested for analysis of granulation
processes and to verify the assumptions made are ten-
tative and require a refinement with other examples.

The effect of CuSO, and CoSO, admixtures con-
tained in the humidifying solution also manifests itself
in the kinetics of the solid-phase transition of calcium
sulfate hemihydrate to the dihydrate, which is accom-
panied by an increase in the fraction of crystallization
water and a decrease in the rate at which this param-
eter changes within grains. (Fig. 2).

As follows from the experimental data obtained,
the nature of an admixture virtually does not affect
the rate of grain strengthening in the initia stage, in
the course of granulation, when a strength of less than
1.5-2.0 kg cm™ is reached mainly under the action of
compacting loads in the rotating plate of the granula-
tor plate. However, admixtures of (NH,),M00O, nota-
bly decelerate the subsequent stage of grain strength-
ening, which results from a topochemical transition
of calcium sulfate hemihydrate to dihydrate in grains
in amoist air (Fig. 3). A similar effect has been ob-
served previoudy in the case of admixtures of salts of
manganese and zinc and also boron in the form of
a boric acid [11]. By contrast, the introduction of ni-
tric and sulfuric acids into solutions used to humidify
phosphogypsum accelerated the grain strengthening.
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It was shown in [5-9] that the dihydrate crystals
originate on the surface of single crystals of calcium
sulfate hemihydrate, which have the form of elongated
hexagonal or pseudo-hexagona prisms (up to 30 um
long) with H,O molecules contained in channels
paralel to the hexagona axis c. Dihydrate crystals
can further grow, with the initial monoclinic crystal
system retained and a phase transition zone formed on
the periphery of the initial hemihydrate single crystal.
This zone migrates from the surface to the center.
In the process, the dihydrate crystals in grains pene-
trate through one another to form arather strong struc-
ture. If impurity ions are sorbed on the surface of the
crystals, defects originate in the block dihydrate layer
that grows on the hemihydrate. Subsequently, these
defects are not overgrown as the phase transition
boundaries go deeper. Therefore, the dihydrate cryst-
als may be more defective and shorter in the presence
of impurity cations, compared with the case of their
absence. Accordingly, the grain strength decreases.
Impurities can also change the stability limits of the
phases of calcium sulfate hemihydrate and dihydrate.
For example, according to [8, 9], calcium sulfate di-
hydrate appears in the presence of an admixture of
a rare earth under conditions of hemihydrate stability.
The change in stability limits of calcium sulfate hemi-
hydrate and dihydrate can aso affect the rate and de-
gree of the phase transition.

CONCLUSION

It was found that admixtures of molybdenum(VI),
copper(1l), and cobalt(ll) compounds exert influence

on the mean size of granules obtained by granulation
of humidified calcium sulfate hemihydrate, on the
kinetics of the topochemical transition of the hemi-
hydrate to the dihydrate in grains, and, accordingly,
on the kinetics of grain strengthening in the the phase
transition or on the maximum achievable strength of
the grains upon ripening.
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Abstract—The heat conductivity of porous Zr(PO,),, NaZro(PO,)s, CsZr,(PO,),, and NasZr(PO,); samples
was studied in the range 298-673 K. The heat conductivity coefficients of the zero-porosity phosphates
under study were calculated and prospects for their application were considered.

A great number of structural analogues of
NaZr,(PO,); (NZP) are known among inorganic ortho-
phosphates [1-3]. The extensive crystallization field
of compounds and solid solutions of the NZP struc-
tura type is determined by the broad isomorphism
in positions of cations located in voids of the 3D
skeleton of the structure and also by the possibility of
isomorphous substitutions in the octahedra and tetra-
hedra forming the skeleton [4, 5].

It is known [6, 7] that NZP phosphates have high
melting points, chemical stability, radiation hardness,
and resistance to thermal shocks of any practically
achievable intensity.

Thermal properties (heat expansion, specific heat,
and heat conductivity) largely determine the high
value of ceramic materials. A great number of publi-
cations [8-11] have been devoted to experimental
determination of the heat expansion of NZP materials,
which characterizes the relative change in the volume
or linear dimensions of a body upon a certain change
in its temperature. Analysis of the thermal coeffici-
ents of linear expansion of these materials suggests
that the behavior of an NZP structure under thermal
impact is determined by the nature, relative size, and
number of cations occupying various crystallographic
positions, by the number of vacant positions, and also
by the unit cell symmetry. A set of empirical rela
tionships governing the heat expansion of NZP phos-
phates was suggested in [4] on the basis of a crystal-
chemical approach. These relationships make it pos-
sible to predict existence of new materials with con-
trollable, including ultralow, heat expansion at an al-
most zero expansion anisotropy.

A precise determination of the specific heat (amount
of thermal energy necessary for a certain change in
the temperature of a substance) and heat conduc-
tivity (amount of heat passing through a materia at
a specified temperature gradient) is a rather labor-
consuming operation. For this reason, the data on
the specific heat and heat conductivity of represen-
tatives of the NZP family are limited to publications
[7, 12-20], and the compounds studied are few in
number. Data on the heat conductivity of ceramic ma-
terials are available for the following ceramic materias:
(Cay _,Mg,) Zr4(POy)s [18, 19], CaggliZry(POy)s
Eg{ Cap 9214,05(PO4)e [19], and (Sry _ K ,)Zry(POy)s

There is an imbalance between the fast accumula-
tion of the information on the structure and heat ex-
pansion of NZP materials and the much slower study
of their heat conductivity and specific heat. It is
evident that the rate at which the temperature of an ar-
ticle varies during its heat treatment in the course
of its fabrication or use depends on the heat conduc-
tivity and specific heat of the material used. It is the
heat conductivity coefficient, alongside with the ther-
mal coefficients of linear and volume expansion, that
determines the heat resistance of a material. Therefore
studying the heat conductivity of NZP materials in
a wide temperature range is an topical scientific and
practical task.

The aim of this study was to examine experimen-
taly the temperature dependence of the heat con-
ductivity of porous samples of crystalline NZP phos-
phates Zry(PO,), NaZry(PO,)s CsZry(PO,); and
NagZr(PO,)5 in the temperature range 298-673 K, to

1070-4272/04/7702-0178 © 2004 MAIK “Nauka/lnterperiodica’



HEAT CONDUCTIVITY OF ZIRCONIUM AND ALKALI METAL (Na, Cs) PHOSPHATES 179
Characteristics of NZP phosphates
Unit cell parameters Px Pa
Formula Srpace y O O P, %
group a, A c, A v, A3 gcm3

Zr, 55(PO,)3 R3c 6 8.825(4) 23.09(2) 1557 3.13 2.03 35
NaZr,(PO,)3 R3c 6 8.801(1) | 22.77(1) 1527 3.20 2.23 30
CsZr5(PO,)5 R3c 6 8.576(1) 24.91(1) 1587 3.77 2.33 38
NasZr(PO,)3 R32 6 9.162(9) | 22.15(2) 1610 3.04 2.25 26

estimate the heat conductivity coefficients of such
zero-porosity materials, to compare the data obtained
with published experimental data on high-density
NZP ceramics, and also to consider prospects for their
application on the basis of their thermal properties.
The objects of study were chosen taking into account
the availability of experimental data on the tempera
ture dependence of their specific heat in the above-
mentioned temperature range.

EXPERIMENTAL

The compounds Zr3(PO,), [Zrg252r2(PO,)s],
NaZr,(PO,);, CsZr,(PO,);, and NagZr(PO,); were
synthesized by the sol-gel method [7, 15]. For this
purpose, stoichiometric amounts of agueous solutions
of zirconium oxychloride sdts and a chloride of
an akali metal were poured together with permanent
stirring at a temperature of about 295 K, and then
a stoichiometric amount of a solution of orthophos-
phoric acid was added slowly with stirring. The re-
sulting gel was dried at 353 K, heat treasted at 873
and 1073 K with a free access of air for no less
than 24 h at each stage. The stepwise heating al-
ternated with dispersion. The maximum calcination
temperature of the phosphate CsZr,(PO,); was
1273 K.

The composition and structure of the resulting
phosphates were confirmed by X-ray phase and X-ray
fluorescence microprobe analyses and by IR spectros-
copy. The X-ray phase anaysis (DRON-3M, Cuy
radiation, 26 = 10-50°) and the X-ray fluorescence
microprobe analysis (Camebax analyzer with a Link
AN-10000 energy-dispersion detector) of the samples
demonstrated that they are homogenous, have nearly
theoretical compositions, and their structure is NZP-
like. The sets of interplanar spacings and unit cell
parameters of the phosphates (see table) agree with
the data in the PDF2 file. The positions and shapes of
bands in the IR spectra of the samples are similar to
those in [21] and are typical of orthophosphates.
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To make samples suitable for heat conductivity
measurements, the powders synthesized were com-
pacted into cylinders. The porosity P (%) was esti-
mated using the formula P = (1 — p,/px) x 100, where
p, and py are the apparent and X-ray densities of
a sample, respectively. These densities and the poros-
ity of the samples under study are listed in the table.

The heat conductivity of the phosphates was mea-
sured according to the technique [22] on cylindrical
samples of diameter 15.0-16.1 mm and height 2.25-
2.34 mm, using an IT-A-400 device. The inaccuracy
of the heat conductivity measurements was 8%.

The heat conductivity of the crystalline phos-
phates Zr, »5(POy)s, NaZry(PO,)s, CsZry(PO,)s, and
NasZr(PO,); was determined in air in the temperature
range 298-673 K at 16 experimental points for each
sample, with a temperature step of 25 K. The tempera-
ture dependences of the heat conductivity coeffici-
ent A of the samples are shown in the figure. It is seen
that, within the entire temperature range under study,
the dependences show no features and the heat
conductivity coefficient smoothly increases with
temperature. The heat conductivities of Zr, ,5(PO,)s,
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Heat conductivity coefficient A of porous samples of
NZP phosphates vs. temperature T. (1) Zry55(